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PUMP DESIGN

IClassification of Water Pumps

Water pumps can be divided into three types: displacement, impulse and other types.

Positive displacement pumps can be of reciprocating and rotary type. In either case

liquid is displaced from the low pressure suction side to the high pressure discharge side

(the term positive refers to the direction of flow displacement related to the pressure

gradient). The geometry of the pump is changed periodically and determines the flow in

both supply and delivery system. In a positive displacement pump there is no direct
communication between the suction and discharge circuit. As a rule, a positive
displacement pump is self-priming. A general classification of pump is given in the

Figure 1.
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Figure 1 Classification of pumps according to Burton.
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1.1Piston Pumps

A reciprocating piston pump basically consists of a piston, two valves and a suction and
a delivery pipe. Sometimes airchambers are applied to smooth the flow and reduce
shock forces. In the traditional piston pump the upper valve is usually situated in the
piston and known as the piston valve; the lower valve is called the foot valve. If the
upper valve is not integrated in the piston, the pump is usually called a plunger pump

(Figure 2).
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Figure 2 Working principle of a single-acting reciprocating piston pump.

The operation principle of the reciprocating piston pump is simple: in the downstroke,
the piston valve is opened and the water passes through it while the piston moves
downward. During the downstroke, the foot valve remains closed. In the upstroke, the
upper valve is closed and water being lifted above the piston. Meanwhile, the volume
under the piston is being repleted with water passing through the opened foot valve. The
result is a pulsating water flow (Figure 3).
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Figure 3 Pulsating output flow of a single-acting piston pump (a), and rectified flow

after an airchamber (b).

Apart from this so-called single-acting pump, also double-acting pumps exist, with two
pistons moving in opposite direction giving a more constant output delivery. A double-
acting operation is also obtained by the so-called differential pump as shown in Figure
4. Since the rod cross sectional area A, is half that of the rising main A,,,, equal volumes
of water are discharged on both the up and the downstroke. This type of pump was
applied in the Colombian Gaviotas pump, of which several thousands have been built.
The disadvantages of these pumps is that there is compressive force on the pump rod
during the downstroke and the higher complexity. This makes them not attractive for
deepwell pumping.

Piston pumps for water supply can be mounted above the water level in the source or
below it (submerged). A surface-mounted piston pump works by suction, as the water is
lifted to the pump level by the under-pressure under the piston. This principle only
works for pumping heads upto 6-7 metres. For greater pumping heads, the pump (piston,
cylinder and valves) must be installed at the bottom of the well and actually lifts the
water.
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Figure 4 Working principle of a differential (double-acting) piston pump (a) and
geometry of the Colombian Gaviotas pump (b).

As water is lifted only during the upward stroke, the torque (and power) requirement of
a single-acting piston pump varies cyclically. During the upward stroke the piston is
subject to the full water pressure. During the downward stroke the piston valve opens
and the torque is virtually zero. For this reason, piston pumps need a much higher torque
to start than the average torque required to keep them running. The average torque
required to operate a piston pump is almost independent of the pump speed, as it only
depends on the gravity force of the (constant) volume of the water being lifted during
the upward stroke.

This behaviour influences adversely the number of hours a windpump supplies water.
Various techniques are used to improve the starting behaviour of a single-acting piston
pump, such as:

counterbalancing the pump rod weight
drilling a leak-hole in the piston

use of hydraulic seals instead of cups
applying a spring in pre-tension

use of a floating valve

variable stroke mechanism
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1.2Centrifugal Pumps

Centrifugal (or rotodynamic) pumps are based on the principle of imparting kinetic
energy to the water. In these pumps water enters axially and is discharged by the rotor
into a discharge pipe. They have an impeller which rotates in a casing of a special shape.
The impeller vanes accelerate the water, which is thrown out by the centrifugal force.
The shape of the casing is designed to effectively build up a high pressure at the pump
outlet. It is this pressure level that lifts the water against the pumping head. In Figure 5,
a single stage of a centrifugal pump is shown. This type of pumps are typically driven by
an electric motor or combustion engine and installed above ground level.

Outlet
A

Figure 5 Impeller and casing of a centrifugal pump stage.

Each impeller together with its casing is called a stage. If more pressure is needed than
can be created by a single stage, several stages can be mounted in series on a common
shaft to form a multi-stage pump. As the water passes through the successive stages,
pressure is built up until the required pressure head is obtained. Multi-stage centrifugal
pumps with a small diameter and integrated electric motor can be lowered into a
borehole for deepwell pumping. Such pumps are used in conjunction with photovoltaic
and wind-electric systems.

The efficiency of centrifugal pumps varies strongly with the output rate for a given head.
Centrifugal pumps are designed for optimal operation in their design point, i.e. at one
determined pressure head and specific flow rate. Away from this design point, their
efficiency drops rapidly. In windpumps, piston pumps are much more common than
centrifugal pumps since their efficiency is less sensitive to fluctuations in head and
speed.

Centrifugal pumps are mostly found for low-head applications where piston pumps
perform poorly. Of the very few windpumps equipped with a centrifugal pump, the
Dutch Bosman is widely used in The Netherlands for drainage purposes. Experimental
designs have been developed for medium pumping heads, but have not been
commercialised.
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2The Single-acting Piston Pump

2.1Torque and Flow

A single-acting piston pump without airchamber, directly coupled to a wind rotor, is
depicted in Figure 6. The rotor shaft drives the pump through a crank mechanism;
therefore the rotational speed of the pump is equal to that of the rotor and the pump
stroke dictated by the eccentricity of the crank mechanism.
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Figure 6 Single-acting piston pump directly coupled to a wind rotor. Indicated are the
piston displacement and rising main and pump dimensions.

The force on the piston during the upstroke is equal to the weight of the water column
above it, or the product of piston area A, and the static head H:

F,=pygHA,
(1)

More exactly, this expression only holds for a non-moving (static) piston. In a piston
pump however, the piston is raised and lowered cyclically in the pump cylinder and has
a velocity and acceleration that vary cyclically. The non-zero velocity gives rise to
friction forces, while the acceleration causes additional forces to accelerate the water
column on the piston. For the time being, we consider a quasi-stationary, slowly turning
piston pump and neglect friction and acceleration forces.
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The displacement of the piston x,(z) with time is, taking the neutral position of the
piston at the bottom dead centre as shown in Figure 6:

Xp(t) = - Y25 - V2 5 cos (ax)

(2)
Note that @is the pump frequency in radians per second; the stroke frequency n (in
strokes or cycles per second) follows from:

n=w/2n)

(3)
The stroke volume of the pump is equal to the product of stroke and piston area s A,,.
This is also the volume of water that is lifted during each pump cycle. Hence the
average flow g,, is equal to the product of stroke volume and pump frequency
according:

qav=0/27) s A,
(4)

As the piston displacement is directly determined by the crank length of the eccentric at
the rotor shaft, the pump torque during the upstroke is equal to:

Qpump (1) = pw g HA, V2 s sin (ax)
(5)

Hence, the pump torque reaches its maximum at the middle position of the piston, and is
zero at the upper and lower dead centre.

In the downstroke, the pump valve is opened and the weight of the water column rests
on the foot valve. Then the force on the piston and the torque are zero in this idealized
situation.

The maximum value of Q) is the torque required for the pump to start running and is
equal to the weight of the water column on the piston times the crack length:

Qstart =ls Pw & HAp
(6)

By integrating Q,ump (t) over a full cycle (one upstroke and one downstroke) we obtain
the average pump torque Q,,:
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Ouw = 1/270) pyg Hs A,
(7)

The average pump torque Q,, for a well-designed piston pump is fairly independent of
the pumping speed. By comparing (6) and (7) we find that: a piston pump requires a
torque to start it equal to 7 times the torque required to keep it running:

Qstart =7 Qav
(8)

This result largely determines the starting behaviour of a windpump and reduces the
number of running hours. In practice the staring torque may even be higher due to the
weight of the piston and the pump rod and friction between the cup sealings and the
cylinder wall. This puts the need for starting devices into evidence.

2.2Volumetric and Mechanical Efficiency

In a practical situation, the average output as found in (4) may be different due to
leakage, delayed valve response and inertia effects. We define the volumetric pump
efficiency 7,,; as the ratio between the effective average output flow and the above
derived one, hence:

qav, eff = Mol a)/(27l') s Ap
(9)

At low speeds of operation the volumetric efficiency is normally less than 100% due to
water leakage over the piston and the valves and to delayed closing of the valves. At
high speeds the volumetric efficiency may be above 100% due to the inertia of the water
flow: at the end of the upstroke the water has gained so much momentum that it
continues moving upward (through the valves which remain opened) during the
downward stroke. Volumetric efficiencies under design conditions are typically 80% to
90%.

The average hydraulic power P j,4 1s defined as the nett power represented by the lifted
water:

Phyd = YGav, eff Pw & H
(10)

The mechanical efficiency 7)., 1s found from the ratio between the hydraulic power
Pjyq and the (average) mechanical power P, to drive the pump. This efficiency is less
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than 100% because of mechanical losses due to friction between piston and cylinder
wall and hydraulic losses due to flow drag, mainly in the valves. The mechanical
efficiency is given by:

Mmech = P hyd /P pech

Now, by combining the expression for the hydraulic output (/0) and the expression for
the shaft power delivered by the rotor:

Prech = 72 P Cp Aroror V3
(11)

we obtain for the mechanical efficiency of the windpump:

Thmech = (qav, eff Pw & H) / (1/2 1% Cp Arotor V3)
(12)

Mechanical efficiencies of 80% to 90% are attained in high head pumps, in which the
pressure losses due to flow drag are small compared to the static pressure. For low
heads, the efficiency drops to 60% to 70% since the losses are relatively independent
from the head (but the hydraulic output decreases proportionally to the head).

2.3Non-stationary Behaviour and Valve Response

The relations derived above only hold for a slow movement of the piston. At higher
pump speeds (above one stroke per second), acceleration effects become notable in the
water flow, causing a number of complications due to cavitation, pump rod buckling,
inertia flow, shock forces in the pump rod, and wave phenomena. In this section,
cavitation and buckling are shortly dealt with, while pump rod forces are more
extensively dealt with in section 4.

From the expression for the piston displacement (2) we obtain the piston speed v, by
differentiating:

vp(t) = V2 s@ sin (ax)
and the acceleration:
ay(t) =2 saf cos (ax)

The maximum value or amplitude of the piston acceleration a, is equal to
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ap=’/25af

This piston acceleration a, competes with the gravity and it proves convenient to
introduce an acceleration coefficient ¢, according:

ca =Y saf/g
(13)

This ratio should be kept well below 1 in order to avoid dynamic complications.

2.3.1Pumyp Rod Buckling

If the ratio ¢, becomes higher than 1, the pump rod is forced to accelerate downward
during the downward stroke faster than the gravity would do. A compressive force is
exerted on the pump rod and it may buckle. Since cup friction and flow drag must also
be overcome during the downstroke, buckling may start at an acceleration ratio lower
than 1. As a safe rule, this factor should not exceed 0.5, hence:

saf_<g

It is seen that the piston acceleration can be reduced by lowering the pump speed and
increasing the stroke. Especially small wind rotors have high rotational speeds and most
commercial types are therefore equipped with a transmission.

2.3.2Cavitation

In suction pumps the acceleration of the water column below the piston decreases
linearly with the head. In fact, if the pumping head becomes equal to the atmospheric
pressure, no acceleration will occur at all. The situation for a suction pump with and
without an airchamber is depicted in Figure 7.
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Figure 7 Influence of the suction head H and the length of the suction pipe L on the
occurrence of cavitation without (a) and with an airchamber (b).

The pressure difference over the water column depends on the atmospheric pressure and
the suction head H. The driving force is given by the pressure difference and the piston
area according (assuming an atmospheric pressure of 10 meter water column):

F=p,(10-H)A,

The mass M of the water column to be accelerated depends on the length of the suction
pipe L, which may be larger than the head H as illustrated in the figure:

M=p,LA,

We find for the acceleration of the water column:

ay=(10-H)/(Lg)
(14)

In order to follow the piston movement, this acceleration a,, must at any time be larger
than the piston acceleration a,, hence:

(10-HJLg > s saf

This shows that in case of a 5 m head and 10 m suction pipe, the maximum piston
acceleration cannot be larger than 0.5 g. The best way to avoid cavitation is not to use
high suction heads or, if this is not possible, to reduce the length L of the water column
concerned. This can be done by introducing an airchamber near the pump in the suction
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pipe; in this case for L the distance between the piston and the airchamber should be
taken.

2.3.3Inertia Flow

When the deceleration of the piston during the last part of the upstroke is larger than the
gravity acceleration, the water column will open the piston valve and continue to move
upward slowed down by the gravity only. This means that the pump will displace more
water than would be expected from the stroke volume and the volumetric efficiency may
achieve values higher than 100%.

3Coupling of a Pump to a Wind Rotor

A piston pump coupled to a windmill together form a system in which both components
influence each other. The behaviour of this system is complicated even more by external
parameters, such as the pumping head and the windmill safety system.

In general, by choosing a large pump high volumes of water are obtained but the
windmill will not run most of the time. In other words, the windpump has a high output
but a low availability. A small pump coupled to the same windmill will have a higher
availability but a lower output. In a practical situation, one tries to find the most
appropriate compromise between output and availability. This process of tuning the
system components to each other and to the prevailing wind regime, is called matching.

In a stationary situation, matching of a windpump system is a rather straightforward
procedure and formulas can be derived to determine the optimal combination. The
windspeed itself is a stochastic variable, but with the aid of wind regime (Weibull)
distributions, a mathematical expression can be obtained for the longterm water output
and availability. For the practice of windpumping, a first complication is the presence
and duration of lulls, i.e. consecutive days with low winds and no water. The occurrance
of periods with low windspeeds is not covered by the Weibull description, yet they
determine which size of storage tank is needed.

However, the operation of a windpump in practice is non-stationary. As windspeed is
fluctuating, the wind rotor will accelerate and decelerate constantly. Due to the inertia of
the system, the wind rotor will follow the windspeed pattern, but with a certain delay. If
the windspeed falls below a certain value, the windmill will gradually come to a
standstill. If the windspeed increases, at a certain point the windmill will be strong
enough and start turning again. This behaviour is much more difficult to describe
analytically. Prolonged measurements, or detailed time-series computer simulations are
needed to analyze the system behaviour and calculate the long term output and
availability. As a wind regime may vary from one site to another, output calculations are
related in principle valid only for a specific site.

In practice the approach is rather straightforward, for the sake of simplicity and because
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exact wind data are almost never available. However, computere simulations and long
term observations may provide us with practical guidelines for component matching.
The concept of the design wind speed is introduced and will serve as a parameter to be
compared with the local wind speed. The design wind speed is dealt with in the
following section.

3.1Design Point Matching

In a windpump, the mechanical power demanded by the piston pump at any point of
operation equals the shaft power delivered by the wind rotor:

Pmech = Protor

As found in (12), the effective hydraulic output (flow of water lifted) is equal to the
mechanical power times the mechanical efficiency of the transmission and pump. For
convenience we drop the subscript for the efficiency and write:

Phyd = anech

By using the expressions for the hydraulic power (/0) and applying the expression for
the rotor power according aerodynamic theory:

Protor = (Cp 77) 1/2,0 V3 7Z'R2
(15)

we obtain for the momentaneous power balance:

(Com) V2 pV’ TR’ = Guv, o P 8 H
(16)

Now, the design wind speed V, of the windpump is defined as the wind speed for which
the system operates at maximum efficiency. Since the mechanical efficiency of a piston
pump is more or less constant, this working point coincides with the point at which the
rotor operates at its design tip speed ratio. At the design point, we prescribe a design
output flow g, and find:

(Cp n)max I/vad3 7Z'R2 = deng
(17)

The flow g, . depends on the stroke volume, the pump speed and the volumetric
efficiency according (9). At the design point, we choose a design pump speed @) in
congruence with the design tip speed ratio 4, and obtain:
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dd = 77\/0[SA[7 wd/(zﬂ-)

= ﬂVOISAp /L] VA/A27R)
(18)

By substituting (/8) into (1/7) and rearranging we find an expression for the design wind
speed of the rotor-pump combination:

Vd = 1/(77\/0[ N Ap /1d pw 8 H) /((Cp 77)max ,0 ﬂz R3)
(19)

For a given wind rotor and appropriate choice for V,, the corresponding pump volume is
calculated from:

S Ay =((Cp Mnax P 7 R) Aot Aa P 8) (Vi/H)
(20)

It should be stressed that the expression for the design wind speed does not give any
information about the long term water production of a windpump. It is a direct relation
between the chosen design water output g4 (in m*/day) and a chosen design windspeed
V4. At this wind speed and output, the conversion efficiency of the windpump is
maximal -that is why this working point is called the design point.

Due to the fluctuating character of the wind, a windpump will be operating at off-design
conditions most of the time. The long term water production and the number of running
hours is found by combining the complete power curve (output versus wind speed) of
the windpump and the wind regime at the site. However, the choice of V, relative to the
prevailing average wind speed V,, provides a simple means to optimize the performance
of a windpump.

3.2Long Term Output and Output Availability

In section 3.1 the relation between the area of the wind rotor and the pump volume was
derived for design point operation. However, most of the time a windpump is running at
off-design conditions in response to the fluctuations in wind speed. Therefore, the
average output depends on the windpump characteristics as well as on the local wind
conditions.

As a simple rule of thumb, the long term hydraulic output of a windpump is given by the
relation:

Poy iya = 0.1V, 7R’
(21)
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This formula may be used as a guideline for a properly matched windpump. The other
way around, it is also useful as a first estimate to determine the windpump diameter
(though the exact diameter should be determined on basis of the critical month).

As the hydraulic power is equal to (both short term and long term):

Phyd = Gav, eﬁ‘pw 8 H
(10)

by combining we find for the average output flow

qav, eff = (0] Vav3 7Z-R2) / (pw g H)
(22)

and:
= 1/98,000 (V,,’ R°)/H  [m’/s]

For the output flow g, . 1in litres per second we obtain approximately:
Qav, o =1/100 (V,,’ TR?)/ H [l/s]

so the expected output for a properly matched windpump in litres per second and per
unit rotor area, becomes:

Gav, off /Aroror =1/100 (Vo' / H) [Us/m®]
(23)
For the output flow g, . in cubic metres per day we obtain:
Gav. o = (Vo' TR?)/H [m*/day]
so the expected long term output in cubic metre per day per unit rotor area we find,
underestimating the output by about 10%:
qav, eff /A rotor = Vav3 /H [m3/day/m2]
(24)

The output availability of a windpump refers to the probability that a windpump is
actually pumping water. More precisely, this is the technical availability of the
windpump alone, i.e. without considering if this water is pumped at a moment that there
is a need for it. Commonly a minimum amount of water output is chosen as a reference
(threshold) value; an output smaller than this value being considered as not useful
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anymore. Then the output availability can be calculated from the frequency distribution
of the wind and the output curve of the windpump.

4Pump Rod Forces

The forces in the transmission rotor-pump depend on the pump speed. The safety vane
of the windpump is designed to keep the rotor and pump speed below a certain value
above the rated wind speed V4. If there is no transmission gearbox, the rotational
speed of the pump is equal to that of the wind rotor. The whole transmission (head and
pump rod), the pump itself as well as the tower structure must be capable to withstand
these forces.

In practice, the maximum rotor (and pump) speed will not be limited to the steady-state
value at V,4.4, but will exhibit overshoots due to the inertia of the rotor itself and the
head of the windpump. The graphs below show some measurements, which compare the
maximum occurring pump speeds with the steady-state values imposed by the safety
mechanism. As we see, the actual occurring pump speeds may be twice as high, and
these maximum value should be taken to calculate the strength of the transmission
system.
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Figure 8 Frequency distribution of rotational speeds of a CWD 2740 windpump versus

the wind speed averaged over 10 minutes. Graph (a) gives the average rotational speed, graph
(b) the short term fluctuations around the average value. It is seen that the safety systems is not
perfect (the average speed is not constant above V..
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4.1Examination of Pump Rod Forces

The total pump rod force can be thought of as the result of the following components.
Static forces:

e the weight of the water column lifted by the piston
e the weigth of the pump rod itself

Dynamic forces:

force to accelerate / decelerate pump rod
e force to accelerate water column

Friction:

e cup friction at the cylinder wall
e flow drag

Transient forces

® due to finite stiffness of pump rod and transmission
e due to delayed valve closure

Figure 9 gives an indication of the variation of the pump rod force during one pump
cycle. Due to the cyclical varations, the pump rod force is a fatigue load. It is clear that
the maximum force occurs shortly after passing the lower dead centre when the piston
starts moving upwards again. At that point the valve hast just closed and the water
column on top of the piston is accelerated. In fact, the pump rod force is gradually built
up as the pump rod acts as a spring.
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Figure 9 Variation in pump rod loading during one pump cycle.
Of the eight force components only the static ones are, by definition, time-independent.
In the following, we only consider the static and dynamic forces to determine an
expression for the maximum load on the pump rod. The friction forces are negligible in
a well-designed system. The transient forces are important but more difficult to capture
in a simple model. We will just assume that they are proportional to the calculated
components, so that they can be accounted for by introducing an overshoot factor k.
The acceleration forces increase with increasing pump speed. The pump rod itself
accelerates and decelerates in symphony with the pump piston. During the deceleration
phase in the upstroke and acceleration phase in the downstroke, buckling of the pump
rod may occur. For the water column, only the acceleration phase in the upstroke
contributes to the pump rod load.
The static force Fy; ,, due to the water column is equal to the weight as already found in
(1):
I%Lw:=[%ug}{Ap
(25)
The amplitude of the acceleration force F,.., ,, of the water column is given by (see
Figure 9):
Fbwﬂv= A%ga;[%/LnnAp%Aﬂn
(26)
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The sum of these components gives the maximum total pump rod force F),.. Now, by
introducing an overshoot factor to account for transient effects, the total pump force will
be equal to:

Fpr = k(Fst,w + Facc, w)
(27)

It is convenient to relate the importance of these components to the static force of the
water column F, .. Then (27) reduces to:

Fpr= szt,w(] + Facc,w/Fst,w)
(28)

The ratio between the acceleration and the static force due to the water column is equal
to:

Facc, w/Fst, w = (1/2 N a; Pw er Apz/Arm)/(pw 8 HAp)
= 1/(28) (A/Am) (Lu/H) 5 &

By taking the length of the rising main L,,, approximately equal to the pumping head H,
this expression reduces to:

= Ys/g (Ap/Am)
(29)

= (acceleration pump rod) / (gravitational acceleration) x (piston area) / (rising main
area)

Note that in this expression, the factor %saf/g is again the acceleration coefficient ¢, as
found in (13). If ¢, is well below 1, the pump rod force is mainly determined by the
static weight of the water column. With increasing c,, the acceleration component
becomes increasingly important.
By substituting this result into (27) we finally obtain:
Fpr=kFy [ 1+"s @d/g(A/Am) ]
(30)

or, by using the acceleration coefficient c,:

Fpr=szt,w[] +Ca(Ap/Arm)]
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(31)

The overshoot factor k depends on transient effects resulting from the elasticity of the
system and the valve response. Its value may be taken equal to 1.5 to 2. The expression
in (30) gives a rather simple relation to estimate the maximum pump rod force.

4.2Pump Rod Strength

Once the maximum pump rod force has been found, the minimum pump rod diameter
can be calculated. As the pump rod is generally built up of a number of sections that are
welded or bolted together, the stresses in the weakest spot may not exceed the maximum
allowable values. If the pump rod couplings are welded to the rod, the welds are almost
certainly the weakest spot, as depicted in Figure 10. Failure may be expected to occur
next to the weld, so this is the critical diameter.

.
g ./{_ﬂ Hi0

Figure 10 Critical rod coupling geometry.

For a given pump rod material, treatment and fatigue conditions, one may find the
maximum admissable stress value from tables. Then the minimum required cross-
section can be calculated from:

Amin =F total/ Omax
(32)

The other way around, the same formula can be used to check whether the maximum
occurring stresses in the cross-section are still admissable, if the pump rod force is
changed by changing the operating conditions of the windpump.

5Choosing the Pump Size

As seen in the previous chapters, the size of the pump -for a given, pumping head, wind
rotor and wind regime- determines the design wind speed and by consequence:
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e the average hydraulic output
¢ the output availability of water
¢ the fatigue load on the construction (especially the pump rod)

If a large pump volume is chosen, the design wind speed is increased. This implies a
higher water output at design conditions and generally a higher long term output.
However, the mechanical loads on the system are increased as well. If the design wind
speed is higher, the starting and stopping wind speed are also higher. The windpump
will start later and produces much less water during the hours with low wind speeds.
The output availability reduces significantly with increasing design wind speed.

The most appropriate pump volume is therefore always a compromise between high
output and acceptable availability.

Once the pump volume is chosen, a combination of pump diameter and stroke length
must be found. The choice of the pump diameter is usually limited, especially if one
plans to use a commercial piston pump. Also the size of a selfmade pump depends on
the available material for the cylinder. In addition, for deepwell pumping the maximum
size is limited by the diameter of the borehole.

Within these limits, one is free to choose a combination of pump stroke and diameter.
This choice is of influence on the forces in the pump rod (and as such, on the tower as
well). Special attention should be paid to the pump rod loading if the stroke of an
installed windpump is increased later on to have more output. Then the loads are
increased as well and parts may soon appear to fail.

S5.1Matching the Design Wind Speed

The design wind speed as described in section 3.1 is the wind speed at which the
windpump has its best efficiency. For a given wind rotor, average wind speed and
pumping head, the design wind speed is chosen to obtain an acceptable compromise
between technical output and availability. Then the pump volume is found according
(20):

S Ay = ((Cp Mnax P 7 R) A Mot Aa P 8) (Vi /H)
(20)
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Figure 11 Dimensionless (technical) output of a windpump system with single-acting
piston pump in relation to the matching ratio Vd/Vav for Weibull factor k = 2.

The calculation of the technical output and availability requires information about the
local wind regime and assumes a known behaviour of the safety system. The outcomes
are different for every wind regime (Weibull shape factor). A good value to start with is
to take the design speed equal to the annual average wind speed. Then, if the availability
is unsatisfactory, one may reduce the design speed by shortening the stroke length. If the
output is too low, it may be increased by taking a higher design speed by using a larger
stroke (and the availability will be reduced significantly).

Figure 11 and Figure 12 give values for the output and availability in relation to V/V,,,.
It is seen that the acceptable choices are between:

08<V/V, < 1.2
(33)
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Figure 12 Output availability of better than 10 % of design output in relation to the
matching ratio V/V,, for Weibull factor k = 2.

5.2Choosing the Pump Diameter

Often the range of pump diameters one may choose from is rather limited. For example,
CWD pumps exist in four different diameters: 67, 108, 161 and 265 mm for rotor
diameters of 2.0, 2.74 and 5.0 mm. Southern Cross has a more extensive pump program,
covering 44, 51, 64,76, 90, 102, 115, 128 and 153 mm for four different rotor sizes: 2.5,
3.0,3.7,4.3,5.2, 6.3 and 7.5 m. The manufacturer generally indicates the head and
speed range for which each pump is suitable. CWD instead, gives for each windmill
type the design wind speed and the pumping head as a criterion for selection, as shown
in Figure 13.
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and the pumping head H.

5.3Choosing the Pump Stroke

Once the pump diameter has been chosen, the pump stroke follows directly from (20).

5.4Controlling the Pump Rod Force

A reliable windpump will have a pump rod capable to cope with the occurring forces
under design conditions. For a given head and pump size, these forces vary in
congruence with the rotational speed of the pump and the rotor. The total fatigue load on
the pump rod depends on the distribution frequency of the pump rod loads, i.e. the load
spectrum, and the contribution of the corresponding stresses in the pump rod to the
cumulative fatigue.

An adequate pump rod is capable to absorb the cumulative fatigue during the expected
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lifetime. Now, if the design speed of the wind pump is increased by attaching a larger
pump, the occurring forces at the corresponding wind speeds increase as well.
Moreover, the highest occurring loads, i.e. the peak forces at maximum rotational speed,
will increase. This increased maximum forces not only contribute to the total fatigue
load, but may even exceed the admissable maximum values and the pump rod will
break.

The calculation of the total cumulative fatigue load is not dealt with here, but in the
following an approximate calculation of the maximum occurring peak load is given. The
maximum pump speed is limited by the safety mechanism at @), corresponding with
the rated wind speed of the windpump V,4.q. At rated wind speed, the wind rotor turns
at a tip speed ratio A close to the maximum tip speed ratio A,,,.. As for most wind rotors
the following relation holds:

ﬂ'max =2 /1d

the maximum pump speed is given by:

Wax ::;2/1[1 Viated /R
(34)

This expression is valid in case of an ideal safety system that instantaneously responds
to fluctuations in wind speed and direction. In practice, the existing safety systems are
less perfect and during short periods, the rotor speed may exceed the theoretical
maximum in (34) by a factor of 1.5 as seen in Figure 8. So we find as an effective
maximum pump speed:

Whnax, eff zj)/ld Vrated /R
(35)

Now, we substitute this result into the equation for the pump rod force (30) to find the
maximum occurring force, and take the overshoot factor k equal to 2:

Fpr=2Fy[1+ %5/ (34 ViaredR) (Ay/Amm)]
(36)

This relation should be used to check whether the pump rod is capable to withstand
these loads during its expected lifetime.

6Choice of Materials
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The choice of materials for pump components depends on various criteria, such as
strength, corrosion resistance, availability, price, ease of manufacturing.

The piston pump and pump rod are perhaps the most critical parts of a windpump. They
are subjected to a varying load over a length of years and as such likely to fail because
of fatigue. Moreover, they perform their task in an often agressive environment which
imposes severe requirements with respect to corrosion resistance. Therefore, materials
must be chosen very carefully.

As a basic rule one should avoid combining different metal alloys as this will cause
galvanic corrosion. Plastics may be an interesting alternative for lightly loaded parts,
especially for shallow well pumping and low water requirements.

6.1Pump Valves

Valve material may be damaged by erosion and cavitation corrosion. If the velocity of
the water in the gap is below 6 m/s, tin bronze will serve. If the water salinity is high,

aluminum bronze is a better choice. Stainless steel is superior in quality to bronze but
difficult to manufacture and therfore expensive. A good alternative for metal valves is
an all-plastic valve set from polyvinylchloride or nylon.

6.2Cylinder

Most commercial piston pumps are equipped with a pump cylinder made out of brass,
bronze, or cast iron with brass lining. The CWD pumps had a stainless steel gas pipe
(AISI 316 L, seamless) cylinder, which is a widely available material. A plastic pipe
such as PVC can also be used, but will wear quickly.

CWD uses stainless steel for it gives good running properties if combined with a leather
sealing. In most countries large stainless steel pipes are commonly available, for
example for use in the food processing industry. Bronze as a material may be a good
alternative, but large diameter pipes are less strong and more difficult to obtain. Bronze
cylinders may also be cast but require machining afterwards, which is less convenient
for the larger sizes. Bronze in combination with stainless steel creates a weak galvanic
element, but corrosion will be little as both metals are precious.

6.3Pump Rods

Commercial pump rods are built either from galvanized of stainless steel, or from wood.
Galvanized steel cannot be used in an acid environment. The cyclical loading of the
pump rod causes fatigue, and the expected lifetime is likely to be reduced by corrosion
fatigue. In fact, the pumprod is the most heavily loaded part of a windpump, as it must
withstand peak forces upto 5 -10 kN for a large windpump.

Due to its length, a pumprod is generally built up of a number of rod or pipe segments
that are welded together. The welds are the weakest spots where the maximum
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admissable stresses are lowest. CWD uses galvanized gas pipe, which is cheap,
sufficiently strong and readily available.

A galvanized pumprod in combination with one or more bronze pump components
creates a very strong galvanic element consisting of a small anodic element (the bottom
part of the pump rod) and a large cathodic one (the pump cylinder). A galvanized steel
pump rod must be separated from the pump or the water. This can be done with rubber
or nylon bushes and rings between the piston and the pump rod. Painting of the pump
rod may be an alternative and is more practical. However, the painting layer may not
become damaged.

6.4Rising main

For the rising main, galvanized steel, stainless steel and PVC are possible choices.
Galvanized steel is not acid-resistant, while PVC may cause wave phenomena at larger
pumping heads due to stretching. For small windpumps of 2.5 m diameter and heads
upto 50 m, a PVC can be used without problems.

6.5Piston Sealing

The most common type of seal used in windpumping is the leather cup. An impregnated
and moulded leather cup has proved to be one of the best possible options. Commercial
rubber sealings from pneumatic or hydraulic equipment may be suitable as well, but in
general give high friction losses.

TMaterials and Corrosion

7.1Erosion Corrosion

Erosion corrosion is most pronounced on metals protected by a surface layer. An
example is aluminum that forms a thin layer of aluminum oxide in contact with the air,
which give full protection of the core metal against further corrosion. If exposed to a
corrosive flow, such a layer can be continually worn away and the core metal gradually
disappears. The sensitivity of a metal to erosion corrosion depends on the surrounding
fluid, the flow velocity and the ambient conditions (temperature, salt). In fresh water the
effect is relatively small, but under saline conditions (sea water) erosion corrosion can
be a serious problem.

Non-alloyed steel and galvanized (zinc) steel have a poor resistance against erosion
corrosion, especially in sea water. The spots in a piston pump where erosion corrosion is
most likely to occur are the valve gaps where the flow velocities are highest. To reduce
the effect of erosion corrosion, as a guideline, the flow velocities in the gap should not
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exceed 6 m/s. The average flow velocity in the gap can be reduced by increasing the
valve lifting height, however, one should be aware that locally much higher speeds can
occur.

7.2Cavitation Corrosion

Cavitation is called the phenomenon that tiny vapor bubbles (or cavities) are formed in a
flow if the pressure locally drops below the vapor pressure of the fluid. This is likely to
occur at the back (low pressure) surface of a moving body, such as a screw or a piston.
When they collapse they cause a hammering action that deteriorated the surface. This
effect is called cavitation corrosion.

Cavitation is most likely in suction pumps at heads of more than 6.5 metre. Especially
where cavitation becomes more critical, sharp contours and bends should be avoided as
they cause high turbulence and by consequence, additional local pressure drops.

If cavitation corrosion occurs in a piston pump, the cause of cavitation may be
eliminated by revision of the pump geometry (rounding edges, modifying valve and seat
shape). If this does not work, the pump speed should be reduced. Finally, a material
more resistant to cavitation corrosion can be chosen.

7.3Pitting

Pitting occurs if the effects of corrosion are concentrated at a number of spots rather
than attacking the surface uniformly. Small pieces of metal generally will exhibit deep
pits, while on large surfaces shallow pits are more common. A piece or iron buried in
the soil will corrode forming shallow pits, while a piece of stainless steel in sea water
typically exhibits deep pits.

In environments containing ionic chlorine or bromine, all stainless steels tend to corrode
forming deep pits. Exposed to sea water, stainless steel develops pits within a few
months, the pitting process usually starting at crevices or other areas of stagnant flow.

7.4Crevices Corrosion

Crevices are called the cavities under or between components, where lack of oxigen may
gradually reduce the passivity of the metal surface. The corrosion process is further
accelerated by the chemical reactants that become trapped in the crevice and create a
highly acid and aggressive environment (pH may become 2 or lower). Crevice corrosion
may occur in a cavity in one piece of metal, between two metal bodies, or between a
metal and a non-metal body.

Stainless steel is much more sensitive to crevice corrosion than ordinary steel, due to the
acidity of the iron, chromium and chlorine corrosion products.
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7.5Galvanic Corrosion

Galvanic corrosion occurs if two pieces of metal with a different galvanic potential react
with each other due to direct contact or the presence of an electrolyte (sea water). A
potential difference exists between two different metals, ot two pieces of the same metal
but with different surface properties.

Metals and metal alloys can be ranked according their potential in a galvanic series. The
further apart two metals are, the higher the rate of corrosion will be. The metal closest to
the anodic end of the series will be the one to corrode. For example, if tin and zinc are in
contact, the zinc will corrode; if tin and copper are in contact, the tin will corrode.

The rate of attack is affected by the relative size of the materials, the distance between
them and the properties of the electrolyte. A small anodic body combined with a large
cathodic area will corrode quickly; conversely, the effect will be less in case of a large
anodic area and a small cathodic one. If the distance between the bodies is increased, the
effect becomes less.

An electrolyte with good electricity conducting properties facilitates the exchange of
electrons between both metals. This explains the fast galvanic corrosion in saline
environments and sea water.

Galvanic corrosion can be avoided by a careful choice of materials.

7.6Fatigue Corrosion

When a metal subjected to a periodically varying stress is put into contact with a
corrosive medium, the failure limits may reduce dramatically. Under normal conditions,
no fatigue occurs if the periodic stresses do not exceed a certain level. This level is
called the endurance limit and below this limit, the lifetime of the component is not
affected.

Fatigue tests performed in a corrosive environment however, do not exhibit an
endurance limit at all: sooner or later the material will always fail. Consequently, one
must choose an acceptable lifetime and determine which size and material will do.
Tables usually give the number of cycles a material can withstand without failure under
given conditions. These data can be used to calculate the expected lifetime.

8Valve Design

The valve design largely determines the flow drag and by consequence the mechanical
efficiency of a piston pump and has a strong impact on the dynamic behaviour. Valve
design methods only give approximate dimensions, which in practice must be further
optimized by practical tests.

A flat valve is relatively easy to produce and often applied in windpumps Figure 14. A
valve should have a small contact area with the valve seat to prevent sticking, which
lowers the minimum pressure difference needed to open it. A mimimum width of the
contact area is 2 to 3 mm in order to guarantee good sealing.
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Another type of valve often used is the conical valve as shown in Figure 15. A conical
valve however has a less smooth operation and is more difficult to manufacture. The
ball valve is found in some of the Southern Cross pumps and the German Lubing (see
Figure 16). Other valve types are ring valves, group valves and rubber flappers. As they
are not common in windpumps, they are not treated here.

Figure 14 Lay-out of a flat valve design.

Figure 15 Lay-out of a conical valve design.

Figure 16 Lay-out of a ball valve design.

8.1The Valve Lifting Height

The choice of the valve lifting height is a compromise between the demand for a low
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pressure drop over the valve and an acceptable dynamic response (opening and closure
delays) at higher pump speeds.

A large valve lifting height results in low flow velocities in the gap, which are necessary
to avoid erosion corrosion and cavitation of the valve and the valve seat. Low flow
velocities also imply low losses due to flow drag, which improves the mechanical
efficiency of the pump.

On the other hand, a large lifting height leads to delayed valve response and by
consequence higher peak loads in the pump rod and a more noisy operation. The
rotational speed at which a pump starts “hammering” largely depends on the valve
design and lifting height and is higher for a low lifting height.

A compromise between both requirements gives practical valve lifting heights ranging
from 3 to 12 mm, depending on the pump size.

8.2Design Procedure Flat Disk Valve

A flat disk valve with central hole is depicted in Figure 17, as well as the relevant
diameters and flow areas. To avoid a pressure drop at fully opened valve position, one
takes the space between the valve and the cylinder wall equal to the hole area:

A, = Ay

(37)

The valve gap space A, is related to the valve lifting height h according

A;=7D,h

(38)

and the space between the valve and the cylinder wall follows from:

A, = w4 (D,” - D))

(39)

The contraction ratio ¢ is defined as the ratio between the gap area and the hole area:
o=AJ A
(40)
and by applying (37) thus:

A, =1/aA,
(41)
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Figure 17 Flat valve model with central hole.

Now by combining (47) with the relations (38)and (39) we obtain:

w4 (D,’-D)})=1/axD,h
(42)

By rewriting we obtain a quadratic expression for the valve diameter as a function of the
cylinder diameter, with the valve lifting height and the contraction factor as design
parameters:

D, = -2i/a+ (4h’/a + D))"
(43)

Further, we have to consider an overlap ¢ between the valve and the valve seat of 2 to 3
mm to guarantee proper sealing, hence:

D;=D, -2t
(44)

The final valve geometry is determined from a reasonable choice of the parameters in
the latter relations. In order to obtain adequate valve response, the contraction factor
should be respected by checking whether:

w4 D >1/0A,
(45)

For other flat valve geometries, such as a ring valve, or more than one seat hole, one can
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derive a similar set of equations based on the same assumptions.
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10Exercise

10.1Problem

A CWD 2740 windpump has the following characteristics:

rotor diameter: R =2.74 [m]
blade number: B =6 [-]
starting windspeed: Vi =25 [m/s]
rated windspeed: Viaea =71.5 [m/s]
cut-out windpseed: Viop =12 [m/s]
survival windspeed: Varw =50 [m/s]

For this windpump we have two pumps available, a CWD 81D and a CWD 108D type.
Both are single-acting piston pumps, the type number indicating the piston diameter in
millimetres. The stroke s can be adjusted between 0 and 60 mm. The windpump has a
balanced pump rod.

From measurements and analysis of the system components, we found that:

volumetric efficiency: Mo =09 [-]
mechanical efficiency: Dmecn  =0.8  [-]
design tip speed ratio: Aa =2.0 [-]
maximum power coefficient Cp, max =0.36 [-]

Furthermore, we have the following constants:

air density P =12 [kg/m’]
water density Pw = 1000 [kg.m3]
gravitational constant g =9.81 [m/s2]

= 1. Recall the expressions for the design wind speed and the design stroke volume.
Sustitute the data given above and derive a simple expression for each of both pumps.
Which variables are still unknown?

= 2. What are the corresponding design outputs? Compare both expressions.

Measurements on a test site revealed that during gusts, the rotor may speed up until 4
revolutions per second maximally.
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= 3. Give an approximate value for the maximum rotor speed using the theory in this
module?

We want to install the windpump above a dug well. The total pumping head H = 20 m.
From measurements, we learned that the average wind speed at the site V,, = 3.5 m/s.

= 4. Choose a reasonable design wind speed.

= 5. Calculate the required pump stroke for both pumps, in order to meet the design
point conditions. What is the design output?

The dug well size is wide enough for both pump diameters. The pump cylinders are
screwed onto the bottom end of the rising main. The internal diameter of the rising main
D,,, =81 mm.

= 6. Calculate the pump rod forces at the design point and the maximum occuring pump
pump rod force, for both pump types.

We decide to use a pump rod made from pieces of 34 galvanized gas pipe that are
welded together. The weakest cross sections of the rod are the welds, where the
maximum admissable stresses G, = 40 N/mm?. The cross-sectional area A,oq =200

2
mm .

= 7. Check the strength of this pump rod for both pumps.

After some months of operation, we discover that the water level in the well has
dropped by five metres.

= 8. What has happened to the design wind speed V,, the rotor speed @y and the design
output g,?

= 9. What can you say about the long term water output and the technical availability?
Make us of Figure 11 and Figure 12 if necessary.
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= 10. What would you expect for the maximum rotor speed @),,,?

= 11. What has happened to the pump rod force at the design point, and at maximum
speed? Discuss the effect on fatigue of this component?
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10.2Answer

A CWD 2740 windpump has the following characteristics:

rotor diameter: R =2.74 [m]
blade number: B = [-]
starting windspeed: Vi =25 [m/s]
rated windspeed: Viaea =71.5 [m/s]
cut-out windpseed: Viop =12 [m/s]
survival windspeed: Varw =50 [m/s]

For this windpump we have two pumps available, a CWD 81D and a CWD 108D type.
Both are single-acting piston pumps, the type number indicating the piston diameter in
millimetres. The stroke s can be adjusted between 0 and 60 mm. The windpump has a
balanced pump rod.

From measurements and analysis of the system components, we found that:

volumetric efficiency: Mo =09 [-]
mechanical efficiency: Dmecn  =0.8  [-]
design tip speed ratio: Aa =2.0 [-]
maximum power coefficient Cp, max =0.36 [-]

Furthermore, we have the following constants:

air density P =12 [kg/m’]
water density Pw = 1000 [kg.m3]
gravitational constant g =9.81 [m/s2]

= 1. Recall the expressions for the design wind speed and the design stroke volume.
Sustitute the data given above and derive a simple expression for each of both pumps.
Which variables are still unknown?

Formula (79) gives:

V= V(Mo SAy 2 P 8 H)/ (Cp Max p T R)

By subsitution of all given parameters we find for the design wind speed:
V= V(0.9 sA,*2.0*1000 *9.81 *H)/(0.36 0.8 * 1.2 *77 % 1.37°)

=44.87V(s A, H)
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Hence the design stroke volume is equal to:
s A, =1/2013) *(V,//H)

The piston area is different for each of both pump. We find:

type D,[m] | A, [m’] V, [m/s] s [mm]
CWD 81D 0.081 | 0.00515 | 3.22V(sH) 96.5 (V,;/H)
CWD 108D 0.108 | 0.00916 | 4.29V(s H) 54.2 (V//H)

The pumpstroke s, pumping head H and design wind speed V, are still unknown.

= 2. What are the corresponding design outputs? Compare both expressions.

The design output g, follows from equation (/8):
Ga= Mo SA, 2 V/(2TR)
We subsitute and find:
qa=095A,*2.0*V/2r*137)
=0.2095A,V,
= 0.209/2013 (V,;/H) [m’/s]
=0.104 (V;/H) [Us]

This expression is independent from the chosen pump type (of equal efficiency).

Measurements on a test site revealed that during gusts, the rotor may speed up until 4
revolutions per second maximally.

= 3. Give an approximate value for the maximum rotor speed using the theory in this
module?

We use the relation (34):
Oy, eff =244 Vyatea /R
and find:
Wy, o =2% 2.0 *7.5/1.37

mnax, eff z2]9 [rad/s]
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This is equivalent to 21.9/6.28 = 3.5 revolutions per second. The maximum speed of 4 rev/s found in
practice is slightly higher (but not as much as a factor 1.5 as described in the module).

We want to install the windpump above a dug well. The total pumping head H = 20 m.
From measurements, we learned that the average wind speed at the site V,, = 3.5 m/s.

= 4. Choose a reasonable design wind speed.

As a first choice, take V, equal to the annual mean wind speed:
Vi=V,, =3.5[m/s]

The corresponding design pump speed ay = 5.1 rad/s.

= 5. Calculate the required pump stroke for both pumps, in order to meet the design
point conditions. What is the design output?

We can now complete the last column in the table from question 1 by substituting V,; = 3.5 and the head H
=20m:

type D,[m] | A,[m’] s [mm]
CWD 81D 0.081 0.00515 59.1
CWD 108D | 0.108 0.00916 33.2

The stroke volume s A, = 0.304 litre for both pumps.
The design output g, is:

ga= 0.104 (3.5°720) = 0.22[l/s]

The dug well size is wide enough for both pump diameters. The pump cylinders are
screwed onto the bottom end of the rising main. The internal diameter of the rising main
D,,, =81 mm.

= 6. Calculate the pump rod forces at the design point and the maximum occuring pump
pump rod force, for both pump types.

We recall the expression for the pump rod forces (30) or (31):

Fpo=kFy [ 1+"%sa/g(AJ/A) ]
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At design point, we calculate the rotational speed from:

ay = AV/R

Fp=kFywl[1+ci(A/Am)]

= 2.0 *3.5/1.37 = 5.1 rad/s (or 0.81 rev/s).

The maximum rotational speed of 4 rev/s is, hence @, = 25.1 rad/s.

The static force is found from (1):

Fst, w= pw 8 HAp

Bearing in mind that the ratio A,/A,,, is different for both pumps, we calculate the pump forces in the
following table (taking the overshoot factor equal to 2):

type Ap [mz] Fst, w [N] Ap/Arm S [mIn] Cq (a)d) Cq (mnax) Fpr, d [N] Fpr, max [N]
CWD 81D 0.00515 1010 1.0 59.1 0.0785 1.90 2179 5858
CWD 108D | 0.00916 1797 1.33 33.2 0.0440 1.07 3804 8708

We decide to use a pump rod made from pieces of 34” galvanized gas pipe that are

welded together. The weakest cross sections of the rod are the welds, where the

maximum admissable stresses G, = 40 N/mm?. The cross-sectional area Aoq =200

mm2 .

= 7. Check the strength of this pump rod for both pumps.

For the CWD 81D we calculate the maximum occurring stress:

For the CWD 108D we find:

In case of the CWD 108D, the maximum occurring stresses in the pump rod exceed the maximum

admissable value.

After some months of operation, we discover that the water level in the well has
dropped by five metres.

G = 5858 /200 = 29 [N/mm’]

O = 8708 /200 = 43 [N/mm’]
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= 8. What has happened to the design wind speed V,, the rotor speed @y and the design
output g,?

The design wind speed has changed, which is concluded from the expression found in question 1:
V,=44.85V(s A, H )

Due to this change in design speed, the design pump speed @ has also changed and therefore the design
output (by definition, at the design point, the rotor operates at 4 = Ad = 2.0):

qa=0.209 sA, V,
we now calculate for the new head H = 25 m:
V, = 44.85V(0.00304 *25) = 3.91 [m/s]
The increased design output becomes:
qa=0.209 *0.304 *3.91 =0.25 [l/s]
(or: gu= 0.104 (3.91°/25) = 0.25  [l/s]

So the design output has increased by about 10%.

= 9. What can you say about the long term water output and the technical availability?
Make us of Figure 11 and Figure 12 if necessary.

The design wind speed V, has shifted from 3.5 to 3.91 m/s. The average wind speed V,,, is still 3.5 m/s,
hence the matching ratio V,/V,, has changed from 1 to 1.12. Now we can read in the figures, -following
the curve for the “American” windmill with balanced pumprod- that the dimensionless output has
increased from 0.6 to 0.52 and the availability from 40% to 32%.

So the output has increased by 15%, at the expense of a reduction of the availability of 20%.

= 10. What would you expect for the maximum rotor speed @),,,?

As V,4eq 18 controlled by the safety mechanism it should not change. Since at high speeds the rotor
operates approximately at maximum tip speed ratio, the @),,, should remain the same.

= 11. What has happened to the pump rod force at the design point, and at maximum
speed? Discuss the effect on fatigue of this component?

Since @) has increased, the pump rod loads at the design point have increased as well.
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type Ap(m’] | Fy o [N] | A/An | smm] | ay[rad/s] | c,(@) | FpralN]
CWD 81D 0.00515 | 1010 1.0 59.1 5.71 0.0982 | 2218
CWD 108D | 0.00916 | 1797 1.33 33.2 5.71 0.0552 | 3858

The maximum occuring pump rod forces have not changed, but the loads spectrum has shifted towards
higher values. This increases the accumulated fatigue in the pump rod, reducing its life time. But in this

case the acceleration component at design conditions is less than 10% of the static force (c, < 0.1), so we
should not experience any problems.
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