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SUMMARY.

This project extends and developes the research on
the coil pump which has been completed over the last six
years at TLoughborough University. It concentrates on
the power consunption of the pump and how the inclusion
of flow media affedts its performance.

The ' hydraulic properties ofgf}gy_gggigwygfg;first
experim?nted upon. ~ The resulting reiationship was used
later to explain F@ei: bg@gyiégr ing@dg_;pe pump.

A small Dbore coil pump with an enlarged inlet was
experimented upon,;tb'investigate its properties for the
purpose of increasing its'discharge.

A larger coil pump, including large diameter coils
*was experimented upon to - investigate its power
consumption andﬁthé-fiow medi§_re;istaﬂ¢e propértiéé.;

A computer simulation of the coil- pump was
developed to help in the analysis and predication of the
experimental data. The relationships resulting from the
research were incorporated to improve the simulation.
keywords: Pumps, pumping, waterwheels, coil punp,

manometric pump, hydrostatic pump, spiral pump.
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Nomenclature

A = mean cross sectional area of a pipe

Ab = cross sectional area of the bucket extra to
that of the inlet to the helix

af = proportional coefficient of resistivity of
the flow media, equal to 7.385 in the

experiment in chapter 2

Ah = cross-sectional area of a hole in a pipe
wall

As = wetted surface area of a coil pump

bf = power coefficient of resistivity of the flow

media, equal to 1.860 in the experiment des-
cribed in chapter 2
cc = correlation coefficient of a relationship

being developed

Cd = coefficient of discharge of an orifice
D = diameter of the Drum
Dx = the rotation of the xth water plug from its

original position, which egquals the sum-
mation of all the individual rotations of
all the following water plugs due to the
compressions of their air plugs

d = internal diameter of the pipe

dc = depth of holes in the vertical pipe in the
Splash chambher below the centreline of the

helix

#xxi



DOI

DOTe

D

FE

Ha

hfx

Hh

H1

Hn

Hr

Hu

Hv

hrx

hx

hu

depth of immersion the drum is sitting in

(below the centreline of the drum)

depth of immersion inside the helix

the rotation of the xth water plug from its
original positicon

darcy Pipe Friction Factor

gravimetric constant ( = 9.81 m / sec / sec)
atmospheric pressure head

resistance head of the flow media plug
inside

head difference across a hole in the pipe
wall

headloss across a flow media plug/manometer
tapping

absolute pressure head at the outlet of a
pump

total head generated by the helix

total head generated by all the bubbling
only water plugs

total head generated by all bubbling and
spilling water plugs

total flow media resistance head across the
xth coil

head difference across the xth water plug
head difference generated by a'bubbling only

water plug
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hv = head difference generated by a bubbling and

spilling water plug

hw = head difference generated by a plug bubbling

heing spilt in to but not spilling itself

Hx = absolute pressure head in the xth air plug
i = the number of bubbling only water plugs
lax = length of the xth air plug under pressure

head Hx

Lb = length of the bucket
Leb = length representing the reduction in volume

of the liquid the bucket scoops up due to

the orientation of the bucket relative to
the surface of the liquid in the tank
Lrx = reduction in the length of the xth air plug
as the pressure rises from 'Ha' to 'Hx'
1f = length of flow media plug in the flow media
resistance experiment
1fx = length of the flow media plug in the xth
coil
1 = length of the pipe in the Flow Media
resistance Experiment

lwux = length of the xth liquid plug

Ns = speed of rotation (r.p.m.)
Pi = The ratio of a circle’s éiréﬁhférencé.fb'iﬁs diameter,i
. Q = mean discharge through the pump/experiment

|
\
|
|
|
|
|
|
|
|
n = number of coils in a pump
|
|
|
|
|
|
|
|
|
|
|
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discharge of a helix with a bucket attached
power absorbed by the coil pump
power absorbed by the flow media inside the

coil pump
power absorbed by the wetted surface area

density of water

1000 kg/m/m/m

radius of the drum

radius of the bucket in the increased dis-
charge experiment

internal radius of the pipe

time the liquid has to pass outoa hole in a
pipe wall per revolution

mean liquid velocity through an experiment
mean velocity of the xth ligquid plug through
the helix

nmean velocity of the water through the hole
in the pipe wall
volume of last air plug
volume of liquid scooped up by the bucket
volume of splash chamber

the volume of liguid passing out of a hole
in a pipe wall per revolution

volume of the xth water plug in the helix

is half the angle subtended by the extended

plug, at the centre of the drum




ax

half the angle the xth water plug subtends
at the centre of the helix
rotation of the preceding water plug

relative to the trailing edge of the xth air

plug




CHAPTER 1

1.1 BRIEF DESCRIPTION

The Coil Pump is a simple device which stems from
an old idea. It consists of a length of flexible piping
wound into the form of a helix on a cylindrical drum.
One end is left open to form the inlet of the pump while
the other is connected to a vertical delivery pipe via a
sealed rotary joint.

The drum is partially immersed in water with its
longitudinal axis parallel to the water surface. The
drum rotates around this axis causing the inlet to
accept alternate plugs of air and water. The water
plugs remain at the bottom of the coils as the? pass
towards . the outlet. While ascending the delivery pipe
the water plugs exert a back pressure on the helical
coil. This pressure is resisted by the water plugs in
the coils rotating away from the outlet, and thus
setting up water level differences across each of them.

The sum of all the water level differences is equal
to the back pressure exerted by the water plugs in the
delivery pipe. This 1is all made possible by the fact

that air is compressibhle,
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FIGURE 1.1, Diagrams of Early Coil Pumps
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The aim of this research is to concentrate on
extending the known theories found in previous
investigations, and, in particular, to investigate the
power requirements of the pump together with the
compiications involved when it is being used to treat

waste water.

1.2 EARLY WORK

- — e

1.2.1 Work by Wirtz

The earliest reference fo a coil pump can bhe found
in the 'Cyclopedia of Arts and Sciences' (Ref.1). This
shows two versions; one is a helix with a constant
diameter and the other design is a spiral, in one plane
with the radius of the helix reducing in size towards

the outlet. These are shown in figqure 1.1.

1.2.2 Work By Ohlemutz

The next reference (Ref.2) concentrates mainly on
the spiral version of the pump. Rudolf Ohlemutz argued
that the spiral version has a number of advantages over
the coil wversion. He argued the spiral version is more
economical in space as it utilises the space found
inside the constant helix diameter coil pump version,.

The spiral version he developed was very
7domplicated in construction and could certainly not be

made with unsophisticated materials. This questions its

4
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suitability fof applications in the Third World even
though he envisaged its main values lie in irrigation
and rural water supply.

The spiral version of the pump is based upon the
same principles as the c¢oil pump althéugh in a
complicated form, to take into account the varying
radius of the helix, The version he developed included
the relationship that the cross-sectional area of a coil
at any point 1is inversely proportional to the distance
from the axis. This helps to overcome the problem of
the air and water plugs elongating as they travel
towards the central axis, and so over-rotating to such
an extgnt that the theory is corrupted.

Research by Morgan  (Ref.20), Syfydnsgruppen
(Ref.21), Weir (Ref.22) and others concentrated upon
utilising the flow of a stream to rotate a coil pump.
This is discussed in more detail in Section 1.3.4. which
summarizes the research (Ref.7) completed by Annable

into this subject.




1.3 PREVIOUS WORK DONE AT LOUGHRORQUGH UNIVERSITY

1.3.1 Work By Bamforth

Bamforth based his research on a 0.3 metre diameter

pump (Ref.3). The reiationships investigated were:

1. between speed of rotation and pressure for
different depths of immersion, and for 5 and 10
coils

2. between . discharge and speed of rotation,

3. between : discharge. ;and depth of immersion

for different speeds of rotation.

The analytically  useful relationship he derived is
the equation to predict the theoretical discharge of a

coil pump in any situation, it is:

2 2 -1
Q = Nsg *D*Pi *d * Cos (-2 *DOI/D) / 4

where Q = Discharge,

Ns = Speed of rotation,

D = Diameter of the Drum,
4 = Internal Diameter of the coils,
DOI = Distance to the Water Level below the

centreline of the shaft.




1.3.2 Work By Winstanley

Winstanley worked on a 0.5 metre diameter coil pump

{Ref.4). His research can be summarised as follows:

1. A Video Camera was used to make a comparison
between the water level differences .while the
punp was in motion, and at rest. He found the
'dynamic levels oscillated around the static
ones,

2. He investigated the Bamforth's discharge
relationship and gained a good correlation
between the theory and experimental values.

3. An attempt was made to find a relationship
"between - the  efficiencies of the pump for

given - depths of immersion. Due to the
random nature of the results obtained, it was

not possible to draw any valid conclusions.

1.3.3 Work By Robinson

Robinson unsuccessfully attempted to determine the
effect of the coil diameter on the efficiency of the
pump, (Ref.5). He also measured the water level in each
of the <coils for various pumping heights. He concluded
that the water plugs always adopted the same level for a

given pumping height but did not say why.
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1.3.4 Work By Annable

In his final year under-graduate project Annable
reduced the number of coils on the drum from 20 to 2, in
increments of 2, and investigated the effect this had on
the water level differences in the coils for various
pumping heights (Ref.6). He | plotted the head
"differences in each coil and described and accounted for
the characteristic profile of the results when drawn in
graphical form. Namely, this profile has a low head
difference in the inlet coil, rising to a maximum after
a couple of coils, then reducing due to water spilling
back from ceil to coil.

A relationship was established between the head
development anda the pumping height, and although a
questionable assumption was made in his analysis, that
all the water plugs were the same length, his method of
approach was correct. |

His theory was used to suggest a method of
designing a suitable sized pump to meet practicable
requirements.

The pump (Figure 1.2) was studied further in
post-graduate research (Ref.7). This consisted of a
series of measurements of the water levels in the coils

to see how they responded to changes in:

1. Speed of Rotation,

2. Depth of Immersion,




3. Internal Diameter of the Helical Coil,
4. Internal Diameter of the Delivery Pipe,
5. Diameter of the Drum,

6. Number of Coils.

A computer program was developed to simulate these
situations and also the conditions of the delivery pipe,
and it was also used to produce design charts for the
pump.

He followed this with some tests on a water powered
model in the nearby Blackbrook Stream. This was
constructed from 25 millimetre diameter flexible pipe
wrapped into 26 coils inside a 50 gallon oil drum. The
bouyancy was provided by placing inflatable tyre
inner-tubes inside the drum. Chevron shaped paddles
were welded to the outside of the drum, together with a
shroud. When immersed, these provided the impulse to
rotate the coil pump. This apparatus managed to pump a
discharge of 4 1litres per minute to a height of 9.5
metres at a stream velocity of 0.8 metres per second.

His research lead to a paper being published (Ref.
16) describing the essential details of the pump

together with the conclusions found.
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1.3.5 Work by Mortimer

Development work by Mr. G.H. Mortimer on the coil
pump suggests that it 1is capable of lifting water up
from a lower level to the level of the helix.

Consider a coil pump (Figure 1.3) mounted in a tank
of water, with another tank of water at a lower level.
A pipe is connected to the end of the helix normally
considered to be the outlet, and the other end of the
pipe is immersed into the lower tank.

' To prime the helix with water, the coil pump must
firsf pump a small amount of wateri 7to the lower level.
When the helix and the delivery pipe a*¢ filled, the
rotation 6f the”pw§pcw4ﬁhen b;_féQéfégq anglwaper éaﬁ be
pumped from the lower to the higherf level, |

This mode of operation might be given conéideration
when the installation of a coil pump . at a low level
ig difficult, or at best inconvenient.

Further descriptions are unavailable as this

variant is currently under research.




1.4 WORK AT SALFORD UNIVERSITY

1.4.1 Work by Stuckey and Wilson

In their paper A.T. Stuckey and E.M. Wilson
described their work on a pump which they refer to as a
manometer pump (Ref.8). Their work involved measuring
thef diséha;gé““ at different speeds of rotation and
different’ depths of immersion. They also related a lift
ratio (lift at pumping collapse / maximum theoretical
1ift) to a form of Reynold's number. From this, it was
found to be possible to predict the number of coils
required for a particular pumping height.

They looked for ways of poﬁering the pump using a
stream and built a pump in which the axis was parallel
to the stream flow and was powered by turbine blades

inside the drum.

1.4.2 Work By Wilson

He continued the investigation of the coil pump
(Ref.9) to try to provide a means of designing a

suitably sized pump for any given situation.
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His investigation could be separated into two main

sections:

1. The measurement of heads built up in the
individual coils to see if a predictable pattern
could be established.

2. The measurement of the heads developea in both
vertical_and inclined delivery pipes, to
determine the effects of rising air plugs on the

pumping heights,

From the results of the investigation a computer
program was written to be wused to help in the design
process. From this program the required number of coils
could be established from the pumping head required and
the diameter of helix of the coils,

He concluded by recommending that more work needed
to be done verifying and modifying the theories, and
investigating the different aspects of the pump. This
included 1looking at combinations of the different ratios
of parameters (such as drum diameter, numbers of coils,

depths of immersion etc) for optimisation purposes.
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WORK ON A WASTE WATER TREATMENT COIL PUMP

1.5

Development work at Loughborough University by Mr.
G.H. Mortimer on the coil pump {(Figure 1.4) suggested
that it is suitable for treating waste water (Ref. 17).
The helix pumps both air and water, and any surface
which comes in contact with the waste water will develop
a bioclogical film. At the ﬁelix ocutlet, the discharging
pressurised waste water and air are_used-to enhance the
treatment procesé. This is done by bubbling the air
through the wastewater in the tank in which the coil
pump resides. A proportion of the treated wastewater is
also used to <circulate back into the tank as activated
sludge. This will help to initiate the biological
process. |

Consider a pump of 6 coils, with a diameter of 1.1
metres, 40 percent full of flow media (plastic filter
media to enhance the internal surface area}. If it
rotates at 3 revolutions per minute, at a depth of
immersion of approximately 60 percent, then at
conservative estimate, this can provide facilities to
cater for wastewater processing of 171 members of the
population (Ref. 17).

On paper, this pump appears to have great potential
because of its effectiveness and compactness. Further
development work will prove whether this statement is

correct,




CHAPTER 2

A e S s - . aa . -

Previous research in Loughborough suggests that the
coil pump 1is suitable for waste water treatment (Ref
17). While it is operating, the surfaces which come in
contact with the waste water develops a biological film.
It is this film which treats the waste water as it is
pumped. As the pumﬁs capacity to treat, is proportional
to the wetted surface area (amongst other parameters),
to maximise the pumﬁé performance the area has to be as
large as possible. This has been achieved by increasing
the c¢oil diameter and incorporating a flow media inside
the coils. The flow media has a surface area of 200
square metres per cubic metre of volume. It is made by
taking JMPVC 30mm diameter corrugated pipes and cutting
these into approximately 50mm lengths,

Incorporating flow media in the coils reduces the
pumps performance by introducing a resistance to flow.
It has to be investigated to predict the pumps behaviour
and so the experiments in this chapter were performed to
this end.

The experiments in this chapter were designed to
find the headlosses across different lengths of flow
media. A relationship could then be cbtained linking
the mean velocity of 1liquid flowing through the pipe

with the lendgth of the flow media plugs and the headloss
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across them. This relationship c¢ould then be used to.
estimate the headlosses in the large pipe diameter coil
pump.

Although this experiment attempts to represent the
liquid flow through the helix,this can not be simulated
perfectly, due to differences beﬁween the envirdnments
of this experiment and a typical pump. For example,
differences due to the pipe being straight in this
experiment as opposed to curved, in the helix of the
coils. Another difference 1is the rough nature of the
internal surface of the flexible pipe instead of the
relatiyely smooth ‘PPVC pipe wused in this‘experiment.
The differences will undoubtably change the environment
in which the flow media will find itself. Bearing in
mindithatrghésé éﬂ?pnly minor points, Ehis experiment may
be considered to have achieved the design objective of
giving a reasonable insight into the properties of the
flow through the media.

A number of control experiments were performed
before the main experiments commenced. They are fully
set out under their own headings, together with

explanations of why they were done, their procedures,

results and discussions.
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FIGURE 2.2,

Orifice Meter Photograph




Control Valves Photograph

FIGURE 2.3,




FIGURE 2.4,

Flow Media Containing Pipe Photograph
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FIGURE 2.5,

Manometer Tappings Photograph




2.1 EQUIPMENT

Figure 2.1 shows the layout of the apparatus. The
total head can be adjusted up to a maximum value of 15
metres using the main supply tank in the laboratory
tower. Before the water reaches the experiment, the
discharge was measured through a previously calibrated
orifice meter (fiqure 2.2), but as a precaution,was
checked as one of the control experiments.

Two valves upstream of the experiment (figure 2.3),
controlled the discharge through the pipe. A butterfly
valve was used as a main on/off switch and a gate valve
sets the correct flow needed.

The pipe containing the flow media (figure 2.4) was
6 metres long and had an internal diameter of, d = 153
millimetres. This diameter was chosen to correspond
with the diameter of the helix wused in the main
experiment described later in this thesis. Manometer
tappings shown (figure 2.5) are included to measure the
headloss across the 1length of the flow media in the
pipe. The up-stream manometer tappings are 0.7 metres
downstream of an up-stream bend. This was to enable the
flow's velocity distribution to return to its optimum

after turning through a 90 degrees bend.




FIGURE 2.6, Experiment Outlet Photograph
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A mesh has been placed at the down-stream end of
the pipe to arrest the movement of the flow media. The
downstream manometer tappings was situated 0.3 metres
up-stream of the mesh to measure the mean pressure head
at this point. This gives the differential manometer
(figure 2.2) a distance of 5 metres to measure the
headloss across, and so obtain the hydraulic gradient.
There are four tappings at each tapping location
and these are connected together in parallel to give the
mean pressure head at these locations. These extra
tappings are included 1in the design as it is felt that
the pressures could very easily be corrupted by the flow
media. It also enables each of the tappings to be
checked against the mean of the others.
The outlet of the experiment (figure 2.6), is above
the flow media containing pipe to prevent air from

travelling back into the rest of the experiment.



FIGURE 2.7, Orifice Meter Calibration Chart Photograph



2.2 CHECKING THE ORIFICE METER CALIBRATION

2.2.1 Procedure

Situated up-stream of the flow media, there was an
orifice meter to measure the discharge through the
experiment. This had been previously calibrated but as
a precautionary measurethmlto be checked.

Water eventually flows into a 10 tonne weigh tank,
to compare the actual discharges with those measured
through the orifice meter.

Discharges examined in the experiment were small
(up to 30 litres per second) in comparison to the weigh
tank size and therefore the time to collect the
discharges was in the order of minutes. This resulted
in taking a number of readings to limit errors due to
gradually wvarying flow. It also helped to limit any

inaccurate manometer readings or booking blunders.

2.2.2 Results

———

It was found that over a range of measurements, the
actual flows recorded were on average, 1.5 percent
higher than those processed from the orifice meter
differential manometer and its calibration chart (figure
2l ) The maximum positive difference was 2.8 percent

and the maximum negative difference was 0.8 percent.

N.B. Individual results taken are in Appendix A.
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2.2.3 Error Analysis

To establish whether readings taken from the orifice
meter calibration chart can be taken as actual discharges

experienced by the apparatus it has to be proved that:

1. Readings taken from the orifice meter calibration
chart are comparable to the actual discharges

through the apparatus, and

2. The accuracy to which the readings can be resolved
are within the bounds of the accuracies to which
the actual discharges through the apparatus can

be resolved.

The following error analysis determines the accuracy to
which the actual discharge through the experiment can be

measured.



2-14

Given that discharge can be expressed as:

v
g = =
-2
Where v = wvolume, and
t = time

Then through partial differentiation, for an incompress-

ible flow, a small change in discharge can be expressed

as:
g v + q t
- -
Where q = the small change in discharge,
t = time during which the change in discharge
occurs,
v = the change in volume associated with the
t and q,
q the rate of change of discharge with

respect to time,
o the rate of change of discharge with

v respect to volume,
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Also, by differentiating discharge with respect to

volume, it can be found that:

And by differentiating discharge with respect to time, it

can be found that:

Combining the above three equations it 1is possible to
express the potential percentage error of an actual
discharge as a function of the potential percentage
errors in its associated measured volume and time

duration:

g
-- .100 = -, v.-,100 - = o B & = , 100
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That is to say:

Percentage Percentage Percentage

error in g error in v error in t

Typical readings ( and their possible inaccuracies )

taken from this experiment are:

1. Weight of water collected in the weigh tank

equals 2000 Kg ( possible error equals 40 kg ),

2. Time taken for water to be collected in the weigh
tank equals 360 seconds ( possible error equals 1

second ),

Substituting these values into the above equation it can

be found that:

Percentage 40 1

=  ———= ., 100 - o .
error in q 2000 360

= 1.7 percent



2.2.4 Conclusion

The differences between the actual and theoretical
discharges found by the experimental results are within
the bounds calculated by the above error analysis. This
indicates that the orifice meter 1is still within
calibration, taking into consideration the accuracies to

which the experiment can be depended on.

2.2.5 Discussion

It was necessary for experimental completeness to
eliminate any errors due to inaccurate data collection.
It 1is to this end that this control experiment has been
performed. It also gave the opportunity to becgg;
aquainted with the apparatus and so realise any problems
before the commencement of the main experiment.

Over the range of flows envisaged in the following
experiments, the meter reads approximately 1.5 percent
lower than the actual flows through it. The error
analysis shows the readings can only be calculated to an
accuracy of 1.7 percent.

It confirms that the meter is within its

calibration and so the experiment can proceed without

any modification to the equipment.
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Figure 2.8, Schematic Diagram of the Manometer tappings

N.B. The numbers associated with each of the tappings
are used in the following table and in associated

descriptions, to describe the experiment.




Manometer Connections Discharge Headloss

Upstream Downstream (1/s) (mm)
All All 28.0 55.65

1 All 2549 55.65

2 All 25,3 52.06

3 All 2557 51.80

4 All 29,0 54.80
All All 2547 55.39
All B 2545 56.42
All 6 25.7 59.24
All 7 25.7 45,13
All 8 2743 55«39
All All 25.9 54.62

Figure 2.9,

Manometer Configurations Table




2.3 CHECKING ACCURACY OF HEADLOSS TAPPINGS

2.3.1 Procedure

The tappings were constructed by drilling holes into
the pipe wall. These could have imperfections (expanded
upon in the associated discussion) and so these had to
be checked. Tappings are designed to record the
pressure at the pipe wall and therefore any
imperfections will be detrimental to its performance.
To check for aberrations, all the readings from one set
of four tappings (Figure 2.8) are compared to the mean
of the other set, and vice-versa. The flow past these

points is varied and the head differences observed.

2.3.2 Results

Individual results taken are shown in figure 2.9.

2.3.3 Conclusion

The only significant aberration in this experiment
occurs when the mean of the upstream manometer tappings
is connected up to one side of the differential
manometer and number 7 downstream tapping is connected
to the other. The reading of approximately ten
millimetres lower than the others, on first reflection

presents a problem. However considering this, relative
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to the main part of the experiment, with flow media head
losses of up to two metres dwarfing these errors, then
this small error may be considered to be insignificant.
The detailed reasons needed to support this conclusion

are considered in the discussion.

2.3.4 Discussion

———— o ———

It was felt to be worthwhile to check the
construction of the eight manometer tappings, as
inaccurate workmanship could have invalidated all the
conclusions.

The tapping holes are constructed by drilling
through the wall of the pipe and so the perimeter of
these, at the intersection of the inside pipe surface,
may have raised or uneven edges. Even though the
skilled technicians who constructed the equipment did
their best to clean these holes, there is a chance that
imperfections remain. This 1is the reason for this
control experiment.

A tapping 1is designed to record the pressure head
of a 1liquid passing by the small orifice in the surface
wall. For this to be performed accurately, it needs to
be machined flush and perpendicular to the pipe wall.
Any deviation from this placement, will tend to disrupt
the flow and so induce erroneous readings.

A typical inaccuracy is for a component of the
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velocity head of the fluid to be included 1in the
pressure head. One of the ways that this can happen is
for the raised edges surrounding the hole to scoop a
fraction of the fluid flow into the orifice.
Imperfections in the orifice perimeter can also induce
vortices to be shed across the orifice and so oscillate
the readings. Oscillations of up to ten millimetres in
amplitude were noticed at the start of the experiments
and even though these could have come from the natural
turbulence, the need to check the tappings was
justified.

The main error was from the tapping number 7
reading approximately 10 millimetres too high. This in
absolute terms does not appear too serious until it is
compared to a total headloss across the tapping
locations of 50 millimetres.

The reasons for ignoring this error are two-fold.
The first is that the highest water velocities used in
this experiment are over twice those used in the main
experiment., From Darcy's Pipe Friction Equation this
would infer that the error would be quartered and thus
very much smaller. The second and most important reason
is that compared to the headlosses generated by the flow
media, (potentially over two metres) this error
represents less than 0.5% of the total reading and is
therefore negligible in comparison.

A way of overcoming this error which was not used

here, 1is to ignore the lowest and highest readings. It
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is felt that the errors due to the interaction of the
flow media with the manometer holes would be more
significant than the errors discussed here. The
decision was therefore taken to keep as many tapping

points as possible operational.




2.4 CALCULATING DARCY FRICTION FACTOR

2.4.1 Results

While checking the accuracy of the manometer
tappings the associated discharges were also recorded.
This provided data to calculate the pipe friction factor
for later use.

Although the Darcy Pipe Friction Equation is
considered to have inherent inaccuracies (Ref. 10), it
is used here to calculate the friction coefficient.
There are three reasons for its use. The first is that
it is simple and convenient to use. Secondly, the
accuracies in the whole experiment are such that an
exact solution is not required, and finally the results
from this equation can easily be checked immediately by
the side of the experiment.

Data obtained while checking the tappings is

utilised in the Darcy pipe friction equation shown here:

1 * vel
Hl = FPf ¥ co—— {(2s1)
d * 2g




where H1

Ff

Vel

From

the data

headloss across the manometer tappings,
Darcy Pipe Friction Factor, dependant on
the roughness of the pipe wall and flow type,

5 metres),

1]

Length of the pipe involved, (
Inside Diameter of the pipe, ( = 0.1524 m),
Mean Velocity of the water flowing through
the pipe, ( = discharge / cross sectional
area),

Gravimetric Constant

( = 9.81 m / sec / sec).

from the previous experiment (using

all of the manometer tappings) we have:

Headloss Discharge Mean Water
3 Velocity
(m) (m / s) (m / s)
1
0.05565 0.0280 1535
0.05539 0.0257 1.409
0.05462 0.0259 1.429




rearranging equation (2.1) we get:

Ff = HL ®* 4 ™

Substituting in the above values we have:

0.05565 * 0.1524 * 2g

FF1 = = 0.0141
2
5 * 1.535
0.05539 * 0.1524 * 2g
FE2 = = 0.0167
2
5 * 1.409
0.05462 * 0.1525 * 2g
FE3 = = 0.0162
2
5 * 1.420

Taking the mean of these values, we have:

Ff = 0.0157

2-26

(2.2)



2.4.2 Conclusion

A typical value for the Friction Factor for a drawn
PPVC pipe under complete turbulent flow is 0.020
(Ref.11). The experimental wvalue is in the same order
of magnitude as the referred value and can be used in

the processing of later results.

2.4.3 Discussion

The experimental value is found to be close to the
referred value indicating that the experimental value is
reasonable. It can therefore be used to subtract the
headlosses due to fluid viscosity in the empty part of
the pipe in the processing of later results.

It will be shown later that the headloss from the
viscosity in the empty part of the pipe is small in
comparison to the headlosses generated by the flow
media. The use of the Darcy pipe friction equation is
therefore Jjustified, even though it is not the most
accurate equation available.

The Colebrook-White Formula (Ref. 12) could have
been used to obtain results of a greater accuracy, but
the iterative nature of the calculation makes it

cumbersome to use.



2.5 HEADLOSS RELATIONSHIP EXPERIMENT

2.5.1 Procedure

A number of different lengths of flow media are
investigated by filling the pipe in increments of
approximately 0.6 metres, to allow for a large spread of
results. Six 1lengths are considered sufficient to
enable accurate regression of the results. For each
increment, at least ten discharges were recorded together
with the associated headlosses between the manometer
tappings.

The media lengths are measured by partially
dismantling the test rig and carefully introducing a rod
down the exposed upstream entrance to the pipe. The
length of the media can be calculated by taking the
complement of the 'distance to the downstream manometer
tapping' and the 'length of the empty part of the pipe'.
This is done after each set of experiments to allow for
the possible compaction of the media plug under the
force of the discharge. The next increment of media can
then be introduced into the pipe before the apparatus is
re-assembled.

Care 1is taken to ensure that the media does not
upset the manometer tapping readings. It can happen if
the media matrix (generated randomly during its initial
placement) directs the flow away or towards, faster or

slower, past the tapping holes. The pressure head will
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be corrupted from the mean pressure head across the
whole of the pipe by containinga component of the
velocity head of a vortex, or jet of liquid.

To partially overcome the problem, each one of the
individual tappings is compared to the mean of the
others in its wvicinity. If the individual readings do
not approximate to the mean, then the flow media
matrix is re-adjusted until it does. Unfortunately
there can still be an overall error due to the
individual errors not cancelling out each other. This
is overcome by using the data from the set of discharges
from the first increment of flow media closest to the
tappings, as a control against all the subsequent

readings.

2.5.2 Results

2.5.2.1 Approach to Results Processing

From elementary geophysics, it 1is known that the
resistance to flow through a permeable substance is
proportional to the wvelocity of that flow. Similarly,
from Hydromechanics it 1is known that the resistance to
flow through a pipe is proportional to the square of the
velocity of the fluid passing through it. ITE s
therefore reasonable to expect that the resistance to
flow of the discharge passing through the loose matrix
of the flow media elements contained in the pipe, is

proportional to the wvelocity of that flow raised to a
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power of a constant. It 1is the determination of the
constant of proportionality and the power constant in
this relationship that is the object of this experiment.

In mathematical form, the relationship between the
headloss of a liquid passing through the flow media and

the velocity of the liquid is:

bf

H1/1f af * Vel (2.3)

where Hl = headloss across a flow media plug (metres),
Vel = mean velocity through plug (metres/second),
1f = length of flow media plug (metres),
af = constant of proportionality,

bf = power constant.

To regress this relationship wusing the approach
described in Appendix B, we have to take the Logarithm

of both sides, thus:

loge (H1/1f) = Loge (af) + bf * Loge (Vel) (2.4)
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The Headloss experienced by the flow media plug,
(divided by its length) can now be regressed against the
velocity of the fluid through it to obtain the constants
of the resultant relationship. As a measure of the
accuracy of the relationship, the correlation

coefficient is also determined.

2.5.2.2 Numerical Results

Due to problems involved with potential
inaccuracies in the headloss manometer readings, the
processing of the results proved to be quite
complicated.

The flow rate and headloss results from the first
increment of the flow media (in Table A.1) closest to
the tappings, are regressed to find the relationship
between the fluid velocity and headloss across it. The

relationship found is:

1.989
HL. = 3,405 ¥* Vel (2.5)

(1f = 0.66m length of flow media)

with a correlation coefficient,cc = 0.9991 over a range

of flows of Vd = 0.0 to 0.7620 metres/second

This equation is wused to nullify the potential



error in the downstream tappings. It is done by
subtracting the calculated headloss due to the first
increment next to the tappings, from the total headloss
across the whole length of the flow media. The length
of the flow media resisting the remaining headloss, is
found by subtracting the length of the first increment
away from the total length of the media.

Darcy's Pipe Friction Equation (2.1) 1is used to
eliminate the headloss due to the viscosity in the empty
part of the pipe.

With the above two effects eliminated from the
results, the regression can proceed. To compare results
from different 1lengths of the flow media, the head
losses are divided by their own lengths. This 1is
finally regressed against the mean fluid wvelocity

through the media.

N.B. Individual results taken are in Appendix A.

The resultant relationship is:

1.860
HL f 1£ = 7.385 * Val (2.6)

With a correlation coefficient, cc = 0.9950 over a range

of flow of Vel = 0.0 to 1.535 metres/second




2.5.3 Conclusion

The two correlation coefficients in the above
results section are very close to unity which (as
discussed 1in Appendix B) suggests that the relationships
found are accurate and significant. The difference in
the constants derived from the regression substantiates
the need to approach the processing of the results in
the previously described manner, The different
constants show that the first length of flow media shows
a significantly different relationship to the rest of
the increments immediately upstream. This is attributed
to the proximity of manometer tappings to the flow media
corrupting the results.

The final relationship is described in the theory
in chapter 5, and 1is wused in the computer simulation
described 1in chapter 6 to emulate a coil pump containing

flow media.

2.5.4 Discussion

Due to the problems described earlier with the
downstream tappings, it 1is necessary to ignore the
resistance due to the first increment of flow media.
Besides the problems due to the inaccuracies in the
construction of the tappings, these are compounded by
the interaction of the flow media components with the

tapping holes themselves.
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An inaccuracy not taken into account here, is that
the headloss across the flow media is not proportional
to the 1length of flow media. To simplify the results
processing, the headloss across a flow media plug is
divided by its length. This give a value suitable for
regression against the velocity of the fluid flowing
through it. This hypothesis of non-proportionality is
too complex to investigate with this simple equipment
without introducing more manometer tappings. Therefore
this hypothesis has been ignored, except to note that
the accuracy of the above relations tend to discount it.
The flow media matrix used in these experiments
consists of a large number of 30 millimetre diameter
corrugated plastic pipes 50 millimetres long. These are
arranged in a random manner aad compacted by the force
of the discharge passing through the matrix. The random
nature of the matrix makes the tappings function
difficult in terms of recording accurate results, as the
flow through this matrix can be unpredictable. The

readings can be corrupted for the following reasons:

L The tapping holes can be masked by the side of a
flow media element. The pressure at this point

will then be unpredictable. (Figure 2.10a)

25 A flow media element close to the tapping point,
may channel part of the flow towards or away

from the hole. This will make the pressure
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head in the tapping rise or fall due to a
component of the velocity head being added or
subtracted from the pressure head. (Figure

2.10b)

The flow around and through these elements is
turbulent and due to the random nature of the
flow media, this could cause vortices to be
shed past the manometer holes. Consequently
the pressure head will fluctuate at this point
due to the varying velocity head of the water
in the vortices. This is due to velocity being
equal to the complement of the total head of
the water (at any point) against the pressure
head, and therefore as the velocity head
varies, so will the pressure head. (Figure

2.10¢e)

A flow media element may shelter a tapping hole
by being very close to and perpendicular to the
wall. The open end of the flow media will then
act as an enlarged tapping hole and the
pressure head across this large hole can not be

depended upon to be accurate. (Figure 2.10d)

The velocity profile across the pipe is hard to
determine but it is thought to approximate to

the profile shown in figure 2.10e. The lower
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density of packing possible, near the
boundaries of the flow media at the pipe wall,
is thought to provide more open spaces than in
the interior of the matrix. These open spaces
will offer less resistance to flow and thus the
velocities here will be higher than the mean.
This will lead to a lowering of the pressure
head at these points where a possible
manometer tapping might be situated.
Corruption of the results will then
inevitably follow. This effect might be
nullified by covering up both the upstream and
downstream manometer points. This is
impossible to do when different lengths of flow
media have to be tested inside the pipe and so

a problem remains.

All these possible errors may initially raise some
doubts over the accuracy of the results taken, but the
high correlation coefficient and the rigorous control
experiments defend the results obtained.

It has been proved beyond reasonable doubt that the
readings from the first increment of flow media have
been corrupted by some or all of the errors described
above. It also shows that these errors have been
nullified by the elimination of the first increment of
flow media from the rest 1in the results processing.

This infers that the final relationship, relating the
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headloss of a fluid passing through the media to the
velocity of the fluid itself, is valid.

With hindsight, it would have been plausible to
perform the experiments described in this chapter on the
flexible ducting described in section 4.2.2. This would
have enabled direct comparisons to have been made
bearing in mind the similarity of the apparatus. An
important feature of the experiment described in chapter
4 1is that the flexible ducting 1is put under varying
pressures. This has the possible consequences of
varying the resistances to flow through the ducting and
so must be investigated. Unfortunately, due to the
nature of the fabric of the ducting, it would have
proved impossible to position manometer tappings
accurately enough to realistically measure the headloss
across the flow media. A problem would also have
occurred in supporting the flexible ducting to keep it
straight.

Parallel research (Ref.13) has also made progress
investigating the resistance to flow through porous
granular media over a wide range of Reynolds numbers.
This research has found that the headloss of the
liquid passing through this material is proportional to
the wvelocity raised to the power of approximately 1.85.
This tends to support the wvalues obtained above.

As an example, to show how the coil pump
experimented upon 1in chapter 4 would be theoretically

effected by the inclusion of flow media, consider the
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following. If the pump is at a depth of immersion of 50
percent, then the length of flow media inside the helix

o854

1f = n % (D + d) * Pi/2

12.848 metres

If the pump 1is rotating at 3 revolutions per

minute, then the resistive head across the helix is:

1.860

H1 1f * 7.385 * (Ns * (D + d)*Pi/60)

1.860
12.848 * 7,385 * (3 * 1,0224 * Pi/60)

3.161 metres of water

This shows that the inclusion of flow media is very
significant when considering the design and power

consumption of a coil pump.

N.B.: D = The Diameter of the Drum,

d = The Diameter of the pipe.

n = The number of coils in the pump



CHAPTER 3

The aim of this experiment is to increase the pump
discharge without increasing the depth of immersion of
the drum to over 50 percent. This will prevent the
shaft, drive chain and bearings from exposure to any
corrosive properties of the liquid in which it is partly
submerged.

A way to overcome the problem is to increase the
entrance to the coils in such a way as to increase the
liquid plug volume at the expense of the air plugs. The
investigation of this is central to the purpose of this

experiment.

MBs To avoid repetition, the theories associated with
the experiment have been included in Chapter 5, together

with the rest of the theories describing the coil pump.
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3.1 EQUIPMENT

Figure 3.1 shows the 1layout of the Increased
Discharge Experiment. The three main elements of the
experiment consist of the Tank, Coil Pump and Head Lift
apparatus which are each described in the following

sections.

3.1.1 The Tank

The Tank had been constructed for a previous
research project and so was made available for these
experiments.

The dimensions of the Tank w¢» 1.6 metres long by
1.1 metres wide, and 1.3 metres deep. An electric motor
wws situated on beams suspended over the top of the Tank.
It drove the pump through a series of reduction gears
and a drive belt to the main shaft on which the drum
rotates.

A steady depth of immersion waes achieved by allowing
the discharge from the pump to circulate back to the
tank. The depth of immersion was altered by
introducing or draining liguid from the tank. The depth
of immersion was read from a scale on the side of the
transparent tank wall. The origin of the scale is

situated at the same height as the drum shaft.
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FIGURES 3.2, Coil Pump Drum Photograph



FIGURE 3.3, Coil Pump Bucket and Helix Photograph
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3.1.2 The Drum

The diameter of the hollow drum, (figure 3.2) is
0.5 metres and the length is 0.8 metres. Liquid is free
to enter or leave the interior of the drum through both
ends. This prevents air from being trapped inside, so
altering the stresses on the bearings and the forces on
the electric motor, thereby effecting the pump
efficiency. On the drum's surface are welded blocks of
plastic in which holes have been drilled. These are

used together with lengths of cord to secure the coils.

3.1.3 The Bucket and the Helix

The helix (figure 3,.3) is constructed of
transparent flexible piping. The mean internal and
external diameters are 13.7 and 20.3 millimetres
respectively. 14 Revolutions of the pipe are wound
around the drum.

Attached to the inlet of the helix is a plastic
scoop in the shape of a bucket. It had internal and
external diameters of 38 and 50 millimetres respectively‘
and an inside length of 50 millimetres, Three quarters
of a revolution away from the inlet 1is a hole of 1

millimetre radius in the pipe wall ( described in section

BisleZs )




3.2 PROCEDURE

This procedure wag formally regimented for

consistent results and is laid out here:

1. The 'Bucket' device was secured to the entrance of
the pump ready for the pumping to begin.

2. The Tank was filled to the regquired level.

3. The electricity supply was connected via a
'Variac', which war adjusted to control the
speed of the motor.

4, The water plug levels inside the helix was
allowed to reach equilibrium by rotating the drum
at least twenty revolutions.

5. The values of drum r.p.m., external depth of
immersion and the pump discharge w¢~ recorded
over a set time.

6. The parameters «wév¢ changed and the procedure

repeated until all the data had been collected.

The experimentwas finally shut down by emptying the
tank and helix of liguid by rotating the pump backwards.
This preventm/ the build-up of organic growths on the
inside of the pipe wall. The power supply was then

disconnected.
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3.3 RESULTS

Appendix C contains four tables of results taken
from this experiment, together with derived parameters
used 1in later regressions and desciptions of the tables.

From chapter 5, we have the following equations:

Vh

ca y 2%gqg * un (5.35)

and:

Volh Ah * Vh * Th (5.32)

"

combining these, we get:

Volh
e, % CA 2 * g % HE (3.1)
Th * Ah
where Volh = Volume of liquid passing out of
the hole during each revolution,
Vh = Velocity of liquid through the hole,
Th = Time for liquid to pass through
the hole,
Ah = Cross-sectional area of the hole,

Cd = Coefficient of discharge of the hole,



Gravimetric constant, 9.81 m/s/s,

Q
i

Hh Head difference across the hole.

i

This equation has been used together with the
theory in Appendix B to regress the results in Appendix
c, to find the constant . By calculating the
result to the left hand side of the equation and

comparing it with the right hand side, we obtain:

Volh
— = 0.6291 = 0.3027 * /’2 ¥ g * Hh
Th * Ah
With a Correlation Coefficient, cc = -0.5718
ige, cd = 0.3027

This result 1is not encouraging, as the negative
correlation coefficient implies that the left hand side
of the relationship 1is inversely proportional to the
right. This 1is incompatible with the theory and the
analysis will therefore have to be discounted. The
absolute value of this Correlation Coefficient is also

very low, which infers that this relationship is only

marginally valid.
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By entering values into equation (3.1) for each
individual experiment, we can determine the coefficient
of discharge for each experiment. The mean value of the

coefficients is:

cd 0.0784

[}



3.4 CONCLUSION

The value of the coefficient of discharge obtained
from the linear regression described in Appendix B
cannot be wused because of the poor wvalue of the
correlation coefficient calculated., This is unfortunate
as 1t does not confirm the associated theory in Section
B Ta

The coefficient of discharge obtained by taking the
mean of the values calculated from individual
experiments is low compared to values quoted from
various text books (Ref.15) which vary from 0.97 to
.99,

The experiment can still be considered successful
even though guantitatively, answers cannot be produced.
This is because it has been proved that by enlarging the
inlet and introducing a small hole in the helix, the
pump can sustain a higher discharge than in its normal

arrangement. This advancement of the theory could prove

decisive in improving the pump's efficiency.




3.5 DISCUSSION

The value of the coefficient of discharge from the
regression might have to be discounted. This decision
has been made on the basis of the poor value of the
correlation coefficient. The limited success of the
analysis 1is explained by examining the data taken. Only
9 experiments were completed; which, with hindsight, was
too few. The spread of the parameters could also have
been 1larger as it would have 1led to the regression
having a more representative population.

By taking the mean value of the Coefficient of
Discharge, an indication of its accuracy cannot be
commented upon in a mathematical sense. However, it
would seem that the value of 0.0784 is low compared with
values quoted in various text books and so this wvalue is
also suspect.

The low value can be explained by the admission
that the hole was not very accurately drilled to a
radius of 1 millimetre. As the material is soft and
pliable, it could have taken any cross-sectional area.
Also, the roughness of the hole on the inside of the
pipe, could have 1led to restrictions in the flow. The

above value is therefore accepted with reservations.
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A concept not investigated here, was the hypothesis
that the enlarged inlet will impose a pressure on the
first water plug. The effect that this might have is to
elongate the first water plug. It has not
been addressed here due to the problems of quantifying
the pressure and translating this into its associated
water plug elongation.

As described in Section 3.1.3, the hole in the pipe
wall 1is situated three quarters of a revolution away
from the bucket. The position of this hole has been
decided upon by ‘'trial-and-error'. The positioning
optimum could be investigated to minimise the liquid
escaping from the hole whilst still allowing air to
escape.

It 1is realised that more research should be done on
this subject, especially as the experiment was
successful in terms of confirming that enlargement of

the inlet causes the discharge to increase.



CHAPTER 4

This experiment has been performed to investigate
the predictability and therefore the relationship
between the power absorbed by the pump, and the
parameters able to be wvaried on the apparatus. 168
individual experiments were performed on the
apparatus, (displayed in Appendix D).

The rationale and justifications of the methods
used to derive the relationships are discussed in this
chapter. The validity of the relationships is
discussed, within the boundaries of results taken, and

conclusions are drawn.

4.1 EQUIPMENT

Figure 4.1 shows the layout of the Coil Pump Power
Experiment. It 1is essentially a similar design to the
coil pump in the previous chapter, and therefore the
apparatus has been modified for this experiment.

The apparatus consists of the Tank, the Coil Pump,
the Head Generator, and the Electronics. To avoid

repetition, only a short description is given.
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The Coil Pump Power Experiment Diagram




FIGURE 4.2,

Drive Chain, Cam and Ether Photograph
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FIGURE 4.4,

Variable Height Overflow Device and Variac



Due to the increased size of the coil pump used in
this experiment the tank (figure 3.2) wused in the
previous experiment had to be altered. The electric
motor (figure 4.2) that drives the coil pump, (situated
on rails suspended over the top of the tank) has been
raised from its original position to allow the larger
helix to be fitted underneath. New larger bearings
(figure 4.3) have been installed to take the weight of
the heavier helix. A wider shaft has been installed to
take the discharge from the helix, but the original
reduction gear box remains. However, a larger, more
powerful electric motor replaces the old one. A drive
chain (figure 4.2) with sprockets also replaces a rubber
and canvas drive belt,

A variable height overflow device (figure 4.4) has
been fitted externally to the tank which enables a
steady depth of immersion to be achieved. Due to the
changing discharge demand (from the helix inlet)
thoughout a revolution, an excess of liquid has to be
continually introduced into the tank. The overflow
device stabilises the depth of immersion by letting the
excess flow _drain away. It has been made, so that the
depth of immersion can be manually altered by sliding a
section of vertical pipe up or down. Water escapes by

flowing up and over the exposed end of the pipe.
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FIGURE 4.5, Helix Photograph




FIGURE 4.6, Helix Connector Photograph




4.1.2 The Coil Pump

The diameter of the drum (Figure 4.5) was 0.87
metres, and the length 1.2 metres. Tt was a larger drum
compared to the one described in chapter 3, to maximise
the tank volume; i.e. to allow more, larger coils.

Slotted plastic blocks have been welded to the
surface of ghe drum in a spiral-like fashion to follow
the path of the helix. These are used in conjunction
with flexible plastic strips to secure the helix to the
drum. Netting was wrapped around the helix to prevent
the coils from moving while they are under pressure and
the drum is in motion.

The helix we made of commercial flexible ducting.
It consists of a skin of flexible translucent plastic,
stiffened with a spiral of wire, enabling it to retain
its circular cross-sectional shape whilst being wrapped
around the drum.

The helix wes split into three sections, two groups
of two coils and a group of four coils. It enabled any
combination of 2, 4, 6 and 8 coils to be attached to the
drum. The placing of the flow media inside the coils is
made convenient by the introduction of connectors
(figure 4.6) which join the different sections of the
helix together. The connectors contain netting inside
to restrict the movement of the flow media to the

sections where it has been placed.



FIGURE 4.7,

Rotary Valve and Pressure Transducer
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After the two phase flow passes.through the helix,

it is. directed onto the central shaft of the pump., The
flow leaves the shaft through a rotary valve (figure
4,7). The rotary valve maintains a water-tight seal
betwéen the shaft and the adjoininé pipe, while allowing
the shaft to rotate while the pipe is stationary. The
discharge then travels-é;png_a horizontal pipe to be led

off to the 'Head Genérator' described in section 4.1.3.

4,1.3 The Head Generator

The head generato; (Figure 4.3) consists of a
chamber with an inlet from the coil pump shaft and an
outlet wvertically upwards. The chamber is designed to
reduce the turbulence from the the two phase flow before
directing it upward through the outlet. It is designed
in such a way as to allow the maximum back pressure from
the wvertical pipe above the outlet to be sustained for
as long as possible, throughout a pump revolution. The
apparatus reduces the varying delivery head back
pressure to a minimum, which would be present without
this apparatus due to the air-plugs through the system,

A pléte {figure 4.8) across the inlet prevénts the
water plugs ‘from being immediately directed towards the
outlet. The chamber calms the turbulence to let the
discharge flow through the holes in the vertical pipe
inside the chamber, to the outlet.

The holes in the vertical - outlet pipe have been
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.introduced to reduce the size of the air bubbles iﬁ the
vertical pipe. This prevents large air plugs forming in
the pipe resulting in the loss of back pressure into the
.coil | pﬁmp. To facilitate the measurement of the
preséure, a transducer has been included near the inlet
to the chamber, |
Above the outlet of .. the chamber 1is a connected
vertical pipe which maintains a column of water. This
generates the back pressure on the chamber and the pump.
The pipe can be changed between experiments to generate
different heads. A chimneypot-like device (figure 4.3)
has been installed at the top of the pipe and attached
to this is a plastic sleeve., It directs the discharge
towards a 1arge graduated tank by the side of the
experiment, where it is measured., Individual discharges
and headlifts obtained can be seen in columns 5 and 7

‘respectively of figure D.2.

4.1.4 The Data Logging Eguipment

AR e e S v ARy ek . A

Figure 4.9 Shows the overall set-up of the data
logging equipment and where it interfaces to the rest of

the apparatus. The following sections describe the data

collection facility.
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4,1.4,1 Power Input

The Drum was driven by én electric motor through a
set of reduction gears and a drive chain. The power
supply was controlled by a  large variable transformer
célled a Variac (figure 4.4). It controled the voltage
across the motor and therefore the speed at which it
will turn. The power Wag‘recorded by measuring the
voltage across the motor and the current through it,

The voltages across the motor can reach 200 Volts.
Therefore this has to be stepped down by a factor of 2
for compatibility with the Analogue to Digital port of
_the BBC Microcomputer, which wasused for data logging in
this experiment.

The BEBC éanwcf directly read current and so a 1
' Ohm resistor has been introduced in series with the
motor to record the voltage across it. A direct
comparison of current against voltage can then be
obtained. This ~_wnars_fed into the second Analogue to
Digital port. The mean power input for each experiment

can be seen in column 2 of figure D.1.

4.1.4.2 Pressure Qutput

- A i ——

The voltages gained £from the pressure sensor, to
measure the pressure of the discharge from the pump, are
amplified to provide signals for the BBC to record.

This sensor has been previously calibrated to provide a

relationship of the pressures imposed on the sensor,
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against the amplified voltages gained. Figure 4.10
shows the relationship obtained and the resulting

equation is:

Hr = 0.33 + (0.77 * VOLTS)

{Pressure Head, (from the operational amplifier)
metres of water)

The voltage is fed into a third channel of the
Analogue to Digital ports of the BBC. This equation
translate the volts to pressures. The mean pressure for

each experiment can be seen in column 3 of figqure D.3.

4.1.4.3 Angular Velocity Of The Pump

L S W S s e M A e S A e L e

An electrical device called an Ether (figure 4.2},
in conjunction with a cam attached to the pump shaftf is
used to record the angular velocity of.thé pump.

An Ether is a variable resgistor, with a rod passing
inside a spiral of resistance wire. As the rod passes
in or out of the ether tube, so the resistance across
the device either rises or falls. &a steady voltage is
applied across the input side of the Ether and, when the
pump is in motion, a varying voltage can be read from
the output side,. The voltage input is set so that the
" output remains within the bounds of 2.5 and zero volts

for compatibilty with the computer'port.
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The cam that the Ether follows has been ﬁachined 50

that if the pump maintains a constant angular velocity

through its c¢ycles, the motion of a cam follower will
describe a simple harmeonic funcion (i.e. a sine wave).

This wvarying voltage is fed into the fourth channel

of the Analogue to Digital Ports of the BBC. It used

(when combined with the time variable described later)

to accurately determine the angular velocity of the

pump. The mean value for each experiment can be seen in

column 1 of figure D.1.

4,1.4.4 The BBC Microcomputer-

Initially there were problems with the aécuracy of
the data collected. ‘The Analogue to Digital ports for
"this computer are designed to cope with joy~sticks and
paddles and are therefore of a low accuracy. This was
remedied by replacing the components with ones of
superior quality. A side effect of the upgrade allows
the range of voltages to be expanded from 1.8 volts to
2.5, This allows higher voltages from the sensors to be
entefed so increasing their accuracy.

A fifth source of data in the form of Time (in
milli-seconds) 1is received from the computer's internal

clock., It references all the other sources of data.
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To summarise, the five types of data item stored

onto disk are:

i. Volts from the Pump Motor (divided by 100},

 2. Amps from the Pump Motor,

3. Pressure Output (vélts - amplified but not
corrected from‘its calibration),

4, Orientation of the drum (in the form of volts
to be processed later),’

5. Time (milli-seconds].

The rate at which readings are taken is calculated
to give the computer adequate time to record results
over ten revolutions of the experiment. As 800 sets of
readings are the maximum able to be taken over this
time, then a set of readings have to bhe taken
approximately every 4.5 degrees of revelution of the
pump. The decision to take this many readings has been
taken on the basis of the memory restrictions of the
computer.

Once the readings had been taken, the datawas
transferred from memory onto a file on a floppy disk.

Tt “ﬁéé' subsequently transferred o# to the University

Mainframe Computer for analysis,
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4.2 PROCEDURE

Below 1is a description of the parameters which can

be varied on the apparatus:

The height to which the pump lifts the discharge.
This :was found by measuring the height from the
centre-line of the.pump shaft, to the top of the
vertical pipe installed over the outlet of the
splash chamber (figure 4.3). This --was varied
from =zero to 3 metres in increments of half metre
intervals. Individual values are displayed in
column 7 of figure D.Z2.

The rotational speed of the pump. This was
varied by adjusting a 'vVariac' (figure 4.4);. It
was’ envisaged that the maximum speed for
production models will be 3 r.p.m. These can be
varied in an analogue manner but are kept to
values of approximately 1, 2 and ‘3 r.p.Ma.
Individual wvalues are displayed in column 1 of
figure D.1.

The number of ceoils wrapped arocund the drum. A
maximum of 8 coils -were fitted around the drum.
The helix wéaspiit into 3 sections of 4, 2 and 2
revolutions (figure 4.5). It enabled any
combination of 4, & or 8 coils to be fitted to

the drum. Individual values are displayed in

column 6 of figure D.2.
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4., The depth-of immersion of the pump, adjusted by.
éltering the variable height drain situated
externally to the tank (shown in figure 4.4}.
Immersions are restricted to below the underside
of the shaft. This prevents water from leaking
out of the tank through the holes in the walls
through which the  shaft passes. Although the
adjustment is analogue in mnature, depths of
approximately 100, 200, 300 and 40C¢ millimetres
below the centreline of the shaft are adhered to.
Individual values are dispiayed in column 4 of
figure D.1. |

5. The flow media inclusion option. The helix

connectors (figure 4.6} easily facilitate the
inclusion of the flow media. This option is
displayed in column 11 of figqure D.3. If the
individual values are equal to zero, then flow
media has not been included in the coils,
otherwise the values refer to the theoretical

head calculated by equation (2.6).

The experiment has been devised to inter-relate the

factors influencing the power consumption of the pump.
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‘The
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Procedure for Each Experiment
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procedure is structured for consistent results

and is laid out here in chronological order:

The required number of colls are wrapped around
the drum together with the flow media installed -
inside, if desireé. Netting is then wrapped
around the coils to prevent them moving while
the drum is in motion and under pressure.

The tank is filled up to the required level.

The wvariable height drain is adjusted to the
required depth of immersion.

A éomputer program written to capture the data
is loaded from disc, and the punp is set in
motion to the required speed.

Once the water levels internal to the helix have
reached equilibrium, the program is executed to
collect the data. |

After ten revolutions, the collected data is
loaded onto floppy disc for later transfer to
the University Mainframe Computer. While this
is in progress, the experimental parameters can

be altered ready for the next experiment.




Non-Flow Media Experiments
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FIGURE 4.11, Experiment Organisation Table
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4.2.2 Parameter Organisation in the Experiments,

P Y e e e e e e e e e

These have been split into two main groups,
depending upon whether flow media 1is present. The
organisation of these is displayed in figure. 4.11 and

elaborated on below:

1. Non-Flow Mgdia Experiments. These_are split into
3 sections dependant on how many coils are
wrapped around the drum. These sections are
split into 4 groups representing each of the
heights to which 1liguid is 1lifted. To each
group of experiments is applied a sub-group. The
sub~groups consist of 12 experiments made up of
a combinafion of 3 rotational speeds and 4
depths of immersion, haking in total 144
non-flow media experiments.

2. Flow Media Experiments. These were limited
by the time available for research. Only 24
experiments were completed out of a planned
series of 48, on a helix of 8 coils filled with
flow media. Two different pumping heights were
applied, with combinations of 4 depths of

immersion and 3 rotational speeds.
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Figure 4,11 poffrayé the organisation of the
parameters forl hoth groups of expe;iments. .The core of
12 experiments on the right hand side is the recurring
sub—gfoué and 1s therefore only displayed once., The
deciéions made on the values used in the structure of
the organisation of the headlifts in the experiments
were made on the basis of 2 restrictions. The first is
the maximum head to which the.pump can lift with the
number of colils wrapped around it. The second
restriction is due to the limited strength of the fabric
of the coils. This restricts the pressure to which the

helix can pump to 3 metres,




4,3 RESULTS

The object of this experiment is to prove that
relationships can be found to predict the power absorbed
by the pump. To this end, over two thirds of a million
items of data were recorded throughout the whole of this
experiment. It is possible that rigorous analysis could
enable precise relationships to be developed. Unfortuna-
tely time, Computer power and storage constraints has
forced the conmpression of the data into a subset for
processing on  an Apple ITle Microcomputer, This data
consists of a sequential file containing the mean power,
outlet pressure and time of each revolution, for each
experiment completed.

For convenience and optimisation of access time, the
sequential file has been converted to a random access
file. During this process it has been found that there
is still too much data to be held on a single disc. This
problem has been solved by taking the mean value for each
of the parameters over all the revolutions for each
experiment and storing these values in the disc file. At
this peoint it reduces the disc access time to an accept-
able level for regressing results to form relationships;
i.e, 4 minute to lcocad the results for approximately 150
experiments, It is these values which form the basis for
the regression described later, and are displayed in

Appendix D,
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An environment has been developed on the computer
consisting of software tools and utilities to process the
data so that relationships can be formed. The data and
the relationships derived can be displayed in two ways;

i,e. either in graphical or mathematical form.

4.3.1 Processing The Results

e ek g = e o T = —— AR dn

The process by which a series of parameters are
combined to form relationships is called multiple regres-
sion. Various combinations and permutations of experim-
ental parameters have been combined using this process to
relate to the power absorbed by the coil’ pump. This
power { equal to the applied power minus the obtained
power ) is an important feature and is easily derived.
It has therefore been used to process the results.

It has been found that there are two partial eguat-
ions, which when combined describes the power absorbed by
the pump for experiments 145 to 168. These two partial
equations represent the two most distinctive power loss
values envisaged to be present in the apparatus and can

be represented thus:

Power = DPowerl + Power2 {(4.1)
Absorbed
Expt. 145-168
(Theoretical)
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Where  Powerd Theoretical Power absorbed by the first

partial eguation,

Power?2 Theoretical Power absorbed by the second

1]

partial equation.

The first partial equation represents the power
losses due to the hydraulic resistances to flow of the
discharge through the coil pump, and due to the immersed
pump rotating in its wvat. This powerloss is proportional
to the speed of rotation of the coil pﬁmp and to the
height to which the pump is lifting its discharge. With
the constant of proportionality present the following
equation describeg the power absorbed due to the non-flow

media hydraulic resistances to flow:

Powerl = K1 * Ns * Hr {4.2)

Where K1 = Constant of Proportionality for Non-flow Media
Hydraulic Resistances,
Ns = Speed of Rotation of the coil punmp,

Hr

Height to which the discharge is lifted.

The second partial equation represents the powerloss
absorbed due to the hydraulic resistance of the discharge
due to the inclusion of the flow media inside the coils,

The powerloss is proportional to the speed of rotation of
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the coil pump raised to the power of 1.860. With the
constants discussed below present, the following equation
describes the power losses due to the presence of the

flow media in the coil punp:

1.860
Power2 = X2 + K3 * Ns {4.3)
fthere K2 = Equation Flow Media Constant
X3 = Constant of Proportionality of the Flow

Media Resistances,

Equations {4.2) and (4,3) can now be combined with

{4,1) to form the following equation:

1.860
Power = K1 *# Ns ¥ Ar + K2 + K3 % Ns {(4.4)
Absorbed
Expt. 145-168
{Theoretical)

Equation (4.4}, which fully describes the powerloss
due to the coil pump containing flow media, can now be
used in the process of Mulitple Regression to derive its
constants. Associated with the partial equations will be

their individual correlation coefficients, together with
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the overall correlation coefficient. The coefficients
describe the accuracy, and hence the validity of the
whole relationship. The nmultiple regression produces the

following equation for experiments 145 to 168:

1,860
Power = 5,916 * Ns * HUr + 3,11 * Ns (4.5)
Absorbed
Expt. 145-168 - 0,485

{Theoretical)

With 0,979 Overall Correlation Ceoefficient,

1

0.7617 = First Partial Equation Correlation
Coefficient,
0.951 = Second Partial FEquation Correlation

Coefficient.

The overall correlation coefficient displays a value
close to unity which infers the whole equation accurately
predicts the power absorbed by the pump for experiments
145 to 168, 0f the two partial egquations the second one
exhibits a high correlation coefficient and is therefore
the dominant partial equation relative to the first in
terms of accurately contributing quantitatively to the
overall power abhsorbed by the coil pump. The second
partial eguation can therefore be said to accurately
describe the power absorbed by the flow media. As the
correlation coefficient of the first partial egquation is
relatively 1low, it would ‘thexefore be advantageous to

investigate this further so as to he confident of its
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accuracy and therefore its inclusion in the overall equa-
tion.

The final investigation comprises taking the
first partial equation and generating wvalues for the
first 144 experiments, representing the power absorbed by
the pump not containing any flow media. These values are
then linearly regressed against the actual values exhib-
ited by the apparatus to determine the accuracy of the
first partial equation. From this investigation the
following equation has been formed relating the experi-

mental results to the theoretical values generated:

Power = 1.104 * Power + 3.702 (4.6)
Absorbed Absorbed
Expt. 1-144 Expt., 1-144
Non-£low Media Non-£flow HMedia
(Experimental) {Theoretical}

With a Correlation Coefficient of 0.967

The high correlation coefficient shows that there is
a strong relationship between the the theoretical equat-
ion and the experimental data for the first 144 experi-

ments. This therefore ties in the results from the flow

media and non-flow media experiments.




4-32

4.4 CONCLUSION

The multiple regression performed in the previous
section generates equation (4.5). This can be considered
to be an accurate and valid relationship due to 1its
assoclated correlation coefficient having a value close
to unity. This equation describes how the various para-
meters able to be varied on the apparatus predict the
power absorbed by the flow media containing pump for
experiments 145 to 168, An important feature of the
equation is that it can be split into two partial equat-
ions which describe the two most dominant powerlosses
present in the apparatus. The first partial equation
describes the hydraulic powerlosses due to the non-flow
media resistance, and the second is flow media related.

The first partial equation has had to be investig-
ated further due to the low correlation coefficient desc-
riﬁing its ac¢curacy in eguation (4,5), so as to be con-
fident of its accuracy. Tc this end, the regression
described by equation (4.6) has been performed on the
first 144 experiments. This proves that by generating
theoretical power absorbed values and comparing them
against their associated experimental ones, this partial
equation is accurate in describing quantitatively the
hydraulic powerlosses of the pump without any flow media
included. This 1is demonstrated by the high correlation
coefficient associated with the linear regression thereby
proving that the first partial equation is accurate and

valid.



4,5 DISCUSSION

This experiment has been designed to collect and
process results with the use of computers. Over two
thirds of a million items of data were collected and due
to the reasons given in section 4.3, these could not be
processed to full potential, This processing could pot-
entially have resulted in very precise relationshins
describing the coil pump power absorption throughout a
revolution instead of just the mean power absorbed asg
concentrated upon here, The types of processing which
could have been attempted include Numerical Integration
and Fast Fourier Transforms (Ref. 18). These are chvious
directions which could be profitable to pursue in the

future.

4.5.1 The Approach to Regressing the Data

e e ek e e e T e e Ry —

Multiple Regression 1is a development of the prin-
ciples o©f Linear Regression. The main advantage the
former has over the latter is that it can relate more
than one pair of parameters together. This process has
been used in this case to relate the speed of rotation of
the pump, 1linearly and raised to the power of 1.860, and
the height to which the pump is lifting its discharge, to
the power absorbed by the pump.

An advantage of Multiple Regression is that it gives

correlation coefficients for all the partial equations as
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well as for the whoie equation. This éllows an apprec-
iation of the accuracy of the constituent parts of the
whole equation, thus enabling further invesﬁigation of
aquestionable partial equations.

When examining the correlation coefficient assoc-
iated with equatién {34.5) it is found that the whole
equation exhibits the high correlation coefficient of
0.979. This proves that this'equation is very accurate
in predicting the power absorption of the coil pump
containing flow media for experiments 145 to 168.

When investigating the correlation coefficients
representing the partial equations, it can be seen that
the one representing the flow media hydraulic resistance
is dominant in terms of accuracy relative to the other
partial equation. This is demonstrated by comparing the
correlation coefficient of the flow media resistance
partial eqguation of 0.951 to the correlationlcoefficient
of the non-flow media losses of 0.761. Two conclusions
can be drawn from‘this data, the first is that the part-
ial equation representing the flow media resistance to
flow is valid and accurate, and thus does not need to be
invegtigated further to confirm its accuracy. The second
conclusicon 1is 'that the partial equation representing
hydraulic resistances present in the coil pump unrelated
to the flow media needs to analysed to further establish
its validity.

The first partial equation is further validated by

generating theoretical power absorption values to conmpare
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with the values obtained from the first 144 experiments.
Thegse are then linearly regressed to derive equation
{4.6) and 1its associated correlation coefficient of
0.967. This coefficient quantitatively describes the
accuracy of the first partial equation predicting the
non-flow media hydraulic resistances to flow. As the
value of this coefficient is very close to unity this
support the accuracy of the first partial equation.

The above validation helps to justify the accuracy
and wvalidity of equation (4.5) in predicting the total
hydraulic power losses of the coil pump, and thus this

experiment can be thought to be successful,

4,5.2 Observations Made During Experimentation
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During the experiment, it has heen found that the
coil wall cannot withstand the applied operating press-
ures and will often spring a leak while the helix 1is
punping to over 3 metres. This leads to a change of
performance and invalidation of the assumptions made to
substantiate the basic theories involved. The radial
distortion of the assumed circular shape of the helix to
an oval is noticeable when it is bent around the drum.
Such errors do not help the accuracy of the results but
as it is not possible to assess their effect, they can
only be noted,

An observation associated with the above, made while
experimenting, 1is that the flexibhle ducting loqgitudin—

ally changes shape depending upon the applied pressure.
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At atmospheric pressure, the skin has a serrated longit-
udinal profile, but as the internal pressure increases,
the skin bhecomes increasingly tauter. Consequently, it
is envisaged that the resistance to flow will decrease as
the pressure increases. IF would be advantageous to inc- ‘
lude the resistive properties of the flexible ducting as ‘
a separate variable as this would increase the confidence
of the realism of.the equation, and the understanding of |
the concepts involved,
Throughout the whole experiment the phenomenoen of
"Blowback" (Ref. 7) has not been encountered. This phen-
omenen can be described as where the majority of the water
and air plugs in the helix dramatically leave the helix
through the inlet. This has been attributed to the fact
that large diameter coils allow bubble-~back and therefore
acts as an escape valve to prevent blowback.
It has to be mentioned that the efficiency of the
electric motor providing the propulsion for the coil
pump has not been taken into account in the calculat-
ions. It s efficiency is approximately 60 percent, but
is dependent upon the applied torque. Due to these
unknowns, the efficiency of the motor and the coil pump

has to be treated as one unit.



4,5,3 Summary

—— - —

It has been shown that equation (4.5) successfully
describes the power absorption of the helix experimented
upon in this chapter. The approaches used to collect and
process the results have been formulated so that consist-
ancy can be achieved with future experiments. This ena-
bles characteristics to be compared so that the perform-

ance of a pump can be predicted in any given situation.
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CHAPTER 5

‘The Theories relating to the coil pump have been
developed and modified over a long period of time. This
chapter combines the theories found by previous research

with those developed by this project.

5.1 GENERAL HELIX THEORIES

The following sections describe the general
theoriés that control the actions of the air and water

plugs as they pass through the helix,

5.1.1 The Pressure Build-up Inside The Helix

Irrespective of whether the pump is rotating, the
pressure head inside the helix is generated by means of
a cascading manometer. This can be thought of as a
number of manometers in series, of which the water/air
plugs in each of the manometer loops may or may not be
spilling / bubbling into the previous one.

Figure 5.1 shows a cascading manometer which can be
thought of as‘equivalent to an 'unwound' coil. Assuming
there are no .internal résistaﬁces to flow
th:éughout a revolution the head difference acrosé the

helix is balanced by the sum of the head differences



5-2

AR PLUGY AR PLUG 2 AR PLUG 3

...........
-------

..........

WATER PLUGY WATER PLUG 2 WATER PLUG 3 WATER PLUG & WATER PLUG N |

FIGURE 5.1, A Cascading Manometer
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across all the water plugs, i.e.:

Hn"‘Ha=h1 +h2+ s s +hx+ s a8 +hn (5-1)

where Hn absolute pressure head at the outlet,

Ha = atmospheric pressure head,
hx = head difference across the xth water plug,

and n = number of manometer loops or coils,

The head differences of the cascading manometer in
figure 5.1 can be shown in a more graphical manner as
seen in figure 5.2, This head difference profile and
the many others displayed in this chapter describe the
actions of the helix and how the water plugs contribute
to the headlift pressure. The area under the graph can
be thought to be equivalent to the total headlift

pressure across the helix.

5.1.2 Air Plug Contraction

—— i e s s o —

The compressibility of air has an important effect
on the pump. It is this which allows the air plugs to
compress = thus allowing the water plués to rotate away
from the outlet,

From previous research (Ref. 16) we can use the
standérd 'gas law egquation to calculate  the air plug

.lengths inside the helix. If 'Hx' 1is the absolute

pressure of the air plug in the xth coil, and 'Volx' is




the volume of that plug at that pressure, then:

1.15 | 1.15
Ha * Voli = Hx ¥ Volx

or, assuming a constant pipe diameter:

Ha * Lal = Hx * Lax {5.2)

where Lax = length of the xth air plug under pressure.

head Hx.

If 'Lrx' is the reduction in the length of xth air

lug as the pressure rises from 'Ha' to 'Hx', then:
Plug P

Lrx = Lal - Lax

substituting this into equation {5.2):

1.15 1/ 1.15
Lrx = Lal - (( Ha * Lal ) / Hx )
| 0.869%65 :
or Lrx = Lal * (1 -~ {( Ha / Hx ) ) {5.3)
and  ¢x = Lrx / {R + r) | (5.4)
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= rotation of preceding water plug relative to

the trailing edge of the xth air plug.

5.1.3 General Resistances to Flow

———— —— . vy = e o a am e — i —

Thére will always be a resistance to the flow
passing through a helix, The resistive headloss across
each water plug has to be subtracted from the head
difference each plug exhibits, to obtain the useful head
difference utilised by the helix.

As the resistance to flow inside the helix is small
and cannot be separated experimentally from the.friction
in the bearings on the pump shaft, this headloss is

~ igrored when calculating the profile of the helix.

5.1.4 Flow Media Resistance

- e AR et S S S e

Flow media can be included inside the helix to,
facilitate the treatment of waste water. From the
experiment in chapter 4 the following equation can be

formed to predict the headloss in a single coil:

bf
hrx = 1lwx * af * Velx . {5.5)

where hrx flow media resistance head of the xth cbil-

"

lwx

. length of the xth liquid plug,



af

Velx

bf

This

calculate
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proportional coefficient of resistivity of
the flow media, equal to 7.385 in the
experiment in chapter 2,
discharge velocity through the flow media,
power coefficient of resistivity of the
flow media, eqﬁal to 1.860 in the

experiment in chapter 2.

equation is used 1in later secticns to

resistance to flow in a helix which could

petentially be full or partially full of flow media.



Inlet water
level

FIGURE 5.3, A Rotated Water Plug
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actual water surface

water spilling into
previous coil

water plug x.

FIGURE 5.4, A Rotated Water Plug About to Spill
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bubbles

Il

water plug x

FIGURE 5.5, A Rotated Water Plug About to Bﬁbble
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5.1.5 Water Plug Level Development

Consider the pump rotating by visuwalising the helix

as a stationary pipe with plugs of air and liquid moving _'

along it. The initial orientation of the plugs as they =

enter the helix are that the water plugs lie at the
bottom of first coil, and the preceeding aif plug
occupies the space above the water plug. .

As the air plugs travel throuéh the helix they‘
progressively become more compressed due to the
increased pressure bﬁild-up towards the outlet. The
water plugs { shown in figure 5.3) will also
progressively rotate further away from the outlet
relative to their original orientation,

A water plug will progressively rotate until

either:

1. It reaches the outlet.

2. If it tries to rotate any further then the
trailing edge of the water plug will spill
back over the crown of the ceil into the
following water plug, Figure 5.4.

3. If 'it tries to rotate any further the leading
edge of the water plug will reach the soffit
at the bottom of the coil, and the preceeding.
air plug will bubble through-the water plug to -

the following air plug, Figure 5.5.
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These last two restrictions effect the passage of
the air and water plugs through the helix. The critical
factor which governs which one of two last restrictions
is reached first is determined by the depth of immersion
in which the helix is sitting.

If the depth of immérsion is above fifty percent
then the water plugs will spill back, otherwise the air
plugs will Dbubble back. This is because, in the former
case the water plugs entering the helix are longer than
the air plugs, as shown in fiqure 5.4, It follows that,
as the water plug rotates its trailing edge will reach
the crown of the coil before the leading edge reaches
the soffit. If the watef plug rotates any further, it
will spill. |

The converse is true that if the air plug is larger
than the water plug as shown in figure 5.5 then the
trailing edge of the air plug will reach the soffit of
the coil before the leading edge is near the crown. If
the plug rotates any further, it will start to bubble
back.

The following sections describe in full the
consequences .of the above restrictions and how they
effect the development of the head differences

throughout the helix.



FIGURE 5.6, A Typical Low Headlift Profile

{( not drawn.to scale )
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5.2 THE HELIX AT BELOW 50% D.O.I.
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.As .described above, for a helix below 50% depth of
immefSion, the air plugs in this helix will always tend
to bubble before the water plugs spill. Three different
profiles are exhibited according to whether the helix is
pumping to low, medium or high headlifts. These
profiles, and how they can be calculated are described

in the following sections.

5.2.1 Low Headlift Pumping

. s A - —

The definition of a helix pumping to a low head ié
that no air is beihg bubbled through the water plugs. A
typical head difference profile displayinq this pattern
can be seen in figure 5.6. It can be seen from this
diagram there is an exponential rise in head differences
towards the outlet. As the ocutlet pressure is known it
is logical to start at this point when describing the
theory.

If the water plug nearest to the outlet is complete
then (from figure 5.3) we can describe the pressures

across the water plug with the following equation:

Hn = Hn-1 + hn - hrn
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This can be expressed in a more general form so as
to be able to describe any of the coils in any

circumstances in the helix with the following equation:

Hx = Hx-1 + hx -~ hrx : {5.6)

From figure 5.3, we can derive the equation to

predict the head difference across an individual coil:

hx = (R + r) * (Cos{81-Dx) - Cos(e1+Dx)) (5.7)

where 61‘ = half of the angle the first water plug
subtends at £he centre of the axis,
= ArcCos (DOI / (R + r)) : (5.8)
Dx = rotation of the xth water plug from
its original position,
= summation of all the individual rotations
of all the following water plugs due to

the compressions of their air plugs.

Z bx (5.9)
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If we ignore .the' headlosses.due to résistance to
flow, the approaches used to calculate the head
difference profile from the above equations can be
discussed. '

It can be seen from the complexity of the above
equations and from the following discussion that_an
‘ iterative process has to be used. This is because the
outlet pressure is known but the final water plug
rotation 1is not, as it depends upon all the previous
ones which are also unknown.

By initially guessing the rotation of the first
water plug and calculating from the inlet forward, a
head difference profile can be calculated from the rest
of the rotations and head differences. The tétal head
generated by this profile is compared with the desired
outlet head and the rotation of the first plug is
adjusted to calculate a closer profile. This iteration
continues until the convergence leads to an acceptable
error between the desired and theoretical total head
generated.

The above approach is also used to calculate the
profile for non-spilling coils in a helix with a depth

of immersion greater than 50 percent.




FIGURE 5,7, A Tyﬁicél Bugbliing Medlu;ﬁalift Profile .
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5.2.2 Bubbling Medium Headlift Pumping
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The definition of a helix pumping to a medium.head
is that at least one but not all of the water plugs are
being bubbled through. A Typical head difference
profile of this pattern is 'shown in figure 5.7. It canl
be seen from this diagram that there is an exponential
rise in head level differences towards the outlet until
a threshoid is reached, At this point, the water plug
in this coil has generated the maximum head difference
through the acﬁion of bubbling alone, The phenomenon of
air Dbubbling through a water plug limits the rotation of
the water plug and so limits its head difference.

The iteration mentioned in the previous section can
be utilised to find out if a helix has crossed the
threshold from low headlift pumping to medium, If the
calculated wvalue of rotation of the final water plug
exceeds the maximum possible, it implies the last water
plug is being bubbled through.

The 1limiting factor which determines the extent to
which the ith water plug may rotate can be expressed by

the following identity:

Di =< 1 - & (5.10)




water spilling into
previous coil

FIGURE 5.8, The Restricting Rotation Angle
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Where '8} is defined in figure 5.8 and can be

expressed as:

¥ = ArcCos (R / (R + r)) | (5.11)

This is the angle which the centre of the
leading . edge of the ith water plug (which has reached
the ?*vwwv of the coil) subtends with the wvertical, at
the centre of the drum.

If the calculated 'Di' is greater than ;61 -‘5',
the iteration copes with this limitation by egquating
'Di’ to ‘o1 - 0. This limits the head able to be
generated by this water plug. The consequence of this
limitation is to induce the following plugs to rotate
further to cope with the desired total headlift needed.

By including the above restriction in the rotation
of the water plugs, then as the headlift increases from
a low headlift pumping situation, the head difference

profile reaches the one displayed in figure 5.7.
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FIGURE 5.9, . A Typical High Headlift Profile
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FIGURE 5,10, A Bubbling First Water Plug



FIGURE 5.11,

water plug «x

A Bubbling and Spilling Water Plug



5.2.3 High Headlift Pumping
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The definition of a helix pumping to a high head is
that all the water plugs are being bubbled throﬁgh. A
typical head profile can be seen as figure 5.9. This
diagram shows a helix where. all but one of the coils are
exhibiting one of two discrete head level differences.

All water plugs in this helix are being bubbled
through. The water plugs exhibiting a high head
difference are spilling into the following water plugs,
‘as well as Dbeing spilt into - by the preceding water
plugs. . The head difference these water plugs generate
remains constant due to the air depressing the leading
edge of the water plug to the soffit. The trailing edge
also constantly spills due to the preceding water plug
spilling into this. The excess water from the preceding
water plug will spill over from this water plug into the
following one.

The remaining water plug, whose head difference is
at neither of these two levels, is bubbling and being
spilt into but is not spilling itself. It is the head
difference from this c¢oil, which has to vary to cope
with the variations of head desired between the discrete
levels provided by the other ceoils. Thelhead varies
throughout the revolution to take up the continually
changing demand of the headlift, as discussed in section
6.1.4.

The head difference from the bubbling only water
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plugs can be found from the diagram in figure 5.10. As
this water plug enters the inlet of the helix it is
already being bubbled through. The result is that. the
leading edge is already depressed to the soffit while
the trailing edge is still at the external depth of
immersion. It consequentlf leads to a water plug of
reduced length compared to the water plugs in the
previous two sections, and therefore the head fhat it
generates is also reduced. The head difference from a

bubbling only water plug can be found by:

hu = R - DOI (5.12)

The head difference from the bubbling and spilling

water plugs can be found from figure 5.11, and is:

hv = D (5.13)

The head difference of the remaining coil, which is

being spilt into but is not itself spilling is:

hw = Hn - Ha - Hu - Hv (5.14)
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where Hu head generated by bubbling water plugs

= i * hu (5.15}

Hvy = total head generated by bubbling
and spilling water plugs

= (n-1i-11)%*nv (5.16)
i = number of bubbling only water plugs.
By rearranging equation (5.14) and adding (5.15)

and (5.16), we can obtain an equation that describes a

‘helix both bubbling and spilling, i.e.:

Hn - Ha = (i * hu) + ((n - 1i - 1) * hv) + hw (5.17)

The head difference profile for a desired headlift
is calculated by varyving the number of bubbling only
water plugs 'i' in eguation (5.15)‘until the following

identity is true:

hu < hw < hv (5.18)

This ensures the head difference for the water plug

being spilt .into but is not spilling itself is

physically possible.'
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PIGURE 5.12, A Typical Spilling Medium Headlift Profile




wafer spilling into
previous coil

water plug x

FIGURE 5.12, Spilling and being Spilt into Water Plug
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5.3 THE HELIX AT OR ABOVE 50% D.O.I.

'As described in section 5.1.3 for a helix above 50%
depth of immersion, the water plug will tend to spill
before the air plugs bubble. The water plug head
differences exhibit three  different profiles according
to whether it 1is pumping to 1low, medium or high
headlifts. These different profiles and how they can be

calculated is described in the following section.

5.3.1 Low headlift Pumping

The definition of a helix pumping to a low head is
that it does. not require any of the water plugs to be
spilling. This definition lis very similar to the
definition of a helix pumping to a low headlift at a
depth of immersion of below 50%. As the same can be
said of the theories and the calculations; then section
5.2.1 can be used to calculate the head difference

profile of the pump described in this section.

5.3.2 Spilling Medium headlift Pumping

—— . A a GRS WA AR

The definition of a helix pumping to a medium head
is that at 1least one but not all the water plugs are
spilling. A typical head difference profile is shown in
figure 5.12. It can . be Seen from this diagram that
thére is an exponentiai rise in head level differences

towards ~ the outlet. At some point, there is a maximum
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head difference and after this point, there is a decay.

towards the outlet. The maximum point is the last water
plug which is not spiiling or.being spilt into. The
preceding water plug is being spilt into, and all those
preceding that are being spilt into and are themselves
spilling. '

The spilling 1is caused by the air plugs being

compressea to such an extent that they cause the water -

plugs to rotate over the crown of the coil in which they
are in, The head difference of the spilling.water plugs
is therefore a function of the volume of their
associated air plugs.

figure 5.13 shows a water plug which is both
spilling and being .spilled into. The head difference

generated by the water plug is:

hx = R - (R + r) * ArcCos ( Lax/(R - r)) (5.19)

The calculations are approached by starting at the
outlet Dbecause the required head is known. From this,
the length bf the last air plug can be calculated using
equation (5.3) and so the head difference generated by
the last Water plug can be calculated from equation
{5{19).  By _using equation (5.6) we can then calculate

the pressure head of the penultimate air plug.
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These calculations continue towards the inlet until
the water plugs cease to spill., This can be found from

the following identity:

Lax + Lwl > 2 *n* (R +1r ) (5.20)

That infers that there is a point at which the
water and air wvolumes inside a particular coil become
too large for a spilling situation to océur. This is
done by taking the 1length of the smallest water plug
possible; 1i.e., one which has not been spilt into, and
adding it to the length of an air plug being tested. If
this 1length is 1longer than the centreline perimeter of
the coil then it indicates the length of the air plug is
too long to allow the water plug to spill.

Calculating the head difference of the water plug
being spiit_ into but 1s not spilling itself is
iméossible as the amount of water introduced to the plug
is unknown. This calculation can be circumvented by
assuming tha? at some point in a revolution, the water
plug is djust about to be spilt into by the preceding
water plug. At this point in the revolution there are
‘no water plﬁgs with unknown volumes.

| The calculations from the exponential rise in head
différences can then proceed in the same way as the

previous section. There are only two differences to the
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calculations; the number of coils 1is reduced to the
number that are not spilling, and the pressure head is
reduced to the pressure at the plug which is first

spilling.

5.3.3 High Headlift Pumping

There comes a point at which the helix in the
previous section cannot create a higher headlift
pressure with the profile and theory discussed. This
point is when all the coils are spilling back and so
the first water plug is spilling out of the inlet. The
only way to increase the head differences is to restrict
the air from passing through the outlet and so force the
coils to bubble-back. This will create the situation
described in section 5.2.3 and so to avoid repetition
will not be reiterated here.

Ways to prevent the escape of air from the outlet

are discussed in section 5.8.3.
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FIGURE 5.14, A Typical Maximum Headlift Profile
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5.4 MAXIMUM HEAD LIFT PUMPING

P L L N e e e

We <can calculate the maximum head attainable from .
any given pump by taking equation (5.17) and holding the
number of bubbling only water plugs ('i') to a minimum
of one. The first water plug is left just bubbling, due
to the restrictions digcussed in sections 6.13,'and
therefore this coil 1is only relied upon to maintain a
minimum head difference throughout the whole of the
revolution. The head difference profile can be seen in

figure 5.14 énd the eguation describing this is:
Hn - Ha = hu + ((n - 2 ) ¥ hv + hw (5.21)
'hw' can be maximised from equation (5.18) to get:
hw = hv | (5.22)
Substitutigg équation {(5.22) into {5.21), we get:

Hn - Ha. = hu '+ (n -1 ) * hy (5.23) —
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For the helix to reliably maintain its maximum
headlift pressure throughout the whole of a revolution,
the head difference from the water plug nearest the
outlet has to be ignored due to factors discussed in
section 6.1.1. This .factor has been ignored in the
previous sections as the !helix is not 1ifting to its
maximum achievable,
Equation (5.23) can be modified by ignoring the
last spilling and bubbling water plug; i.é. the maximum
reliable headlift pressure available throughout the

whole of a revolution is:

Hn - Ha = hu + (n - 2 ) ¥ hy (5.24)

The flow media resistance has been left out of the
calculations in this section as the idea of having a
helix pumping to its maximum lift is mutually exclusive

with the concept of a waste water treatment unit.
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5.5 FLOW MEDIA HELIX PUMPING

—— e . R e e e

From equation (5.6) we have the general equation

which describes the head differences across a water

plug:

Hx = Hx-1 + " hx - hrx {(5.6)

So far, the effects of flow resistance have been
ignored, but with the inclusion of the flow media inside
the helix it has been shown that there is a significant
increase in resistance to flow. By ignoring inlet
losses and resistance to flow through the empty parts of
the helix, we can combine equations (5.5) and (5.6) to

form:

bf
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The only variable which cannot be directly
calculated by the above theory is the water plug
velocity. This is different-depending upon whether or
not the plug is spiiling and/or bubbling. The following
calculations describes the: meah velocity throughout a

revolution:

1. A non-bubbling, non-spilling water plug has a

velocity through the media of:

vx = {2 * Pi - §x) * (R + r) * Ns / 60 (5.26)

velocity  of the helix minus the velocity of the
plug due to its rotation through its increased

This shows that the velocity is equal to the
head difference capacity.
\

2. The velocity of a bubbling,non-spilling water

plug is:
Vx = 2 *Pi* (R+r ) *Ns/ 60 - (5.27)

As the rotation of the water plug stays the same

throughout the revolution, equation (5.27) is a
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simplified version of equation (5.26}.

The velocity of a spilling water plug (which
might or might not be bubbling), is complicated
by 'the fact that the spilling effect
significaﬁtly reduces the velocity of the water
plug through the helix., Figure 5.15 shows two
coilsy in the left hand figure is a coil at the
start of a revolution, and in the right hand-
figure is the same plug at the end of the
revolution.

The hatched area in the figures is the
equivalent water plug volﬁme that is accepted at
the inlet. It 1is only this area that does not
spillback between the start and the end of the
revolution. We can therefore use this part of
the plug as a reference to calculate the
velocity of the water plug through the media.

From the diagram:

Vx = (Pi - 26i) * (R + r) * Ns / 60 (5.28)

The équatiOns,'inithis:section can be included with

theories in the previous sections to provide a basis

upon

which: the head difference profile for a coil pump

in any given circumstance can be calculated.
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5.6 THE DELIVERY PIPE

The theory behind the delivery pipe is not central
to the concepts covered by this thesis, but a
description is included here for completeness,

The definition of a . delivery pipe is one which
raises the water plugs to a level higher than the
equivalent pressure head generated by the helix, This
is done by limiting the diameter of the pipe to
approximately 2 to 3 centimetres. It enables the
air/water plug interfaces to remain intact, allowing the
water plugs to be pushed up the delivery pipe to a
height, extra to the outlet head, corresponding to the
combined heights of the pressurised air plugs inside the
delivery pipe.

A full description of the theories involved can be

read in reference 16.
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5.7 THE PUMP DISCHARGE

5.7.1 Introduction

- — o —————+

Previous research {Ref. 16) has studied the
dischafge of the pump, finding that theoretically, the

mean pumping rate for a coil pump is:

Q = Ns * A * Lwl , (5.29)

where A = cross sectional area of the pipe,

Lwi

length of a liquid plug taken in

at the inlet,

With no dynamic 1losses, 'Lwl = 2 * 81 * (R + r)',
where '@1' is determined by equation (5.8). However, in
reality 'Lw1' is reduced due to inlet restrictions, and
in previous research it has been found that the above

equation over-estimates the theory by six percent.
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Figure 5.1¢6 Diagram to find the Bucket Volume




5.7.2 Increasing the Discharge
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5.7.2.1 Introcduction
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 To increase the discharge of a coil pump, for a
given immersion, diameter of helix and rotational speed,
the volume of each water plug has to be increased. This
has been investigated in tﬁe experiment in chapter 3 by
increasing the size of the inlet.

The device discussed in this thesis is an open
ended cylinder attached to the helix inlet (Figure
5.16). The effect this has is to hold extra water while
the inlet of the helix rotates above the surface of the
tank water. As the water in the helix travels away from
the inlet, the water in the cylinder follows, thus
adding to the 1length of the existing water plug and
increasing the discharge, A side effect is that as the
extra water 1is added to the trailing edge of the water
plug, the orientation of the plug is rotated away from
the outlet. This will cause the water plugs to spill
prematurely thus reducing the performance of the pump.
The effect 1is minimised by introducing a hole three
quarters of a revolution away from the inlet. It lets
excess air escape from the preceding air plug thus
equalising the leading and trailing water levels.
Unfortunately some of the water also escapes thus
.decre;sing the initial internal depth of immersion,

These effects are discussed in the fdllowing sections.
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5¢7+2.2 Liquid Plug Volume Increase Calculation

v e e T e e D S NS D W W W Y W VIR U S v we der e W e ek e S e S e e -

The volume of liquid scooped. up by the 'bucket’

device is

affected by the depth of immersion in which ‘

the drum is sitting. i.e.:

Volb

Where Volb
Ab

Lb

Leb

Lb - Leb

]

Ab ¥ ( Lb - Leb ) (5.30)

volume of ligquid scooped up by the
bucket,

cross sectional area of the bucket extra
to that of the inlet to the helix,
length of the bucket,

length representing the reduction in
volume of the liquid the bucket scoops
up due to the orientation of the bucket
relative to the surface of the liquid in
the tank,

mean length of the liquid scooped up
inside the bucket over its cross

sectional area.
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The bucket used in this experiment is cylindrical
in shape and so the diagram shown in figure 5.16 is used

to calculate Leb} i.e:
Leb = Rb / Tan (8) (5.31)

The detailed eguation for the volume of the bucket

in this experiment is:

2 . 2
Volb = Pi * (Rb - r } * (Lb - (Rb/TAN(8))) (5.32)

5.7.2.3 Calculating the Discharge Through the Hole

N A My Y W S S S A . S St -

The disadvantage of having the hole is that as well
as letting out the air, it also lets out the discharge.
This can not be helped but can be limited by making the
hole as small as possible. As air is less viscous than
water, there will be 1little problem in letting enough
air escape. The problem arises in calculating the
smallest hole possible in order for this to happen so as
to 1limit the water escaping. As the experimenﬁ in
Chapter 3 does not explore the optimum diameter for the
“hole, it is outside the bounds of discussion here. )

calculating the water loss through‘ the hole is
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simple in nature and is analysed here. The analysis is
used to check the theory against the practical results
obtained from the experiment in Chapter 3.

By | using Torricelli's equation from basic
Hydro&ynamics, it has been established thaﬁ the velocity
through an orifice is related to the headloss across it

by the eguation:

vh = cd V 2 ¥ g ¥ Hh (5.33)
where g = gravitational constant,
cd = constant for the orifice in question,
Vh = velocity of the water through the hole.
Hh = head difference across the hole.

If the hole is in contact with the water plug for
time 'Th', then the volume of water passed through the

hole in one revolution is:

Volh

n

Ah * Vh * Th (5.34)

where Volh = volume of water passing through the hole
in one revolution,
Ah = area of the hole,

Vh

L}

water veloCity?thrdugh the hole.



5.7.2.4 Calculating the Increased Discharge
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By developing Equation 5.29, it can be said that

the discharge of a pump without a bucket is:

Voll * Ns

0
n

Where Voli1 volume of the first water plug in a

normal pipe.

The discharge from a modified helix can be found by
incorporating the volume of water scooped up by the

bucket into the above equation to produce:

ob = ( Vol1 + Volb + Volh ) * Ns {5.35)
where Ob = discharge of a helix with a bucket
attached,

Volb = volume of water captured by the bucket,
Volh = volume of water lost through - the

escape hole,




o
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5.7.2.5 Calculating the Increased DOI : '
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The increased discharge brings an increased depth ‘

of immersion inside the coil. This can be found from

the following equation:

DOTe Sin{(Pi - 2 * epe) [/ 2) * R (5.36)

L]

where 8pe half the angle subtended by the extended

plug, at the centre of the drum,

i

DOIe internal depth of immersion inside the
helix measufed from the centre of the

drum downward.

This will give an indication as to how effective
the modifications to the pump prove to be. This depth
of immersion can then be used, together with theories
discussed in the rest of this chapter, to predict the

performance of the pump.
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FIGURE 5.17, Head Difference Across the Pipe Hole
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5.7.2.6 Discussing the Accuracy of this Theorem
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Equaﬁion (5.34) assumes that the head across the
hole -and therefore the velocity through it will be
constant. It also assumes that the hole is in contact
with the tank water at the same time as it is in contact
with the water plug, thereby producing a constant flow
pattern. | |

As the water flows out of the plug the head
difference across the hole reduces. Because the
equations use the initial head difference the results
calculated will- be too high, It is assumed the volume
of water lost is small in comparison to the total water
volume in the plug, and therefore this_error can be
neélected.

There will also be an error due to the rapid
changes in head difference across the hole when the
orifice 1is rotating above the tank water surface, but
still in contact with the water plug. It wili effect
the results in the same way as the error described in
the previous paragraph. It 1is also assumed that the
effect will be insignificant.

- Another error is where the orifice is venting water
to the atmosphere. This could produce a different
resistance to flow through the hole compared to when it
is wventing to the tank water. As this effect is
unknown, it too is neglected.

Figure 5,17 shows the relationship between the head
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difference across the orifice against the rotation of
the drum for a typical plug. It shows the head rising
as the hole approaches the tank water level, a slight
fall-off of head as the orifice passes through the tank
water, and a reduction of head as the orifice leaves the
external water level.

The equivalent time forethe water to escépe at full
flow through the heole is also shown in the diagraﬁ. It
has been reduced arbitarily in comparison with the total
time the water has to escape to correct for the errors
in the assumptions made previously.

The cénstant 'Cd' can be found by experimentation
and this is the object of the experiment described in
chapter 3.

Further research to increase the accuracy of the
relationships described here 1is discussed in section

7.3.



5.8 THE HEAD GENERATOQOR
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5.8.1 Introduction

——— S ——

This 1is a device (shown in figures 4.3 and 4;8, and
described in Chapter 4, section 4.1.3) which allows the
two phase flow exitting the helix to rise predictably up
the delivery pipe, withouf the excessive variations in
back pressure experienced inside the delivery‘ pipe
(described above). This predictability is important for
the experiment described in chapter 4. A constant back
pressure on. the outlet of the helix is desired as this
simplifies the results processing due to one less
phenomenon to account fdr.

If the air plugs are allowed to escape up the
vertical pipe unmodified, two actions occur which lead
to a reduction in the back pressure generated by the
vertical pipe. The first is that the air plug travels
faster  up the pipe than the water plug. The second is
that the rising air plug stays mainly in one bubble.

The problem of a whole air plug rising faster than
the water in the vertical pipe ‘s that it tends to
push the water column above it prematurely out of the
outlet. This leads to the loss of head generated for
part of a revolution until the next water plug enters
the vertical pipe.

The‘ air plug remaining in one piece is a ﬁajor_

problem as this 1leads to a loss of space available for-
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the water in the pipe to generate the full Back pressure
for the duration ~ the air plug is in the pipe.
This would not occur if the air plug were to be split
into a nﬁmber of small separate bubbles,

The above two problems can be limited by the.use of
the head generator, The theories associated with the

device are discussed in the rest of this section.

5.8.2 Prevention of Loss of Head

i ——— . . . -

The prevention of the loss of head in the vertical
pipe due to the aboveltwo features is done by splitting
the air plpg into many small bubbles. It enables the
head generated above the mass of bubbles to be
maintained and developed amongst and below the bubbles.

Bubbles are generated by introducing the air plug
toe the vertical pipe ﬁhrough a series of small holes
drilled in the pipe at the same level as the centreline
of the helix (as shown in figure (4.8)). The two phase
flow will experience a headleoss through the holes but it

is envisaged that this will not be significant.




Pl LTS T AN TS, s [ ﬁl
N

The Helix and Head Generator

FIGURE 5.18,



5.8.3 Prevention of Air Escaping

It is difficult for a helix at a depth of immersion
greater than 50 percent to generate high head 1lifts
unless bubbling also occurs., | This can be achieved by
preventing the air escaping up the vertical pipe. It is
done by lowering the holes drilled in the vertical pipe
to a position below the 1e§el of the centre line of the
drum,

When an air plug enters the Splash Chamber, it
lowers the water level inside towards the level of the
holes, thus increasing the head the helix has to pump
against, If the lével of the holes is sufficient to
forcé the helix to bubble back then the helix will
exhibit water plugs that are both spilling and bubbling
and therefore be able to respond to pumping to high
headlifts.

The level to which the holes have to be lowered can
be found by considering the helix in motion in figure
5.18 with the head generator accepting an air plug.
Consider the situation where the volume inside the
chamber is restricted so that part of the air plug
entering the chamber forces the water level down close
to the holes, while the rest is still inside the helix,
The increase in back pressure generated by the lowering
of © the water 1level will force‘the air to bubble back
through the following water plug. It- is done 'by

restricting the volume inside the chamber to less than
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the wvolume of an air plug under the headlift pressure.
The levei of thé holes in the vertical pipe has to be a
minimum of the diameter of the drum below the centreline.
of the helix. This  distance ensures there is a
sufficiently large increase in headlift when air plug
enters the chamber for it to bubble through the

following water plug, i.e:

Vole < Vola (5.37)
"dc > D . (5.38)
where ' D = diameter of drum,
de = depth of holes in the vertical pipe

below the centerline of the helix,
Volc = volume of splash chamber,

Vola = volume of last air plug,

If these two identities are utilised in the design
of the Splash Chamber then air will be prevented from
escaping out of the outlet, and high headlifting is then
achievable.

Unfortunately, The above theories preventing the
flow of air Ehrough the helix makes it unsuitable for it
to be used as a wastewater treatment process. This is
because the oxygen. in the air (captive in the helix)

will be exhausted by the bacteria and so will die.




CHAPTER 6

THE COMPUTER SIMULATION

A computer simulation has been developed to
visually substantiate the theories described in Chapter
5. The utilisation of a computer to simulate the
internal actions of a pump is the logical way to perform
the = many calculations nécessary for the realistic
interpretation of the theory. A computer has been used
in order to take advantage of of its facility for
presentating data, especially graphics. This
facilitates the visualisation of the internal workings
of the coil pump.

The first computer simulation of the coil pump was
developed By Annable (ref\?). It is the development of
this model and the indluéion of the new theories that
have led to the simulation developed for this thesis,
Appendix F contacng the 1istiﬁg of the computer
simulation. The program has been written in Microsoft

Graphics Basic for an Apple IXe Microcomputer.

6.1 ASSUMPTIONS AND APPROXIMATIONS OF THE SIMULATION
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The assumptions and approximations of this
simulation have been discussed here to put its validity

and accuracy into perspective.



6.1.1 Single Snapshot per Revolution
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The calculations are only performed once per
revolution and thus it must be assumed that the pump can
sustain its performance over the entire revolution. As
this assumption might be invalid then the simulation
should téke a conservative bias to ensure a pump can
realise 1its simulated performance.: The possible ways a

designer might accomplish this include:

1. The required headlift could be increased,
2. A single coil could be subtracted from the total
" actually used in the helix,
3. The compressibilty of air could be redﬁced
decreasing the rotation of the water plugs,
4. Reducing the diameter of the drum; reducing the

head differences that the coils could sustain.

If one, or any combination of these measures are
implemented then this would offset the possibility of
the helix being unable to support the required head.
None of the above suggestions has been implemented in
this simulation as more research has to be undertaken to

determine the most realistic approach to take.




6.1.2 The Spilling Interface
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As described on section 5.3.2, when a helix is
spilling but not bubbling, there is a coil which is
| being spiltfipFou;but which is not spilling itself. This
complicates the simuiation as the length of the water
piug and therefore the head difference able to be
generated by this plug ié indeterminate. To overcome
this problem, it is assumed that the orientation at the
helix is such that the coil in question is on the point
of just . being spilt into. This avoids the problem
originally posed and so enhances the accuracy of the

simulation.

6.1.3 The First and Last Coils
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It is assumed in simulation that the first and last
coils can sustain their head differences throughout the
whole of a revolution. Realistically, when the first
water plug is in the process of entéring the inlet it
will be unable to sustain its head difference, as
calculated in the simulation. This argument can also be
applied to the last water plug, which will be unable to
sustain the calculated head difference when it is in the
process of leaving the helix.

The above assumptions are unimportant when the

helix is not pumping to near its maximum possible head.

This is because the rest of the helix will be able to

abéorb the difference between the calculated and actual



head differenées from the first ana last coils.

To avoid the possible consequences of ignoring this
assumption, one of the suggested ways of lending a
conservaﬁive bias to the simulation (described in
éection 6.1.1) could be adeopted to assist in supporting
the calculated head differences of the first and last
coils. This will only be implemented if the helix is

pumping near its maximum,

6.1.4 The Level Oscillations

e ap—

It is suspected that the oscillation of the head
differences referred to in section 1.3.2 is caused by
the phenomenon described in the preVious section. During
a revélution, the first and last coils contribute a
continually wvarying head. The remaining coils therefore
have to suppeort the remaining head, which will also be
continually wvarying if the required headlift remains
constant, It 1is preposed that the varying head applied
to the majority of the coils will cause the oscillations
described in the referred section. |

As the cause of this phenomeno” is associated with
‘the one described in the previous section, then the
recommended action described in this section should be

adopted.
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6.2 THE HIGH-LEVEL FLOW OF PROGRAM LOGIC

- T Mk gy R R W T W MR e AN . G e S - -

This section describes the progression of the
execﬁtion of the 1logic through the simulation. As the
helix can be subjected to a variety of different
situations this is reflected in the discussion of the
various ways the coil tries to react to these different ‘
‘situations. |

The theories described in chapter 5 have been
combined with observations made, to form the
construction of the execution of the logic. The
approaches adopted by the original simulation referred
to in section 1.3.4 have also been applied here, but
developed further to include the bubbling plus the
bubbling and spilling profiles discussed in this tﬁesis.
In particular, the idea that different types of profiles
are investigated in turn, to attempt to'form a profile
to sustain the required headlift, is central to
understanding the high-level logic of the simulation.
It is also important to appreciate that within each
profile explored, the whole range of heads it is able to
generate is investigated, starting with the lowest head
available, to find a suitable profile.

Once the parameters of the coil pump and its
environment have been entered and variables to be used
in the simulation have been initialised, the process of
finding a suitable profile is begun.

The selection of the order of profiles to be
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explored 1is important to the logic of simulation. The
approach taken, is to assume that the helix is initially
pumping without a headlift, so as to fill the coils with
air and water plugs. The headlift is then increased to
the reguired value and each profile is investigated in
turn until a satisfactory one 1is found, or it is
determined  that the helix cannot sustain the head
required. The determination of the order in which the
profiles are tried depends upon the range of heads it is
considered to be able to 1lift. The non-bubbling
non-spilling profile is tried first as this supports
only a very low range of headlifts compared to the other
profiles,.

if the non-bubbling, non-spilling profile cannot
support the required head then a profile pumping to a
medium range of headlifts is investigated. TIf the pump
is below 50 percent depth of immersion, then the
bubbling, non-spilling profile is investigated to
discover whether it can provide a suitable profile,
Conversely, if the depth of immersion is above 50
percent, then the non-bubbling, spilling profile will be
examined.

If one of the profiles generating a medium range of
headlifts. cannot cope with the reguired headlift, the
bubbling, spilling profile will be investigated in an.
attempt to produce a high headlift.

Whichever vprofile has beeﬁ found to_be éuitéb1e, is '

displayed in either graphical or tabular form.
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6.3 FUNCTIONAL DESCRIPTION OF THE PROCEDURES
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The following  sections provide a functional

description of the procedures in the simulation.

6.3.1 Control Procedure
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This  procedure cont:ois the flow of logic
throughout the program as discussed in section 6.2, A
flowchart of the logic can be seen in figqure 6.1. After
declaring variable types, the input procedure (section
6.3.2) 1is called to allow the user to enter the required
parameters. Once the initialisation procedure (section
6.3.3) has been called to calculate useful variables, a
number of other procedures -are called until an
appropriate profile has been found.

Each procedure represents a profile for either low,
medium or higﬁ head lifting, for either above or below
50 percent depth of immersion. These are called in
turn, starting with the low head 1lifting procedure
{section 6.3.4), If this procedure cannot provide a
suitable profile then another one is called to produce a
medium head 1lift profile (section 6.3.5 or 6.3.6). As
before, 1if this procedure cannot provide a suitable
profile then yet another (6.3.7) is called to provide a
high head 1ift profile, If a suitable profile can bhe
found it 1is displayed, otherwise a message.is displayed.
to say that the helix cannot pump to the'required head

lift in the current environment.
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- 6.3,2 The Input Procedure

To adequately describe the situation, the variables
entered must reflect the dimensions of the pump and its
environment. A flowchart of the logic can be seen in
Figure 6.2, The variables considered to be important

for the simulation described in this chapter are:

1. The diameter of the drum,
2. The diameter of the coils,
3. The number of coils,

4. The. depth of immersion,
5. The head 1ift,

6. Whether flow media is present,

6.3.3 Initialisation Procedure

—— - —————— "

This procedure uses the parameters described in the
previous section to initialise constants and calculates
variables to be used in the following procedures. A
flowchart of the logic can be seen in figure 6.3.

'pi ' 1is assigned together

Firstly, the constant
with the mean atmospheric pressure (eguivalent to a
pressure head of 10.182 metres of water), and the
reciprocal of the compressibility of air (refer to
Equation 5.3). The radii of the drum and coils are then
calculated from their diameters.,

The variable which controls the step length of

rotation for the first coil is set to a value optimised
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to allow a small increase in head generated by the punp
to be calculated ({in sections 6.3.4, 6.3.,5 and 6.3.6),
while keeping the number of iterations to a minimum. The
depth t§ which the drum is submerged is converted from a
percéntage of the drum diameter to the submerged depth
of the drum. The absolute head to which the helix is
required to pump is calculated from the product of the
atmospheric head and the required headlift.

The angle at the centre of the drum the initial
water plug subtends is calculated from equation 5.8.
This wvalue is also used later to determine the initial
éir plug lengths. The first water and aif plug léngths
are calculated for later use. The absolute pressure
head  experienced  at the inlet to the helix 1is
substituted into the first position of the array storing
the cumulative absolute pressure heads generated by the
water plugs.

The angle from the vertical to which the leading or
trailing edge of a water plug must reach, for it to be
on the point of either bubbling or spilling
respectively, is calculated from Equation 5.11. This
value is used to determine the angles through which a
water plug must rotate before it spills or it is bubbled

through.



( START)

Initialisation of Variables

|

4

Y

For Each Coil Calculate:
Head Generated by the Water Plug
Cumulative Absolute Pressure Head Generated
Length of Compressed aAir Plug
Relative Rotation of the Water Plug

Absolute Rotation of the Next Water Plug

Increase Rotation of First
Water Plug by Increment

Calculate Headlift (Calc)

IF Headlift (Calc)

FIGURE 6.4,

Yesg is less than
————— Headlift (Regd) and
Profile is not
No Spilling or Bubbling

Non-Bubbling, Non-Spilling Procedure

. —h g - T ek A L M i o ik A o MR Ml o e s e = e e g E em o —



-t R e oy W o SO ST S M AR e ——

This procedure uses the theories described in

section 5.2.1 to calculate the head difference profile

‘for a helix that is neither bubbling or spilling. A
typical head difference profile of this type can be seen
in figure 5.6. A flowchart of the logic can be seen in
figure 6.4. |

After the initialisation of the relevant variables,
control 1is passed to a loop. The locoping continues
until either a profile capable of pumping to the
required head 1is found, or this profile has been
invalidated. The wvalidity of the profile depends upon
whether the rotation of the last water plug causes it to
.bubble or spill. If either of these two phenomena
occur , then other types of profiles are investigated.

The control loop surrounds the logic to create the

characteristic profile of the exponential rise of head

differences along the helix. For each coil in turn, the
head generated by the left and right hand sides of the
current water plug is calculated (Equation 5.7). The
velocity of the current water plug is calculated
{Equation (5.26)) and this is used to calculate the
resistive head (Equation (5.25)) due to the inclusion of
flow media, if present. The product of these three
heads is stored and also added to the cumulative head of

the previous coils to calculate the total head generated

by the profile up to the current coil (Equation 5.6).
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The 1length of the current air plug is calculated
{(Equation 5.2) from the first one, and by comparing the
absolute pressures of this and the first air plug. The
reduction in length between this and the previous air
plug is calculéted {Equation 5.3) to f£find the rotation
‘achieved by the current water plug (Equation 5.4)
relative to the previous water plug, The total rotation
of the next water plug is found from the summation of
all the incremental rotations (Equation 5.9) up to the
current coil, This 1is important as it _is used to
determine the head generated by the next water plug., It
is also important in deciding whether the next coil is
spilling or bubbling and as such, controls whether the
profile is suitable for the required head,

Once the total headlift generated by the helix has
been calculated the execution is paésed back to the
control loop. At this pqint, a decision is made on
whether to continue looping, or to return to the main
control procedure. If looping again it will do so with
a slightly increased rotation of the first water plug.
This will induce the next profile to provide a larger
required headlift for the control loop to examine again.
Control is eventually passed back to the control
procedure whén either a suitable profile has been found
or it has been proved that this prefile is unsuitable

for the regquired headlift.
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For Each Coil:
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FIGURE 6.5, Bubbling, Non-Spilling Procedure Flowchart



6.3.5 Bubbling, Non-Spilling Procedure
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This procedure uses the theories described in
section 5.2.2 to calculate the head difference profile
for a helix that is bubbling but not spilling. A
typical head difference profile of this type can be seen
in figure 5.?. A flowchart of the logic can be seen in
figure 6.5, The total headlift generated by this
profile 1is considered - to be mid-range in comparison to
the maximum headlift achievable. This procedure is
called from the control procedure immediately after the
.previous procedure if it has been found that this has
not been able to provide a suitable profile.

This procedure 1is similar to one discussed in the
previous section in terms of the control loop
surrounding the head difference profile logic. However
there are modifications to reflect the differnces in
profile of the two situations. To avoid repetition,
only the differences in the two 'precedures will be
discussed here,

There is no initialisation of wvariables in this
procedure as the values generated from the previous
procedure are still wvalid. This is due to the profile
being similar, differing only in the addition of a
plateau towards the outlet of the helix,

The control loop differs from the previous
‘procedure in the logic that decides whether or not to

exit the loop. The exit conditions are dependent upon
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whether a 'préfile calculated - can provide the required
head without the first water plug starting to bubble. If
the first coil rotates to the extent that it starts to
bubble it will invalidate the profile under
inveétigation. This is because the bhubbling will
depress the leading edge of the water plug causing its
length to decrease. This reduces its capacity to
sustain its head difference, and the discharge of the
helix.

As there is a 1limit to which any bubbling-only
water plug can generate a head difference, this has to
be taken into..account when forming a heéd difference
profile. If any water plug is judged to be bubbling,
then its rotation is restricted to the maximum possible,
as calculated in the initialisation procedure. The
restriction of the rotations causes the characteristic
head difference plateau towards the outlet end of the
helix, as shown in Figure 5.7.

The differences described above enable the
simulation of a bubbling‘helix pumping to the mid-range
of its ability relative to the maximum head 1lift

capabilities,
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6.3.6 Non-Bubbling, Spilling Procedure

This procedure uses the theories described in
section 5.3.2 to calculate the head difference profile
for a helix that 1is spilling but not bubbling. A
typical head difference profile of this type can be seen
in Figure 5.12. A flowchart of the logic can be seen in
figure' 6.6. The total headiift that can be generated by
this profile is considered to be mid-range in comparison
to the maximum headlift achievable. This procedure is
called from the control procedure immediately after the
"non-bubbling, non-spilling" procedure, if it has been
fpund that this has ncot been able to provide a suitable
profile.

‘The functionality of this procedure is split into
two major sections to reflect the two distinct parts of
the profile, The following description reflects the
execution of this procedure.

The progression of the logic starts with the
calculations generating the spilling part of the profile
from the outlet.backwards. This continues until either
the end of the spilling part of the profile has bheen
found, or the calculations determine that the whole
helix 1is Sp;lling. If the latter is true, it indicates
that this profile is unsuitable to sustain the required
head, If some of the coils are not spilling, then the
"non-bubbling, non-spilling” procedure described in

section 6.3.4 is called. This calculates the first'part
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of the profile. for the remaining coils towards the inlet
of the helix. This procedure generates a profile from
the head difference between the inlet and start of the
spilling. profile. The logic is executed in this way as
the .required head at the outlet is known, unlike the
rotation of the first water plug. This makes it
possible to calculate the. spilling profile from the
reduced lengths of the air plugs under pressure,

The execution of the first part of this procedure
proceeds with the initialisation of variables pertaining
to this procedure. As the first part of the procedure
calculates the spilling profile of the helix from the
outlet backward, then the total head of the last coil is
initialised to the head required. The variable holding
the current c¢oil number 1is assigned to the last coil,
and the test perimeter variable is assigned to zero to
conform to the logic of the following control loop.

The exXecution continues by forming the spilling
profile, This 1is similar to the previous ones in terms
of consisting of a control 1loop surrounding the head
difference profile 1logic. The spilling profile will be
calculated wuntil either the inlet is reached, or the
coil currently being investigated is found not to be
spilling. For each c¢oil, the calculations {Equation
5.3) involve finding the length of the current air plug.
The theoretical water plug length is calculated by
subtracting the air plug length from,the.periﬁeter of .

the coil. The angle this water plug subtends at the
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centre . of the helix is calculated by dividing the length-
of.the water plug by the radius of the drum.

The test perimeter variable 1is assigned. This
variable describes the length of the compressed air plug
length combined with the length of the first watér plug.
This variable is wused by the control 1loop logic to
decide whether the current coil is spilling by comparing
the test variable with the actual perimeter co¢f the
current water and air plug. |

The head generated by the left and right hand sides
of the water plug is calgulated from Equation 5.19. The
velocity of the current water plug is calculated
(equation (5.28)) and this is used to.calculate the
resistive head (equation 5.25)) due to the inclusion of
flow media, if present. The product of these three is
subtracted from the cumulative head of the following
coils to calculate the total head generated by the
profile: up to the current coil (Equation 5.6}. The
variable holding the current coil number is decremented
so that the next coil to be investigated is the next one
in the direction of the inlet.

The control loop tests whether the test perimeter
variable is longer than the actual coil perimeter
calculated from the current water and air plugs. If
this identity is true, it implies the current coil is
too short to support both the air and water plugs at
this pressure without thé waﬁer .plué spilling. This

situation indicates that the coil is contributing to the
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spilling profile and so the control loop willlstep to
the next coil for further investigation.

Once the first part of the procedure has formed the
spilling profile, the execution of the logic exits from
' the control loop, proceeding to the seéond part of the
procedure which calculates the non-bubbling,
non-gpilling part of the . profile. Tt does this by
calling the "non-bubbling, non~spilling” procedure which
is described in section 6.3.4. This procedure has been
designed to developl a profile for the whole helix, for
the total head requiréd. Therefore the relevant
variables have to be temporarily reassigned to reflect
the current objective, This consists of developing a
profile for the remaining pressure head, not supported
by the spilling part of the profile. Control is passed
back to the contreol procedure to display the total
profile in either graphical or tabular form.

If the control loop determines that the whole of
the helix 1is spilling, then the helix is generating its
maximum headlift with the current type of profile. If
the maximum headlift generated by the profile does notr
compare to that required, then control is passed back to
the control procedure to allow another profile to be

investigated,
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6.3.7 Bubbling, Spilling Preocedure
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This procedure uses the theoriés described in
section 5.2.3 to calculate the head difference profile
of a helix that 1is both bubbling and spilling. A
typical head difference profile of this type can be seen
in Pigure 5.9. A flowchart of the logic can be. seen in
Figqure 6.7. The total heaélift that can potentially be
generated by this profile is considered to be at the
high end of the range in comparison to the maximum
headlift achievable. This procedure is called from the
control procedure immediately after the previous
procedure, if it has been found that it has not been
able to provide a suitable profile.

The functionélity of the procedure is dissimilar to
any of the other procedures in this simulation as the
profile this generates is completely different to the
others. The profile consists of a lower plateau of
bubbling-only coil head differences (Equation 5.12), and
a higher plateau of bubbling and spilling coil head
differences (Equation 5,13}, These are separated by a
single <coil which can have a head difference anywhere
between these ltwo plateaus. It represents a coil which
is Dbubbling and being spilt in to, but which is not
spilling itself.

Various variables pertinent to this procedure are
first calculated. The minimum head difference a

bubbling only water plug can sustain is calculated from
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equation (5.12), and the maximum head differénce a
-bubbling and spilling water plug can sustain is
calculated from equation (5.13). The velocities of
these two types of plugs are calculated from equations
(5.27) and ({5.28), and from these, the resistive flow
media heads are calculated using equation (5.25).

The execution of the logic continues with a control
loop, inside of which, is the logic to determine how
many coils belong to which plateau, and head generated
by the intermediate coil, If a profile can be found to
develop the required head 1ift, then the appropriate
head difference is applied to each of the coils. Control
of the execution of the program is finally passed back
to the - control procedure for the profile to be
eventually displayed in a tabular or graphical manner.

The control locop logic controls whether to exit the
loop. The logic will allow the execution of the loop to
terminate if the head generated by the intermediate coil
is physically possible by being between the maximum and
minimum coil plateaus {(Equation 5.18).

The 1logic inside the control 1loop consists of
decrementing (from the outlet to the inlet) the variable
labelling the current intermediate <¢o0il, and then
executing the calculation (Egquations 5.17) to find the
head generated by the intermediate coil. As the loop
repeats, the head generated by the intermediate coil
will descend ffom being physically impossibly high, to

one which can be supported within the dimensions of the
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helix (Equation 5.18). Thé.validity of the profile is
found by examihing the variable labelled as the current
intermediate coil. If this variable has beconme
negative, then as it is impossible to have a negative
number of bubbling only coils, this indicates the coil
cannot  sustain the required head in the current
environment. Control 1is finally passed back to the
control procedure to allow the profile to be displayed

-in a graphical or tabular fashion.
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parameters Used to Generate the above Table
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FIGURE 6.9,

Rubbling, Non-Spilling Tabular Output
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Coil Head

{ metres )

0.098
0.124
0.181
3.280
0.851
0.791
0.736
0.688
0.645
0.606

QWM wh e

[

values of Parameters Used to Generate the above Table

Coil Parameters Associated Values
Coil Diameter 1.000 metres
Pipe Diameter 0.050 metres
Number of Coils 10

Depth of Immersion 55 percent
Rotational Speed 1 RPHM

Head Required 5.000 metres

FIGURE 65.10, Non-Bubbling, Spilling Tabular Output
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Coil Head
Number Generated

( metres )

0.100
0.100
0.100
0.100
0.100
0.500
1.000
1.000
1.000
1.000

OV~ WP

-

values of Parameters Used to Generate the above Table

Coil Parameters Associated Values
Coil Diameter 1.000 metres
Pipe Diameter 0.050 metres
Number of Coils 10

Depth of Immersion 10 percent
Rotational Speed 1 RPM

Head Required 5.000 metres

FIGURE 6.11, Bubbling, Spilling Tabular Output



6.4 DISPLAYING OUTPUTS OF PROGRAMS

6.4,1 Tabular Output

The tabular output of the simulation needs to have
sufficient information for it to be compared to
information collected visually for validation purposes.
The information can also be used to investigate the
effects certain parameters have on the helix, Examples

of useful parameters are:

1. C€Coil number,
2. Water plug.length,'
3. Air plug length,
4, Mean water plug velocity through the coil,
5. Head generated by the right hand side of the coil,
6. Head generated by the left hand side of the coil,
7. Resistive pressure head,
8. Gross pressure head generated by the coil
{water 1evél difference across the water plug),
9, Net pressure head generated by the coil
(gross minus the resistive pressure head),
10, The cumulative pressure head generated by this

and all the previous coils in the pump.

N.B. A number of examples of tabular outputs of

simulations can be seen in figures 6.8 to 6.11.



6.4.2 Graphical Outputs

The

graphical data consists of displaying the head

difference profile in the two dimensions, along the

horizontal axis for the coils and along the vertical for

the head difference for each of the coils in relation to

the diameter of the drum.

The

reasons:

The

The type of the profile can be immediately iden-

graphical output 1is useful for the following

It gives the user of the simulation an appreci-
ation of the internal actions of the helix that
is not readily apparent when looking at the

tabular output.

tified when the data is in a graphical form,
When demonstrating how the pump works, it is
easier to do so when the explanation Iis

accompanied by a diagram.

internal 1logic of this procedure will not be

described here as this will be dependant upon the

computer, its language and its graphics capabilities.



6-34

s <>
- P : : o~
H i H 3 M
h H H i
o 1 : : m
3 by i i
H H D H
H [ i i
M p 1 : .
! Lo H H
Py i
> H =R H
Pos :
NN ;
, i ;
e ) i
Pt *
[ I
FY 3
it ;
P

¢ Ta
L

ng Frof

hv
LS

.
i
/A

g

i

f84] i H

i
£
1
;
i
:
i
:
H
SRV W N ;M N s.wé! st 3wt it
!
H
i
i
{
§
§
i

Coil Number

Coil Pump Head Difference Profile
rsion

H
H
H
3
t

<

8-t W W H
o : i ; £
= G e Gy i : :
= Y4 Y 4y ; i i
= T ; ; ;
£ a s a i - i L.
n o - : : : 4 Bk
= s OO § ; : %
5 QW H m ;
! oo oa ; ; ; 'l
E~4 B2 i § i i)
- H i H :
2Tz i
Oy @ i ; i
KO : ; :
£ i : ;
wd] - > ; ; :
] ' N W M :
= ¢ % ; :
ekl = U O i H
—i ﬂ
E T Y
[V} =t* o~

o3

.

<
i

{ uL) DOUDADIIVGE PEDL

FIGURE 6.12, First Validating Experiment Output

. " 4 . O S o W, S . S, B . ek = Tt M e L S Vol b o 447, Pt . A, Y 5P S




Coil Pump Head Difference Profile

ubbling Profiie

f
=
P

14

:
rs
-

48 ; :
= : :
= ‘ 3]
= =K [

Ut H

o =

¢ Depth

LOW

6~35

.
5

o
K

Fatl
K

i
H
b
H
H

oot i b EE gAY B A S v b

et
o 1o

R Anbe, SR P N PN A Pt 0

s iy R S i P A S

s Wt

URPRPPPRPRRY

K
#
x-

?

e —
5

f
e

s

L)
N ™
: RO L S
: "l (VR I P
i ‘o < ot
i aMAaa
i 70
: 5 Y 3 - -
; P o O O
: £ U @ o
m AT - B
: Py oY E
: {: 2 O
P K WO =
: ! T &=
i - . e
; P ¢
H ! H
1 H ] ] H
; I» - O
-

10

Coil MNumberxw

6 TERTHE

2
T oo

{ a1} DOUSADI I rO pesl

FIGURE 6.13, Second Validating Experiment Output




6.5 VALIDATING THE THEORETICAL PROFILES GENERATED
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The bubbleback theories described in Chapter 5 have
been observed and developed by the research connected
with this thesis. Until quantitatively proven these
theories will remain hypotheses. The objective of this
section is to demonstrate the theory's ability to produce
theoretical head difference profiles that reflect ones
experimently measured.

Annable (Ref, 7, page 34) realised the experiments
he performed on the coil pump at low depths of immersion
exhibited 'mechanisms of operations' previously unex-
plained. He actually observed (Ref. 7, page 79) air
bubbling through the water plugs but did not expand the
ohservations of this phenomener into the theories describ-
ed in this thesis, It is a selection of these experi-
ments that have been chosen to compare the experimental
head difference profiles to the theoretical, as predicted

by the simulation.

6.5,1 The First Validating Experiment

o v e e R e e R ek R R M T S e R e e T S A - —

Figure 6.12 shows a graph of the head difference generat-
ed by one of the experiments performed by Annable (Ref.7,
page 42). There are three profile exhibited the exper-
imental profile as recorded on the apparatus, the theor-
etical profile as generated by Annable simulation, and
the theoretical profile as generated by this simulation.
The experiment has been performed upon a 0.487 metre

- diameter coil pump with a bore of the coils equal to 25
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millimetres, 1lifting water to a height of 4 metres, the
depth of immersion the pump is under is at 30 percent and
it is rotating at 12 revolutions per minute. The compli-
cation of applying this simulation to the experiment is
that a delivery pipe has been attached to the outlet of
the helix, This simulation ignores the phenomena of
allowing the air plugs to remain intact as they rise
through the delivery pipe, thus increasing the height to
which the pump can l1ift its discharge. To overcome this
difficulty, the actual head differences exhibited by the
water plugs inside the apparatus have been added together
to produce the experimental pressure experienced at the
outlet of the helix. It is this pressure head which has
been used in the simulation to produce the profile shown
in figure 6.12.

It can be seen from the graph that the simulation
described in this thesis produces a profile significantly
closer to the experimental compared to Annable simul-
ation. The description of this profile is one which 1is

just starting to bubbleback without spillback.

6.5.2 The Second Validating Experiment

kL g M e T T m e T T e e e e .

Figure 6.13 shows the graph of another experiment
performed by Annable (Ref.7, page 44) upon the same
apparatus under the same conditions except that the helix
is now lifting water to 10 metres. The same approach has

been made to compensate for the delivery pipe in the

experiment.




6-3¢

It can be seen from the graph that simulation descr-
ibed in this thesis produces a profile which is dramatic-
ally closer to the experiment compared to Annable. This
profile can be described as one where most of the air
plugs are bubbling back while none of the water plugs (3
spilling back.

6,5.3 CONCLUSION

- —— -

The above two comparisons show that the phenomena of
bubbleback can be understood and predicted hy the theor-

ies discussed in this thesis,



CHAPTER 7

This chapter contains the abbreviated.details of
the research that has been completed on the subject of
coil pumps, and the conclusions drawn. There is also a
survey of avenues of resegrch which could be useful in
understanding further the internal mechanisms of the

coil pump.

7.1 PREVIOUS RESEARCH

The earliest reference to a coil pump has beeﬁ
found in the ‘'Cyclopedia  of Arts & Science' (Ref. 1,
Figure 1.1). It shows two versions of a coil pump, one
in the shape of a spiral and another a helix. The
former was investigated by Rudelf Ohlemutz (Ref. 2) who
argued that the spiral version had a number of
advantages over the heiix in terms ‘of space and
dischargé.

At Loughborough University, Bamforth (Ref. 3)
resolved a number of relationsﬂips to relate the speed
of rotation with the pressure generated for different
depths of immersion and rates of flows. Winstanley
(Ref. 4) on- thé other hand used a video to make
comparisons between water level differences whilst the
pump was in motion and at rest. Robinsen (Ref. 5}
concluded, in his researxch, that water plugs_alwayé

adopt the same levels for a given pumping height, but it
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was Annable {Ref. 6 & 16) who developed the
relationships used to predict the head level difference
profile. His research consistedlof experiments (Figure
1.2} wvarying the parameters of the pump to measure the
internal water levels, From the relationships he
derived a computer simulation and a set of; design
charts, to predict the behaviour of a pump under any
given situation. HBe alsoc tested a water driven coil
pump in a nearby stream.

At Salford University, A.T., Stuckey and E.M.
Wilson (Ref,.8) measured flow rate at different speeds of
rotation and depths of immersion. By developing a 1ift
ratio, they found it possible to predict the number of
coils regquired for a particular pumping height. They
also looked into alternative means of powering the pump
by developing turbine blades to be powered by the
flowing stream. Wilson {Ref.9) continued by
establishing relationships for the above measurements
and from these, developed a computer simulation. He
concluded by recommending more research be done on
verifying the theories and investigating the different
properties of the pump.

Meanwhile, at Loughborough University, G.H.
Mortimer made the fundamental discovery that the coil
pump can be used to lift water from a lower level to the
level of the pump {(Figure 1.2). This mode of operation
might be considered, when the installation of a coil

pump is, at best, difficult at the lower levél.
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Following this, he turﬁed his attention to the use of a
coil pump to treat waste water as it is being pumped
(Ref.17). The surface area can be dramatically
increased by increasing the width of the coils and
incorporating flow media (described in Section 2.1}
~inside. The inherently large surface area is used to
grow bacteria which feeds on the waste watér that passes
through and around the helix during the pumping. The
development of this application is the dominant reason
for this thesis.
This outline of the work done by previous

researchers has been included in order to:

1. Provide future researchers in this field with
a basic starting point from which their work can
commence,

2. Avoid duplication of effort.

3. Gain knowledge and experience in this field.

4, Determine a direction and purpose for research.




- 7.2 THE FLOW MEDIA RESISTANCE EXPERIMENT

One of the most important properties of the flow
media when used to treat water (Ref.17) is its hydraulic
resisténce. Iﬁ was therefore felt to be advantageous to
investigate this.

A number of control experiments were completed to
deterhine the accuracy ofAtﬁe apparatus. It also led to
the experiment being fully understood, and ensured the
consistancy of results.

The main experiment (section 2.5) commenced with
partially filling the ‘pipe with its first increment of.
flow media. It was realised that the first increment,
in contract with the downstream manometer tappings,
could distort .the resulﬁs for this increment. The
decision was therefore taken to subtract the resistance
of this increment from the total resistance before the
.regression analysis commenced. After processiﬁg the
results in this manner, it was shown that the resistance
to flow of the remaining increments was approximately
double the resistance of the first.

It was the realisation of the difficulties and
therefore the approach to take which led to the success
of the expgriment in terms of accounting for the
behaviocur of apparatus had a major influence in

determining the hydraulic resistance of the flow media.




7.3 INCREASING THE DISCHARGE EXPERIMENT

A problem found with coil pumps is that at dépths
of immersion approaching 50 percent the shaft, drive
shaft and bearings are exposed to the corrosive
properties of the liguid in which it sits, As this is a
handicap to the operation of the pump, it was felt to be
advantageous to _investigate ways of increasing the
pump's discharge without lowering the coil pump into the
liqguid any more than necessary, The resulting
experiment is discussed in Chapter 3.

A standard helix was modified to include a
"bucket-like" device on the inlet to scoop up excess
water. A hole was also punched into the skin of the
helix three quarﬁers of a revolution from the inlet to
allow excess air to escape. Data.was collected with the
coil pump rotating at different speeds and depths of
immersion. On completion of processing the data, it was
evident that the discharge did increase relative to an
unmodified helix, although the accuracy of the
calculations could not fully justify supporting the
gquantitative relationships obtained. The lesson gained
from this experiment 1is that there should be more time
given to the preparation of the experiment in terms of
the guantity and spread of the measurements taken, to
ensure the calculations are performed on a realistic and

meaningful set of data.




7.4 THE MAIN POWER EXPERIMENT

The objective of this experiment (discussed in
Chapter 4) 1is to relate the environment of the pump to
its performance in terms of power absorbed.

The nature of the data collection is important when
discussing this. experimentf With the use of a BBC
Micfo—Computer, it 1is possible to measure and store
various parameters of the pump very accurately
throughout a revolution. It is this data which would
have been used to develop precise relationships.
Constraints in storing énd acccessing the immense. amount
of data for 168 experiments on a small microcomputer,
meant that only a small subset of the data could be used
(discussed in section 4.3). The consequence of this is
that there 1is reduced accuracy of the relationships
developed compared to what was originaliy envisaged,

The results processing rationale initially consists
of . determining the order of the parameteré to be
regressed against the absorbed power of the pump. The
multi-stage stepwise regression leads to a relationship
(4.12) which, when compared teo the initial data, is
found to reasonably predict the absorbed power of the
coil pump. This equation is empirical in nature and
therefore does not represent the relationship in a
dimensional sense (Ref.15). More research needs to he
completed on this equation to assess it's wvalidity

across a range of pumps. Once successful, it can be
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used. to confidently predict the performance . of many
pumps, over a wide range of situations,

A large bucket was built to increase the size of
the inlet but never formally experimented upon. It was
noticed that it caused the coil pump to become out of
balance while rotating it in the tank empty of water.
The addition of appropriate counter balance weights was
addressed on a trial and error basis, aided by the
micro-computer.

Program 3 in Appendix E is used to graphically
display the power used to rotate the drum in relation to
the oriéntation of the drum in poiar co-ordinates. The
closer the resulting shape 1is to a circle, the more
balanced the drum, as this corresponds to a steady power
input throughout a revolution. It is envisaged that the
coil pump will have to be balanced during its actual use
as effect of the water in the bucket cannot be realised

until it is actually pumping.



7.5 THE THEORY

The theories relating to the coil pump have been
developed and modified over an extensive period of time,
as discussed in Chapter 1. Chapter 5 combines the
theories found by previous research with those discussed
in this thesis.

The theories reVolve. around the helix as the
equivalent of a series of manometer loops, each holding
an air plug and a water plug, rotated to produce a head
difference. It is the summation of head differences
that counteracts the back pressure imposed on the outlet
to the helix. Complications arise when water plugs
rotate to such an extent that they spill back into the
following water plugs, or they are prevented £from
rotating further by air plugs bubbling through them. A
final restriction is that when all the water plugs are
being bubbled through, the only way a higher head can be
sustained is ~for the coils to start spilling and
bubbling. These restrictions are related to the helix
environment in terms of whether the helix is above or
below 50 percent depth of immersion. Bubbling 1is
primarily a quality of a helix below 50 percent, and
spilling is a.quality of a helix above 50 percent.

The different profiles arising from these
combinations of restrictions have associated ranges of
achievable headlifts. When determining the relevant

profile, the one with the lowest range of headlifts is
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investigated first. TIf this fails to produce a suitable
profile, then another type of profile, with the ability
to sustain a higher range of headlifts is investigated.
This continues until either a suitable profile is found,
or it is determined that the helix cannot sustain the
required headlift in the envisaged environment.

When the pump ‘is used to treat waste water the
hydraulic resistance of the flow media will reduce the
helix's maximum achievable headlift. This is due to a
portion of the total internal headlift having to be
utilised to overcome the combined resistance of all the

wéter plugs flowing'through the flow media.




7.6 THE SIMULATION

The simulation as described in Chapter 6 fully
embodies the theories discussed in Chapter 5, as well as
discussing how to use themn, |

The simulation initially defines the variables to
be used in the program and then the ‘parameters
describing  the coil pumé and its environment are
entered, The parameters are processed into variables
useful to the rest of the program. The process to find
a profile suitable to sustain the required headlift is
then started. Each profile 1is investigated in turn,
starting with the non-bubbling, non-spilling profile.
If this does not provide a éuitable headlift then either
the bubbling non-spilling, or a non-bﬁbbling spilling
profile is explored depending upon whether the depth of
immersion is below or above 50 percent depth of
immersion respectively. As before, if either of these
two profiles cannot provide a suitable profile then the
bubbling spilling profile is investigated to attempt to
provide a profile, The successful profile is then

displayed in a tabular and/or graphical manner.
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7.7 SUGGESTED FUTURE DIRECTIONS OF RESEARCH

There is a significant amount of research remaining
before the coil pump can be considered to be fully
understood. The following sections discuss avenues of
research that would be helpful in further understanding

the internal actions of thé pump.

7.7.1 Flow Media Properties

L o o v s - — -

Understanding the properties of flow media is
important for the coil pump to be successful in treating
waste water, Below, is a list of areas which could be
investigated to further the understanding of the flow

media:

1. The investigation of different type flow media
will be wuseful in determining optimum shapes
and surface areas | in relation to their
resistive properties.

2. It may be found that when experiménting to find
how efficiently flow media treats waste water,
that (say)‘the bubblingwonly coils are the only
ones to efficiently treat wastes in comparison
to the resistance to flow the coil generates.
It would therefore be profitable to investigate
the situation 'where only some of the coils are

filled with media.
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The partial fillment of flow media inside the

coils may pose advantages offsetting the

reduction in the surface area for treating
waste water, This needs to be fufther
investigated fgr the following reasons:

(i) The movement of flow media inside the
coils may assist in self cleansing the
pump, preventing blockages due to the
excessive increases of growths.

(ii) The hydraulic resistance of the media may
be significanfly lower if the media is
not paéked as densely as a fully filled
helix.

Filling the vertical outlet pipe with flow media
would be of benefit to the treatment unit by
increasing the surface area for waste water to
be treated. As it would induce excessive
resigstances to flow, this situation needs to be
investigated.
There may be limiting factors which need to be
investigated which restrict the various
parameters of the pump when treating waste
water, This is because the waste water might
have' to be in contact with the biolegical
surfaces for a certain amount of surface area
and time before it is considered to be treated.

The inclusion of flow media in aicoil pump will

elongate the air and water plugs as the media
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itself hés a volume, This problem has not beeﬂ
investigated, nor has it been included in the
simulation discussed in this thesis. It would

further enhance the accuracy of the theory if
the impact of the flow media on ﬁhe problem is

studied.

7.7.2 Sediment Deposit

e b A A A AR Ak A AR e e

When a coil pump 1is wused to treat waste water,
deposits build up on the flow media, generated by the
bacteria. These eventually become detached and travel
towards the outlet of the helix. Once in the splash
chamber, it is  possible that the sediment could
completely block ﬁp the pumb. This hypothesis has to be
investigated, as it could potentially "effect the

performance of the unit.

7.7.3 The "Blow-Back'" Phenomena

—— v ————— AR i A AE g

The phenomenon of “blow-back™ is very important in
the theéry of small bore coil pumps when lifting to high
heads. The experiment described in Chapter 4 has been
performed on a wide bore coil pump where the phenomena
of "bubble-back" was discovered. It is believéd that
these two phenomena' are related, the difference lies in
the ability of an air plug to bubble through a wide
water plug, as apposed to pushihg the whole of a thin

water plug towards the inlet.
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Developing a relationship to predict the transition
between these two phenomena , in the same manner as.
Reynolds Number (Ref. 15), would be wuseful in
understanding the theories of the helix. Experimentation
on different sizes of pipe near their theoretical

maximum headlift would therefore be profitable.

7.7.4 Increasing the Discharge of a Coil Pump

- - R e S e e A M e e ey WA M e M R S

The continuation of research into increasing the
discharge of a coil pump, as described in Chapter 3, is
important to increase the understanding of the cqil
pump.

Different | shaped, enlarged inlets .could be
investigated together with different numbers, sizes and
positions of air escape holes. The subject of what, if
any, head differences can be supported across the first
coil needs attention. The resulting relationships and
observations could be included in a lmore realistic
simulation.

Tt has been noted that an enlarged inlet could
induce the first water plug to elongate. This
hypothesis needs to be investigated to gquantify its
effects upon. the performance of the pump in general, and
its discharge in particular.

When utilising the <coil pump to treat waste water
in conjunction with _ah enlarged inlet. The combined

effects could Dbecome important. This needs. to be
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investigated, together with the coﬁcept of attaching
thin bore pipes to the heoles in therhelix to extend the
outlets towards the centreline of the pump. This
modification could have the effect of reducing the
amoun£ of water escaping from fhese.

The balancing of a coil pump by the investigation
of the application of counterweights with the use of the
program described in section 7.4 could be useful in
predicting the weight and positioning of the
counterweights, This could be incorporated in the

simulation as part of the design process.

7.7.5 Different Types of Spirals

Ohlemitz (Ref.2) argued that the spiral pump is
more efficient than the helix version in terms of space.
As this type of pump has not been studied as intensively
as the helix, there could be gaps in the useful areas of

knowledge to be explored.

7.7.6 High Head Lift Coil Pumping

- - - W e T b AN EE S S N N o ek ek i e e mA

The helix has to bubble as well as spill to
maximise the head 1ift capacity of the helix while
keeping the "helix over 50 percent depth of immersion.
This 1is vunnatural for a helix in this situation because
as the water plpgs are ionger than the air plugs,
spilling will occur iﬁitially.

A way to force the water plugs near the outlet to
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bubble, is to modify the splash chamber so that air is
restricted or prevented from escaping out of the
chamber. This could be achieved by lowering the holes
inl the vertical pipe inside the splash chamber. This
allows the splash chamber to hold an air plug by
lowering the . water level in the chamber. By lowering
the' water 1level, the output pressure exerted on the
outlet of the helix will increase, Increasing the
outlet pressure will force the air plug in the chamber
to Dbubble back into the helix, fundamentally alterihg
the head difference profile. This modification will
allow the hélix to pump. to higheﬁ ‘heads than would
otherwise be achievable.

The theories surrounding the hypothesis will have
tb be investigated to assess their validity. It could
yield valuable informatioﬁ to increase the performance

of the pump further than is currently possible.

7.7.7 The First and Last Water Plugs

It is 7realised that the first and last water plugs
cannot achieve their theoretical headlift as assumed in
the current simulation. This is because these two plugs
do not contain their full volume over their entire first
or last revolutions respectively. This has been
discussed in section 6.1.3 as to the limitations of the
validity :bf the ' current simulation, and the suggested

© ways of adjusting the simulation to give 1t a
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conservative bias.
The full implications of how seriously the
reduction of the head differences achievable by these
two plugs has still to be realised. More

experimentation in this area would be advantageous.

" 7.7.8 Investigate the Interface Betweén Different Coils

——— e . AR M e T em e . e e vh e S e -

There 1is a general lack of'understanding of what
actually happens between the interfaces of the different
sections of the profiles, It would be profitable to
know the head difference achievable throughout a
revolution for any coil, with the change in profile from
the non-bubbling to bubbling coils, the bubbling to
bubﬁling and spilling coils, and the non-spilling to
spilling coils. | "

Close observations and measurements would be very
helpful 1in determining relationships, although it is
very difficult to do so, due to the nature of the
apparatus. This is one of the areas that finite element
analysis (discussed in section 7.8.2) could .help by

simulating the situation on a computer,

7.7.9 Investigating Power Efficiencies

By investigating the power consumption in terms of
efficiencies instead of by power absorption, it might be
. possible to compare the different properties of many

pumps in a more comprehensive manner, relative to this



thesis, - The following efficiencies . could be

investigated to prove their value:

1. Hydrauiic Efficiency. This is the efficiency of
the pﬁmp without the machanical losses taken.
into account.

2. Mechanical Efficiency. This is the losses due
to the belt, drive-chain, gearbox, motor, etc.

3. Overall Efficiency. This is the product of the

previous two efficiencies,

7.7.10 Investigating Air Plug Power Loss

h A v T A S T S e e ek e Ak e A

Power is wasted in compressing the air plugs under
pressure, This 1is converted into heat energy and by
measuring the input and output temperature of two phase

flow. It might be able to gquantify this effect.

7.7.11 Investigating the Compressibility of Air Plugs

T ——— T b e A - . — i 4

Equation (5.2) describes the dégree to which the
air plugs will compress under a given pressure, The
factor '1.15' 1is one which might need to be validated,
to check. that this 1is realistic over a range of

environments envisaged.
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The areas of research that remain outstahding_
reflect the area that the simulation could be improved.
The following sections describe the areas that need to
be addressed to improve the quality of the simulation

and therefore the understanding of the pump.

7.8.1 Multi-Snapshot Programs

A simulation which would, help to address the
problems associated with the differing lengths of the
first and last water plugs (discussed in section 7.7.7)
is one which calculates the profile at certain points
throughout the revolution., This has the advantage of
allowing different lengths of water plugs, thus ensuring
that the pump sustain the required headlift over an
entire revolution. This appréach needs to be
investigated to determine its usefulness relative to the
simulation described in this thesis, and the one
described in the following section.

7.8.2 Finite Element Analysis

e - —— A5 - —

The thepries of finite element analysis (Ref. 12)
could be applied to the coil pump simulation. The main
complications are that the helix is itself moving, and
potentially the helix could be filled with flow media

ahd, the fact that two-phase flow is passing through the
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helix...The shape and size of the elements, and the size
of the rotational increments of the helix are critical
in determining the accuracy of the simulation. These
factofs also influence the amount and complexity of the
cohpﬁtations involved, and could determine the
applicability of this method to real time simulations.

The advantages of this method 1is that it is
suitable for generating suitable data for graphical
outputs. This method might be the only way to process

and generate meaningful data for real-time applications.

7.8.3 Use aé a Designers Tool

The use of a simulation as a design tool could be
investigated to determine its potential. The facility
to graphically output data would provide the designer
with the relevant infbrmation to determine the internal
actions of the pump. An approach which could be useful
to a designer is the development of a three dimensional
surface, discussed in section 7.8.3.2. This approach
enables the designer to examine a number of situations
by varying one of the parameters of the pump.
Consequently, the influence that the parameters have

over the pump can be investigated.

7.8.4 Graphics Capabilities

The importance of displaying the outputs to the

simulation cannot be over-emphasised, if it is to be of
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any value to a user, whether an instructor, a student,
researcher or a designer. These different types of
users might need different outputs and so the
description of different types of output and their

usefulness are discussed below.

7.8.4.1 Two Dimensional Profile Output

e it s A e R A T —— e A

Typical two dimensional head difference profiles
can be seen in Chapter 5. These display the coils along
the horizontal axis and their associated head difference
along the. vertical . axis. They give .a lot of visual
information, such as showing the type of profile the
helix has téken in response to the head lift required,

For research, other profiles could be utilised to
investigate (say) the water velocities, the resistive
heads, or the cumulative head throughout the helix,

Designers could use this as a simple check to
‘ascertain whether the helix is capable of pumping to the
required head in the current environment. It might also
be of wuse by indicating how each of the coils are
performing, so that flow media might be selectively

included (as discussed in section 7.7.1).
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To display the head difference profile of a helix
‘could be advantageous in the instruction of the theories
of the coil pump. This would help the visualisation of
the internal actions of the helix, which is hard to
appreciate when looking at the apparatus alone.
All  the uses described above need to be
investigated to assess the wvalue of two dimensional

profiles to describe the actions of the pump.

7.8.4.2 Three Dimensional Profile Outputs

The developement of the three dimensional surface
from two dimensional profiles is a natural progression.
By allowing the user to enter a'range of values and a
step length, for one of the input paramefers, a three
dimensicnal surface can be generated in isometric
projection from repeated simulations. A useful surface
that can be generated 1is by varying the required
headlift. This would produce a surface with the coil
number, the varied parameter value and the head
difference in the x, y and 2z directions drawn in
isometric projection. Example surface profiles can be
seen in Figures 7.1 to 7.3.

Three. dimensional profiles have to be investigated
for their wvalue to different types of users in the same
manner as the two dimensional profiles discussed in the

previous section.
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FIGURE 7.4, Example of a Contour Map Profile

( not‘dréwn to scalg )



7.8.4.3 Contour Map Output
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The contour map profile (seen in figure 7.,4) is

very similar to the three dimensional profile described
in the previous section in terms of the required input
parameters., The difference is that it is drawn in plan
view so that the user needs to appreciate that it is
being looked at from a _ﬁzhﬁl view, |

The views of the three dimensional surface in
isometric projection and plan view have to be
investigated to provide a set of tools for the different
types of users to. understand and appreciate the

knowledge on display.

7.8.4,4 Finite Element Analysis Output

AR e AR e S ER A e v B o W e

To display the individual elements of the three
dimensional finite eiement analysis is very difficult.
It is complicated, not only by the realistic portrayal
of a three dimensional situation by two dimensional
means, but also by the fact that the helix itself is
rotating, '~ That 1is to say, it contains two phase flow,
potentially travelling through mobile £flow media, in

maybe only some of the coils. Investigations on how

this would be achieved will have to be addressed before

finite element analysis can be considered to be the

preferred simulation for analysing the coil pump.
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7.9 EPILOGUE

The following factors have led to the success of the

research connected with this Thesis:

1. It has been proved in Chapter 2 that there is a clear
relationship between the headloss across, and the veloc-
ity of a liquid through,flow media.

2. By enlarging the inlet, it has been shown in Chapter
3, that the pump discharge is increased.

3. The power consumption for this pump can be quantitat-
ively predicted by the equation derived from the experi-
ment described in Chapter 4. When applying the relation-
ship derived in Chapter 2 to this experiment, it succesg~
fully predicts the power lost due to the inclusion of the
flow media 1inside the helix. This substantiates the
theories described on Chapter 5, and therefore the exper-
iment can be deemed successful.

4, The theories associated with the phenomena of bubble-
back have been successfully integrated into the establi-
shed coil pump theories, as described in Chapter 5.

5. The simulation described in Chapter 6, successfully
embodies the theories described in Chapter 5.

6. A large number of suggestions have been included in
Chapter 7 to highlight areas of concern for future res-

earchers to investigate,



APPENDIX A

- ——y - —

-_.p._—-——.»—_..-——-.-—-.——_-—;———-—-————-—.—-u—_....——-«-—

The six tables on the following pages contain the
results from the experiment discussed in section 2.5.
This experiment examines the flow resistance of flow
media by passing a discharge through a pipe containing
the media and examining the headloss across it. Each of
the rows in the tables represent a single experiment.

“EBach column is described thus:

1. Discharge (litres / second), Orifice Meter.

2. Mean Fluid Velocity (metres |/ second}, calculated by
dividing‘ the discharge by the cross-sectional area
of the pipe.

3. Logarithmic Fluid Velocity.

4. Total Headloss across Tappings. (metres), measured
across both the flow media and the empty part of
the pipe between the tapping.points.

5. Empty Pipe Headloss. (metres), calculated from the
‘Darcy pipe Friction equation (equation 2.1).

6. Logarithmic Headloss across the Flow Media,
calculatéd by taking of the total headloss against

the headloss from the empty part of the pipe.

Column 3 is regressed against 6 to find the
exponential relationship between the headloss and the

velocity of the fluid passing through the flow media.



(1)

(2)

(3)

(4)

(5)

(6)

TABLE A.1,

Media Plug Length

Disc- Veloci-] Loge(V) | Total Empty Loge
harge ty, V. Head- Pipe (Total
(1/s) (m/s) loss Headloss| - Empty)
{m) (m)
3.80 0.2083 -1.5687 0.163 0.00069 -1.8177
5.10 0.2796 -1.2745 0.272 0.00125 -1.3078
6.15 0.33M1 -1.0872 0.367 0.00181 -1.0086
7.00 0.3337 -0.,9578 0.489 0.00235 | -0.7213
8.05 0.4413 -0.8180 0.666 0.00311 -0,4137
9.05 0.4961 -0,7009 0.829 0.00393 -0.1955
;10.00 0.5482 -0.6011 1.047 0.00480 0.0367
11.25 0.6167 -0.,4833 '} 1.319 0.00607 0.2663
12.60 0.6907 -0,3700 1.673 0.00762 0.5023
14.70‘ 0.8059 -0.2159 2.258 0.01037 0.7993
15.10 0.8278 -0,1890 2.394 0.01094 0.8573
15.75 0.8634 -0,1469 2.611 0.01190 0.9433
16.50 0.9045 -0,1003 2.747 0.01306 0.9928
10.65 0.5838 -0.5381 1.170 0.00544 0.1466
11.75 0.6441 ~0,4398 1.414 0.00662 0.3354
13.90 0.7620 -0.2718 2.040 0.00927 0.6991

= 0.66 m Results
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(1)

(2}

(3)

Disc-

5.75

7.20

8.20
9.50

11.10

12.05

harge

{1/s)

Veloci-§ Loge(V}
ty, V ‘

(m/s)

0.2631r -1.3351
0.3152 | -1.1545
0.3947 | -0.9296
0.4495 | -0.7996
0.5208 | -0.6524
0.6085 § -0.4968
0.6606 | -0.4146

Empty
Pipe
Headloss
{m)
0.00092
0.00132
0.00207
0.00269
0.00361
0.00492

0.00580

-0.5160

0.2837

0.6108

0.9176
1.2831
1.4882

TABLE A.2, Flow

Media Plug Length = 1.385 m Results
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(2)

(3)

-Bisc- Veloci-]| Loge(V) Total
harge ty, V : .Head-
{1/s) (m/s) loss .

(m)
2.35 § 0.1288 | -2.0493 | 0.258
2.90 ] 0.1590 § -1.8390 ] 0.408
4.15 § 0.2275 | -1.4806 | 0.829
6.00 | 0.3289 | -1.1119 § 1.591
6.90 ] 0.3783 } -0.9722 ) 2.135
7.90 § 0.4331 | -0.8368 | 2.802
8.75 § 0.4797 ] -0.7346 | 3.536
9,50 § 0.5208 [ -0.6524 § 4.420
10.20 | 0.5592 | -0.5813 § 5.304

Empty
Pipe
Headloss
(m}

0.00018
0.00028
0.00028
0.00120
0.00159
0.00209
0.00256
0.00302

0.00348

-1.3541
-0.8975
—0.*881
0.4625
0.7562
1.0274
1.2597
1.4824
1.6643

TABLE A.3,
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E—
(1) (2) (3) (4)
Digg; | veloci | Loge(V) | Total
harge ty, V 4 .Head-
(1/s) {m/s) loss

{m)
2.05 0.1124 -2,186 0.353
3.05 0.1672 -1.789 0.721
3.85 0.2111 -1.556 1.047
4,50 0.2466 -1.400 1.387
5.15 0.2823 -1.265 1.877
6.00 0.3289 -1.112 2.516
6.80 0.3728 -0,987 3.158
7.65 0.4194 ~-0.869 4,066
8.60 | 0.4715 f -0.752 | 5.358

(5}

Empty
Pipe

Headloss
{(m)
0.00009
0.00021
0.00033
0.00046
0.00060
0.00081
0.00104
0.00132

0.00167

(6)

-1.0400
-0.3279
0.0455
0.3265
0.6286
0.9215
1.1480
1.4010

1.6770

TABLE A.4, Flow

Media Plug Length = 2,955 m Results
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(1) {(2) (3) (4)

Total Empty
Head- Pipe
loss Headloss

(m) {m)
0.0932 | 0.353 | 0.00006 { -1.0400
0.1124 0.516 | 0.00009 { -0.6604
0.1453 0.761 | 0.00016 | -0.2727
| 0.1864 | 1.074 | 0.00026 § 0.0712
0.2302 1.455 } 0.00040 0.3745
| 0.2467 1.836 | 0.00046 0.6069
0.0796 2.380 | 0.00059 0.8663
0.3180 1 2.938 | 0.00076 1.0770
0.3536 | 3.699 § 0.00094 | 1.3070
0.3892 4.379 | 0.00114 1.4760
0.4249 5.331 { 0.00136 1.6720

TABLE A.5, Flow Media Plug Length = 3,880 m Results

— b e S R T P T A e o -t =



0.0685 0.0000

0.0822 0.0000

0.0932 0.0000

0.1288 , 0.0000

0.1754 0.0000

0.1919 ; 0.0000

0.2190 ‘ 1 0.0000

0.2467 | | 0.0000

0.2796 ‘_ | 0.0000

| 0.3097 i 0.0000

0.3289 ) | 0.0000

' 0.3673 | 0.0000

TABLE A.6,

-1.5250
-1.0790
-0.6341

-0.1233

0.2667

0.4898

0.7196

0.8953
1.1180
1.3120
1.4490
1.6690

Flow Media Plug Length = 5.000 m Results
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In the theory of Linear Regression, there are three
important values; r, a and b. The Correlation
Coefficient r shows the gquality of the relationship
between_ the two variables for a particular sample of
results. The value of r is always at or between -1
and +1. 1f r equals -1 or +1, all points on a
graph depicting the +two variables are on one straight
line drawn through the results. The further the value
is from -1 and +1, the less points are massed about
the lipe and the less reliable is the correlation. If
r is greater than zero, it shows a positive correlation
{ ¥ is proportional to X ), and if r is less than
zero, there 1is a negative correlation ( Y is inversely
proportional to X ).

The equation for a straight line is given by:

"

Where a The point at which the line crosses the Y

~axis



where X

Sxx

Syy

Sxy

To

it

B-2
Slope of the Regression line representing

the relationship

Sxy

Sxx

Sxy

(B.1)

V[Sxx *  Syy

The mean of the. X results
The mean of the Y results
The standard Deviation of the X results

2 2
X - (2X)

n

The standard deviation of the Y results

2 2
TY -(ZY)

n

The standard deviation of the X results

with respect to the Y results

L XY - (ZX*LY)

n

Number of pairs of results.

simplify the calculations equation B.,1

represting the correlation coefficient can be reduced to




the following:

. T (X * Y) _
r = (B.2)

/ 2 2
(ZX + TY)

This equation has been used to regress all the

results taken from this thesis as it has been proved to
be of great value to be able to mathematically comment
upon the quality of the results taken in a consistant

and direct method.
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The following four tables contain data obtained or
derived from the increased discharge ‘experiment
described in chapter 3. Each c¢olumn is described in

more detail between the tables,

Col 1 l -2 3

Expt RPM EXT DISCHARGE

No. DOI

(m) Q (1/m}

1 1.22 0.05 0.1
2 3.53 0.05 1§ 0.509
3 6.00 0.05 0.875
4 § 2,00 & 0.09 0.246
5 4,28 0.09 0.552
6 5.45 0.09 " 0.718
7 1.7 0.13 0.187
8 3.33 0.13 0,380
g 5.45 0.13 0.630

FIGURE C.1a, Increased Discharge Experiment Results

S . - -

1. Experimental rotational velocity (r.p.m) of the
drum.

2, Experimental depth of immersion (metres below the




centreline of the drum).

3. Experimental discharge (litres/minute) of the pump.
4, Experimental mean volume (litres) of the 1liquid
plugs.
Col 5 6 7 8
Expt Plug - Max Min Mean
No. Angle Plug Plug Head
DOI DOT Diff
{m) {(m)
——
1 3.794 ~0.1250 -0.0801 0.1526
2 3.916 ~0.1250 ~0.0944 0.1597
3 3.946 -0.1250 -0.0979 0.1615
4 3.341 -0.0563 -0.0249 0.1306
5 3.499 -0.0563 -0,0444 0.1404
6 3.575 -0.0563 -0,0537 0.1450
7 2.965 -0.0047 +0.0439 0.1104
8 3.098 -0.0047 | +0.0054 0.1297
9 3.139 +0.0047 +0.,0004 0.1322
FIGURE C.1b, Increased Discharge Experiment Results
5. Experimental angle (radians) the liquid plug sgb—

tends at the centre of the drum.

Theoretical maximum internal depth of immersion of

the

water plug as it enters the inlet and before it



has a chance to escape through the hole.

Theo ‘Water
Bucket escape
Vol time

0.0383 0.0457
0.0428 0.0457
0,0439 0.0457
0.0334 0.0428
0.0392 0.0428
0.0420 0.0428
0.0321 [ 0.0400
0.0370 0.0400
0.0385 0.0400

FIGURE C.1c, Increased Discharge Experiment Results

7. Experimental internal depth of immersion of the
liquid plug inside the helix (metres below the
centreline of the drum). | A negative number
indicates the liquid level is above the centreline.
This can be thought of in terms of the external
depth of immersion required‘to form a liquid plug
inside the helix without the'aid of a bucket

8. Mean head difference (metresj hetween the external &
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internal depths of immersion found by comparing
columns 2 and 6. It is an indication of the
success of the experiment, in terms of the

increased depth of immersion.

Col

Expt Vol. ' Mean

No. (Theo - Velocity

Actual)

1 0.0074 0.0918 1.7300 0.05308
2 0.0029 0.1023 § 1.7701 0.05781
3 0.0018 0.1075 1.7798 0.06040
4 0.0094 0.2170 J§ 1.6007 0.13554
5 0.0036 § 0.1731 1.6594 { 0.10431
6 0.0008 0.0483 1.6867 § 0.02865
7 0.0079 0.1780 1.4718 0.12092
8 0.0030 0.1284. 1.5949 § 0.08047
9 0.0015 0.1043 § 1.6102 0.06474

FIGURE C.1d, Increased Discharge Experiment Results

10.
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Experimental angle (radians) of the external depth
of immersion subtending the centre of the drum.

Experimental volume of liquid (litres) picked up by
the bucket. Found ‘by compafing column (5) with
column (9) to find the total arc of the liquid

plug above the external 1liquid 1level., This is




1.

12.

13,

14.

15.

164

-5
multiplied by the effective radius (i.e, the drum
radius plus the pipe radius) and the
cross-sectional area of the pump. .
Theoretical volume (litres) .the bucket can hold
taking into account the orientation of the bucket
to the surface of the liguid. This volume does
not take into account the phenomenon of the liquid
leaking through holes furthef around the helix.
Experimental mean time (seconds) that the hole in
the helix is exposed to the 1i§uid plug inside the
helix. This gives an indication of the time
availéble for the liqguid tq escape from the hole,
and so reduce the increased depth of immersioq.
Difference between the theoretical and actual vol-
ume (litres) of liquid picked by the bucket. It
shows that significant amounts of liquid escape
out of the hole.

The mean velocity of the liquid through the hole,
found by dividing . the volﬁme lost by the
cross-sectional ared of the hole and the time the
liquid has to escapef( méﬁfes /-Secoﬁa_):H

Part of equation (5.33), Torricelli's Equation.
Used to find the Coefficient of Discharge for the
hole in the pipe.

Coefficient of Discharge, found from equation

(5.33), Torricelli's equation.
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APPENDIX D
MAIN POWER EXPERIMENT RESULTS
Figure D.la. Results for Experiments 1 - 12
0of the Main Power Experiment.
. ————————
(1) (2) t3) (4)
Expt - Drum Power Helix DOI
No. Speed "Input Pressure
Head
{(rpm) {watts) {metres) {mm)
11 382.0
2 382.0
3 382.0
4 361.0
5 361.0
6 361.0
7 160.0
8 165.0
9 175.0
10 140.0
11 130.0
12 111.0
Figure D.1b. Results for Experiments 13 - 24
of the Main Power Experiment.
(1) (2) (3) (4)
o
Expt Drum Power Helix DOI
No. Speed Input Pressure
A Head
{rpm) (watts) {metres) {mm)
13 1.072 18,33 1.913 369.0
14 1.903 27.04 1.881 377.0
15 2.975 38.29 1.873 390.0
16 3.030 38.83 1.888 320.0
17 1.959% 27.70 1.906 310.0
18 1.047 18.95 1.923 305.0
19 1.011 18.69 1.805 185.0
20 1.878 27.66 1.772 193.0
21 2.963 39.19 1.693 234.0
22 2.992 35.77 1.749 77.00
23 1.957 24.74 1.795 52.00
24 1.107 17.37 1.843 44,00




Figure D.lc.

Results for Experiments 25 - 36

D-2

of the Main Power Experiment.

el
[ (1) (2) (3) (4)
Expt Drum Power Helix DOI
No. Speed Input Pressure
Head
(rpm) (watts) (metres) (mm) .
25 3.004 19.43 .9364 82.00
26 1.943 12.82 .9462 70,00
27 1.079 8.054 .9582 45,00
28 1.039 7.905 .9503 160,0
29 2.13 14.21 .9252 190.0
30 2.992 19.64 .9093 205.0
31 3.085 20.69 .8697 305.0
32 2.037 13.85 .8943 295,0
33 .9797 7.486 9206 280.0
34 L9017 7.543 .9081 369.0
35 2.076 14.34 .8749 380.0
36 3.000 19.91 .8488 385.0

Figure D.1d.

Results for Experiments 37 - 48

of the Main Power Experiment.

(1) {2) {3) {(4)
et —— 0y VO
Expt Drum Power Helix DOI
No. Speed Input Pressure
Head
(rpm) (watts) {metres) (mm)
37 2.670 7.817 .0430 420,0
38 1.998 5.921 .0403 400.0
39 1.122 3.232 .0156 380.0
40 1.175 3.311 .0233 300.0
41 2.025 5.951 .0544 315.0
42 2.853 9.199 .0934 320.0
43 2.850 8.730 .1316 188.,0
44 1.917 4,929 .0660 169.0
45 1.074 2.522 .0272 145.0
46 1.117 24336 .0324 48,00
47 2.128 5.502 .0968 62,00
48 2.996 9.476 .1846 80.00
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Figure D.le. Results for Experiments 49 - 60
of the Mainpn Power Experiment,
(1) (2) (3} {4)
Expt Drum Power Helix DOI
No. Speed Input Pregsure
Head
{rpm) (watts) {metres) (ram)
N
49 .0000 L0000 .0000 379.0
50 .0000 .0000 .00G0 387.0
51 .0000 .0000 .000¢ 389.0
52 L0000 .0000 .0000 300.0
53 .3G00 0000 0000 292.0
54 .0000 .0000 0000 285.0
55 .94 16.05 1.802 155.0
56 1.858 24,64 1.743 180.0:
57 2.951 35.31 1.683 197.0
58 3.000 36.00 1.719 130.0
59 1.946 25.01 1.788 105.0
60 '1.089 16.32 1.832 80.00
Figqure D.1E£. Results for Experiments 61 - 72
of the Main Power Experiment.
(1) (2) (3) (4)
Power Helix DOI
Input Pressure
Head
{watts) {metres) {ram)
_F
12.08 1.393 50.00
18.59 1.368 73.00
27.40 1.344 - 92.00
27.73 1.303 215.0
18.65 1.332 209.0
11.85 1.359 205.0
11.90 1.341 280.0
20.27 1.359 292.0
27.20 1.430 297.0
27.30 1.429 391.0
18.67 1.449 388.0
11.56 1.431 381.0
|




Figure D.1g. Results for Experiments 73 - 84
of the Main Power Experiment.

e
(1) (2) (3) (4)
Expt Drum Power Helix DOI
No. Speed Input Pressure
Head
{rpm)} {watts) {metres) {rnm)
73 1.011 7.811 . 9561 320.0
74 2.207 15.53 .9678 337.0
75 3.141 21,63 .9718 347.0
76 3.046 22.31 .9283 307.0
77 2.114 15.67 .8947 297.0
78 1.067 3.214 9015 281.0
79 1.141 9.061 +9420 121.0
80 2,183 15.97 .9225 143.0
81 3.158 22.88 9114 155.0
82 3.222 22.58 .9299 80.00
83 2.1389 15.16 .9416 55.00
84 1.186 9.285 .9554 52,00
e 2

Figure D.1Th., Results for Experiments 85 - 96
of the Main Power Experiment,

(1) (2) (3) (4)
)
Expt Drum Power Helix : DOI
No. Speed Input Pressure
Head
{rpm) {watts) {metres) {mm )
-
85 1.084 3.536 .0159 368.0
86 2.938% 11.08 .0813 380.0
87 2.939 .0000 .0000 383.0
88 2.967 11.37 .1155 275.0
89 1.962 6.429 .0597 254.0
20 . 9369 2.918 .0198 227.0
91 .9639 2.892 .0241 146.0
92 1.957 6.293 .0752 168.0
93 ' 3.095 12.01 .1634 193.0
94 3.109 11.80 .1905 133.0
95 2.008 6.169 .0819 112.0
26 1.007 2.836 .0293 80.00




Figure D.1i. Results for Experiments 97 - 108

of the Main Power Experiment.

V"

(1) (2) (3) (4}

Expt Drum Power Helix DOI
No. Speed Input Pressure

Head
(rpm) {watts) {metres) {mm)
——————————————

97 1.053 11.80 1.442 366,0

98 2.012 - 18.22 1.412 373.0

99 2.955 24,89 1.418 380.,0

100 2.992 24,92 1.420 310.0

101 1.860 16.92 1.426 302.0

102 .9304 10,52 1.437 291.0

103 9077 10.82 1.366 215.0

104 2.031 18.96 1.331 232.0

105 2.939 26,27 1.310 243.0

106 3.017 25.82 1.337 115.0

107 - 24103 18.57 1.347 100.0

108 9957 10.66 1.379 73.00

Figure D.1j. Results for Experiments 109 - 120

of the Main Power Experiment,

(1) {(2) (3) (4)
0 el —
Expt Drum Power Helix DOT
No. Speed Input Pressure
Head ’
{rpm) {watts) {metres) {mm)
AR l
109 1.081 2.511 .0151 342.0
110 1.918 4,794 0422 359.0
111 2.963 8.550 .0819 369.0
112 2.959 8.567 .1070 294.0
113 1.913 4.797 .0526 281.0 i
114 1.046 2.532 .0204 264.0
115 1.102 2.464 .0279 150.0
116 2.092 5.186 «0779 172.0
117 2,984 8.670 1428 189.0
118 3.000 8.583 -1785 88.00
r 119 2.000 4,494 .0854 53.00
120 »9437 1.918 .0270 90.00




Figure

D.1k. Results for Experiments

121 - 132

D-6

of the Main Power Experiment.

(1) (2) (3) (4)
e
Expt Drum Power Helix DOT
No. Speed Input Pressure
Head
{rpm) (watts) (metres) (mm)
121 1.014 4.610 .5080 92.00
122 2.108 8.862 .5058 94.00
123 2.846 12.01 .5098 90.00
124 2.809 11.96 .4798 205.0
125 1.930 - 7.969 .4886 197.0
126 1.051 4,615 .4924 184.0
127 .9402 4,583 .4721 316.0
128 1.871 7.950 4672 322.0
129 3.034 12.80 «4532 333.0
130 3.261 11.38 .5066 387.0
131 2.136 7.411 4931 382.0
132 1.081 4.471 .4947 377.0
A e ———
Figure D.11l. Results for Experiments 133 - 144
of the Main Power Experiment.
(1} (2) (3) (4)
ExXpt Drum Power - Helix DOTI
No. Speed Input Pressure
Head
{rpm) (watts) {metres) {mm)
133 1.049 6.690 358.0
134 1.978 11,23 '366.0
135 2.895 16.06 373.0
136 2.816 15.83 282.0
137 1.891 11.23 276.0
138 9785 6,653 .9835 260,0
139 .9600 6.734 9162 153.0
140 1.850 11.46 .9148 160.0
.9019 182.0
.9237 84,00
.9342 56.00
.9405 78.00
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Figure D.Tm. Results for Experiments 145 - 156
of the Main Power Experiment.

| (1) (2) (3) (4)
Expt Drum Power Helix DOI
No. Speed Input Pressure
Head
{rpm) (watts) (metres) (mm)
145 1.096 3.596 L0120 373.0
146 2.192 10.96 .0418 382.0
147 3.008 20.56 L0710 387.0
148 2.775 21.18 .0876 258.0
149 2.043 -11.33 .0567 243.0
150 1.047 3.562 .0186 212.0
151 1.039 3.547 .0217 144.0
152 2.054 12.63 L0667 172.0
153 2.988 28.79 .1243 193.0
154 2.907 28.66 .1421 80.00
155 2.070 13.37 .0753 70.00
156 1.089 3.711 0270 45.00

Figure D.1n. Results for Experiments 157 - 168
of the Main Power Experiment.

(1) (2) (3) (4)
Expt Drum Power Helix DOI
No. Speed Input Pressure
Head
{rpm) (watts) (metres) (mm)
157 1.093 6.684 .5090 82.00
158 1.981 16.20 .5023 67.00
159 2.923 34.90 .4983 86.00
160 3.093 37.18 .4889 200.0
161 2,043 16.21 .4830 190.0
162 1.102 6.715 . 4857 180.0
163 1.100 6.623 .4695 297.0
164 1.973 14.17 .4693 306.0
165 3.117 32.44 .4594 315.0
166 3.270 32.02 .4450 - 388.0
167 1.936 12.75 .4506 380,0
168 1.111 6.741 .4531 373.0




Figure D.Z2a.

Results for Experiments 1 -

12

of the Main Power Experiment,

(5)

(6}

(7)

(8}

Expt Discharge Number Headlift Power
No. of coils output
(litres
min) {metres) {watts)
1 8.800 8.000 3.000 4.316
2 21.00 8.000 3.000 10.30
3 30.75 8.000 3.000 15.08
4 37.25 8.000 3.000 18.27
5 23.67 8.000 3.000 11.61
6 13.61 8.000 3.000 6.676
7 13.82 8.000 3.000 6.779
8 29.60 8.000 3.000 14.52
9 46.00 8.000 3.000 22,56
10 71.43 8.000 3.000 35.04
11 63.20 8.000 3.000 3t1.00
12 13.75 8.000 3.000 6.744
e R

Figure D.2b.

Results for Experiments

13 - 24

of the Main Power Experiment,

(5) {6) (7) (8)
Expt Discharge Number Headlift Power
No. of coils ocutput
(litréﬁ/
min) (metres) (watts)
13 12.00 8.000 2.000 3.924
14 23.00 8.000 2,000 7.521
15 31.28 8.000 2.000 10.23
16 35.83 8.000 2.000 11.72
17 24.25 8.000 2,000 - 7.930
18 13.39 8.000 2,000 4,379
19 22,80 8.000 2.000 7.456
20 42.20 8.000 2.000 13.80
21 63.75 8.000 2,000 20.85
22 77.75 8.000 2.000 25,42
23 52,73 8.000 2.000 17.24
24 29.10 8.000 2.000 9.516

|
|




Figure D.2c. _Results for Experiments 25 - 36
of the Main Power Experiment.

(5) (6) - (7) (8)
Expt Discharge Number Headlift Power
No. of coils output
(litrea/ :
min) {metres) {watts)
25 - 78.50 8.000 1.000 12.83
26 51.14 8.000 1.000 8.361
27 29.45 8.000 1.000 4,815
28 26.78 8.000 1.000 4,379
29 50.80 8.000 1.000 8,306
30 65.50 8.000 1.000 10.71
N 53.00 8.000 1.000 8.666
32 65.26 8.000 1.000 - 10.67
33 19,00 8.000 1.000 3.107
34 13.60 8.000 1.000 2.224
35 29,14 8.000 1.000 4,764
. 36 39.43 ' 8.000 1.000 6.447

Figure D.2d. Results for Experiments 37 - 48
of the Main Power Experiment.

(5) - (6) (7) (8)
Expt Discharge Number Headlift Power
No. of coils output
(litreg/
min) (metres) {watts)
|

37 28.00 .0000
38 27.75 .0000
39 16.08 .0000
40 21.18 .0000
41 35.71 .0000
42 49.80 .0000
43 63.50 I .0000
44 43,75 - .0000
45 25.45 .0000
46 29.50 . 0000
47 57.80 .0000
48 78.50 .0000




Figure D.Z2e. Results for Experiments 49 - 60
of the Main Power Experiment,

(5) {6) (7) (8)
o ]
Expt Discharge Number Headlift Power
No. ‘ of coils _ . output

(litre§/
min} {metres) {watts)

49
50
51
52
53
54
55
56
57
58
59
60

Figure D.2f. Results for Experiments 61 - 72
of the Main Power Experiment.

(5) (6) (7) (8)
Expt Discharge Number Headlift Power
No. of coils output
(litrei/
min) {metres) (watts)
61 27.586 6.000 1.500 6.759
62 53.20 6.000 1.500 13.05
63 76.25 6.000 1.500 18.70
64 " 60,80 6.000 1.500 14,91
65 39.29 6.000 1.500 9.636
66 20.73 6.000 1.500 5.084
67 1 17.00 6.000 1.500 4,169
68 29.76 6.000 1.500 7.299
69 40,80 6.000 1.500 10.01
70 32,67 6.000 1.500 8.012
71 22,00 6.000 1.500 5.396
72 12.31 6.000 1.500 3.019




Figure D.Z2qg.

Results for Experiments

73 -~ 84

of the Main Power Experiment,

R
(5) {6} (7) (8)
Expt Discharge Number Headlift Power
No. of coils output
{litrei/
- /min} {metres) {watts)
1.000 2,202
1.000 4,374
1.000 5.886
1.000 6.426
77 29.38 6,000 1.000 4,804
78 17.38 6,000 1.000 2.842
79 21.11 6.000 1.0060 3.451
80 49,44 6.000 1.000 8.083
81 73.50 6.000 1.000 12,02
82 86,86 6.000 1.000 14.20
83 58.67 6.000 1.000 8.593
84 32.78 6.000 1,000 5.360
N
Figure D.2h. Results for Experiments 85 - 96
of the Main Power Experiment.
o
(5) (6) (7) (8)
o
Expt. Discharge Number Headlift Power
No. of coils output
(litréi/
min} {metres) (watts)AJ
85 15.12 6.000 .0000 0000
86 28,50 6.000 .0000 .0000
87 39.14 6.000 .0000 L0000
88 54.40 6.000 .0000 .0000
83 37.60 6.000 .0000" .0000
a0 18.90 6.000 .0000 .0000
91 22.08 6.000 0000 0000
52 45.33 6.000 .0000 .0000
93 66.50 6.000 .0000 .0000
94 75.50 6.000 .0000 .0000
95 47.17 6.000 .0000 .G000
96 25.91 6.000 0000 0000




Figure D,21, Results for Experiments 97 - 108
of the Main Power Experiment.

I (5) (6) - (7) (8)

Expt Discharge Number Headlift Power I
No. of coils output
(litrei/
min) {metres) {watts)
_ -
97 11.89 4,000 1.500 2.916
98 21.00 4,000 1.500 5.150
99 31.50 4,000 1.500 7T.725
100 35.00 4,000 1.500 8.584
101 23.17 4,000 1.500 5.682
102 11.61 4,000 1.500 2.847
103 19.73 4.000 1.500 4,839
104 39.67 4,000 1.500 9,729
105 57.25 4,000 1.500 14,04
106 73.00 4.000 1.500 17.90
107 51.00 4,000 1.500 12.51
108 25.36 4,000 1.500 6.220
e

Figure D.2j}. Results for Experiments 109 - 120
of the Main Power Experiments

(5) (6) (7) (8)
Expt Discharge Number Headlift Power
No. of coils ocutput
{litres

/ﬁin) {metres) (watts)
109 16.36 4,000 .0000 .0000
110 27.37 4,000 .0000 .0000
111 40.43 4,000 .0000 .0000
112 51.60 4,000 .0000 .0000
113 34,57 4,000 .0000 .0000
114 19.29 4,000 .0000 .0000
115 25.33 .0000 - .0000
116 47.54 .0000 .0000
117 65.00 .0000 .0000
118 77.14 .0000 .0000
119 52.60 .0000 .0000
24.10 .0000 .0000
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Figure D.2Zk. Results for Experiments 121 - 132
of the Main Power Experiment.

| (5) (6) (7) (8)

| Expt Discharge Number Headlift Power |
No. of coils output

(litres
/ﬁin) {metres) {watts)

121 25.50 - 4,000 .5000 2.085
122 54,00 4.000 .5000 4,415
123 70.00 4.000 .5000 5.723
124 59,33 |- 4.000 "«5000 4.850
125 40.67 _ 4,000 5000 3.325
126 22.55 4,000 ¢ . .5000 1.843
127 14,73 4,000 «5000 1.204
128 29.50 4,000 .5000 2.412
129 48.00 : 4,000 -5000 3.924
130 32.40 4.000 »5000 2.649
131 21.29 4.000 «5000 1.740
132 - 11.50 4,000 .5000 .94071

Figure D.21. ~ Results for Experiments 133 - 144
of the Main Power Experiment. '

(5) - (6) (7y (8)

Expt Discharge Number Headlift Power
No. 7 of coils output
(litres R : :
/min) (metres) (watts)
133 11.70 4,000 1.000 1.913
134 20.23 4,000 1.000 3.308
135 30.75 4.000 1.000 - 5,028
135 30.75 4,000 1.000 5.028
136 " 33.20 4,000 1.000 5.428
137 24.67 4,000 1.000 4.034
138 13.30 4,000 . 1.000 2.175
139 18,00 | = 4.000 1.000 2,943
140 43.60 - 4,000 1.000 7.129
141 66.25 4.000 1.000 10.83
142 75.00 4,000 1.000 12.26
53.00 - 4,000 1.000 ‘ 8.666
25.70 4,000 - 1.000 4,202




Figure D.Zm.

Results for Experiments

145 - 156

of the Main Power Experiment.

D-14
N—

(5) (6) (7) (8)
P
Expt Discharge Number Headlift Power
No.- of coils output
{litres
_/&in) {metres) {watts)
145 15.40 8.000 .{)000-F .0000
146 29.13 8.000 - .0000 .0000
147 38.00 8,000 .0000 .0000
148 48,60 8.000 .0000 .0000
149 33.22 8.000 .0000 .0000
150 20.30 8.000 .0000 .0000
151 22.92 8.000 .0000 .0000
152 44,62 8§.000 .0000 .0000
153 62.25 8.000 .0000 .0000
154 70.00 8.000 .0000 .0000
155 49.83 8.000 .0000 .0000
156 27.65 8.000 .0000 .0000

Results for Experiments 157 -~ 168
of the Main Power Experiment.

Figure D.2n.

(5) {6} (7) (8)
Expt Discharge Number Headlift Power
No. of coils. output
({litres

/ﬁin) (metres) {watts)

157 27.08 8.000 «5000 2.214
158 48,00 8.000 5000 3.924
159 71.20 8.000 .5000 5.821
160 69.75 8.000 .5000 5.702
161 42,00 8.000 .5000 3.434
162 23.08 8§.000 .5000 1.887
163 18.90 8.000 .5000 1.545
164 31.17 8.000 «5000 2.548
165 50.33 8.000 5000 4,114
166 41,75 8.000 .5000 3.413
167 25,00 8.000 .5000 2,044
168 14.93 8.000 «5000 1.221
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Program (1)

10 REM *%kkakokokokskokokok o ko o ks o o o o ook sk ok sk s s s o sk sk o ok

20 REM * DATA LOGGING PROGRAM *
30 REM * WRITTEN BY S.GALVIN *
40 REM * IN BBC BASIC *
60 REM kokokokokokok oo sk 3ok ok ok ok ook o ke ok ok ook ok ok o ok ok
60 MODE 7

70 I = 0

80 OLDT = 0
90 DIM ARRAY (3999}
100 INPUT "APPROX RPM=", DELAY

110 DELAY = 74 / (100 * DELAY)
120 TIME = 0

125 :

130 ARRAY(I) = ADVAL (1)

140 ARRAY(I+1) = ADVAL (2)

150 ARRAY(I+2) = ADVAL (3)

160 ARRAY(I+3) = ADVAL (4)

170 NEWT = TIME / 100

180 ARRAY(I+4) = NEWT

190 I = I + 5

195 :

200 IF I > 3996 THEN 220

205 :

210 IF OLDT <= NEWT-DELAY

THEN OLDT = NEWT:GOTO 130

ELSE NEWT = TIME / 100:GOTO 210

215
220 SOUND1,-15,53,10

230 *SPOOL TEST10

235 :

240 FOR I = 0 TO 3999
250 PRINT STR3{ARRAY(I))
260 NEXT I '

265

270 *SPOOL

280 SOUND1,-15,53,20
290 END



10

20

30

40

50

60

70

80

20

100
105
110
120
130
140
150
155
160
170
180
190
205
200
210
220
230
240
245
250
260

Program (2)

REM e ok ok ok ok ok ok 2 ok ok ok ok ok ok e ok ok ok ook ok ok sk s ke ok ok ok ok ok ok ok ok ok K

REM * PROGRAM TO DOWNLOAD DATA TO
REM * THE MAINFRAME COMPUTER
REM * WRITTEN BY S.GALVIN

REM * IN BBC BASIC

%*
sk
*
*

REM e 3 ok ok 2k ok ok ok 3 ok e o 3k ok ok ok ok sk ek kR ek ok ek ok ok kok ok

DIM ARRAY(4000)

I =0
INPUT"FILE",NAME$
X = OPENIN(NAMES$) .
REPEAT

INPUTEX,R

ARRAY(I) = R

T =71 +1

UNTIL EOFEX

CL.OSEEX

I =20

SOUND 1,-15,53,20
INPUT AS

*SPOOL TESTT3
REPEAT

PRINT STR$(ARRAY(I})
I =1I4+1

UNTIL I = 4000

*SPOOL |
SOUND 1,-15,53,20




10
20
30
40
50-
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
205
210

220
230
240
250
260
270
280
290
300
310
320
330
335
340
345
350
355
360
370
380
390
400
405
410

415
420
430
440

Program (3)

ke ok ok ke ke ok ok ok ok K K oK ok 3 o ok 3 ok ok ok ok sk ok o o oK ok o oK ok ok ok o ok sk ok R

REM

REM ¥ PROGRAM TO GRAPHICALLY DISPLAY *
REM * DATA CURRENTLY BEING LOGGED *
REM * WRITTEN BY S.GALVIN *
REM * IN BBC BASIC *
REM e ok s o sk ok 3k ok ok ok ok Sk e ok Sk e vk ok ok ok ok 3k ok o 3k ok sk e 3k ok ok ok ok ok sk ok ke ok
DMAX = 2,415 ‘

DMIN = 1.664

TIME = 0 '

FLAG = 0

T = 0

D = 0

FLAGZ = @

MAX =0

MIN =0

A% = &20309

MODE 0

PRINT “GRAPHICS, TEXT, OR EXIT? (G/T/E)?"
A$ = GETS$

MODE 0

IF A$ = "T" THEN 260

ELSE IF A$ = "G" THEN 230

ELSE IF A$ = "E" THEN END

GOTO 170 '

PRINT "WHAT GRAPH? (1,2,3,4,5 OR 6)2"
PRINT

PRINT " X-AX1S, Y-AXIS"

PRINT

PRINT (1} = TIME VS ROTATION"

PRINT "(2) = TIME VS POWER"

PRINT "(3) = ROTATION VS POWER"

PRINT "(4) = PRESSURE VS POWER"

PRINT "(5) = ROTATION VS PRESSURE"

PRINT "(6) = TIME VS PRESSURE"

FLAG = VAL(GET$)

IF FLAG = 0 OR FLAG > 6 THEN 170

MODE 5

DRAW 00,1023

DRAW 1279,1023

DRAW 1279,0

DRAW 0,0

IF FLAG = 1 OR FLAG = 2 OR FLAG = 6 THEN SCALE =
ELSE SCALE = 5

A = ADVAL(1) / 26208

B = ADVAL(2) / 26208

c = ADVAL(3) / 26208

20



450
460
470
480
485
490

495
500
510

520
530
540
550
560
570
580
590
600
610
620
630
640
660
670
680
690
700
710
720
730
740
750
760
770
780

790
800

OLDT

OLDD D
D
T

IF T
THEN

o oan

TIME
PROCAXB
IF FLAG =

IF FLAG =
THEN MOVE
IF FLAG =
THEN DRAW
IF FLAG =
THEN MOVE
IF FLAG =
THEN DRAW
IF FLAG =
THEN MOVE
IF FLAG =
THEN DRAW
IF FLAG =
THEN MOVE
IF FLAG =
THEN DRAW
IF FLAG =
THEN MOVE
IF FLAG =
THEN DRAW
IF FLAG =
THEN MOVE
IF FLAG =
THEN DRAW
IF INKEY$
THEN RUN

ELSE 420

(

T
ADVAL(4) / 26208
TIME / 100

>= 1279/SCALE AND A$="G"
0:FLAG2 =

0:GOTO 360

0 THEN PROCREVS:PRINT
VOLTS , AMPS , POWER , PRESSURE, T

1 AND FLAG2 = O |
* SCALE,D * 800:FLAG2 = 1

dOWwowANE N =

* SCALE,D * 800

AND FLAG2

= 0

* SCALE,POWER * 4:FLAG2 = 1

* SCALE,POWER * 4

AND FLAGZ2

= 0

* 1000,POWER * 4:FLAG2 = 1

* 1000,POWER * 4

AND FLAG2

=0

PRESSURE * 300,POWER * 4:FLAGZ = 1

-9

PRESSURE * 300,POWER * 4

5

D
5
D
6
T
6
T
0

DEF PROCAXB

VOLTS
AMPS
POWER
PRESSURE
ENDPROC

B onouu

AND FLAG2

= 0

* 1000,PRESSURE * 300:FLAG2 = 1

* 1000,PRESSURE * 300

AND FLAG2

=0

* SCALE,PRESSURE * 300:FLAG2 = 1

* SCALE,PRESSURE * 300

) = “E"

100 * A
3 *B

VOLTS * AMPS

10.194 * C *

DEF PROCREVS

IF D < DMIN THEN DMIN
IF D > DMAX THEN DMAX

L

ANGLE
ROTATION
ENDPROC

il

-
=
=

(20 * (D -

0.77 [/ 3.03

D
D
DMIN)}/(DMAX - DMIN)) + 150

(L"2 + 10°2 - 160%2) / (20 * L)
(PI - ACS(ANGLE)) * 180 / PI



1010
1020
1020
1022
1024
1026
1030
1040
1050
1060
1070
1080
1090
1110
1120
1030
1040
1050
1060
1180
1190
1200
1210

1230

1240
1250
1260
1265
1270
1280
1290
1310
1320
1330
1340
1350

1360
1370
1380
1390

1400
1410

APPENDIX F
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3k 3k 3k 2k 3k ok 2k 2k 2k ok ok ok 3 o o ok sk ok ke e ek 3 K ok e Sk ok sk ok 3k ok ok e 2k ok ok ok ok ok ok e ok e kK

* *
* PROGRAM TO DETERMINE THE THEORETICAL WATER *
* PROFILE OF THE COIL PUMP *
* WRITTEN BY S. GALVIN *
* IN APPLE MICROSOFT BASIC *
* *
* *

sk sk sk ok ok ok sk 3 o ok e ok ok o ok S s e e sk Sk sk K 3K sk ok ok ok K Ok Sk o oK ok K K ok ok ok kK ok ke sk

sk sk ok o o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok ok ok

“*  VARIABLE DEFINITION *
e ke ok ok sk o sk ok o o e e o ke e o sk o ok ok ok ok ok ok K

DEFINT B, I, N | ' INTEGER VARIABLES
DEFSNG A, C, D, G, H, L, P, R ' REAL VARIABLES
L]

Ve ook sk okok ok ok ok ok K KOR 3Kk ok K OK R sk Kok K

' * ARRAY DEFINITIONS *
' ***#*******************
DIM HARR (50)
DIM HSUM (50)
DIM ADEL (50}
DIM ATHE (50}

HEADS EACH COIL GENERATES
SUMMATION OF HEADS

WATER PLUG ROTATIONS
ANGLES WATER PLUGS MAKES

- - - -

. - AT SHAFT
DIM LOME (50) ' LENGTHS OF AIR PLUG
COMPRESSTIONS
DIM LAIR (50) ' LENGTHS OF AIR PLUGS
DIM LWAT (50) ' LENGTHS OF WATER PLUGS
?IM HFLC (50) ‘ ' FLOW MEDIA HEAD
¥ ok ke sl ke 3 ok ok sk e ok Sk s ok sk ok ok sk e ok ok ok o ok ok ok sk ok ok
' * MAIN CONTROL PROCEDURE *
¥ e ok ok ok ok ok o s o ok ok ok ok ok ok ok ke ok ok 3k ok ok ok ok kK
GOSUB 2000 * INPUT PROCESS
GOSUB 3000 ' INITIALISATION PROC
gosua 4000 ' NO BUBBLING +SPILLING
IF (HCAL < HREQ) AND (DOIM =¢ ,5)
THEN GOSUB 5000 ' BUBBLING PROCESS
IF (HCAL < HREQ) AND (DOIM > ,5)
THEN GOSUB 6000 ' SPILLING PROCESS
IF (HCAL < HREQ) AND (DOIM =< .S5)
?HEN GOSUB 7000 ' BUBBLING & SPILLING
?OSUB 8000 ' DISPLAY PROCESS
END ' END OF PROGRAM



F-2
2000 1 FRFIRkkokokok kAR Ak KKk ROk K
2010 ' * INPUT PROCEDURE *
2020 ' kRkkskskksokdokokok kR okokkok kok
2060 INPUT "DIAMETER COIL = ": DIAC
2070 INPUT "“DIAMETER PIPE = ": DIAP
2080 INPUT “NUMBER OF COILS = ": NCOL
2090 INPUT "DEPTH OF IMMERSION = "; DOIM
2110 INPUT -‘"HEAD LIFT = ": HREQ
2120 INPUT "FLOCUR? (0/1) = ": FLCR
2190 ! -
2200 RETURN
2220 ' -
3000 1 Rkskokokokdokskokokokokok dokokok ok ok ok ok okok ok okok ok ok ok
3010 ' * INITIALISATION PROCEDURE *
3020 0 ok ok e ok ok sk sk 3k ok sk s ok sk 2K 3 ke ke ok sk sk ok ke ok ok sk ok ke ke ke
3040 APIE = 3.14159 : ' 1 RADIAN
3050 HATM = 10.182 ' ABS' ATMOS' HEAD
3060 PCOM = «869565 ' COMPRESSION INDEX
3070
3080 RADC = DIAC /[ 21 ' RADIUS OF HELIX
3090 RADP = DIAP / 2! ' RADIUS OF PIPE
3100 DOIM = DoIM / 100¢ ' DOI AS. A FRACTION
3110 AFST = APIE [ 200! ' ROT'N INCREASE INDEX
3115 RADH = RADC + RADP ' RADIUS OF HELIX
3116 DIAH = DIAC + DIAP ' DIAMETER OF HELIX
3120 DIMM = DIAC * DOIM ' DEPTH OF HELIX
3130 HREQ = HREQ + HATM ' ABS' HEAD REQUIRED
3135 PMTR = DIAH * APIE : ' PERIMETER OF HELIX
3140 ?IN = ( RADC - DIMM ) / RAD ' INPUT PARAMETER TO..
3150
3160 POUT = 1.5708 - ATN (PIN / SOR ( 1! - PIN * PIN ))
«+GET ARC COS FOR..
3170 !
3180 ATHE (0) = POUT * 2! ' ,.WATER PLUG ANGLE
3190 LAIR (0) = RADH * ( 2! * APIE -~ ATHE (0))
- ' 1s7 AIR PLUG LEN'
3200 LWAT (0) = RADH * ATHE (0) ' 18T WATER PLUG LEN'
3210 HSUM (0) = HATM ' INPUT PRESSURE HEAD
3220 PIN = RADC / RADH ' INPUT PARAMETER TO..
3230 =
3240 POUT = 1,5708 - ATN (PIN / SQR ( 1! - PIN * PIN )) \
' ..GET ARC COS FOR..
3250 !
3260 AGAM = POUT ' ..GAMMA ANGLE
3270 ASPL = APIE - ( ATHE (0) / 2! ) - AGAM
' SPILLING ANGLE
3280 %BUB = { ATHE (0) / 2! } - AGAM ' BUBBLING ANGLE
3290 :
3291 IF ASPL < ABUB
THEN ARES = ASPL
ELSE ARES = ABUB

3300 RETURN




4000 ! k¢ 3 sk 3 o 3 oK A 3K ok o ok ok ok ok ok oK ok ok ok ok ok ok ok 3K 3k ok oK 3 ok sk sk ok ok 3k oK kK
4010 ' * NO BUBBLING NO SPILLING PROCEDURE *
4020 U sk ok ok ok ok ok ok ke ok ok 3k 3k sk ok o 3 ok gk ke 3k o ok ok K ok sk sk sk e e ok alk ke ok ok ok ok
4040 HCAL = 0! ' INIT FOR WHILE LOOP
4050 ADEL (1) = AFST ' INIT FOR WHILE LOOP
4060 ADEL (NCOL + 1) = 0! ' INIT FOR WHILE LOOP
4070 :
4090 WHILE (HREQ » HCAL) AND (ADEL (NCOL + 1) < ARES)
4090 '
4100 FOR ICNT = 1 TO NCOL
4110 HRHS = RADH * COS {ATHE (0)/2! + ADEL (ICNT))
4120 HLHS = RADH * COS {(ATHE (0)}/2! - ADEL (ICNT))
4122 LVEL = RADH * (2! ¥ APIE - LOME (ICNT -1)) * RPM / 60!
4124 HFLC (ICNT) = RADH * ATHE (0) * FLCR *

- 7.385 * (LVEL " 1.86)
4130 HARR (ICNT) = HRHS - HLHS
4140 HSUM (ICNT) = HARR (ICNT) +HSUM (ICNT~1) ~-HFLC (ICNT)
4150 LAIR (ICNT) = LAIR (0) *

((ABS (HSUM(0) / HSUM (ICNT))} * LCOM)

4160 LOME {(ICNT) = LAIR (0) - LAIR (ICNT}
4170 ADEL (ICNT+1) = ADEL (ICNT) + (LOME (ICNT) / RADH)
4180 - NEXT ICNT . _ _
4190 !

4200 ADEL (1)}
4210 HCAL
4220 WEND

4230

4240 RETURN

4250 !

SO00 ! ERokok ok ok sk kR ok R Rk ok ok kR SOk ok okok ok kK ok

5010 ' * BUBBLING NO SPILLING PROCEDURE *

5020 ' FFkkokdokkkok ok skok ok ok ok Kok ok ok ok ok ok sk ok ok ok koK ok

5060 WHILE ( HREQ > HCAL ) AND { ADEL (1) < ABUB )}
5070 '

5080 FOR ICNT = 1 TO NCOL

ADEL (1) + AFST
HSUM (NCOL)

5100 IF ADEL (ICNT) > ABUB THEN ADEL (ICNT) = ARUB

5110 '

5120 HRHS = RADH * COS (ATHE (0)/2! + ADEL (ICNT))

5130 HLHS = RADH * COS (ATHE (0)/2! - ADEL (ICNT))

5132 LVEL = RADH * (2! * APIE - LOME (ICNT -1)) * RPM / 60!

5134 HFLC (ICNT) = RADH * ATHE (0) * FLCR *
' 7.385 * (LVEL " 1.86)

5140 HARR (ICNT) = HRHS - HLHS
5150 HSUM (ICNT) = HARR (ICNT) +HSUM (ICNT-1) -HFLC (ICNT)
5160 LAIR (ICNT) = LAIR (0} *
((ABS (HSUM(0) / HSUM (ICNT))) ™ LCOM)
5170 LOME (ICNT) = LAIR (0) - LAIR (ICNT)
5180 ADEL (ICNT+1) = ADEL (ICNT) + (LOME (ICNT) / RADH
5190 NEXT JICNT
5200

5210 ADEL (1)
5220 "HCAL
5230 WEND

5240 ! )

5250 RETURN

ADEL (1) + AFST
HSUM (NCOL)



6000
6010
6020
6030
6060
6070

6090

6100
6120
6130
6140

6150

6160

6170
6190
6200
6205
6207

6210
6220
6230
6240
6270

6280
6290
6300
6310
6320
6330
6340
6350
6360
6370
6380
6390
6400

ok ok ok ok 3 e ok kg 3 ok ke e o ok 2k 3k ok ok ok ok ok ok ok ok ok ke ok ok oK koK K K K

¥

! * SPILLING NC BUBBLING PROCEDURE *
1 ook ok ok ok oK sk ok ok o oK ok ok ok ok ok o e ok ok ok ok 3k 3k ok ok 3K oK ok o ok e o o
t

HSUM (NCOL)

= HREQ
ICNT = NCOL _
LPER = 0! "INIT SO THAT PMTR > LPER
]
WHILE {ICNT <> 0) AND {(PMTR > LPER)
A _
LAIR (ICNT) = LAIR (0) * .
((ABS (HSUM (0) /HSUM (ICNT)}) " LCOM )
LWAT (ICNT) = PMTR - LAIR (ICNT)
ATHE (ICNT) = LWAT (ICNT) / RADH
LPER = LAIR (ICNT) + LWAT (0)
BLHS = RADH * COS (APIE - AGAM)
HHHS = RADH * COS (AGAM - APIE + ATHE (ICNT)
LVEL = RADH * (APIE + ATHE (0)) * RPM / 60!
HFLC (ICNT) = RADH * ATHE (0} * FLCR *
7.385 * (LVEL " 1.86)
HARR (ICNT) = HRHS + HLHS
HSUM {ICNT-1) = HSUM (ICNT) - HARR (ICNT) + HFLC (ICNT)
ICNT = ICNT - 1
WEND
IF ICNT = 0
THEN HCAL = 0! : RETURN
[ ] .
ICOL = NCOL
NCOL = ICNT + 2
HNED = HREQ
HREQ = HSUM (ICNT+2)
]

GOSUB 4000
L ]

HREQ = HNED
HCAL = HREQ
NCOL = ICOL
]

RETURN
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7000
7010
7020
7030
7070
7090
7100
7110
7112
7114
7116
7120
7122
7124
7126

7128
7130
7140
7145
7150

7160
7170
7180
7190
7200
7210
7220
7230
7240
7245
7250
7255
7260
7265

7270
7290

F-5
Vo ok ok ok ok ok oK ok 3K 3k 3k ok ok ok o ok ok ok ok ok ok 3K 3K ok ok o ok ok ok ok ok ok
' % BUBBLING SPILLING PROCEDURE *
ook ok ook ok ok ok okooke ok ok ok ok 3 ok ok sk ok sk ok ko 3k 3k sk ok ok ok ok ok ok
L]
HPAT = (O
NMIN = NCOL
NMAX = -1
HCAL = 0O
1
LVMA = RADH * 2 * APIE * RPM / 60!
LVMI = RADH * (APIE + ATHE(Q0) * RPM / 60!
L
HFMA = FLCR * RADH * APIE % 7,385 * (LVMA ~ 1.86)
HFMI = FLCR * RADH * ATHE (0) * 7,385 * (LVMI " 1.86)
HFPA = FLCR * RADH * ((APIE + ATHE (0)) / 2t) *
' 7.385 * (LVMI " 1.86)
]
WHILE ( HPAT < (HMIN - HFMI))} OR (HPAT < (HMAX - HFMA)
NMAX = NMAX + 1
NMIN = NMIN - 1
HPAT = HREQ - HATM - (NMIN * (HMIN - HFMI))
- -~ {NMAX * (HMAX - HFMA))
IF (NMIN ¢ 0) OR ((NMIN = 0) AND (HPAT) > (HMIN - HFMI}))
THEN RETURN _
WEND
?
IF ( NMIN < 0 ) OR ({ NMIN = 0 ) AND ( HPAT > HMIN ))
THEN RETURN
[ ]
HCAYL = HREQ
1
FOR ICNT = 1 TO NCOL
IF ICNT < NMIN + 1
THEN HARR (ICNT) = HMIN
IF ICNT < NMIN + 1
THEN HSUM (ICNT) = HSUM (ICNT - 1) + HARR (ICNT) - HFMI
IF ICNT = NMIN + 1 '
THEN HARR (ICNT) = HPAT
IF ICNT = NMIN + 1
THEN HSUM (ICNT) = HSUM (ICNT - 1) + HARR {ICNT) - HFPA
IF ICNT > NMIN + 1
THEN HARR (ICNT) = HMAX
IF ICNT > NMIN +1
THEN HSUM (ICNT) = HSUM (ICNT - 1) + HARR (ICNT} - HFMA
NEXT ICNT
RETURN



8000 " RkkkERoRNKRk ok ok ok kok ok ok ok ok ok
8010 ' * DISPLAY PROCEDURE *
8020 ¥ ook ok e Sk ok e 3K 3 3R 3 ok ok ok oK ok kookook ok KRk
8030 '
8040 ' IF HREQ > HCAL
THEN PRINT "NO SOLUTION":RETURN
8050 ' '

8060 FOR ILIN = 1 TO 20
8070 PRINT "|";
8080 HDIS = DIAC * ( 20 - ILIN ) / 20

8090 '
8100 . FOR ICOL = 1 TO NCOL
8110 IF HARR (ICOL) > HDIS
THEN PRINT " *%".
ELSE PRINT " "e
8120 NEXT ICOL
8130 !
8140 PRINT | ",
8150 IF ILIN <= NCOL
THEN PRINT "COIL ";ILIN:" = "; HARR (ILIN)
ELSE PRINT
8160 NEXT ILIN
8170 '
8180 PRINT "+";
8190 '
8200 FOR ICOL = 1 TO NCOL
8210 PRINT "---";
8220 NEXT ICOL
8230 !
8240 PRINT "+"
8250 ! _
8260 HINC = 0! : FOR ICOL = 1 TO NCOL : HINC = HINC + HARR (ICOL) :
NEXT ICOL
8270 PRINT "HEAD GENERATED = ", HINC

8280







