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SUMMARY

Thie project 1s concerned both with a mathematical analysis of
the characteristics of the rotating coil pump and the development
of a working stream-powered unit designed to be appropriate to the

needs and resources of developing countries.

Many laboratory tesis were carried out on various configurations
of the pump's operating parameters, and the results obtained were
used to formulate theories for the internal workings of the pump

and its response to imposed conditions.

A small-scale working model incorporating a chevron bladed
water wheel and a coil pump was constructed and tested in a laboratory

flume.

A larger field test model based on this design was then constructed
using a scrap oil drum and other materials considered to be readily
available in developing countries. Successful field tests were carried

out in a local stream and improvements made to the original design.
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1.0 INTRODUCTION

The rotating ceil pump basically consists of a length of flexible
piping wound on a cylindrical drum to form a continucus helix made up
of a number of coils all having the same radius.One end of the piping
is left open (the inlet) and the output end is connected via a
sealed rotary joint to a delivery pipe which rises to a header tank

(see Figure 1).

The drum is partially immersed in water with the longitudinal
axig of the drum parallel to the water surface and rotated about
this axis. This causes the inlet to alternatively pase through
water and sir. The ratio of water to air taken i1n at the inlet is

determined by the depth of immersion of the coils.

The plugs of water remain in the bottom of the coils, and as
the pump rotates, are moved from the inlet towards the outlet. After
passing through the rotary valve, the plugs of water and air rise
up the delivery pipe creating pressure at the bottom of the delivery
pipe which is opposed by head differences formed in the coils as
the plugs of water swing from the bottom of the coils and take up a
position to oppose and equal the head of water in the delivery pipe.
The coils in the pump are therefore acting as a cascading manometer
and the sum of all the head differences in the individual coils

equals the head of water in the delivery pipe.

Since alternate plugs of air and water are pumped up to the
header tank, the pressure head developed by the pump 1s less than
the herght to which the water 1s being lifted. The ratio of lift

to head developed is known as the delivery pipe ratio and this 1s

one of the most important considerations in the design of the pump.




Also the pattern of head differences i1n the coils of the pump needs
to be predicted to determine ithe number of coils needed to provide the

required head.

( The main aims of this investigation are, therefore, to determine,
using computer-based incremental calculations, the relationship

between the physical characteristies of the pump, and the expected

liftthead ratio, and in particular to relate the head developed by a
particular pump to the number of coils required and the levels of the

water surfaces in those coils.

Following the laboratory investigation, a working field model of

a rotating coil pump was to be constructed from materials readily

available in developing couniries and tested at an appropriate site.

1.1 Review of past work

The first reference to the rotating coil pump is a brief reference
| to be found in Andrew Wirtz's 'Cyclopedia of Arts and Science' of 1745,
{Ref. 1). Since then, very little work has been done on the pump
until recent times, Work at Loughborough University has been restricted
to Final Year Projects carried out by students of the Department of
Civil Engineering, (Ref. 2-5). Different approaches to the analysis

of the pump have been considered, including an analysis of forces
acting within the pump, and measurement of discharge pressures by means
of a transducer, (Ref. 3). From this work, few definite conclusions

or relationships concerning the capabilities of the pump were produced,
but a good background knowledge of the pump's characteristics was

obtained,

A mathematical analysis of the pump was carried out by Alexander
Weir, (Ref, 9). This analysis, however, was restricted to a pump with

a small number of coils, which correspond to the first three or four
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coils of the type of pump studied in this project, and the application

of Welir's analysis is therefore limited.

Work on a stream powered version of the coil pump has been
carried out by Stuckey and Wilson at Salford University. The analysis
of the pump's operation cenired around the grouping of variables into
dimensionless groups which were then related graphically,

Tests on a small stream powered pump were carried out, élthough
practical difficulties, primarily concerned with the rotary Joint, were
encountered. The seals within the joint were found to create a large

resistance to turning if an air tight join were to be obtained,

Slackening of the seals reduced the torque requirement but resulted in

leakage and loss of performance, (kef. 10).
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2.0 TESCRIPTION OF PROJECT OUTLINE

The five parameters which are considered most important in
determining the pump's performance are depth of immersion, speed of
rotation, bore of delivery pipe, bore of coils and the diameter
of the coils. Work has previously been done on varying the number .
of coils and the effect this has on the operation of the pump.

Each of the five parameters were varied within a set range whilst
the cther four were kept at a standard value. These gtandard
values were based on data from earlier tests and taken as the

tmiddle of a useful range’.

The range of tests are given in the following table.

Max, Min. Standard value

Depth of immersion 0.7 0.3 0.5
(Proportion of diameter

submerged)

Speed of rotation (rpm) 16 8 12
Bore of delivery pipe {mm) 25 12 25
(Two sizes)
Bore of coils (mm) 38 12 25
(Three sizes)
Diameter of coils {mm) 911 487 487
(Two m1zes)

For each different configuration of these main parameters the
height of the delivery tank was raised from 4 m, through increments of
1 metre, until the pump could no longer produce the required 1lift.

This usually involved five or six increases in 1lift; for the larger




sized pump the initial lift was 8 m. For each test (1.e. for each
separate 1ift) measurements were taken of the quantity pumped, the
head developed in the delivery pipe, the power absorbed by the

electric motor, and the water levels in each coil were measured.

ﬁu;_to the difficulty ;f measuriﬁ; égé watefilevels inithe coils
as the pump is rotating, these mezsurements were taken for the static
condition existing after the pump had been brought to a stop.

Previous work done {Ref. 2) using a video camera had shown that this
method was justified and that, although the water levels oscillate
slightly during pumping {due to the varying pumping head), the levels
remained stationary once pumping ceased, at an elevation equivalent to

the mean of the dynamic oseillation.

The method of analysis used in this projeet resulted from con-
sideration of the methods previously employed. It was thought that
modelling the internal dynamic mechanisms, whilst being an exhaustive
procedure, was too complex an approach to the work, It has also been
found from previous work (Ref. 2-4) that the devth of such an analysis
required to produce useful guidelines to the pump's behaviour would be
excessive, and could not be accomodated within the framework of the

project.

Past work (Ref. %) indicated that congidering the pump as =z
rotary cascading manometer could be a viable means of analysis, and
gave a means of investigating the pump's working mechanisms by
measurement of static water levels within the coils. A requisite of
any developed theory was that it could be represented in a form that
could be used and understood by the engineer an a practiecal situation.
For these reasons, equations were derived that related to a practical
range of pump designs, with prime consideration being given to agreement

of theoretical results and experimental data. By formulating corputer
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programs which included all of the parameters of pump design, it was
then possible to prediet the characteristies of one particular design,
or produce design charts which could be used for a wide range of

differing pumps.

The bulk of the project is concerned with this analysis of the
pump's behaviour; further work on a waterwheel power source led to
the construction and testing of a working stream-powered pump

suitable for use in a developing country.




3.0 LABORATQRY TESTING AND ANALYSIS OF THE
ROTATING COIL PUMP

3.1 Design of Test Rig

The size of the tank i1n which the pump would be housed was
based on the largest size of pump to be used. The biggest arrangement
envisaged consisted of 20 coils of 38 mm Yore piping wound around 1 m
diameter drum which éalled for a tank measuring 1.7 m by 1.5 m by

1.4 m deep.

Because of previous difficulties in examining and measuring the
lower water levels in the coils, the sides of the tank were made of
thick perspex to allow an unrestricted view of the complete pump. A
1.5 kW electiric motor was supported directly above the pump by two
rectangular section steel beams which ran the length of the tank.

The drive was via a 31.5:1 ratio gearbox and toothed belt which,

with the relative size of the two cogs considered, gave a final
gearing ratio of 63:1. Connecteh 1n series with the motor were a
digital voltmetier and ammeter and a freeze button to hold the readout
at a constant value whilst readings were taken.

The whole tank was supported on legs to bring the pump up to
eye level for easier observation. A two inch diameter Plpe was
connected to a nearby pipe bank for filling the tank and a drainage
pipe was fixed to the floor of the tank. Calibrated tape was affixed
to the perspex sides of the tank and used to measure the water level
in the tank. A depth gauge was fixed to a length of angle section
steel which was in furn clamped to the top of the tank.

Water from the pump was pumped up the inside of a water tower

and a variety of delivery pipes were cut to ensure a sraight vertical




11ft to the header tank which drained back into the pump's tank

to ensure that the water level in that tank remained constant.

3.2 Measurements Taken and Errors

As mentioned in section 2.0, for each separate configuration of
the variables, the pump was made to lift to five or six different
heights, the total number of individual tests finally performed
being 64. For each test (i.e. = particular configuration lifting to
a given height) the following measurements were taken: -

Speed of rotation

Water level in tank

Power absorbed by motor

Quantity of water pumped

Levels of water in coils

Height of water in outlet column

Head developed by pump.

The speed of rotation and the water level in the tank had to be set at
the desired values with the pump lifting to the test height, and 2t
was ensured that a steady state had been reached before any other

readings were taken.

The speed of rotation was measured by pressing a tachometer
against the rotating shaft of the motor. A varistion of i-4 ..M,
was the greatest accuracy that could be achieved with the rheost;t
which controlled the power supply to the motor. Whgn divided by the
gearing ratio of 61:1, the variation in the rotétional speed of the
pump is ::0.056 T.p.Mm., an error of 0.55% for a speed of 12 r.p.m.

The drive between motor and pump was direct, ensuring no slippage.

The water level in the sump tenk was measured by means of

graduated tape on the perspex wall, As the level had to be set whilst



Ta
the pump was in motion, a certain amount of movement was caused on
the surface of the water. However, it was still possible to set this
level with an accuracy of % 1 mm, or 0.25% of the standard coil

diameter.

When a steady state had been achieved, measurements of motor power
and pumping rate were taken. The outputs given by the digital volt-
meter and ammeter which were connected in series with the motor could
be 'frozen' to facilitate reading., Although these readings were
accurate, the resulting power measurementis suffered from great
variation (up to 75% in cases) as the power varied during the pumping
cycle, and the resulis were therefore not used in the analysis of the

pump's performance.

The pumping rate was determined by placing a measuring cylinder
under the rethrn pipe to record the gquantity of water flowing from
the header tank. A stilling tank ensured that the characteristic
fluctuations due to the water/air pumping cycle were smoothed out
before the quantity measurements were taken, Three separate readings
were taken and in the rare event of the variation in these readings
being more than 5%, a further three measurements were taken to give a
more representative sample, The average variation was more commonly

of the order of 2%.

Before the measurement of water levels in the coils was taken, it
was necessary to stop the pump. This iz the most accurate method
available because such a measurement is vartually impossible whilst
the pump is rotating, The dynamic water levels are preserved in the
static case although such effects as those due %o friction, surface

tension, etc,, are absent, but calculations suggested these were small,

Measurement was by means of a depth gauge with a hooked pointer

which was mounted on a beam fixed across the top of the test tan%.
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The depth gauge was fitted with a Vernier scale giving an accuracy of
% 0.1 mm, 1.e. a total error of X 4 mm in the sum of head differences

on a 20 coil pump.

The head of water in the delivery pipe was also taken with the
pump at rest. The side of the tower up which the pipe ran was marked
gt 1 m intervals and the height of water above an interval was

measured with a metre rule. Due to the occasional difficulty of

access to such measurements, an error of ¥ 10 mm was experienced,

3.3 Analysis of Delivery Pipe

The situation in the delivery pipe is a complex one. Alternate
plugs of water and compressed air enter the bottom of the pipe from
the outlet of the pump. 4s these plugs rise up the delivery pipe
the air plugs become less compressed as the head of water above them
diminishes, The air plugs also rise through the water plugs above

them as water simultaneously runs back down the inside of the delivery

pipe.

Assumptions and Zquations Used

i) It is assumed that all variations are linear over each time
increment.

ii) Effects of friction and surface tension have not been considered,
but calculations suggest this incurs errors of less then 1%,

i3i) The delivery pipe is assumed to be vertical end of constant
cross gection,

iv) The weight of an air plug remains constant as it passes through
the pump.

v) Air does not begin to rise through a water plug until the whole
of the water plug has entered the delivery pipe.

vi) The relative velocity is constant along the pipe.




'vii) The discharge from the delivery pipe is open to the atmoschere.

Consider first a simplified case in which the lengths of the plugs
of air and water as they enter the delivery pipe are the original
lengths that occupy the 1nlet coil of the pump. Each air plug will
be compressed by the head of water acting on it, and this compression

is governed by the equation:-

P,Vy = PV, (See Appendix I)
where P1 = Total pressure acting on air plug
V1 = Compressed volume of air plug
P, = Original (atmospheric)pressure
V, = Original volume of air plug (at inlet)

Since the cross-sectional area of the delivery pipe is constant
then volumes can be replaced by lengths; 21t 1s also convenient
1o exprese pressure in terms of metres head of water, so the

equation now hecomes:—

Hyly = HVp = Hygp ¥y
Assume that the coils on the pump are of the same bore as

the delivery pipe and that, immersed to half its diameter, the inlet

is taking in plugs of water both of length 0.75 m. Let the atmospheric

pressure be equivalent to 10 m head of water.

Figure 2 shows iwo possible arrangements of these plugs 1n a
delivery pipe used for a 5 m 11ft: the values on the left of each
pipe being the length of the individual plugs, those on the right
the heights of each water/air interface above the bottom of the

delivery pipes.

For case {a) the head being developed by the pump (i.e. the sum

of the lengths of the water plugs) is 3 m, for case (b) 2.288 m.

9
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This demonstrates two 1mportant points:-

(i) that the 1ift achieved by a pump is greater than the head
developed by that pumpj

(11) that the head developed for a given 11ft can vary depending
upon the positioning of the water/alr sequence in the

delivery pipe.

The ratio of the 1i1ft to the head developed is termed the
.delivery pipe ratio (RD) and it 18 the determination of this ratio

for all the tests performed that is the aim of this analysis.

In this simplified example, no account was taken of the air
rising through the water, and the two cases shown were hypothetical
ones used to illustrate the situation in the delivery pipe. In the
full analysis, the situation is examined over a series of short
time i1ntervals, the position and length of each individual air and

water plug being calculated for each time interval.

The rtterative calculation process staris at time t+ = 0 wath the
first full plug of water in position at the bottom of the delivery
pipe, the trailing end of the plug being at the bottom of the pipe
and the leading end being at a height Wge The length W, 18 the
original length of the water plug at the inlet and is calculated

thusi-

(see dragram overleaf)

11



1.3, Calculation of Original Plug Length

Vertical

distance from centre of coils to water level:-—

X = PI X Db - Rc

= proportional depth of immersion of pump
= diameter of coils

= radius of coils

x=2P. R -R

I % (o]
= R (2P; - 1)
-1 rx
o« = sn @ (3 )
Rc
—_ Rc(2PI -1)
Rc

12
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Angle subtended at cenire of coils by water plug = 6

where © = Tr + 2o

- T +2 s (ZPI -1)

Length of water plug W, = Rc' 8
2

. . =1 4y
s @ w°=Rc[ﬂ +2Sln (2P1-1)] 2

vwhere d., and dP are the bores of the delivery pipe and the

D

coils respectively.

Similarly, the original air plug length at the inlet, a, ig given by:-

2
R 2 gin” ! (2P, - 1) )
By = R | — < 8in I 2

The next stage of the process involves determining the position
of this first plug after a suitable time interval At. For this to
be possible the velocity of the plug up the delavery pipe (vD) needs
t0 be known along with the relative veloecity of the air plug through
the water plug (VA). If the piping used for both the coils and
delivery pipe is of the same cross-sectional area then Vp = Vp
(peripheral velocity of coils).

Therefore after time interval A%, the position of the top of

this first (uppermost) water plug is given by
TOP(J) = W, + Vpe At

N.B. The subscript J i1s used to denote the uppermost water plug in

the delivery pipe.




Since the air plug is moving through the water plug, the height of the

bottom of the water plug is given by
BOT(J) = (VD+VA) . At

«"+« Length of water plug

PLUG(J) = TOP(J) - BUI‘(J)

Wy + V.8t = (vp+vy). At

=W°—VAQ At

Hence the plug has reduced in length by an amount vA.I&t and this
water has Dbeen lost to the plug of water in the last coil of the
pump. This is referred to as plug (N + 1), plug (N ) being the
lowest plug of water in the pipe. It 18 assumed that the bottom of

the delivery pipe 1s connected directly to the outlet of the pump.

The compressed length of the air plug is given by:-

H ,
At :
a =a | ).
c o) HAtm +H
! Hptm )
S a (
Oy gn T "V ¢ B

The position of fhis air plug then needs to be determined to
ascertain whether plug (N + 1) has begun to travel up the delivery

Pipe.

It is easiest to demonstrate this and subsequent calculations by
means of an example as shown in Figures 3 10 9. In this example the

initial condition is taken as the time when the first plug of water is

about to enter the delivery pipe, i.e. TOP(J) = 0.0
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The values of other relevant parameters are:-

W, o= 0.T5 m

B, = C.75 m
Hyyp = 10.329 m (= 760 mm Hg)
At 1 sec.

vp = 0.3 m/s

v, = Olnfs

H, = 5m (height of delavery)

dy = 0.025m

Explanatory calculations to accompany the example are shown

below,
N.B. The names given to variables are those which are used in a

computer program used to perform the delivery pipe analysis.

t = 3.0 secs.

It is assumed that air cannot rise through a water plug (1.e.
water cannot be lost from that plug) until the trailing end of that
plug has entered the delivery pipe. This occurs between times

1t = 2.0 secs. and t = 3.0 secs.

Time taken for hottom plug 1o reach baze of delivery pipe

WATLEN - TOP(J)
VIEL

TIME = WATLEN

]
L4

n
B

VIEL

(0.75 - 0.6)/0.3

= 0.5 secs.

e From t = 2.5 secs 1o t = 3.0 secs, water 1s being lost from

the bottom of the water plug. The amount lost (DROP) 1s given by:~




DROP = (DI — TIME) x VA VA = v,
= (1-0.5) x 0.1 I = At
= 0005

."+« Length of plug PLUG(J) = WATLEN -~ DROP

=0o7m

Length of plug N + 1 PLUG( 1,4} = WATLEN + DROP

0.8 m

Plug (N+1) now gains all the water which is lost from the
bottom of plug (N} which at this stage 1s also plug (J), N being

the number of complete water plugs in the delivery pipe.

t = 5.0 secs
L PA
ength of air plug ATRLEN = BIRLEN x (m)
10.32 -
= 0.75 x (10.329 T 0_5) BIRLEN = a_
FA = HAtm
= 0.7T15 m HEAD = Head of water

acting on an

air plug.

Water plug (N+1) 1s still gaining water from the plug above 1t,
the position of the top of plug (N+1) 1s calculated by subtracting the

length of air plug (J) from the height of the bottom of water plug (¥)

TOP (N+1) = BOT(N) - AIRLEN (N)

= 1.0 - 0,715
t = 8.0 secs

Between times t = 7.0 secs and t = 8.0 secs the botiom of plug (N+1)

passes the base of the delivery pipe and plug (N+1) effectively becomes

plug (N).




The calculations to determine when this happens and the amount of

water gained or lost by the plugs involved are similar to those

" employed at time t = 3.0 secs.

PLUG {¥+1) - TOP {N+1)

TIME = VIEL
_ 1.2 -1.072
i 0.3
= 0,427 secs
DROP = (DT - TIME) x VA

=(1 - 0.427) x 0.1
= 0.057 m

. » At t = 800 secs PLUG (N)a

PLUG (N+1)7 + (VA x IT) -~ DROP

1.2 + 0.1 = 0.057

1.243 m

Also PLUG (N+1)g WATLE N+ DROP
= 0.75 + 0.057

Plug {N) will now remain the same length because the gain from
the plug above and the loss to the plug below result in no net change,
This condition continues until this plug becomes the uppermost plug

or reaches the top of the delivery pipe.

t = 10.0 secs

Since plug (J) fully entered the delivery pipe 1t has been losing

17

0.1 m of water every second so it 1s plain to mee that it will 'disappear!

when t = 10.0 secs. However this exact case is not common and for the
general case the precise time that plug (J) ceases to exist must be
calculated 1n order to determine when plug (J+1) becomes (J) and only

loses water without gaining any from the plug above.



t = 13.0 secs

This is a repeat of the case at time t = 8.0 secs when plug (N+¢1)
fully enters the delivery bipe and becomes plug (N). The calculations

are therefore the same.

t = 20,0 secs

Between times t = 19.0 secs and t = 20.0 sgecs the uppermost
plug has passed out of the delivery pipe (into the header tank)
and plug {(J+1) has become plug (J). In order to determine the amount
of water leaving the delivery pipe (o give a value for the delivery
rate Qp) and the length of the uppermost plug at time = 20.0 secs,
it is necessary to calculate what proportion of the time interval had

passed when the plug of water left the delivery pipe.

TANK — BOT{(J) TANK = Height of header
VDEL + VA tank (Hy)

5.0 ~ 4.601
0.3 + 0.1

TIM =

|

0.983 secs

TROP

TIM < VA

0.983 x 0.1

0-0983 m ’

Quantity delivered Q = (PLUG(J) - DROP) x Tr x DIADZ/4

(0.343 - 0.0983) x 1 x 0.025°/4

1.201 x 10°4 o3

0.120 latres

From this point onwards, these values of Q are summed, then

divided by the time over which water has been delivered to give a

value of Qp in litres/min.

18




The top of the uppermost air plug reached the top of the

delrvery pipe at the same time as the water plug left it, i.e.
0,983 secs through the 1 sec time interval, Therefore, for 0.017

secs uncompressed air has been leaving the pipe.

AIRLEN (J) = BIRLEN -~ {{Dr - TIM) x.VA)
= 0.75 - ((1 - 0.983) x 0.3)
= 0,745 m .
PLUG(J),q = PLUG(J+1)19 + DROP - (VA x IT)

1.232 m

The pump has now reached a steady state and the delivery pipe
ratio wi1ll fluctuate between maximum and minimum values. All values
are recorded and the max., min. and mean values are calculated at

the end of the process.

TAKRK

T = SN prue(r)

I=J

5
(1.232 + 1.22 + 0.526)

=

1.679

t = 23.0 secs

(ToP(J) + (VIEL x IT) -~ TANK) x 1T x DIAD2/4

o
]

(4.855 + 0.3 — 5.0) x 1 x 0.025%/4

0.076 litres

t = 25.0 secs

Q@ calculations as for t = 20.0 secs.

This series of calculations 1s continued usually until t = 200.0 secs,

in increments of 0.1 secs. A flow chart for the program used plus a

listing amdrun of the program are included in Appendix 1II.
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Vodifications to This Analysis

Once the program had been found to give satisfactory results for
the standard cases, i.e, pipe size constant, small drum diameter ete.,
methods of improving the correlation over the whole range of tests

were studied.

By increasing the relative air velocity in increments of 0.05 m/a
in the computer program and carrying out a linear regression analysis
to compare theoretical and experimental results, the following values

were obtained: -

Relative air velocity m/s 0.15 0.2 0.25 0.3 0.35

Regression coefficient (r<) 0.798 0.823 0.838 0.819 0.724

i.e. a value of 0.25 m/s gave the best results over the whole range of
tests, However, this value did not provide consistent resulis over the

entire range of pump configurations used,

Examination of the resulis showed that this relative air velocity
was related to the velocity in the delivery pipe. 3By increasing the
value of Ya proporticonally to vD, the agreement of theoretical and
experimental results was improved, but the closest correlation was
obtained (by trial and error) when the following relationship was
incorporated into the program:-

Ya=(

0.2106
where 'A' is the relative air veloecity used for the standard configur-
ation, i.e. 0.25 m/s. This relationship was used in the analysis,
although there is scope for further work to verify the relationship.

¥.B. 0.306 m/s is the velocity of delivery for the standard case (i.e.

that configuration corresponding to the VA' value of 0.25 m/s).

+
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5

Other values of the exponent in the above equation were experimented

with, but 0.2 proved to be the most effective over the whole range of

tests, This modification improved the correlation coefficient (r2)

to 0.839.

' Since the base of the delivery pipe is zssumed to be connected
directly to the outlet of the pump, then plug (N+1) must also be
assumed %o be in the last coil of the pump and will therefore be losing
water by the mechanism known as spillback which is explained fully in
the next section. Account of this has been taken in the program and

calculaticns inserted to determine the amount of water lost by

spillback from plug {N+1).

Correlation of theoretical and experimental results is discussed

in section 31.7.

! Figures 3 to 9 follow.




Time oo 1-0. 2.0 3-0
_______ ’. il b Il T Il I Sl
-2 1-a
L1
b 107
o L~
0 3}~ 0-é
/0_3 |~ o2
- - - = - = - —_—— a - = lA . L - - - LA & - - - - - e - e - - - e
Le.ns'ch of Plus (w+1) 0-80
Example delivery pipe calculation procedure Figure 3
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22




23

T £ 0 5-0 6-0 70
R 17"~ 11° 1
X! b
03
A= 18
1o-4
e > 0-728
12 1o s
q o 0-722 1072 |
1 0-6 Vo= L~
] 0715 C E76 Lrd o
o6 » A1-072
03057 1 0678 L1
185
SUEREREDR 1 4028 _ A (SN
040 i-00 110 1-20
Example delivery pipe calculation procedure Figure 4
(T = 4.0 — 7.0 secs)
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3.4 Analysis of Water Levels in the Coils

The pump consists of n coils, and when 1n operation head differences
are set up across these coils to oppose the head of water in the
delivery pipe. These levels are retained when the pump 1s stopped and
can therefore be measured and plotted. Figure 10 below shows two

typical head difference patterns for a pump of n coils.

Head difference in coil

1 Coil number n .
Inlet Outlet
Figure 10

The full line 1s obtained when the pump 1s lifting near its
maximum limiting height and the breken line is the pattern obtained

when the same pump is lifting tc¢ a lower height.

Since the head in the delivery pipe is either known or can be

worked out using the theory described in the previous section, the




analysis of the pump starts from the last coil and works towards the

inlet coal.

The portion B - C of the plot is known as the spillback line.
It is so termed because in these coils the upper water levels {i.e.
those on the rising side of the pump) are at the crowns of the coirls
and water can be seen running over the top of the coils and spilling

into the lower water levels on the falling side of the pump. By thas

30

mechanism water moves from one plug of water back into the previous plug

of water, i.e. towards the inlet of the pump.

The assumptions made in the analysis of the water levels in the

coils are as followst -

i) With no head applied to the delivery of the pump, the velocity

of the air and water within the pump's coils is equal and oppesite

to the peripheral velocity of the mean radius of the coils.

i) In order to preserve mass continuity, the velocity of a water/air

unit (relative to the pipe wall) is proportional to the length of

that unit, i.e., 28 air is compressed, the length of the unit,

and its velocity are reduced.

iji)} TEach coil is in a vertieal plane, i.e. the horizontal displacement

of the coils along the axis of the drum is not considered.

iv)  Spillback does not occur untal the water level reaches the crown

of the inner wall of a coil, i,e, there is assumed to be no
adherence of water to the pipe wall. Such effects would be

difficult to quantify and must be ignored at this stage.

v) The quantity of water spilling from one water plug to another

is solely due to the difference in velocities between the water

plug and the coil.

vi) Dynamic losses are assumed to be irsignificant.
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! Consider a pump rotating but with no applied head. The plugs
E

of air and water will retain their inlet lengths and positions as

they move along the pump towards the outlet, their position in space
(viewed along the axis of the pump) will remain constant and their

rotational velocity will be equal and opposite to that of the coils.

As the head at the outlet is increased the air plugs will become

compressed according to the equation:-

c HAtm+ H o

For the last coil (cn) the value of H will be the head being applied

from the delivery pipe, for successive coils towards the inlet the

value of H will be the applied head less the sum of the head differences
in the coils between the considered coil and the outlet, so for any

coil (cm) the head is given by

n
H o =H -jz: n(i) where h = head differences
. L= mel across a coil

Therefore an air plug becomes more compressed as it approaches the
outlet and this produces a slowing effeet in order to gatisfy continuity
, laws, so for a unit of length W+ 23, the velocity relative to the

coils is given by

w_ <4 a W 4+ &
o c 0 (o]
v=v x{ ) = v )
G o wo+ao P wo-l-a
. . v H
e v __P v + a_( )
c = 2 ot Rc o o] HAtm+ H

Therefore the plugs slow down as they approach the outlet and so move
backward relative to the coil thus setting up static head differences

across the coils.
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| As the applied head is further increased, the trailiﬁg end of the
| plug of water (i.e. the upper water level) will reach the crown of the
; coil and water will begin to spill over the top and into the previous !
plug of water. In practice, spillback begins before this upper water
level reaches the crown of the coil, due to water adhering to the

inside of the pipe and being carried over, The amount of water involved

increases as the distance from the water surface to the erown of the
-¢oil decreases until full spillback occurs zs the water level moves

above the highest level of the inner wall of the pipe.

Once the upper water level is at the crown of the coil, the
amount of spillback is governed by the relative velocity deficiency

between the plug of water and the piping of the coils.

As before: -

H
g Atm
v __'P ; v +a (z——)
, <=----2_“,Rc o o HMm+H
|
Relative velocity deficiency V.= Vp =V, !
l.. v =2 -N NRc s vP w + a Atm
T 60 2% R, o%% (/=
c Atm
2x NR HAtm
=___¢ =~ N_ . w, +8, (ﬁ‘““;fﬁ)
60 60 Atm
H
. A 2 R -w -a (HAtm %)
. 60 Atm
This is the rate at which water is being lost from the trailing end
of the water plug.
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Therefore in one revolution, the length lost due to spillback is

given bys: -

T
Since T _ 60
N
H
Atm .
Then L= 2% R -w_ -a (——)
¢ 0 0 HAtm +H

This is the amount of water lost in one revolution and is independent
of the speed of rotation of the pump. The water has been lost from
the plug nearest the outlet and gained by the previous plug, but
because the time interval concerns one revolution of the pump, this

plug now occupies coil n.

In order to calculate the head difference in this coil we need to
krow the position of both the upper and lower water levels, The
upper is at the crown of the coil, the position of the lower level is
determined by considering its initial position and the effect of the

water gained by spillback,




The above diagram shows the theoretical initial positions of
both the upper and lower water levels in the coil for a depth
of immersion of 0.5. However, as the plug of water moves into the
present coil it gains the length of water L from the previous plug
and this raises the lower water level. As this lower level is
raised the plug of water has to move further round the corl to preserve
its original head difference and this may start spilling before it
occupies the last coil. This process of spillback will continue
until a sieady state is reached, the head differences forming the

characteristic shape shown in Figure 10.

The following diagram illustrates how the amount of spillback

determines the head difference across a coil.

33
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Upper level
1n coil 1
1
Direction |
of
rotation b
} __ lower
S ———level in
co1l (m-1)
L original
lower level
in coil (m-1)
T4
P
t = Rc - '2—-
-1 1
™o = COS (-ﬁ-
c
W
O m D] - K - =
o Rc




coil m because the pump has moved on one revolution,

Similar calculations may be carried out for each of the n coils,

but for each coil:-

n

B, = H- > h(i)

1 = m+1

These calculations deal with the spillback line, portion B - C -

of the plot in Pigure 10. From B to A the levels in the coils decay
until the pressure in the pump dropa to atmospheric at the inlet.

No spillback takes place in these coils as the upper water levels

are no longer at the crown of the coils, therefore the 1engths of the
plugs of water are as they were at the inlet although the air plugs
are still subject to compression from the pressure in the pump. Since
no spillback 1s involved, these coils are simpler to analyse, the
position of the levels being depondent upon the compressed lengths of
the air plugs. Consider the coil at B (cB) which containg the maximum
head difference in the pump, water is spilling into this coil from
co1l cB+1 but, although the upper water level in coil cB is near or at
the crown, 1t is assumed that no spillback takes place from this coil,
g0 thie 13 the last coil in which the head difference is calculated
using the spillback mechanism. In the coils from g to the inlet, the
head difference calculation involves determining the position of the

lower water level and combining this with the known length of the

water plug to locate the position of the upper water level,

(Diagram overleaf)
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Original lower
water level in

coil 03—1

Again the original lower water level is used, the value of o

being the same as was used in the coils involved in the spillback

line.
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For the next coil the starting value of x («, in this case) is

the value of ¢, in thig coal.

1

These calculations g1v; a decay line for the portion of the plot
B — A and the severity of the decay 1s related to the pressure in the
pump at point B. 1In the program written to perform these calculations
(see Appendix III) the decay line is determined for each point along
the spillback line. When certain conditions are met (see below)
the program will stop and give the number of coils required on a pump

of given dimensions to develop the head which 1s fed into the program.

The conditions are that the head difference across the inlet coil
should be less than 0.15 Rc‘ This value has been found in practical
tests to be the maximum that the pump can contain before it begins to
stall, i.e. a head difference of over this value in the first coil
indicates that the pump is developing on or above 1ts maximum head
and is in danger of %cing overloaded. The other condition is that
the residual head at the inlet should be near to atmospheric pressure.
The discrepancy allowed depends on the size of the pump and the

head being developed but should be of the order of 0.05 H.

3.5 Presentation of Results

A total of sixty-four tests were done on the laboratory model
of the pump, covering the range of configurations outlined in section

2.0,

Graphs 1 to 3 show the experimental and theoretical values of the
delivery pipe ratio Ry for all the tests. The results are grouped
and labelled according to the particular parameter berng varied, and

successive points within a group represent the increased height of

delivery for that configuration of pump. Tests 60-64 are supplementary
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tests carried out on the large drum to confirm agreement of experi-

mental and theoretical results.

The resulis for the head difference patterns need a separate
graph for each group of tests and also for each comparison of
experimental and theoretical values. Therefore only one or two
typical comparisons from each group are shown and these serve to
demonstrate the general case.

Test numbers

Parameter varied Test numbers
1 Deptk of immersion 1-25
| l
‘ Speed of rotation 26 - 36 |
!

Bore of delivery pipe 37 - 41
| Bore of coils 42 - 52
|
!

Diameter of coils 53 ~ 59 |
% Depth of immersion :
! for large drum 60 - 64

3.6 Experimental and Theoretical Results

Graphs 1 to 40 follow overleaf.
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3.7 Discussion of Resulis

3.7 (a) Delivery Pipe Ratios

In all, sixty-four tesis were carried out on twelve different
arrangements of the laboratory pump, In each of these tests the
developed head was measured and the experimental value of the
delivery pipe ratio RD was calculateds The ratios are plotted against
the number of the relevant test on Graphs {1 to 3, the grouping showing
the ratios for one particular arrangement as labelled. The relevant
input values (section 2.2) were then fed into the program, and the
mean value of RD plotted against test number on the same graphs.

For the 0.4 immersion tests, the maximum and minimum values of RD

have also been plotted to show the range within which RD may varye

The results for the depth of immersion tests are good, especially
in the practical range of the pump 0.4 - 0.7 immersion; at 0.3 the
pump does not conform to the general theory as the lower water levels
in the coils tend to be at the bottom of the coil resulting in air
bubbles rising up through the plugs of water in the coils of the
puwap. This disrupts the usual steady state of the plugs of air and
water in the pump and hence this case 1s not covered by the usual
analysis. In practice, the minimum value of Ry would be used as this
corresponds to the maximum head that the pump will need to develop.
This process will actas a safety factor, ensuring that the pump will

be working well within its range for most of the time.

Graph 2 shows the results for further tests done on speed of
rotation and bore of piping used. The three speeds used on the
medium sized pump (0.48 m dia.) were 8, 12 and 16 r.p.m. and the

two groups of tests on this graph are for 8 r.p.m. (tests 26 — 30)




and 16 r.p.m. (tests 31 - 36). The tests for 12 r.p.m. are those
using the standard configuration, mediuvm drum size, 0.5 immersion,

0.025 m bore piping on the pump and for the delivery pipe, and

12 ;.p.m. speed of revolution, i.e. tests 13 - 18. The correlation on
these tests is again good and the results show that an increase in
speed of the drum leads to a beneficial increase in the ratio RD'

This is because the plugs of air and water spend less time 1n the
delivery pipey reducing the time for which the air plugs can rise

up through the water plugs. The reverse effect 18 also true, with

a very slow speed of revolution, the air plugs can rise to the top

of the delivery pipe leaving only a continuous plug of water filling

the pipe and leading to a high head of water acting on the pump.

This effect is well illustrated by these tests.

Tests 37 = 41 require special consideration as they proved -
very difficult to measure and give very poor correlation with the
theoretical values. In these tests a delivery pipe was used with a
bore of 0.012 m, the piping on the drum being the standard 0.025 m
bore. This gives a reduction in cross-sectional area from 6.25 x 10_4 m‘2
to 1.44 x 10_4 mz, a factor of 4.34. This has two main effects on the
plugs in the delivery pipe; firstly that the reduction in the area resulis
i1n a proportional increase in the speed of the plugs. The effect of
increasing the speed of delivery has already been explained for tests
31 - 36, where the notable increase in RD was due to an increase in
speed of 1.33 times. So for an increase in speed of 4.34 times
it can be expected that the theory will predict a massive increase
in the value of RD. Secondly, the lengths of the plugs afe also

increased by this factor, causing a water plug with a length of 0.9 m

in the coils of the drum to have a length of 3.91 m 1n the delivery

pipe. This reduces the number of plugs in the delivery pipe and
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gives a great variability of RD' especially at the lower heads when
the delivery pipe may be almost filled by one plug of water (low RD)
or one plug of air (high RD). The maximum and minimum values for

test 37 (lifting to 4 m) were 5.879 and 1.098 respectively.

Where the theory and the practice differ 1s in the connection
between the last coil of the pump and the bottom of the delivery
pipe which in the theory 1s assumed to be of negligible length. In
practice there is a pipe leading from the coil %0 the axle of the
drum and from there a 1 m length of horizontal piping leading to the
connection at the bottom of the delivery pipe. When the pump was
stopped, water fell back down the delivery pipe into this riéid
horizontal pipe (which was 0.025 m bore) and so disrupted the levels
in the coils. An attempt was made to solve this problem by trying to
record the position of the levels as the pump was rotating but this
method was quite inaccurate. The second attempt involved recording the
levels when the pump had stopped, calculating the lengths of the plugs
of water, and recalculating the positions in the coils where the
upper levels had been seen to be at the crown of the coils. This
method proved to be the more accurate although the asgumptions are
not strictly valid as the reduction of head in the delivery pipe
lessens the compression of the air plugs which would be occurring
when the pump is working. The pumping head was then calculated by

summing the repositioned head differences i1n all of the coils.

Although these laboratory results are inaccurate, it can still
be shown that the program works correctly in this situation by
examiming tests 47 -~ 52. In these tests a 0.038 m bore pipe was
used on the pump, leading into the standard 0.025 m bore delivery pipe,

which gives rise to a similar reduction in cross sectional area as
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in tests 37 - 41 although in this case the factor 1s only 2.31. Good
agreement is achieved here in a case where the horizontal connecting
pipe is of the sam; size aé the delivery pipe preventing water draining
out of the delivery pipe to occupy a larger space. Also in testis

42 - 46 we have a comparable situation but this time there 1s an
increase 1n area by a factor of 4.34 and the iwo main effects of this
are the reverse of those previocusly descrlged for the opposite case,
leading to a reduction in RD and a far smaller variability, the
maximum and minimum values for test 42 (again lifting to 4 m) being

1.172 and 1.123 respectively.

Graph 3 shows the results of iest carried out on a larger pump
of 0.9 m diameter. The i1mmersion iests were for 0.3, 0.4, 0.6, 0.65,
and 0.7 ammersion, all lifting to a height of 10 m« The good correlation
between theoretical and practical results shows that computer predictions
are not limited to one size of pump and the following example shows
the program working for a configuration of pump not used in the

laboratory tests. R

Example:~ A pump of 0.75 m mean coil diameter and immersed to 6.55
of its diameter is reguired to lift water to 10 m. It is expected
that the pump will have an operating speed of 10 r.p.m., and to
deliver the quantity of water needed a pipe of bore 0.05 m 1s to be
used for the pump. The delivery pipe 1s of 0.04 m bore. Calculate
the maximum head the pump will need io develop, and the increase in

thrs head should the pump slow to 8 r.p.m.




I#PUT HEIGHT OF BELIVECRY TAm
ROTATIONAL SFEED OF FURF

MEAR COIL DIAHETER
I'ROPDRTIONAL LEPTH OF IMhERSIOK
1., OF FIFE ON FURP

1.0, OF BELIVERY FIFE
10,18,0.75,0.55,8.065,0.04

FUsnTITY DELIVERER = 22,186 L/BIN

MAY. RATIO = 1,421
M. RATIO = 1.317
mEAR RATIO = 1.365
ok,

As can be seen from the printout, the minimum ratio to be used in

the design 15 1.317, this gives a developed head of 7.593 m. Slowing
the pump to 8 r.p.m. lowers this minimum ratio to 1.242 necessitating
a head of 8.052 m. The value given for quantity delivered 1s just

a check for the program and the true value would be calculated by
multiplying the volume of water i1m the inlet coil by the speed of
revolution.

2
Q=1.253 x 29 x 17 x 10 = 24.60 1/min.

To calculate the number of coils reguired to develop this head,
we must use the theory outlined in section 3.4. Comparisons of the
theoretical and experimental levels in the coils are made in the

next section.




3.7 (b) Head Difference Patterns

Comparisons of theoretical and experimental head difference
patterns are shown in Graphs 4 to 40. These will be dealt with in
groups according to which characteristic of the pump is being varied

in the testis,

Depth of Immersion (Graphs 4 to_15)

As cen be seen from the graphs, the theoretical prediction of
difference patterns conforms well with the experimental results in the
range 0.4 -~ 0,7 immersion. It can be expected that the theory would
not be applicable to the tests for 0,3 immersion since, as has
previously been explained, this is an unstable case where other

mechanisms of operation exist within the pump,

For the range 0.4 - 0.7 the theoretical values have a very strong
correlation with the recorded results, and graphs 4 to 15 predict the
number of coils needed on a particular pump to develop a given head,
(R.B. In order to test this second part of the complete program, the
head measured in the particular test, rather than the head calculated
by the delivery pipe program, was inputed, thereby eliminating errors

transmitted from this first calculation).

Speed of Rotation (Graphs 16 to 22)

Again the correlation is good and the theoretical values are
accurate predictions of the test results. This can be expected because
in theory the only effect of varying the speed of the pump is on the
délivery pipe ratio, and no alteration is made to the way the pump
behaves, and this has been shown to be true over the range of speeds
tested., It is interesting to note that the program has occasionally

predicted the need for a greater number of coils than the twenty which

were on the test model, This situation cceurs in other tests when
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the pump 18 lafting to 1ts maximum tested value, and perhaps indicates
a likelihood that the pump may eventually stall or blowback when

attempting this lift with only twenty coils.

Various Pipe Sizes (Graphs 23 to 32)

Graphs 23 to 25 refer to the tests done using a small delivery
pipe. Although great difficulty was experienced when recording the
water levels in the pump, the correlation 1s better than expected.

Only in graph 23 is there a serious discrepancy and it was in this test

that the water levels were recorded as the pump was turning.

Graphs 26 to 28 and graphs 29 to 32 are the patterns obtained
vhen different size piping was used on the drum. The predictions of
the spi1llback lines in these cases show some inaccuracy. The first
assumption might be that the bore of the pipe has an effect on the
amount of water carried over the crown of a coil and that the greater
drag force created by the smaller pipe might increase the spillback.
This is not the case, however, as 1t can be seen that for the tests using
a small bore pipe (graphs 26 to 28) the predicted values fall below the
actual results. This means that the predicted spillback 1s greater
than the actual spillback and the reverse situation occurs for the
larger bore pipe — the predicted values are high due to an under-
calculated value of the amount of spillback. The explanation of these
errors lies at the outlet of the pump. 1In the former case there is
an enlargement in pipe size between the pump and the delivery pipe
which facilitates movement of water out of the pump, thus reducing
the amount of spillback. In the case of the larger pipe the
consiriction at the outlet reduces the rate of exat of the water,

causing more water to spillback into the previous coil. This effect

can clearly be seen in graph 31 where the uncharacteristic dive in




the spillback line occurs towards the ocutlet., This dive may only
occur as water is passing through the constriction; 1in the next
graph the predictions are e;aot and it could be that the pump was
stopped as air was passing out of the pump, releasing the effect

of the constriction. This would indicate that the levels an the
spillback line change markedly throughout one revolution of the pump

although this was not noted during the testing.

Large Drum (Graphs 33 to 35)

Values for the head differences in the large pump are not samply
scaled up from those for the medium sized pump, although the method
of calculation is exactly the same. It is pleasing to see that the
theory st1ll applies to this larger size of pump and it 1s hoped
that it will be applicable for even larger pumps up to 3 m diameter,

a few of which are working in Third World couniries,

Immersion Tests on Large Drum {Graphs 36 to 40)

As with the standard sized pump, the only case in which the

theory and practice do not agree i1s with 0.3 immersion. In all the

other cases the theory 13 a good predicticn of the obtained results
and in the case of 0.7 immersion the theory predicts the need for
24 coils, a fact borne out by the pattern of head differences which
shows that when stopped, the pump was in the advanced stages of a

stall.
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3.8 Examples of the Design Process

In this section two examples of pump design are given, one
concerning the standard model of pump as used i1n the field test, and

the other involving a configuration of pump not previously tested.

The design process is carried out by employing the computer
programs developed during the analysis of the pump but the examples
chosen are those for which design charts have been plotted in section
6.0, and a comparison 1s made with the values obtained from the

design charts.

Example 1

A standard sized o1l drum coil pump is placed in a siream flow
of 0.75 m/s and floats at half immersion, Calculate the number
of coils required to 1ift water to 8 m if (a) 0.025 m bore pipe is
used for the coils and the delivery pipe, and (b) 0.038 m bore pipe

1s used for the coils in conjunction with a 0.025 m bore delivery

plpe.

(a) Feeding the relevant values into the delivery pipe program
gives the followfhg ratiog:-
Max. ratio = 1.449
Min. ratio = 1.330
Mean ratio = 1.376
+*. The maximum design head = 8/1.330
= 6.015m

This value is fed into the second program along with the dimensions-.

of the pump, and the resulting number of coils regquired is 20.

Using the design chart for this standard pump, (Section 6.0) it

can be seen that the number of coils required 1s 20.5 which would be




rounded up to 21. This 18 greater than the previous value because
the design curve 18 a smoothed approximation to the actual ploi
which is a wavy line. The smooth curve is drawn on the side of

caution, thus resulting occasionally in a positive error.

(b) when the larger pipe is used for the coils, the delivery pipe

ratios became:-

Max. ratio = 1.729
Min. ratio = 10372
Mean ratio = 1.552

«*e Maximum design head = 8/1.372

= 50831 m

This gives a computer result of 20 required coils, no design

chart has been drawn for this particular configuration of standard

sized pump.

A comparison of the iwo above calculaitions reveals a basic flaw
in the design procedure. Although the RD values obtained for the
larger pipe are obviously the higher of the two (mean value of
1.552 compared to 1.376) the minimum values do noi show the same
difference (1.372 compared with 1.330) and it is these values that are
used to determine the maximum head that the pump must develop. This
method of design ensures that the pump is totally capable of achieving
the desired 1ift, but it may also be under-estimating the potential of

the pump.

An improved design procedure would result from examining the
distribution of the ratios produced by the computer model, and as an
alternative to using the absolute minimum value, employ a value a given

distance from the mean, e.g. a value above which 90% of the ratios lie.
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Tesis could be conducted on a laboratory model of the pump to ascertain

the validity of any chosen minimum ratio.

Example 2

A large pump of 1.3 m diameter 18 to be immersed to 0.4 depth of
immersion in a stream flow which, with the wheel arrangement used,
will produce a rotational speed of 3.67 r.p.m. The pipe used on the
punp has a bore of 0.038 m and the delivery pipe a bore of 0.025 m.

Calculate the number of coils reguired to produce a lift of 14.3 m.

From delivery pipe program:-
Max. ratioc = 2.246

Min. ratio

1,348
1.694

Mean rafio

. Max, hea.d 1403/1-348

10.608 m

The number of coils needed to develop this head 13 given by the

program as 17.

The number given by the design charts in Section 6.0 is also 17.
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4.0 SELECTION OF POWER SOURCE AND TESTS DONE

4.1 Description of Laboraiory Work

Initial information on finding a power source for the rotating
coil pump was provided by a final year project done in the Departiment

of Civil Engineering during the academic year 1979-1980. Ref. 6.

In this project, the student tested and compared two small scale
models of waterwheels. The first design was a drum with flat paddles
running along the length of the drum parallel to the axis of the
drum; the second design had the paddles forming chevrons around the
drum, similar to the tread on a tractor tyre. The angle formed at the
joining of the iwo arms of a blade was approximately 90o and both
wheels had the same blade area. The tests carried out involved
measurement of power, speed and range of depths of immersion over
which ithe %twdo wheels performed, and 1t was found that the chevron-
bladed wheel developed twice as much power, operated over a greater
range of depths and was much less susceptible to vibration than the
stiraight-bladed wheel.

For these reasons, the chevron-bladed type of wheel was adopted
for ;se in conjunction with the coil pump. A model was made of a
combined waterwheel and coil pump arrangement, this being basically
a drum with the blades fixed on to the outside and piping wound around
the 1nside. Thig model was tested in a metre wide flume in the
hydraulics laboratory to determine the effect of varying the depth
of 1mmersion, clearance from the bottom of the flume and the speed
of flow of the stream. It was realised that this model would bear no
real resemblance to the proposed field model in terms of dimensions

and number of blades, so the results obtained were itreated as general
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relationships for the design of the wheel, but specific characteristiics

only for that one model,

4.2 Results of Laboratory Work

From Graph 41 of speed rotation against depth of immersion (with
both speed of flow and clearance kept constant) 1t can be seen that the
maximum speed was obtained at 0.61 immersion. A greater depth of
immersion causes water to sirike the front face of the blades as they
enter the water. While this is happening to some part of the blade
at depths of immersion greater than about 0.35, it 18 at this optimum
value of 0.61 that the resultant force taken over the whole blade
throughout one revolution is at a maximum. The trailing edges of blades
leaving the water on the downstream side of the wheel are also moving
against the flow of the water and this too has a slowing effect. It
should be noted that the pump was made to l1ift water to a constant 2.5m
during this test, but the effect of increasing the depth of i1mmersion
meant that the pump could not develop the head required when immersed
to more than 0.62 of the wheel's diameter. The six points in the top
righthand region of the graph are,therefore, relating to a situation
where power is not being used to 1laft water, which explains the

slight increase in rotational speed at these depths of immersion.

The graph of speed of rotation against clearance from the bottiom
of the flume (Graph 42) shows the expected exponential decrease in
speed as the wheel 1s given greater clearance (again speed of flow and
depth of immersion kept constant, i.e. depth of flow 1s increased with
clearance). Decreasing the clearance reduces the amount of space
around the wheel and the water has to move the blades to get past the

wheel. The upstream level of water increases and it is this t'backing up!

of the water combined with the increased momentum of the flow which
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increases the speed of the wheel. The clearance can better be

expressed as a dimensionless blockage ratio which itakes into account

the amount of area at the sides of the wheel through which the water |
can flow. As this free area of flow is reduced, the velocity increases
resulting in increased rotational speed of the wheel. Graph 43

shows the graph of speed against blockage ratio.

The plots of speed of wheel against flow velocity (Graphs 44 to 46)
suffer from a gap in the range of flows available in the flume, and
also from an unnecessary scatter which was due io lack of control in
the depth of flow. However, the two plois do demonsirate an almost
direct relationship between speed of rotation and flow velocity, both
when pumping and when running free. The comparison of the two plots
shows very little variation i1n the lines depicting the free-rumning
and pumping conditions. This 18 because most of the power abstractied
from the flow is used to overcome friction in the sealed rotary joint
which is necessary for the pump's efficient operation, hence the
lifting of a small amount of water to 2.5 m requires only a relatively
low proportion of the power available, especially towards higher

speeds, where the friction losses are greater.

It is realised that these results relate only to the particular
model used and the flume in which it was tested. It cannot be said
that all waterwheels of a similar design will have the same character-
isties. An in-depth study into these waterwheels 1s needed, but
because of the number of varrables present and the difficulty of
making a wheel on which these variables could be quickly adjusted,

the study would need to take the form of a full research project.

Among the variables which may affect the characteristics of a wheel are:-
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Number and spacing of blades
Depth of blades
Angle at apex of blades
Pregentation'of blades (because each arm of a blade is
planar, the face of the blade is only normal to the drum
surface at one point along the length of the arm. Altering the
position of this point would change the aspect of the blade

presented to the water).

In a final year project done in the academic year 1980-1981 (report
not yet published?ii.;i was discovered that when the model described
above had its number of blades reduced from 12 to 6, the peak power
produced was markedly increased. This 18 thought to be due to the
fact that with 12 blades interference was taking place and the upsiream
blades were 'shadowing!'! the downstream blades and effectively blocking
the flow on to these blades as they passed bhelow the axis. This gives

an indication towards an optimum number of blades which would be a

worthwhile topic to investigate.

Craphs 41 to 46 follow.
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4.3 Recommendations for Further Tests

The tesis done on the model in the laboratory flume yielded
results and characteristics applicable to that particular model
only, although ithe general form of the plots may hold true for all
waterwheels of this type. In order tc formulate general rules
governing all the different possible arrangements of the chevron-
bladed waterwheel, a complete hydraulic study needs to be carried out
involving a thorough mathematical analysis of the mechanisms affecting
the performance of the wheel and the way in which this performance

is affected by altering the many variables concerned.

Investigation of the force on the blades as they pass through
the water could be particularly helpful and this could be done by
fixing strain gauges to the faces of the blades and recording their
output throughout one revolution. Thus the effects of varying the
blade size, angle and number and also the interaction of the blades

on each other can bhe studied.

From the results of such a sftudy it would be possible to predici
" the performance of any given size and shape of waterwheel and also to
recommend a size of w;terwheel in a situation where the standard oil
drum was neither available nor suitable, Possible improvements to
the wheel include shrouding and ventilation of the blades and it
would be usgeful to know over what ranges these methcods increase the

performance and efficiency of the wheel.
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5.0 TESTS ON FIELD MODEL

5.1 Conatruction of the Working Pump

Throughout the design and construction of the pump to be used in
the field tests, it was kept in mind that if the pump were to be
suitable for Third World use, then the technology and materials used
would need to be readily available in developing countries. To this
end, the model was constructed largely of scrap materials and standard
fittings, and the skills used in the making of the pump were kept to a
minimun. The main stmbling block was the sealed rotary joint which
needed accurate lathe machining and was made of plastic which i1s not
readily available. However, it was felt that this component of the
pump could be manufactured in bulk by more indusirialised communities

and transported to the intended location of the pumps.

For the actual drum 1tself an old 45 gallon o0il drum was used,
Initially it was planned to cut the vanes out of the shell of the drum
itself, bending them up into position and leaving sections of the
outer surface in position to provide rigidity and strength. This
method was impractical, however, for two reasons: (a) when the curved
surface of the drum was cut, the individual sections (those to be
bent up to form blades) were unstable and moved freely; and (b) it
was impossible to bend one part of a section normal to the former

surface of the drum whilst leaving the other part in position.

Therefore this method of construction of the waterwheel part of
the pump was abandoned and instead the vanes were cut out of flat sheets
of steel and spot welded on to the surface of the drum. This was
much simpler and although new sheet steel was used for the vanes, steel
cut from the body panels of scrap cars or lorries would work quirte

adequately.
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The outlet arrangement (i1ncluding the rotary sealed valve) were
constructed, as in laboratory models, from Darvic plastic, and this
was attached to a circular steel plate that replaced the end of the
drum which was removed 1n order to place the coiled pipe and bouyancy
inside the drum. This circular plate was fixed to the drum by means

of self-tapping screws around i1ts circumference.

At the 1nlet end of the drum, the bearing was consiructed from
Darvic plastic and was bolted to the drum, whilst at the outlet end
the bearing was formed by placing a ring arocund a flat section of the

outlet joints.

The material originally used to provide buoyancy for the pump was
small chips of polystyrene, packed in plastic bags. By adjusting
the position and volume of these hags the uplift produced hy the
bouyancy was altered until the pump floated level and with the axi=s
a few centimeires above the water level. When working, ithe weight of
water inside the coils would bring the axis down to water level giving

a depth of immersion of 0.5.

To hold the pump in position in the stream, galvanised steel poles
were driven into the bed of the siream and various methods of fixing the
punp to the poles were tried throughout the course of the field work.
The first restraining apparatus used were two 12,5 mm dirameter rods,
roughly 900 mm long, which were threaded at both ends. The poles
(galvanised steel) were situated 900 mm upstream from the intended
position of the pump and the bars pushed through holes drilled in the
poles at water level. Bolts either side of the poles held the bars

firm. The bars were screwed into cored holes in the bearing casings.

This process of threading the bars and coring the holes requires

a lathe and suitable dres. An alternative way of fixing the bars to
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the poles would be to drill small holes into the bars into which splat
! pins would be placed. The bearing cases could be attached to the bar
by bending a metal sirip around the casing and bolting this to the

bar, through a hole drilled in the bar.

As the total length of piping 1n the pump exceeds 40 m, it 18 likely
that two or more pieces will need to be joined together. It is essential
that the joimts are air-tight, as any leaks will result i1n a loss of
pressure. The method used was to push both ends of pipe in to a
tubular metal sleeve which had been smeared with glue. The ends were
firmly held on to the sleeve hy tightening hose-clips around the pipe.
This iype of comnnection was also employed to attach the flexigle piping

on to the rigid outlet column.

During the field tests, the original model was improved upon,

and these modifications are described in the next section.

5.2 HNodifications Made to Pump During Field Tests

As well as modifications to the pump, this section also describes
modifications made to the channel in which the pump was tested. The
section of the stream chosen for the tests consisted of a narrow channel

with a depth of C.4 m and a flow of 0.4 m/s, and a broad, shallow region.

Preparation of the stream involved excavation of the main channel and
the building of a gabion barrier across the shallow region. After
completion of the excavation, a channel was formed, 1.5 m wide and 0.55 m
deep with a flow velocity of about 0.7 m/s. In addition to these
rearrangements, boards were alsc placed in the siream, slightly upstreanm

of the pump, to vary the flow rate on to the pump.

The delivery pipe was supported from a nearby tree and connected

{0 a larger diameier down pipe so that the quantity of water being




pumped could be measured. It was ensured that the delivery pipe was

made open to the atmosphere at the top of the 1lift so that no siphoning

mechanism was operating.

The pump was installed supported by rigid bars and was allowed to
rotate freely before the delivery pipe was connected, thus giving an
1dea of how much power was required when pumping commenced. The
free-running speed wag in the region of 6 r.p.m. and when the delivery
pipe was connected the pump slowed down and eventually siopped before
any water was pumped to the required height (9.5 m). The two main
reasons for this failure were, (i) the polystyrene pieces used as
bouyancy were presenting too much friction as they passed through
the water inside the drum; (i1) as the flow was hitting the blades at
was deflecting sideways and escaping arcund the sides of the drum

instead of travelling under the drum and thus pushing the paddles along.

So the first modifications involved a change of buoyancy material
and shrouding of the water wheel. Instead of the polysiyrene chippings,
old car inner tubes were used. These fitted well around the inside
of the drum leaving a space down the middle which was filled with
two more inner tubes pushed lengthwise into the space. The shrouds
were made the same depth as the blades and spoi-welded on to the ends

of the drum and also on to the trailing edges of the vanes (see Figure 11).

These modifications resulted in a large improvement of the water
wheel, the free-running speed increasing to 9 — 10 r.p.m. and pumping

speed being maintained at 8 r.p.m., delivering 3.0 1/h1n to 9.5 m.

The next modification was to drill ventilation holes in the
shroud. This was to prevent water trapped between the trailing edge

of the vanes and the shroud from being lified above the water surface

and thus consuming power. With this modification, water was still
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11fted but all drained out of the holes before 1t was carried over

the top of the wheel.

It ,was this final design that was used for field tests.

5.3 Performance of the Field Test Pump

When the pump was deemed to be operating satisfaciorily, tests
were carried out to simulate the situation which would occur when the

pump wag installed in a stream with varying flow rate.

Firstly, the pump was removed and the depth of the channel was
measured across the width of the pump, i1ndicating the bed profile
shown 1n Figure 12. The depth at one point was measured throughout the
tests, to show any rise or fall in the stream level, and in all the
tests the flow was measured by taking velocity readings with a flowmeter

in twelve points over the channel as shown 1n the example below.

The first test was done with a complete dam across the shallow
part of the stream and boards deflecting all of the flow on to the
pump. In successive tests the boards were removed and the dam
gradually breached to reduce the flow to the pump. The velocities

recorded for the first test are as shown below.

__ 25 25 25 25
- )
0.8 1 0.9 ! 0.9 | 0.9
17.47 . | S ¥ (3 R ! ’ 17.05
I
__________ [ U S——
.8 0.8 1 0.9 1 0.9
17.47 . : - 19 - : ’ 17.05
‘ | 1
. (O _:____._____:--__o.;_-_-
1 | .
1| T O 18.:.2 0.8 ! y 17.05
51.4 : ! J/f},(%&
53.4 54.0 53.4

All measurements in cmsg

velocities in m/é.
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Total flow of stream = 0.8 (0.0433 x 2) +  0.75 x 0.0433 +

0.9 (0.0444 x 3) + 0.7 x0.0444 + 0.9 (0.0422 x 2) +

0.6 x 0.0422

Qp = 0.425 w/s

Mean velocity {weighted average) Vgp = 0.813 m/s
¥ith the pump installed, the depth remained the same and the
respective velocities were:-

0.8 0.8 0.9 1.0
0.8 0.8 0.85 1.1

0.7 0.6 0.6  0.55
- Qqp = 0.413 m'/s
Vep = 0.790 n/s
Pump data:-— Speed = 10 r.p.m.
Qp = 3.8 1/mn

The resulis of the five tests carried cut are summarised in

the table below:-

Test QST Vap Pump speed QP QP
m3/é m/s TeDele 1/min 1/rev
1 0.413 0.790 10.0 3.8 0.380
2 0.360 0.641 T.33 2.7 0.368
3 0.293 0.522 575 242 0.383
4 0.262 0.467 4.0 1.7 0.425
5 0.262 0.467 3.25 1.1 0.328

See Graph 47
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54 Discussion of Performance of the Field Test Pump

It should firstly be noted that although the whole of the shallow
gection of the siream was made open between tesis 4 and 5, the results
show no reduction of the flow. It is unlikely that this was the case
and the flow recorded in test 5 may be assumed io be erroneous, a fact
confirmed by the points on Graph 47 which correspond to this test.

The speed of rotation recorded would suggest a flow velocity of around
0.4 m/é but the pumping rate for this test 1s also low as is the
quantity of water pumped per rewlution which suggests that the inlet
of the pump had risen out of the water, an effect of buOyancy'shlft
inside the drum which would unlevel the drum and result in a speed
reduction. In Test 4, the value of QP/rev is high, indicating a
buoyancy shift the other way, again resulting in a slowing effect,

although the error is not so proncunced in this case.

Taking these errors into account, it can be seen that the relation-
ship between speed of flow and speed of revolution is as expected from
the laboratory tests, i.e. a straight line. Very little change in
depth of flow took place throughout the tests so the clearance off
the bottom of the stream was fairly constant, thus giving a irue test

of speed comparisons with little scatter.

The pumping height of 9.5 m was the maximum to which the delivery
pipe could be raised up a nearby iree. The horizontal distance from
the pump to the base of the tree was almost 10 m, so the delivery pipe
was inclined at roughly 450. Recent work done on sloping delivery
pipes indicates that they behave very similarly to vertical deliveries,
is constant for a particular

D
1 Ref. T-
punping height regardless of the angle of inclination. 4 Therefore,

and that the value of delivery pipe ratio R

the same program can be used to calculate RD and give a value for the
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head developed by the pump to achieve this 1ift.

IFFUT HEIGHT OF DELIVERY TANK
ROTATIONAL SPEED OF FUKF

MEAN COIL DIAKETER

MROFORTIONAL BEFTH OF INNERSION
1.1, OF PIPE ON FUNF

I.Ii. OF DELIVERY FIFE
9.5,19,8.054,0.5,£.025,0.625

HUARTITY BELIVERED = 3.39%3 L/KiN

fe¥. RATIC = 1.418
MIK. RATID = 1,322
HEAN RATIO = 1.369

Ok,

The minimum ratio given 18 1.322, 1.e. a maximum head of 9.5/1.322
= 7.186 m will need to be developed to ensure that this lift‘can be
coped with., Feeding this value into the coil patiern program results
in the values shown on Graph 48 indicating that, as only 24 of the
26 coils are being used, the pump is not lifting to its maximum
possible height. By increasing the value of the head fed into the
program we eventually obtain a pattern for 26 coils as shown in Graph
49. The head developed ( Z h) in this case 1s 7.65 m and by using a
trial and error method with the delivery pipe program, this gives a

maximum 1lift for the pump of 10.18 m.

The pump with the 16 large bore coils lifted to 7.5 m, the

delivery pipe ratios for which are shown below:~

R, max 1.819

D

RD min

RI) mean 10567

1.316

when RD = 1.316, head developed = 5.70 m.

When developing this head, the pump requires 19 coils (see Graph 50).

However, if the mean ratio is used, the head developed is 4.79 m which
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requires only 15 coils (see Graph 51)e It can be assumed therefore
that while developing this head the pump can cccasionally produce
higher pressures in excess of those prdecited by the program, but the
minimum rat:io should be used in any design of a pump to ensure tﬁat the

1aft can definitely be achieved 100% of the time.

- - ——————— ————— - - 2 - -

Although no continuous stream flow measurements were taken during |
the field tests to obtain any values of the efficiency of the pump, %
observations made during the laboratory testing of the waterwheel suggesté
that overall efficiencies of between 3% and 9% can be expected of this :
arrangement. Since a great proportion of the power absorbed is used !
to overcome friction in the bearings, the value of the efficiency {
increases with the 1lift. Redesign of a more suitable bearing for the |
shaft of the drum should result in a betier performance, with overall
efficiencies possibly reaching 20%, From an economic voint of view,
the efficiency of the pump is not important as the power source is free.

However, any galn in performance will improve the chances of the coil

pump being accepted as a viable alternative to more costly and

complicated pumps,
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6.0 DESIGN CHARTS

One of the main aims of the research and development done on
the coil pump is to produce a comprehensive design and construction
manual for use by engineers and technicians in the Third World. Since
there are no simple formulae relating the number of coils to the
11ft produced, then charts muét be used which give a number of design

solutions for variocus sizes of pump.

The principle problem in producing these design charis concerns
attempting to group the variables governing the pump's performance
(radius of coils, bore of pipes, speéd of rotation, depth of 1mmersion)
into dimensionless quantities in order to produce a small number of
charts which will be applicable to a great many variations of pump
specification. All these variables have an effect on both the delivery
pipe ratio and the number of coils needed to develop a2 particular
head and the only possible grouping 1s in terms of radius of coils,
i.e. a chart can be drawn for one peripheral velocity, ccil bore and

delivery pipe bore, but covering a range of coil radii.

To relate the 1lift of a particular pump to the number of coils
required, iwo charis need to be drawn. The first relates the lift
of the pump (relative to its diameter) ito the head developed by the
pump {relative to its diameter). This is done by computing the
delivery pipe ratios for a number of cazes with common values of
peripheral veleocity and pipe bore and with diameters within the
specified range, and plotting these on the chart. A number of different
plots are drawn representing different depths of immersion. This chart

is termed the LH chart ( Lift & Head).

The second chart gives the number of coils required to develop

this relative head and can cover a greater range of specifications

116
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than the previocus chart due to 1t being itotally independent of the
delivery pipe bore and only slightly varied by the peripheral velocity
of the pump. This chart is termed the HN chart (Head -» Number of coils)
and when combining the iwo charts to give plots of the relationship
between 11ft and number of coils, one HN chart may be used in conjunc-

tion with many LH charts.

Two examples of design charts are shown, one for a small pump
(0.3 m € D £ 0.5 m) with the following specifications:-

Coil bore

It

0.025 m

Del. pipe bore 0.025 m

Periph. vel. = 0.3 n/s

and the second for a larger pump (1.0 m £ D 1.5 m) with values of:-
Coil bore = 0.038m
Del. pipe bore = 0.025 m

Periph. vel. = 0.25 m/s

For both pumps both the LH, HN and combined charts are drawn
showing the plote for 0.4, 0.5, 0.6 and 0.7 proportional depth of

immersion.

Also included is a design chart for the standard o¢il drum pump,
when fitted with 0.025 m bore piping throughout and rotatihg at 10 r.p.m.
Since only one diameter is being considered the true values of lift
and head can be used and the combined chart gives a direct relationship

between lift and number of coils needed,
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Example Design Chart - Table of Values Used

0.3mg¢DK0.5m v, =0.3mn/s I.D. of both pipes = 0.025 m

P
LH_Chart

Lift D L/D 0.4 P 0.5 P 0.6 P, 0.7 Py

(m) (m) —= = o =

Ratio| H/D |Ratio | H/D [Ratio | H/D {Ratio |H/D

1.2 | 0.3 4 |1.28 1,201 1.131 1.066

1.6 | 0.4 4 {1.289 | 3.112{1.208 | 3.316[1.139 [ 3.251 | 1.070 | 3.742

2.0 | 0.5 4 |1.287 1.210 1.138 1.071

1.5 | 0.3 5 |1.402 1.326 1.256 1. 190

2.0 0.4 5 [1.412 | 3.538 ( 1.335 | 3.746 [1.264 | 3.953 | 1.197 | 4.176

2.5 | 0.5 5 |1.426 1.343 1.275 1,205

1.8 | 0.3 6 |[1.382 1.319 1.264 1,212

2.4 | 0.4 6 |1.372 | 4.3711.310 | 4.578 [1.256 | 4.777 [ 1.205 | 4.978

3.0 | 0.5 6 |1.364 1.303 1.248 1.199°

2.4 | 0.3 8 1.311 1.226 1.186 1.151

3.2 | 0.4 8 |1.325 | 6.037 | 1.240 | 6.462 [1.182 | 6.772 |1.147 | 6.978

4.0 | 0.5 8 |[1.340 1.248 1.176 1.142

3.0 | 0.3 10 |1.433 1.350 1.282 1.205

4.0 | 0.4 10 | 1.448 | 6.956 | 1,366 | 7.368 [1.292 | 7.761 |1.217 | 8.220

5.0 | 0.5 10 {1.432 1.356 1.288 1.228

4.5 | 0.3 15 | 1.441 1.364 1.293 1.221

6.0 | 0.4 15 |1.421 [10.552 | 1.346 [11.194 {1.283 11,707 |1.223 112.309

7.5 | 0.5 15 [1.403 1.311 1.268 1.212

6.0 | 0.3 20 |[1.422 1.348 1.284 1.226

8.0 | 0.4 20 |1.399 [14.229 | 1.328 [15.051 [1.267 15.778 |1.211 [16.507 ‘
10.0 | 0.5 20 [1.396 1.311 1.252 1.198

75 7| 0.3 25 |1.405 1.334 1.272 1.202

10.0 | 0.4 25 |[1.414 |17.648 | 1.313 |[18.878 [1.254 19.917 [1.189 [18.485 ‘
12.5 | 0.5 25  11.431 1.326 1.240 1.179
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Values for H N Chart

03m€ DE 05m vy =03 m/s I.D. of both pipes = 0.025 m
Ng;iig Head Developed/D

0.4 P; 0.5 Pp 0.6 P; 0.7 P;
6 2.029 1.894 1.877 1.681
8 3.802 3.501 3.252 2,752
10 54555 5.061 4.554 3.752
12 7.219 6.524 5.771 4.692
14 8.792 7.899 6.914 5577
16 10.281 3.194 7+991 6.414
18 11.690 10.418 9,009 7.209
20 13.026 11.576 9.974 T.964
22 14.294 12,676 10.890 8.685
24 15.501 23.721 11.761 9.374
26 16,651 14.758 12.595 10,033
28 17.750 15.710 13.392 10.665
30 18.802 16,622 14.156 11.273
32 19.808 17.495 14.890 11.858
34 20.774 18.334 15595 12.423
36 21.703 19.141 16,274 12,967
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Design Chart Values for Larger Pump

1.0 DK 1.5 m; vp = 0,25 m/s; co1l bore = 0,038 m; pipe bore = 0,025 m;

delivery pipe bore 0.025 m

Lifty 1 |L/D 0.4 P; 0.5 Py 0.6 P 0.7 Py
(m) | (m)
Ratio] H/D | Ratio| H/D | Ratio| H/D | Ratio]| H/D
4 |1.0 4 |1.000 1.000 1.000 1.000
5 |1.25] 4 |1.000 4 1.000 4 1.000 4 1.000 4
6 |1.5 4 |1.000 1.000 1.000 1.000
5 1.0 5 |1.084 1.000 1.000 1.0000
6.2511.25| 5 |1.092 |4.582 | 1.000 | 4.998 | 1.000 5 1.000 5
7.5 | 1.5 5 |1.098 1.001 1,000 1.000
6 |1.0 6 |1.229 1.126 1.035 1.000
7.5 [1.25]| 6 [1.240 [4.839 | 1.136 | 5.283 { 1.045 | 5.745] 1.000 6
9 | 1.5 6 | 1.251 1.145 1.053 1.000
7 | 1.0 T |1.356 "1 1.249 1.156 1.069
8.7511.25| 7 | 1.374 |5.100 | 1.265 | 5.539 | 1.169 | 5.993| 1.080 | 5.489
105 | 1.5 7 | 1.388 1277 1.179 1.087
8 (1.0 8 [1.476 1.367 1.269 1. 177
10 [1.25] 8 }1.494 {5.391 | 1.383 | 5.820 | 1.282 | 6.250| 1.187 | 6.742
12 | 1.5 8 |1.482 1.374 1.289 1.196
10 | 1.0 |10 | 1.429 1.334 1.264 1.204
12.5 | 1.25 | 10 [ 1396 | 7.153 | 1.308 | 7.634 | 1.242 .| 8.041| 1.185 | 8.429
15 [ 1.5 {10 | 1.369 1.288 1.225 1.170
12 11.0 {112 | 1.339 1.271 1.212 1.165
15 [ 1.25)12 | 1.334 |8.929 | 1.252 | 9.577 | 1.196 [10.028| 1.151 [10.417
18 | 1.5 |12 | 1.359 1.236 1.182 1.140
14 } 1.0 |14 | 1.452 1.322 1.211 1.139
175 | 125 | 14 | 1473 [9.504 | 1.339 [10.466 | 1.225 |11.441| 1.12T7 [12.375




H N Values for Larger Pump

P
delivery pipe bore = 0.025 m.

1.0 Dg1.5m3; vy=0.25m/s; coil bore = 0,038 m;

No. of
Coils
0.4 Py 0.5 P; 0.6 Py 0.7 Py
6 1.714 1,806 1.435 1.201
8 3.378 3.232 2.683 2.186
10 4.802 4.447 3.T42 3.037
12 6.035 5.329 4.661 3.783
14 7+120 64261 5.473 4.446
16 8.087 7.096 6.202 5.045
18 8.961 7.854 6.864 5.592
20 9.758 8.547 7.470 6.095
22 10.491 9.186 8.030 6.561
24 11.170 9.780 8.551 6.996
26 11.804 10.335 9.038 7.404
28 12,397 10.856 9.495 7.788
30 12.864 11.347 9.927 8.151
32 13.392 11.812 10.335 8.495
34 13.892 12.253 10,723 8.822
36 14,368 12.673 11.093 9.133




Values for Standard Pump Design Chart

D= 0.544

Speed = 10 r.p.m.

I.D. of both pipes = 0.025 m

129

Lift L/D 0.4 P; 0.5 Py 0.6 Py 0.7 P
() Ratio| Head | Ratio| Head | Ratio| Head | Ratio [ Head
3 5.51 | 1.404 | 2.140 | 1.333 | 2.251 | 1.273 | 2.35T7 | 1.217 | 2.465
3.5 6.43 | 1.327 | 2.638 | 1.271 | 2.754 | 1.225 | 2.857 { 1.180 | 2.966
4 7.35 | 1.281 | 3.123 | 1.232 | 3.247 | 1.191 | 3.359 | 1.154 | 3.46§
4.5 8.27 1.345 | 3.346 | 1.258 | 3.577 | 1.178 3.82q 1.135 | 3.965
5 9.19 | 1.408 | 3.551 | 1.319 | 3.791 | 1.242 | 4.016 | 1.169 | 4.277
5.5 | 10411 | 1.417 | 3.881 | 1.342 4.098 1.278 | 4.304 | 1.220 | 4.50
6 11.03 1.370 | 4.380 | 1.305 | 4.598 | 1.250 | 4.800 | 1.198 | 5.00
6.5 11.95 1.350 | 4.815 | 1.276 | 5.094 | 1.227 | 5.297 | 1.180 5+50
7 12.87 1.387 | 5.047 | 1.299 | 5.389 | 1.213 | 5.771 [ 1.166 6.00
7.5 | 13.79 | 1.427 | 5.256 | 1.335 | 5.618 | 1.254 | 5.981 | 1.177 | 6.37
8 | 14.71 | 1.404 | 5.698 | 1.330 | 6.015 | 1.268 | 6.309 { 1.210 | 6.61
8.5 | 15.62 | 1.372 | 6,195 | 1.306 | 6.508 | 1.249 | 6.805 | 1.196 | 7.10
9 | 16.54 | 1.387 | 6.489 | 1.288 6.988 | 1.232 | 7.305 | 1.183 | T7.60
9.5 17+46 1.417 | 6.704 | 1.320 | 7.197 | 1.235 | 7.692 | 1.172 | 8.10
10 | 18.38 | 1.414 | 7.072 | 1.336 | 7.485 | 1.265 | 7.905 | 1.187 | 8.42
10.5 | 19.30 | 1.387 | 7.570 | 1.315 | 7.985 | 1.255 | 8.367 | 1.200 | 8.75
11 | 20.22 | 1.387 | 7.931 | 1.298 | 8.475 | 1.241 | 8.864 { 1.189 | 9.251
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Values for Standard Pump Design Chart

D= 0-544 m Speed = 10 TePeille

I.D. of both pipes = 0,025 m

No. of Head Developed (m)
Cols 0.4 Py 0.5 F; 0.6 F; 0.7 P
6 1.259 1.177 1.047 0.875
8 2.245 2.080 1.798 1.468
10 3.165 2.873 2.486 2.012
12 4.020 3.623 3.119 2.515
14 4.814 4.316 3.704 2,983
16 5¢554 4.961 4.249 3.420
18 6.244 5.562 4.759 3.830
20 6.891 6.126 5.237 4.216
22 7+500 6.656 5.688 4.581
24 8.073 T.157 6.114 4.927
26 8.616 7.631 6.519 5.257
28 9.131 8.081 6.904 5.571
30 9.621 8.509 7.271 5.872
32 10.088 8,919 T7.621 6.159
34 10,535 9.310 7.957 6.435
36 10.963 9.685 8.280 6,701




1)

1i)

iii)

iv)

v)

vi)

vii)

¥30a
COKCLUSIONS

The conclusions to this investigation are stated below:-

The essential element in determining the potemtial 1ift of a
coil pump is the calculation of the water levels in the coils.
Sufficiently good agreement was achieved between theoretical and

experimental levels for a range of differing pump configurations.

The assumption that dynamic effects (i.e. viscous drag etc.,)
within the coils of the pump had a negligible effect on the .pump's

performance was found to be justified,

Below a proportional depth of immersion of 0.4, the movement of
water within the pump was unstable and the pump's internal
mechanisms did not correspond with those assumed in the deri-

vation of the proposed theory.

The snalysis was shown to give equally good results over a range

of drum diameters and pipe bores,

It was shown that the derived theory could be used for design
purposes to predict the number of coils required on a particular

pump to develep any given head.

The program used to calculate the ratio of liftshead (the delivery
pipe ratio) gave an agreement with experimental values which is
sufficient for most design applications. However, further work
needs to be done to verify these calculations over a range of

delivery pipe bores.

The chevron-bladed wzaterwheel used in conjunction with the coil

pump proved to be very well suited for the application.

viii) Although only gerneral relationships governing the.response of




ix)

x)

xi)

xii)
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the waterwheel to varying flow regimes were obtained, there is

scope for a greatl deal of research to be done on this wheel,

The low overall efficiency of the stream powered pump is largely
due to the high proportion of power used to overcome friction in

the bearings.

Successful field tests showed that construction of a working
pump using low technology methods and materials is a feasible

proposition.

The design charts produced give a useful guideline to the
design of a pump, thereby conveying the computer calculated
results into a practical situation. However, for a fully
aceurate pump design, a complete analysis as outlined in the

thesis would be necessary.

These design charts tend to err on the gide of safety, i.e. by

predicting too many rather than too few coils for a given

gituation.
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APPENDIX I

TEST ON THE COMPRESSIBILITY OF AN AIR PLUG

This test was carried out to verify that the relationship
Plvl = POVo is applicable to the analysis of the coil pump, and that
the expansion of the pipe is negligible, thereby showing that the
volume of a plug of air is proportional to the length of pipe |

occupied. !



Method .

A lengih of clear flexible tubing was arranged as shown in the
diagrams below., An amount of wate;'was poured intoc the pipe and the
bung inserted into the end of the pipe. Levels (1) and (2) were
recorded. The position of level (2) was marked on the pipe in order

to evaluate the original length of air.

More wgter was then poured into the top of the pipe causing
compression of the air plug and a difference in the water levels (1)
and (2) as shown in the right hand diagram. This process was
repeated, measuring levels (1) and (2) thus giving several values

of pressure and volume of air.

) A

(1) H

(2)

(1 (2)

0|

| N
NN |

132



Theory
For any gas PVS = const. (x)
'« log P+ ¥logV = K K'= logX
e'e logP= =% logV+ Kt

For a straight line plot y = mx + ¢

So by ploiting log P on the ordinate and log V on the abcissa

we obtain a straight line of gradient ( -¥)

Results
Atﬁospheric pressure = 10.329 m head of water
Levels (m) Hend P v log P | log V |
(1) | @@ |+ 105/m2| x 10733
0.920 | 0.904 10.345 1.015 1.577 5.006 -2. 802
1.430 1.034 10,725 1.052 1.513 5.022 ~2.820
1.926 | 1.149 11.106 1.089 1.457 5.037 ~2.837
3.316 1.448 12.197 1197 1. 310 5.078 -2.883
3.668 | 1.517 12.480 1.224 1.276 5.088 -2.894
4.138 1.599 12.868 1.262 1.236 5.101 -2.908
4.663 | 1.668 13.324 1.307 1,202 5.116 -2.920

5.006 - 5.108 =
-2.8025 + 2.915

From Graph A.1, =¥ = ~-0.907

e 8 = 0.907

Conclusion

Since the value of ¥ can only lie between 1.0 and 1.4, the
lower value of 1.0 must be taken. However, this gives an error of

10% in the experiment which can only be attributed to incorrect

133
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measurement of the atmospheric pressure.

The value of 1.0 for ¥ corresponds to an isothermal change, i.e.
one in which the work done on the gas can be recovered and no energy
ig lost in heat. This is the case in the coil pump, as the air is

compressed very slowly and then recovers its original volume as it

iravels up the delivery pipe.
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APPENDIX II

FLOW CHART, LISTING AND EXAMPLE RUN

OF DELIVERY PIPE PROGRAM

136




( START }
Input
Data

Calc. VIEL,
BIRLEN,
WATLEN, VA
RATPIP

T="T4+ IT

Calc. length and
position of plug(J)

Calc. height
of top of

next plug (J) - Is
J=Jd+1 TEN? N=N+1
Calc. length and Yes
posrtion of plug (J) -
Calc. length and Is
Calc. Q | position of plug (J) | > 1Q T = TQ
?
Yes Yes
- «]Calc. TOTQ
successive lengths 2
and positions of Calc. DROP, Q, TOTQ, 3
other plugs length and positions
of plug (J)
‘ Is
N=N+1 o g N
-3

Calc. length
of plug

Calc. DROP and
length of next

plug ( N + 1) N=0N+1
Is
- No A 3 200.0
?
YTes
T = T - IT
Is
No T 2TQ
?
Ye
Calc. TOTRAT

RATMAX = RATIO

Lwo——

+— . e e -

| RATMIN = RATIO




l

Calc., length and

pogition of plug(J)

Calec. height

of top of
next plug

() Tad+1

Nolf N = N + 1
Calc. length and Yes

position of plug (J) -

Calc. length and Is
Calc. Q —4 position of plug (J) > TQ Nol T = TQ
?
Yes Yes
Calcu TUI‘Q
Calec. TOTH,

successive lengths
and peositions of
other plugs

Cale., length
of plug

4

Calc. DROP, Q, TOIQ,
length and positicns
of plug (J)

Yes
! Is
N=N+1 [N A N
o

Calc. DROP and
length of next

J=J 41

plug ( N + 1) N=N+1
Is
- No % » 200.0
brd
Calec., TOTPLG,
TOTW, RATIO Yes)
T =T - IT
Is
No T 2 TQ
?
Ye
Calc. TOTRAT

[RATMAX = RATIO

Is
RATIO
£ RATMIN

RATMIN = RATIO

Write QIEL,
RATMAX, RATMIN,
RATBAR

‘ STOP )

LEL
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Dictionary of Variable Names Used In

Delivery Pipe Program

AIR Length of uncompressed air left at the top of the delivery
pipe at the end of a time interval during which the bottom
end of a water plug has left the delivery pipe.

AIRLEN Compressed length of an air plug.

BIRLEN Original length of air plug in the delivery pipe.

BOT Height of the trailing end of a water plug above the base
of ithe delivery paipe.

BOTAIR Height of the trailing end of an air plug.

COMB Combined length of plug (N+1) and compressed air plug
while still i1n the pump.

DEFF Relative velocity deficiency in the last coil of the pumpe.

DIAD I.D. of the delivery pipe.

DIAP I.D. of the ﬁlpe used on the pump.

DROP Length of water lost from the bottom of a water plug during
one time interval.

T Time interval.

HEAD Head of water above an air plug.

HT Last height of water plug before i1ts length diminishes to 0.

HTN Height of the iop of the next water plug at ihe moment
this happens.

HTNI Height of the top of this same water plug at the end of the
t1ime i1nterval.

J Counter for the uppermost plugz of water.

i Counter for the lowest complete plug of water.

PA Atmospheric pressure measured in metres head of water.

PLEN Length of water plug (N+1) while still in the pump.

PLUG Length of a water plug.

Q Quantity of water passing out of the top of the delivery

pipe 1n one time interval,
QIEL Quantity delivered in litres/hln.

RATBAR Mean value of delivery pipe ratio RD'



RATMAX
RATMIN
RATPIP
RES1-6
SPEED
T

TANK

TIM

TIME

TIMET

TOP
TOPAIR
TOTPLG

TOTQ

TOTRAT

TOTW
T
VA
VIEL
VP

WATLEN

139

Maximum value of delivery pipe ratio RD.
Minimunm value of delivery pipe ratio RD.
Ratio of the cross-sectional areas of the two pipes.
Reserve stores.

Velocity of plug (N+#1) while in the last coil of the pump.

Time measured i1n seconds.

Height of the delivery tank above the base of the delivery
Plpe.

Time taken during one interval for the bottom of the
uppermost plug of water to reach the top of the delivery pipe.

Time taken during one interval for the trailing end of
plug (N+1) to enter the delivery pipe.

Time taken during one interval for the length of the
uppermost water plug to dimimash to O.

Height of the leading end of a water plug.
Height of the leading end of an air plug.
Total length of complete water plugs in the delavery pipe.

Cumulative quantity of water passing out of the top of
the delivery pipe.

Summation of delivery pipe ratios from time TQ to the end
of the calculation,

Total head in the delivery pape.

Time at which water first passes the top of the delivery pipe.
Relative velocity of an aar plug through a water plug.
Velocity of water plugs up the delivery pipe.

Peripheral velocity of the pump.

Original length of a water plug in the delavery pipe.
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Listing of delivery pipe program

NIKENSION TOF(116),E0T{(118) ,PLUGCI18),AIRLENCTIE), TuFalnttie),
CROTAIR(118)
WRITE(1,1) .
1 FORMAT(,“INPUT HEIGHT OF DELIVERY TANK’,/,“ROTATIONAL SFEEDL OF PUKP
CP’,/,”hEAN COIL DIAMETER
t’,/,’FROPORYIONAL DEFTH OF IKHERSION’,/,71.D. OF PIFE ON FUHF”
€,7,°1.0. OF DELIVERY FIFE*)
REAL(1,#)TARK,REV, 1, PT,DIAF, BIAD
VE=REVA 3. 1415540/40.0
WATLEN=(D/2.8)4(3,14159+2, B+451N(2.64P1-1.0))
FIKLOK =3.14159%D-UATLEN
IT=1.6
VA=8,25
F& =16.329
1=6.0
J=1
N=1
1610=8.9
TR=9999.9
RATHAX=9.8
TOTRAT =6.0
RATHIN =9999.8
RATPIP = (D1AP##2.8)/(DIAL1+2.6)
VIEL = YP*RATFIP
BIRLEN=BEIRLEN*RATPIF
WATLEN =WATLEN4RATPIP
VA=VA*(DIAD )/{8.625 )
VA=(VLEL/6.386) %4024 VA
TOF(J)=WATLEN
FOT{J)=0.8
10 5 I=1,118
PLUGCI)=WATLEN
CONTINUE
T=T+0T
0=8.8
TOP(J)=TOP (J) +(VDELLDT)
IF(EOT(J).LT.0.8) GO TG 19
BOT (J)=BOT(J)4+{VIEL+VA)+DT
60 TO 21
19 EOT(J)=ROT(J)+{VDELLDT)
21 FLUGLI=TOR (J)-BOT(D)
IF(FLUGLJ) LLE.§.8)G0 10 6
60 10 7
& TIHET=RES6/VA
HT=RES4+{TIMET+VEIEL)
HTN=HT-BIRLEN
HINI=HTH+ (VEELT (JT-TIHET))
J=J#1
IF{J.LE.N)GD TO 3
H=NH
3 FLUGCJ)=FLUG(J) 4RESS- (VA1 IT)
TOF(J)=HTNI
BOT()=TOF(.)-FLUG(D)
7 RES4=TOP(J)
RESS=EOT(J)
RES6=PLUG()
IF(TOF(J) . LE. TANK)YEOTO 58
@=(TOP(J)-TANK)+(LIAD#+2.0)40. 7854
TOF(J)=TANK
FLUG(J)=TOF (D) -FBT (D)
RES6=FLUG(J)
IF(T.GT.70)G0TO 8

~3 Cn




8 IF(EOT(J).LE.TANKIGDTD 49 141
507047

£9 T0T0=TOTG4G
GOTO 59

17 J=J¢1
IF(J.LE.HIGO TD 111
HEN+T

111 TIN=(TANK-RES3)/ (VDEL+VA)
TROP=TIH4VA
R=(TANK-RESI-LROP )+ (IIAD1£2,0) 14,7854
T0TA=TOTR+Q
AIR=BIRLEN~((ET-TIN)4VLEL)
TOP(J)=TANK-AIR
FLUS (D) =FLUG () ~(BT#VA )1 DROP
FOT(J)=TOF(J)-PLUG(D)

56 KES3I=EQT(.))

HEAN=8.0

00 18 I=J,N
IFCEOT(J).LT.8.8) 6O TO 33
HEAD=HEAD4FLUG(T)

60 TO 34

33 HEAD=HEAD+TOP(J) .

34 AIRLEN(1)=BIRLEN=(FA/ (FA+HEAD))
TOPAIR(I)=EOT(D)
BOTAIR(I)=TOPAIR(I)-AIRLEN(I)
TOF{I+1)=EOTAIR(I)
EOT(I4+1)=T0OF(I+1)-FLUGLT#1)

IF (BOT(J).LE.B.6) GO TO 54

16 CONTINUE
HEADI=6.0
no 11 I=J,N
HEAB=HEAD+FLUG(T)

11 CONTINUE
TF(TOF(N+1).6T.6.8) GOTO ¢4
GOTO 45

64 HEAD=HEAL+TOP(N+1)

65 PLEN = PLUG(N+1}/RATFIF
COMB=PLEN+BIRLEN®(FA/ (PA+HEAD)}
SPEED=VF#COHE/ (FLEN4BIRLEN)
DEFF=VYP-SPEED
FLUG(N41)=PLUG(N+1)4 (VAT )=(DEFF11T)
TOF(N+1)=EOTATR(N)
ROT(N+1)=TOF(N+1)-FLUG(H+1)
IF(EOT(K+1).6T.6.8)60T0 28
RES1=TOF(N+1)

RES2=FLUGIN+T)

S4 TOTPLG =6.0
D0 45 1=J,N
IFCEOT () .LT.8.8) 6D TO 55

. TOTPLB=TOTPLG+PLUG(I)

GOTO 45

TOTFLG=TOTFLG+TOF(I)

CONTINUE

TF(TOPEN+1).LT.0.6) GOTO &1

TGTU=TOTFLG4TOF (N+1)

GOTO 42

&1 TOTU=TOTFLG

42 RATIO=TANK/TOTY
MRITE(1,161)T,RATIO

191 FORAT(’T =7,13,7 SECS  RATIO = *,F6.3)
IF(T.BE.TR) GOTO 46
GOTO 47

46 TOTRAT=TOTRAT+RATIO
IF(RATIO.GT.RATHAX)GLTO B1
GOTD 82

e
oh LN

-
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B1 RATHAX=HATIG

B2 IF(RATIG.LY.RATHINIGOTO B3
GOTO B4

B3 RATHIN=RATIO

84 CONRTIRNUE

47 IF(T.GL.2£0.8) GOTO 79
GoT0 ¢ .

28 TIHE=(RES2-RES1)/VEEL
IROF=(DT-TIHE)*VA
PLUG(N+1)=RESZ2+(VA+DT)-DIROP
BOT{N41)=TOP(N+1)-PLUG (#+1)

H=N+1
FLUG (f+1)}=PLUG(N+1)+DROF
IF(T.GE.2¢6.8)G0T0 765

60 CONTINUE

GOTO 54
785 T=1-I1

70 QIEL=(TOTO/(T-TQ)) 146808
RATEAR=TOTRAT*DT/{T-TQ+LT)
WRITECY,190)Q0EL, RATHAX, RATHIN,RATEAR

169 FORKAT(//, QUARTITY DELIVERED = “F4.3 * L/KIR”
C,/, MAX. RATIOD = ,F7.3,/,“MIN. RATIO = 7,F7.3,/,
C/MEAN RATIO = ,F7.3)

CALL EXIT

EnD

FUNLCTIONK ASIN(X)
2=X/58RT(1-X+42)
ASIN=ATAN(Z}
RETURK

ERD

ok,

142
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Example run of delivery pipe IKFUT HEIGHT OF DELIVERY TaHL
program (T = O -» 54 secs) ROTATIONAL SFEED OF FUNF

ntAN COIL DIAMETER

FROFORTIONAL DEFTH OF IAKERSIDN
= 1.p. OF FIFE ON PUHF

I.h. OF DELIVERY PIPE

7.5, 14, 9.4, €.4, 6.835, 0£.03
T= 1SECS KATIO = 9.791
T= 2 SECS KATIO = 6.848
T= 3 SECS RATIO = 4.338
T= 4SECS FRATIO = 4.175
T= 5 SECS KRATIO = 4.114
T = & SECS RATID = 3.040
T= 7 SECS RATIO = 2.411
T= 8SECS RATID = 2.71¢
[ = 9 SECS RATID = 2.3135
[ =19 SECS RATID = 1.944
T = 11 SECS  RATID = 1.98%
T =12 SECS RATID = 1.B44
T = 13 SECS RATIO = 1.482
T =14 SECS  RATIO = 1.473
[ = 15 SECS  RATID = 1.563
T = 16 SECS  RATIO = 1,454
T =17 S5ECS  RATIO = 1.479
T =18 SECS RATID = 1.863
T =19 SECS  RATID = 1.549
[ = 28 SECS KATID = 1.585
[ = 21 SECS FRATID = 1.844
T = 22 SECS RATIO = 1,855
T = 23 SECS  RATIO = 1.470
T = 24 SECS  RATIO = 1.725
T = 25 SECS  RATID = 1.454
T = 26 SECS RATIO = 1.528
T = 27 SECS  KATIO = 1.918
T = 28 SECS  KATIO = 1.683
T = 29 SECS RATIO = 1.478
T = 38 SECS RATI0 = 1.736
T = 31 SECS  RATID = 1.448
T = 32 SECS  RATID = 1.515
T = 33 SECS RATID = 1.885
T = 34 SECS  RATIO = 1.678
T = 35 SECS  RATIG = 1.448
T = 36 SECS  RATIO = 1.725
T = 37 SECS  RATID = 1.439
T = 38 SECS RATIO = 1.518
T = 39 SECS FRATIO = 1.895
T = 46 SECS RATIO = 1.475
T = 41 SECS  FKATID = 1.472
T = 42 SECS  RATIO = 1.726
T = 43 SECS  RATIO = 1.787
T = 44 SECS RATIO = 1.558
T = 45 SECS  RATIO = 1,544
T = 46 SECS RATIOD = 1.819
T = 47 SECS  RATID = 1.587
T = 48 SECS RATIO = 1.477
T = 49 SECS RATIO = 1.773
T = 50 SECS RATIO = 1.488
T = 51 SECS RATIO = 1.475
T = 52 SECS RATIOD = 1,408
T = 53 SECS RATIO = 1.B11
T = 54 SECS  KATIO = 1.575



APPENDIX III

WLOW CHART, LISTING AND EXAMPLE RUN
OF HEAD DIFFERENCES PROGRAM




' START )

‘ I 145

Input Data
(Head, Dimensions
of Pump, PI)

- 1
I=0
HR=H
|

Calc. inlet lengtihs
of air and water plugs

|
Calc. ALPHA 1

|
I=1I# —~

]
Calc. HT(I)

I
HR-HT(I)

o
1 0
H

Calc. HT(J+1)

J = J+1
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Ihctionary of Variable Names Used In

Program for Determination of Head Differences

ALPHA

ALPHA1

AIR
ATU

BETA

BORE

COMP

DEFF

JEPTH

HIR

HR

-

= ¢ R 4y

PEL

RADM

SPEED
TO

UNIT
WAT

Angle formed at the centre of the coil between the lower
water level and the vertical.

Original wvalue of ALPHA before spillback is taken into
account.

Length of an uncompressed air plug at inlet.
Atmospheric head of water.

Angle subiended at the centre by the length of water which
spills back in one revolution.

Bore of the coils.

Length of a compressed plug of air,

Diameter of the coils,

Difference between distance travelled by the coil and that
travelled by a unit of water and compressed air in one
revolution.

Vertical distance from centre of coil to the lower water level.
Head which the pump is required to develop.

Head remaining at end of spillback line.

Head acting in a coil.

Head difference across a coil,

Counter,

Countere.

Counter.

Counter.

Number of coils.

Proportional depth of immersion.

Peripheral velocity of the coils.

Mean radius of the coils.

Speed of pump 1n Trspe.m.

Velocity of a unit of water and compressed air.

Vertical distance from centre of the coil to the uppermost
point in the inner wall of the coil.

Length of a unit of water and compressed air.

Length of water plug at inlet.
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Listing of head differences program

DIKERSION COKP(&8) ,UFITU6G),SPEED(SE) JUETT (403, CTALED)
&, ALPHACAE) ,DEFTH(68),HT(46), THECD(49) ,ALPHAT(LE) ,1(58)
E,XAXIS(40) HTIF(46)

LOGICAL HARKA

WRITE(1,18)

16 FORHAT(/IKFUTZ,/,”HEAD TO BE DEVELOPED”,/, REAN DITAKLTER OF COILS’
C,/,"FROFORTIONAL DEFTH OF INMERSIONZ,/, ROTATIONAL 7,
C/SPEEDI OF FUNP‘,/,”BORE OF COILS”)

READC1,*)H,It,P1,REV,BORE

1=9

HE=H

FUEL=REV*I:+3.14159/40.8

ATH=18,329

RADA=11/2.0

A=G.853H

B=#.154RADH

BAT=(D/2.0)4 (3. 1415742 0+A5IN(2.E+P1I-1.8))

AIR=3.141595D-UAT

TD=RADN-(BORE/2.9)

ALPHA1=4.2B32-(UAT/RATIN) -ACDS(TO/RADH)

15 I=1I#41

COMP(I)Y=AIR1ATH/ (ATH+HR)

UNIT(I)=WAT+CONF(I)

SFEED(I)={URIT(I)/{AIR+VAT) )+ FVEL

DEFF(I)=6.2832+FA0N~{SFEED(I}*48. 8/RhEV)

FETA(I)=DEFF(I)/RADN

ALFHA{I)=ALFHA1-EETA(I)

DEFTH(I)=RADK+SIN{ALFHA(I)-1.5788)

HTCI)=DEPTH(IY+TD

HE=HR-HT(1)

J=1I

HEK=HR

ALFHACJY=ALPHAL

17 COHP(JI+1)=AIRFATH/ (ATH+HIR)

BETA{J+1)=CONF(S+1)/RADN

ALPHA(I+1)=ALPHA(D) +(UAT/RADRM)+BETACIH1)-5.2832

RT{J+1)=RADH+#(SIN(ALPHACIH 1+ (HAT/RATN) -4 . 7124 34 SINCALPHAL{ I H)
C-1.5788))

L=J+1

K=J-1

IF(HT(J41).6T.HT(J)) GOTO 15

IFCARS(RT(J+1}).LT.R)GDTO 38

HIOR=HOR-HT(J+1)

J=J+1

IF(HDR.LT.6.8) GOTO 38

6010 17

38 TF(HDR.GT.A)GOTYOD 13

o 20 1=1,L

WRITE (1,18)1,HT(I)

16 FORMAT( H",12,7 =7,F8.4,7H")

20 CONTINUE

URITE (1,48) L

48 FORHAT(/ND. OF COILS =/,12)

FG 56 I=1,L

HTF(I)=HT(1)+1£0.8

N=t-141

S8 XAXIS(I)=FLOAT(R)

CALL FILOUT(XAXIS,HIP,L,.TRUE.,L,1,MARKS)

CALL EXIT

END
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Example Run of Head Differences Progranm

This program calculates the head differences in the coils of the
purp, beginning with the outlet coil and working back along the

apillback line towards the inlet.

For every coil on the spillback line the model assumes that this
co1l is the last on the spillback line (i.e. the coil containing the
maximum head difference) and calculates the levels in the non-spilling
coils using the residual head remaining at the end of the spillback
time. If all the necessary conditions are satisfied by the resulting
head difference pattern (see section 3.4) then the program wall
terminate and the head differences will be outputed. If, however;

the conditions are not satisfied, then the next point on the spillback

line will be calculated and the same procedure repeated.

Calculation of the non-spilling ceils is very sensitive to the
initial head used, i.e. that head remaining at the inlet end of the
spillback line and it is likely that the first head fed into the
program will not produce the characteristic pattiern of head differences
shown in Graphs 4 — 40. This is demonstrated by the following program
runs and graphs; the élrst value of head used (7.000 m) produces the
values shown in Graph A.2. Increasing the head to 7.100 m gives the

pattern shown in Graph A.3.

It is between these two plots that the irue soclution 1liesand the
head is increased from 7.000 m until the next integral solution is
found {Graph A.4, head = T.045) and 1t is this integral number of coils
that should be used on the, pump. If the non~integral solution is required,
then the plot for the non-spilling coils (which is similar for all heads
developed) may be attached to the spillback line in such a way that

the sum of the head differences is equal to the required pumping head.
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Example run of head differences program ( Head = 7.000 m)

LKPUT

MEAD TG BE DCVELOPED

MEAN DIAKETER OF COILS
FROPORTIONAL DEPTH OF IMKERSION
ROTATIONAL SFEEI OF FUHP

EGRE OF COILS

7, 0.4, #.55, 11.6, 0.3

H 1= @.2446H
H2= 6.25200
H3= 0.2080M
H 4= B.2685M
HS5 = 0.27734
Hé= 0.2872H
HZ? = 86.2976k
He8= 8.3687n
H$= 0.3207H
H16 = 8.3336M
H11 = 9.3473M
H12 = @.3626M
H13 = ¢.3788H
H14 = B.3764K
H1S = §.4135H
Hibd = 8.4353%9M
H17 = §.4578M
HiB = @.4332M
H19 = 8,3225H
H26 = @,23746)
H21 = @.181%A
H22 = @.1536M

H23 = ¢.1483H

NO. OF EDILS =23

Taput the nane af the f1le
T1

oi{,
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Example run of head differences program (Head = 7.100 m)

TNPUT
HEAL TO BE BEVELOPED

" MEAN DIAKETER OF COILS .
FROFPORTIONAL LEPTH OF IMKERSION i
ROTATIONAL SPEED OF FUMP ;
BORE OF COILS ,
7.1, 8.6, 6.55, 11.6, 6.93

Ht= 8.2415H
H2= 8.24898
H3= 8.2066H
H4= 8.26481
HS = @,2737K
Hé= 0.28314
H7 = 8.29314
H8 = 2.363%
HY = 8.3156M
Hi1g = 8.32810
Ht1 = @.3416H
H12 = 8.3361H
Hi3 = B.37194
Hi4 = £.38891
HIS5 = 6.408730
Hi6 = 6.4272K
H17 = 8.4485H
Hi18 = ¢,4711H
H1% = 6.4382H ‘
H26 = ©.3885H
H21 = 9.3584M

ND. OF COILS =21
Input the nane of the Tile
T2
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Example run of head differences program (Head = 7.043 m)

IRPUT
HEAT 70 BE DEVELOPED

MEAN DIAMETER OF COILS
PROPORTIONAL DEPTH OF TNMERSION
ROTATIONAL SFEED OF PUNP

BORE OF COILS

7.943, 9.4, .55, 11.6, 6.03

H1= ©@.24338
H2= 8.23871
H3= 0.2585H
Ha4= €.266M
HS = 8.2758M
H &= @.2854K
H?7 = @£.2954K
H8 = 8.3066H
He= 8,318
Hig = #.3312H
Hil = 6.3449H4
H12 = 6.35984
HI3 = €.37584
Hi4 = §.39320
HIS = 6.41198
Hi6 = 06.43214
H17 = 8.4537H
H18 = £.4255H
H1? = 8.3821H
H28 = 8.19974
H21 = £.11994
H22 = 9.85640
H23 = ©.8612H

N3. DF COILS =23

Input the name of the file
13

ok,




HEAD = 7.000M.  gRaPH a.2

50
45
40.

35]

rcMl

30.

25]

20.

HEAD DIFF.

15

0 2 4 6 8 io 12 14 i6 18 20 22 24
COIL NUMBER

26t




HEAQD = 7.100M.  GoRraPH A.3

50,

40.

|
|
|
45
35
|
|

(CM)

30.

25.]

20.

15

HERD DIFF.

G 2 4 6 8 {0 1?2 {4 16 i8 20 22
COIL NUMBER '

1141




(CM)

HERD OIFF.

HEARD

50,
45
40.
35
30

25
20

A5,

7.045M.

GRAPH A.

8 i0
COIL NUMBER

12

14

16

18

1218
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APPENDIX IV

LIST OF ARTICLES WRITTEN BY THE AUTHOR
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List of Articles Written by the Author

Articles on the streanp-powered rotating coil pump are as

follows:—

1. Stream-powered rotating coil pump. Water Services, Dec. 1980,
Vol. 84, No. 1018, pp. 706 and 722.

2. Water pump produces a high turnover. New Scientisi, 5th February,
1981, Vol. 89, No. 1239, p. 346.

3, THarnessing river flow for pumping. World Water, February 1981,
pp. 41-43.

4. Developing pumps for developing countiries. Consulting Engineer,
April 1981, Vol. 45, No. 4, pp. 50-51.

5. Rotating coil pump. Chartered Mechanical Engineer, May 1981,
pp. 43-~44.

6. TFlow of stream drives o1l drum irrigation pump. International
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