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OPTIMAL OPERATION OF FARM TURBINE PUMPS
Zidan, Abdel Razik Ahmed

Dept. of Agricultural Engrg, College of Agriculture
and Veterinary Medicine, Al-Qassim, Saudi Arabis
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ABSTRACT ‘

One of the costiest items in agriculture is the cost of
providing water. The purpose of this investigation 1is to
operate the turbine pumps to cope with the irrigation water
and pressure reguirements for the existing system of
irrigation. It is also desired to maintain & constant pump
discharge for different static water levels by varying the
pump speed to adjust an increase or decrease 1in water
discharge.

The study was carried gut on two turbine pumps at the
Cellege Research Station, each of which has fourteen stages;
these pumps are supposed (o irrigate the College Farm

including two centre pivots. The system head curves were
constructed, points of intersection with the pump
characteristic curves at different pump speeds, are the

operating points, which could bhe used to give the required
discharge and pressure at a specified pump speed according to
the given tables for the gross irrigation water regquirements.

Equations of system head curves and pump characteristic
curves are presented, from which the operating points could
be obtained.
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INTRODUCTION

There has not been much attention given to optimal operation
of farm turbine pumps. A number of studies concerning optimal pump
operation exists. Among these studies are optimal oparation of
large centrifugal pumps for municipal water distribution by Targui
and Dowdy (198%). Methodelogy for optimal operation of pumping
stations in water distribution system, based on sclving large scale
af nonlinear programming problem was also given by Brion and Larry
(1991) and Duan and Larry (1990), The main objective of these
studies was to minimize the pumping cost by reducing the power
consumption.

Howaver, attempts to improve pump operation efficiency are a
function of three different alements, inefficient pump combination;
inefficient pump scheduling; and inefficient pumps. Mathematically,
an optimum operation of turbine pump is a complicated problem,
because of the size of the number and non linearity of decision
variables and constraints.

Physical, economic and legal constraints result in a maximum
desirable pump dischargs as well as a minimum specially whsn
applied to irrigation. The maximum discharge of a well is limited
by both the aquifer properties and the construction and developmeaent
of the well itself, The well shculd be operated at the most
economical discharge. Too high discharge can result in high
velocity entering the well screen and causes sand packing around
the screen ang decreasing the hydraulic conductivity (B) or the
proposed optimum flow rate may require well drawdown that is ltarger
than the aquifer can provide. Too large pumping rate may result in
pump surging or pumping sand both of which will damage the pump
installation (8).

High value of pump dischargs also requires larger capital cost
for the pump and unit power., Erosion and runoff may occur,
particularly under sprinkier irrigation systems. However, salection
of optimal pump discharge is & function of both c¢rop water
requirements and s0il1 physical properties for a given well design.

FIELD WORK

A survey was carried cut to find lengths of tha main pipe
network, tlevels at the centre pivets and pump foundations, and
heights of end spray nozzles with respect to the pump foundations.

Water samples were collected and analyzed using the electrical
conductivity method. It was found that the water {EC) ranged from
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1500 mmhos/cm to 1600 mmhos/cm i.e. salinity varied between 980
p.p.m and 1024 p.p.m. This value of salinity required an increase
in irrigation water requirement necessary for leaching, by 4 % in
Wheat and 5 % in Alfaltfa for sprinkler irrigation and 10 ¥ in case
of drip irrigation. Table (1) gives the Iirrigation water
requirement for both pivots. Table (2) exhibits the irrigation
water raequirements for the drip irrigation areas. The values of
water redquirement are based onh monthly net water requirement and
irrigation efficiency 70 ¥ for pivots and 85 ¥ for drip irrigation
(2).

Each pump, 14 stages, has been driven by an internal
combustion engine {870 HP) through a drive shaft and gear head to
transmit the power to the pump line shaft Fig. (2a). The speed
ratio between the pump and the drive shaft is 1:1. The speed can be
changed using throttle setting in the engine.

Flow was measursad using the revolution dial of the existing
propelier type meter and a stop watch;, pressure was measured using
a dial gauge mounted on the inlet of the discharge pipe of the
pump.

SYSTEM HEAD CURVE

A system head curve 1is determined by computing the head
required by irrigation system to deliver different wvalues of
discharges. When a pump is being purchased, it should be specified
that the pump hsad discharge curve intersect the system head curve
at the reguired discharge. This intersection should be at the
pump’s best efficiency or very close to it (8). Point of
intersection of a system head curve with pump head-discharge
characteristic curve is Known as the opsrating point. Brake horse
power, efficiency, and net positive head for the pump can be
obtained once the operating point is known.

The system head is computed using the equation

Mg = S + D + Hy #+Dp +H + M + Yy i (1)
in which;

Hy = system head;

S = suction side 1ift;

HCI = operating head;

0, = discharge side 1ift;

Op = well water drawdown;

H; = friction head loss;

M, = minor losses through fittings; and

velocity head.
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The friction head loss includes column pipe of pump fricticon
loss, pipe network friction loss and lateral of pivot friction
toss.

Static Lift

Ground water level was measured by using electrical legging,
Gamma ray and Neuwtron, during the construction of Well (1) in 13886.
It was found the water level at 85 m from the ground surface Fig.
(2b). The estimated rate of ground watser depletion at the pumps
location is 3.5 m per vear. Based on this value the expected water
level (static 1ift) is 359 ft for well (1) and 336 ft for well(2}.

The static J1ift can alse be estimated by knowing the pump
spead and the corresponding water discharge and pressure at the
inlet of delivery pipe. The pump total head can be calculated from
the discharge head curve at the specified speed. The static 1ift
can be estimated by subtracting the pressure head at the inlet of
delivery pipa, the friction loss in the pump head, the friction
loss in the column pipe and the well drawdown from the total head
of the pump.

Static Discharge Head

The static discharge head is the measure of the elevation
between the centreline of the discharge pipse and the eventual point
of usa, The etevation of the end spray nozzle on the lateral of the
pivot with respect to the pivot foundation is 1.81 m for the north
centre pivet and 3.7 m for the middle centre pivot. Referring to
tevels in Fig. (1), the static discharge head of the north pivot is
-2.79 ft for well (1} and is -4.56 ft for well (2). The static
discharge head of the middle pivot is 0.51 ft for welil (1) and -
1.59 ft for well (2).

Operating Head

Most irrigation systems using pumps require some cperating
head, preper setection of pumps for a specific system depends on
how the operating head changes.

Recommended value of normal minimum pressure of the existing
sprinkle type, spray nozzie on drop fube is beiween 15 psi and 30
psi (7). However, it depends on the number of towers of the centire
pivot. For six towers pivot, pressure ranges from 31 psi to 42 psi
and five towers pivot, the pressure ranges from 31 psi to 37 psi
(5).
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Friction Losses

Two equations were used for the calculations of the pipe
friction. The Hazen-Williams formula for PYC pipes and the laterals
of the center pivots after modification, and Scobey equation for
the stesl pipes in the pipe network., Minor logsses wers considered
to be 10 ¥ from thse main losses,

1 - Hazen-Williams Formula

(0.285c) 12 ol %

hy = T e {2)
in which;

h; = pipe friction Joss;

C = Hazen-Willjams coefficient = 150;

L = 1length of pipe {(ft.):

Q = flow rate (gpm); and

D = diameter of pipe {(in}).

Hazen-Williams formula for uniformly distributed discharge
along the pipe line,{(lateral of the centre pivot) is given by {13):

5.7 C-1.352 L Q 1.852

in which;

O = diameter of lateral = 6.5 inch,
L = length of tateral (ft.) ; and
C = 130 for galvanized steel.

2 ~ Scobey Equation:
K L a?
Dl S o o e e et et e (4)
f
DLS

in which;
K = friction factor that depends on pipe material;
L = langth of pipe {ft.);
Q = flow rate {gpm); and
0 = diameter of pipe {in.).

K is determined by the following equation:

Kg
O e (51}
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Valuas of K; depend on pipe material and diameter, for weided stee)
t0 inch outside diameter, K, = 0.3, K= &8.82 (1)t

Column pipe friction loss

The friction losses in the discharge head and column pipe for
vertical turbine pumps were calculated using curves. Thess lossas
depend on the column pipe diameter, discharge and diameter of the
pump shaft, condition and age of pipe. However the losses should be
less than 5 ft/100 ft, otherwise consideration should be given to
select the next column pipe size. Each pump has a column pipe of
600 ft length, 10 inches diameter, and shaft diameter 1 15/158 inch.

wWell Orawdown

The value of drawdown depends on the pumping rate, aquifer
characteristics, well radius and the time of pumping. The drawdown
(DD) in a confined aquired can be calculated using the eguation
(10):

Q wiu)

DD= ...................................................... (6)
4 0T

in which;

Q = pumping rate (m1 /day);

wWiu) = well function;

T = ?quifer transmissivity {m2 fday); and

u I S~ o - N e (7)

whare, R = well radius; Sc = storage coefficient,dimensionless; and
t is the time in days since pump startad

Transmissivity in E1-Saq aguifer ranges hetween 0.0 %nd 2450
md /day. The estimated wvalue in ths region is 1987 m* /day,
estimated storage coefficient is 1.3 x 107 , well radius is 12.25
inch and the pumping time is 12 hours.

Based on these informations, the drawdown was calculated for
different values o¢of discharge covering the pump characteristic
curve,

AFFINITY LAWS
Changing the speed of an impeller changes the characteristic

curves, the resulting discharge and head can be estimated using the
following two equations (7,8);:
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N,

02— Ql( _____ ) ................................................ (8)
N,
Ny

Hy = Hy (----- SO (9)
Ny

in which; subscripts (1)} and (2) refer to the original and new
performance points respectively.

Different wvalues of pump speed were chosen, and the
corresponding discharges and heads were calculated. Affinity laws
are valid for wide range in pump speed because all physical
components have the same dimensions. These laws say nothing about
the pump efficiency with speed. Generally speaking, pump that are
efficient at one speed will be probably be efficisnt at slightly
different speed (7).

RESULTS AND ANALYSES

The system head curves for both the north pivot and middie
pivot were consiructed using two approximate methods. 3.H.C, is the
system head curve based on estimated static water level since the
construction of the well, and S.H.C, which is the system head curve
based on actual measurements of discharge and preassure in the inlet
of discharge pipe at different values of pump speeds, from which
the mean static water level could be estimated. Howsever water
levels in the well field are not static because of the original and
local changes induced by the pumping wells within the field, The
system head curves could be shifted upward or downward according to
the static water level,

Changes in the valve opening in the pump discharge line or
bypass 1ine, changes in static water level or discharge 1ift,
changes in the operating head, aging of pipe and well drawdown.
These factors influence the system head curve and determine the
pump discharge.

Fig. (3) and Fig. (4) give the operating points at different
pump speeds of pump (1) for the middle pivot and the north pivot
respactively., Alsc Fig. (5) and Fig. (6) exhibit the operating
points at different pump speeds of pump (2) for the middle pivot
and north pivot respectively.

Pump speeds having values less than or equal to 1100 r.p.m are
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not suitable to give both the water and prassure requirements for
both pivots. Minimum recommended vatus for six towers pivet (middle
pivot) and five towers pivot (north pivet) is 400 gpm (5).

Due to practical reason, maximum pump speed of 1770 r.p.m or
gven 1700 r.p.m could not be used, it generates pressure, tha
existing pipe network can not sustain. '

Statistical Analysis

Statistical Analysis, using SAS program (12}, provided the
best fit for pump characteristic curves and the system head curves.
The head-discharge curve of pump (1) could be represented by
polynomial from the third degree in the form

71.24 - 27.1 (1003 @+ 17.3 (it @ - 5.27 (10)Y @
0.9974 vt e e

H
Ri

.. (10)

and also pump (2) the charactesristic curve could be fitted by third
degree poclynomial

H = 98.28 — 40.4 (1003 Q@+ 21.7 (10y® of - 4.96 (100} @
Rl 2 0. 9827 ettt e e e e (11)

The above two equations at pump speed of 1770 r.p.m. The equation
could be simply related to gny value of pump speed by multiplying
the right side by (N/1770)° where N is the speed at which the
equation is required.

It was also found that the system head curves could be fitted by
polynomial from the second degrese.

well (1)
Middle pivot

H = 422.05 + 0.0250 Q + 0.000030 Q° Rl

I3
(=)
w
(43
o

—
—_

h%

—

North pivot

H = 416.44 + 0,0293 Q + 0.000042 Q Rl

]
p )
[4a)
w0
w
w
—
—
[
—

wWell (2)
North pivot

H = 417.65 + 0.0282 Q + 0.000041 Q! Rl =

|
o
w
w
w
w
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Middle pivot

H = 421.88 + 0.0335 @ + 0.000055 @’ RE = 0.9999 .......... (15)
Equations (12), (13), (14), and (15) could be written as:
H=xX-2.950 + 0.0250 Q + 0.000030 Q8 ... ..cvvriirennnnrnnnnns (12a)
H=x - 3.566+ 0.0293 Q + 0.000042 &’ ,..........cc..... R (13a)
H=x - 2.348 + 0.0282 Q + 0.000041 Q% .. iutirrrrnunnennenns (14a)
H=x—-3.120 + 0.0335 Q + 0.000055 Q .. .00 vsiuineeernennrnnn (15a)

in which ; x represents the sum of the operating head, static water
levael and the discharge 1ift.

Solution of the system head equation with the characteristic
curve of the pump at any spead providing the operating point at
that speed.

Application Example

Suppose the middle pivot is cultivated by Alfalfa and it is
regquired to be irrigated from Well{(2) in the month of March. The
daily irrigation water requirement for this pivot is 368 gpm, Table
(1), fruits and vegetables is 57.1 gpm, Table (2}, then the total,
daily irrigaticn water requirements is 425.1 gpm. Increasing this
value say by 5% for domestic and other purposes in the farm, the
required water discharge is 446.4 gpm. The pivot at its maximum
velocity makes one turn in about 12 hours. If the pivot makes one
turn at its maximum velocity in a day, the water discharge during
the 12 hours is 2 (446.4) = 892.8 gpm which requires pump speed of
1245 r.p.m with respect to S.H.CI and 1325 r.p.m with respact to
S$.H.C, . The water discharge for the pivot only is 2 (368) = 736
gpm. %his valuse of discharge needs a pump speed of 1200 r.p.m
according to S.H.C, and 1280 r.p.m according §.H.C, , Fig. {6a).

If the pivot makes one turn at 50 ¥ from its maximum speed i.e
in 24 hours, the water discharge will be 446.4 gpm which needs a

pump speed of 1110 r.p.m with raspect to 8.H.C; and 1190 r.p.m with
respect to 8.H.C., Fig. (6a}).

Points of intersections of the system curves with the pumps
characteristic curves at maximum speed of 1770 r.p.m have provided
an afficiency ranged from 81% to 82% for both pumps Fig. (7) and
Fig. (8). Theoretically speaking, this means a good choice of both
pumps. However, it is common for a turbine pump to reamain in
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service for 15 years or more through normal wear. In some cases
poar maintenance techniques could decrease the pump efficiency.
Vatues of calculated efficiency of the pump in well (2) at 1200
r.p.m. and at 1400 r.p.m. are 25% and 44% raspectively .

CONCLUSIONS

The greoss irrigation water requirements for every pivot and
for the drip irrigation areas are given in the form of tables.
These reaquirements include net irrigation requirement, leaching
requirement water losses based on measured water salinity and
operational waste. The tablesg present the monthly water
requirements for various crops as daily water demand in gpm.

A system of characteristic curves at different pump speeds for
both pumps are given. The system head curves are constructed;
points of dintersections between characteristic curves and the
corresponding system curves are points of operation, The coptimal
speed can be selacted to cope with the gross water requirements
from tables.

Statistical analysis showed the characteristic curves of both
two pumps are polynomial equations from the third degree at the
maximum value of pump speed. These equations could be simply
modified to any value of pump speed. Alsc the system head curves
can be fitted by polynomial squations from the second degree. The
solution of system head equation with a pump c¢haracteristic
equation at a specified speed gives water discharge and total head
at this speed.

Points of operation depend on the position of the system head
curve, mainiy on the static 14ift. It will be more beneficial to
install water level gauge beside the pump tc measure the static
water level and water drawdown at different periods.

As the turbine pumps are mechanical devices, they are liable
to wear, and because one pump was installed in 1988 and the other
was installed in 1989, the pump characteristic curves may not be
representative of the existing head-flow relationship. The current
performance curve of each pump at a maximum pump speed is
reccimended to be determined, from which the characteristic curve
at any value of pump speed will be more accurate.

Water drawdowns during pumping were based on estimated values
of both the storage coefficient and transmissivity of the Sag
aguifer it will be more useful to do a pump test at or nearby the
farm to determine the local actual values of these two parametars.
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Section 15.
NOTATION

The following symbols ars used in this paper

C = Hazen - Willtiams coefficient;
Ce = celumn friction loss;

G = diameter of pipe;

D, = well drawdown;

D = digcharge side 1ift; ,
EE = elesctrical conductivity;
H = head of one stage pump;
H. = friction head loss;

Hb = operating head;

H, = gystem head;

HE = total head of pump;

hf = pipe friction loss;

K = friction factor;

K, = height o7 pipe roughnsss;
L = tength of pipe;

Ly = laetaral friction lossg;

M| = minor losses through fittings;
Py = pipe friction loss;

Pft = total head loss;

Q = pumping rate;

R = well radius; .
al = multtiple correlation coefficient of determination;
Sy = storage ceafficicent;

SH = systam head;

§, = suction side 1ift;

S.H.C, = system head curve;

T = aquifer transmissivity;

1 = time of pumping;

u = parameter;

' = velocity head;

wiu) = well function; and

X = Darameter.

Subscripts
m = middle pivot ; and
n = north pivot.
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Fia(3a) Operating Points,for Different
Pump Speeds, Wsli{1),North Centre Pivot

3000

1000 ‘ ‘
800 :
!
r_rf‘/!?’(ﬁ
)
I
I | N
0 . ,
0 500 1000 1500 2000 2500 3000
Q (gom)
—=— S5.HCA —— 1000 R.F.M. =% 1100 R.P.M.
—=— 1200 R.P.M, =+ 1300 R.P.M. =& S.H.C.2
Fig(3b) Operating Points for Different
Pump Speeds,Well(1),North Cantre Pivot
£
T
300+ 2 - L
200 \3‘;“?'\7,\\1 3
d\x—'\ﬂ_
100 ; ,
0 500 1000 1500 2000 2500
Q {gpm)
- S.H.C1 ~&~- 1400 R.P.M. —&=— 1500 R.P.M.

—— 1600 R.P.M. — 1700 R.P.M. —&— S.H.C.2




Mansoura Engineering Joucnal (MEJ) Vol. 18, Mo. 2, June, 1993 C.

Fig{4a) Operating Points for Different
Pump Speeds,Well(1),Middle Cenire Pivot
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Fig{5a)Operating Points for Difierent
Pump Speeds, Well{2},Norh Centre Pivot
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Fig(za)Operating Point Well (1)
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C. 30 Zidan, Abdel Razik Ahmed
fable {1) : Gross [rrigation Watar Rzquiraments {gpa)
Rased on ¥ater Szlinity 1000 p.p.3. and [rrigation Cfficiancy 70%
| . ] i
Dats cf [Jan. |Feb. |March|April|May| Juna| July|Auqust| Sapt.|Dct.| Nov. | Dec.
planting
[
115 Nov. |235 |262 204 - - -1 - - - - T4 1169
i |
nidale 0L Bec. (204 (263 257 | 65 - - - - - - - | 132
centre  (Wheat
pivet 18 Qec. L16‘:3 262 f‘iOJ 122 - - - - = - -1 6D
01 Jan. {132 233—Y 431 | 361 - -1 - - - - \ - -T
: T
flfelia ’E) 2 368 (456 |544)635 _\6?2 85 |537 405 |251 (193
: ' T
I 15 Hov. 264 (181 | 141 | - | - .1 - |[ - - ] 52 \m
1 1
Karth (01 dec. |14% 1183 YR o L - - - ~ = i 92
centre |#heat 1
pivot 1§ vec. |117 (18t |28t |8 [-| -|- [ - =01 - r
[ obJan. sz Mes | asvlast [ - - | - [ - -] -
L |
| | T
[Atfalts |38 |15% | 255 |37 |380|456 |467 | 456 | 397 41
| |13 R g J J 4 g 282 17 JBJ
Table {2): Irrigation Watar Requirements for fruits and Yegetables (gpa)
Based on Water Salinity 1000 p.p.n and Orip frrigation Efficiency 85%
]
area  |Fruits|Jan.|Fab.)March| april|May |Juoe | July ﬁugus];ept_ Gct. | ¥ov. | Dec.
1.0 ha|Dates |10.0)11,1)18.2 127.1 |33.4 |42.9 ) a4.0 |42.9 136.5 125.3)14.8) 10
] T
| |1.0 hsiCitrus| 4.8| 5.4} 0.3 110.0 b9 1134 137 e fs \ 3.0] 5.8) 4.8
‘ 1.5 neJEzpas - 13 s8] g0 15,5 (205 | 2505 {215 [ees | sl 40l -
,rnet water | Total |14.8[17.8(32.3 [46.1 [60.8 [77.8 | 81.2 |77.8 |62.4 [42.4|24.4]14.8
?requiranants ‘ L
T l ’ [
Irrigation water 19.4]28.3142.2 (60,3 |79.5 |101.7)108.1 J101.7 |81.6 |55.4|31.9|19.4
|requicessats |
Tomatoes, 1S feb,[1.0 ha Nl
—
Hat water - 2,581 34)15.8 | 13,9 - . - - ~ - =
reauirements
Irrigation watsr r - 13.300114.9 |20.7 |1B.2 | - - - = =] -
requireasnts
e i
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APPENDIX (1} Pump Characteristic Curves
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C. 3 Zidan, Abdel Razik Ahmed

APPENDIX (2) <alculations of System Head Curve
Well (1) Middle Centre Pivot

Q (gpm} H cf Pf m Lf m DD Pf t S.H.
ft, fe. . )

0 70.00 0.00 ofgb ngo gFﬁo g?do 42%?60
100 68.20 0.11 0.07 0.34 1.23 0.08  426.75
200 §6.70 0.44 0.24 1.23 2.46 G.26 429.39
300 65.20 1.00 0.52 2.61 3.67 0.57 432.86
400 63.890 1.78 0.88 4.45 4.92 0.97  437.12
500 62.30 2.78 1.33 £.73 6.14 1.46 442,11
600 £1.00 4.00 1.87 9.43 7.38 2.06  447.87
700 59.50 5.44 2.49 12.55 8.80 2.74  454.32
800 58,00 6.96 3.19 16.06 9.84 3.51  461.37
900 56.80 8.70 3.96 19.98 11.06 4.36 469.09

1000 56.00 10.86 4.81 24,25 12.27 5,29  477.71
1100 54.50 12.42 5.74 26.98 13.52 &.31 486,23
1200 53.70 14.52 6.75 34.04 14,73 7.43 495.72
1300 52.50 16.86 7.83 35.48 15.98 8.61 505,93
1400 52.00 19.92 8.98 45.29 17.19 9.88  517.28
1500 51.20 22.20 10.20 51.46 18.44 11.22 528.32
1600 50.50 25.38 11.50 58.00 19.65 12.65 540.48
1700 49,60 28.08 12.86 64,89 20.87 14.15 552.98
1800 48,50 30.78 14.30 72.13 22.11 15,73 565.75
1500 47.00 34.44 15.83, 79.73 23.33 17.39  579.89
2000 45.00 38.04 17.38 87.6% 24.57 19.12 504.41
2100 42.80 41.22 19.02 95.97 25.79 20.92  608.90
2200 40.00 45.30 20.74 104.60 27.04 22.81  624.75
2300 37.00 46,68 22.50 113.58 28.25 24.75 838,26
2400 313.00 £2.56 24.36 122.89 29.50 26,80 656,74
2500 22.00 57.06 26.27  132.54 30.71 28.90 &674.21
2600 25.00 61.62 28.25  142.53 31.92 31.08  692.15
2760 20,50 65.22 30.30  152.85 33.17 33.33  709.57
2800 16.00 70.68 32.41 163.50 34,38 35.65  729.22

well (1) WNorth centre Pivot

o (gpm) H cf Pf n Lf n DD Pf t 5.H.
ft. ft. ft. ft. ft. £+, ft,
0 70.00 0.00 0.00 0.00 0.00 0.00  420.00
100 88.20 0.11 0.32 0.28 1.23 0.35 421.387
200 66.70 0.44 1.13 1.03 2.46 1.24  425.17
300 65.20 1.00 2.39 2.18 3.67 2.63  429.48
400 63.80 1.78 4.07 3.71 4.92 4.48 434,89
500 62.30 2.78 6.15 5.60 6.14 6.77 441.28
600 61.00 4.00 8,50 7.86 7.38 9.35  448.59
700 59.50 5.44 11,48 10.45 £.60 12.63  457.11
800 58.00 6.96 14,72 13.38 9.84 16.19 466,38
900 56.80 8.70 18,31 16.65 11.06 20.14  476.55
1000 56.00 10.86 22.25 20.23 12.27 24.48  487.84
1100 54.50 12.42 26.56 24.14 13.52 29.22  499.29
1200 53.70 14.52 31.20 Z28.560 14.73 34,32 512.17
1300 52.50 16.86 36.20 32,89 15.98 39.82  525.55
1400 52.00 19.92 41.54 37.73 17.19 45.69  540.54
1500 51.20 22,20 47,21 42.87 18. 44 51.93 555,44
1600 50.50 25,38 53.21 48.31 19.65 58.53  571.87
1700 49,80 28.08 59,53 54.05 20.87 £5.48  5B8.48
1800 4B.50 30.78 66.19 60.0% 22.11 72.81  605.79
1900 47.00 34.44 73.18 66.42 23.33 80.50 624.69
2000 45.00 38,04 80.47 73.03 24.57 88.52  644.16
2100 42.80 _41.22 88.10 79.94 25.79 95.21 663.86
2200 40.00 45.30 96.04 87.13 27.04 105.64  685.11
2300 37.09 46.68  104.29 94,61 28.25 114.72  704.26
2400 33.00 §2.56  112.86  102.37 29.50  124.15  728.57
2500 29.00 57.06 121.74  110.41 30.71  133.91  752.09
2600 25.00 61.62 130.91  118.73 31.92  144.00  776.28
2700 20.50 65.22  140.41  127.32 33.17 154.45  800.16

2800 16.00 70.868 150.21 136.19 34,28 165.23 826.49
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APPENDIX (2) Cont.

Q (gpm)

0
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0 (gpm)

100
200
300
400
500
600
760
800
900
1000
1ic0
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
27040
2800

H

ft.
96.00

93.00
91.00
85.00
87.00
85.00
83.00
81.00
79.00
77.00
75.00
74.00
72.00
71.00
70.00
£9.50
£€9.00
68.75
68.00
67.00
66.00
85.00
63.00
61.00
59.00
56.00
53.00
50.00
45.00

ft.
96.00
93.00
91.00
89.00
a7r.o00
85.00
83.00
81.00
79.00
77.00
75.00
74.00
72.00
71.00
70.00
£9.50
69.00
68.75
68.00
67 .00
66.00
65.00
63.00
61.00
59.00
56.00
53.00
5D.00
45,00

Well (2} North Centre Pivot
Ct Pf n LE n 318} Pf t©
ft. ft. ft. ft, fe.
0.00 0.00 0.00 0.00 .00
0.11 0.30 0.28 1.23 0.33
D.44 1.07 1.03 2.46 1.18
1.00 2.27 2,18 3.67 2.50
1.78 3.87 3.71 4,92 4.26
2.78 5.85 5.60 6.14 6.44
4,00 8.20 7.86 7.38 9,02
5,44 10.91 10¢.45 8.60 12.00
6.96 13.96 12.38 9.84 15.36
8.70 17.37 16.65 11.06 15.11
10.86 21.11 20.23 12.27 23.22
12.42 25.18 24.14 13.52 27.70
14.52 29.59 28.60 14.73 32.55
16.86 34.32 32.89 15.98 37.75
12.92 39,37 37.73 17.19 43.31
22.20 44.74 42.87 18.44 49.21
25.38 50.41 48.31 19,65 55.45
28.08 56.40 54.05 20.87 62.04
30.78 62.70 60.09 22.11 £8.497
34,44 £€9.30 66.42 23.33 76.23
38.04 76.22 73.03 24.57 83.84
41,22 83.42 79.94 25.79 91.786
45.30 90.92 87.13 27.04 100.01
46.68 88,72 94.61 28.25 108.59
52.56 106.82 102.37 29.50 117.50
57.06 115.21 110.41 30.71 126.73
61.62 123.89 118.73 31.92 136.28
65.22 132.86 127.32 33.17 146.15
70.68 142,12 136.19 34.38 156.33
Well (2) Middle Centre Pivot

ct Pf @ LE m DD Pf ¢
ft. ft. ft, ft. £,
0.00 0.00 0.00 C.00 0.06G
0.11 0.48 0.34 1.23 0.54
0.44 1.70 1.23 2.46 1.87
1.00 3.64 2.61 3.867 4.00
1.78 6,20 4.45 4,92 .82
2.78 9.36 6.73 6.14 10.30
4,00 13.14 9.43 7.38 14.45
S5.44 17.49 12.55 §.60 19.24
6.96 22.42 16.04 9.84 24 .66
8.70 27.86 19.98 11.086 30.65
10.86 33.86 24.29 12.27 37.25
12.42 40.40 28.98 13.52 44,44
14.52 47.49 34.04 14.73 52.24
16.86 55.50 39.48 15.98 61.49
19.92 63.21 45.2% 17.19 59.53
22.20 71.82 51.46 18.44 79.00
25.38 80.96 58.00 19.65 82.06
28.08 90.55 64 .89 20.87 9% .61
30.78 1.00.69 72.13 22.11 110.76
34.44 111.33 79.73 23.33 122.46
38.04 122.41 B7.68 24.57 134.65
41.22 133.98 95.97 25.7% 147.38
4%.30 146.08 104.860 27.04 160.69
46.68 158,59 113.58 28.25 174.45
52.56 171.62 122.89 29.50 188.78
57.06 185.11 132.54 30.71 203.62
61.62 199.06 142.53 31.92 218.97
65.22 213.51 152.25 33.17 234,86
70.68 228.40 163.50 34.38 251,24

C.33

5.H.
ft.

420.00
421.95
425.11
429.35
434.87
440,95
448.26
456.49
465.54
475,51
486,58
457.78
510.40
523.48
538.15
552.72
568.79
585.04
601.95
620.42
639,49
658.71
679.48
698.13
721.912
744,91
768.55
78l1.86
817.59

S.H.

ft.

425.00
427.22
431.00

436.29

442.97

4150.94

460.27

470.83

482.53

495,38

509.67

524.36
540.53

558.81
576.93
596.10
617.09
638.44
660.78
£84.986
709.95
735.36
782.62
787.9&
818.73
848.93
880.04
911.10
944.80
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