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Executive summary

This project describes a water distribution system that implements a peristaltic
pump, for the Palestinian Communities in South Mount Hebron. These
communities currently use buckets to transfer water from the wells to their
homes, their herd or their fields. This labour intensive process effectively
restricts the amount of wells they are able to access, and causes them to feed
the herds close to the well. The herds’ defecation consequently scatters in the
wells area, polluting the water. Simultaneously, imported pumps have proven
useless: their fuel is dispersed and expensive, and repair is beyond the local
capabilities. The goal of this project was thus to design a wind powered and
locally repairable pump that makes it easier for these communities to access
water, and thus enables them to access more and cleaner water.

In situations similar to the Palestinian one, the rope pump is currently
prevalent. The rope pump however requires a complex production process to
ensure its life time. The peristaltic pump is simpler, because it implements a
hose: this hose acts as an elastic seal and lowers the necessity for high
production precisions. The peristaltic pump could thereby solve the rope
pumps production issues.

To set the requirements for the pump and its mounting, the Pump Handbook
(Karassik, 2008) and VLOM ("Village-level operation and maintenance") theory
were used. VLOM theory states that the operation and maintenance of pumps
can be performed on the village level. Such an approach reduces the
dependency of villages on governments and donors (Coloru, Mgaya, &
Taubert, 2012). This led, among others, to a manufacturing process that uses
off-the-shelf tools and a pump that is repairable without the use of power
tools. The Pump Handbook provided an overview of field conditions that
influence the design of a pump. This led to a design that can withstand debris
in the water, dry-running and corrosion.

A wind pump is a careful balance between rotor and pump operation. The
pumps flow rate is dependent on the wind speed, but has to amount up to the
water demand of the users. This implies that the rotor has to spin fast and
often enough, while being held back by the torque that results from the water
being pushed upwards. To optimize this balance between rotor speed and
torque an algorithm was made, that iterates several torques to find the one
that maximizes the rotors energy generation over time. The result of this
method has rendered 35% more energy than the conventional method, which
is designed to peak in energy generation at the average wind speed (Rijs &
Smulders, 2006).



Using the found requirements, a range of pumps typically encountered in
industrial projects (Grundfos, 2015; Karassik, 2008) and development projects
(Fraenkel & Thake, 2006; Appropedia, 2015) was evaluated. This rendered four
interesting pump types. The peristaltic pump was chosen to develop further, as
it (as said) improves on the production precision issues that were discovered to
limit the rope pumps implementation, and it was found more reliable than the
rotary diaphragm and stationary vane pump.

The result of the design process is a water distribution system that uses the
wind to pump water to a reservoir, from where it can be gravity-fed onwards.
The system incorporates a three-roller peristaltic pump, with a 2mm thick hose
and no add-ons. The pump is mounted at the bottom of the well by a pipe that
is fixed to the terrain. Sleeves, that are used to connect the pipe pieces,
incorporate centralizing plates that hold the shaft in place. As such, both the
housing and the shaft of the pump are stable at the bottom of the well, and
the complete installation can be (dis)mounted from the ground level.

A prototype of the pump was made and tested. It pumped 4,2L/min at a
rotational velocity of 100RPM, with a 10m head and 2,2Nm torque. The
prototype did not run stable yet; the hose would get dragged along by the
rollers, creating a shock-like behaviour. This problem can be solved by
implementing a thicker hose and connectors that push the hose against the
housing. This would also improve the pumps flow rate.

In this stage the pump is not ready for implementation in Palestine.
Continuation of the project would involve another design iteration, and
consequently in-field prototyping and testing. Testing thereby involves its
operation with a rotor, its life time, local production, and measurement of the
impact on the lives of the Palestinian communities.

If successful, the peristaltic pump would be very promising to the developing
world: the easiest to produce, with an excellent match to a wind rotor, and
thus able to independently irrigate fields and fill water basins. From the basins
users can use a siphon, rather than a bucket. Water could be accessible all day,
close to homes and effortless.
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Qpumyp (£) The pumps flow rate over time m3/s
Qpump Vwina) The pumps flow rate over wind speeds m3/s
Wpump The pumps shaft speed rad/s
Tyump The torque on the pump shaft Nm
Eyressure The force required to push the water up N
FEsqueeze The force required to move the squeeze forward N
Trrictions The torque lost in frictions on the shaft and roller axes Nm
Rpump The diameter of the pump m
Apipe The cross-section surface of the pipe going to the reservoir m?
H The pumps head m

P The pressure in the pipe going to the reservoir Pa
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Lpatn The length of the path that the hose follows within the pump m
Laround rolier The length of the path where the hose wraps around the roller m
Lpetween rollers The length of the hose between rollers m
ODyotier The outer diameter of the rollers m
Apose The hoses inner cross-section surface m?
WT The hoses wall thickness m
ID The hoses inner diameter m
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Introduction

Water is essential for health, food production and economic growth (UNESCAP,
2006), and therefore considered a fundamental human need that as a matter of
right should be provided for all (UNCESC, 2002). Still, inadequate water access
negatively affects the lives of four thousand farmers in South Mount Hebron,
Palestine. This project, a graduation design thesis at TU Delft, shows a way to
address their inadequate water access. In this chapter the problem statement is
outlined, and the resulting project goal and approach are described.

There is a water shortage in South Mount Hebron, Palestine. Water and fodder
(grass for the herds) had in 2012 already become scarce to a point where families
had to spend a third of their income to buy it. Many ended up impoverished and
indebted; dependent on humanitarian aid (Hartman, 2012).

Studies in the region show that this water shortage can be addressed by improving
the water infrastructure (Flatejord, 2012; Brand, 2013; Short & Thompson, 2003).
Palestine features an annual rainfall similar to London, but it comes with a higher
seasonality (World Bank Group, 2013) (UK Met Office, 2013). There is ample water,
as long as enough of this rain is harvested and distributed. In Palestine a proper
water infrastructure thus constitutes of water harvesting and distribution.

A distribution system is the missing link in this water infrastructure (Brand, 2013;
Short & Thompson, 2003). The water harvesting system functions well. Troughs
guide rain water from the hills into caves, where it is stored. These water storage
caves are called cisterns. Distribution from the cistern to the users is done using
buckets. Each cistern is supplied with a bucket on a rope to lift the water up, from
where it is transferred by other buckets to the various usage points. This bucket
distribution method is problematic, for two reasons.

The bucket system is first of all labour intensive, which effectively restrains the use
of additional cisterns. The current bucket system takes so much time that using
extra cisterns is beyond the communities reach. Yet, if more cisterns were to be
used this would address the economic burden described in the first paragraph.

Figure 1 shows the Palestinian scenery, barren dry at the end of the dry season. The
figure gives an overview of possible locations for extra cisterns that could be used if
a more advanced distribution system than buckets was available. There are three
possible places where a water distribution system is useful:

e In the hills, near the communities. A water distribution system is useful where
the community lives higher than the cistern; the location of their homes and
the cistern is decided by the location of existing caves. This would not provide
extra water directly, but save time that can then be spent on accessing new
water resources.



On the more horizontal parts of the hills, extra cisterns could be used to irrigate
the land. For irrigation one needs a small slant, so the water soaks in to the
ground rather than running off it. Such a small slant cannot be irrigated using
gravity, as the height difference does not provide enough pressure to distribute
the water evenly. It thus requires a powered water distribution system. Rather
than letting all the water flow to the valleys and into the soil immediately, less
slanted parts of the hills could be kept green throughout the year. This would

save the communities money that is now spent on fodder.

In the valleys cisterns could be used to contain water that is now seeping into
the ground too quickly. This would make water available for the herds, lowering
their share in the community cistern, and making extra water available. This
saves the communities money that is now spent on water.



The bucket system second problem is that it affects the water quality. An average
herd drinks 200 buckets daily (Brand, 2013). To avoid water transport labour their
drinking basin is usually within reach of the cistern (Figure 2). Due to this proximity
of the herd to the cistern, defecation is scattered in the cistern area. When it rains
it washes into the cistern, contaminating the water to a level where it poses a
threat to human health. It is the primary reason for diarrhoea amongst children (Al-
Salaymeh, Al-Khatib, & Arafat, 2011).




To summarize the above an improved distribution system:
e Saves time spent on fetching water;

e Lowers or avoids contamination of water by the herds’ poo;
e Increases the amount of water they can distribute, and with that opens access
to more cisterns and thus more water.

To address these 3 goals, a distribution system should at least bring the water from
the cistern to an elevated tank. From there, the water can be gravity-fed onwards
to its usage point: the community, a separate drinking basin for the herd and/or a
field of crops or fodder.




Efforts to improve the water distribution system were already made. These
previous efforts included importation and installation of industrial pumps. They
were however unsuccessful, due to two reasons. These will be explained below.
These two reasons are this projects starting point, providing direction for the
design.

The first reason the industrial pumps proved to be unsuccessful is the fact that they
could not be repaired locally (Brand, 2013; Flatejord, 2012). When broken, they
would be abandoned. There is thus a need for local repair possibilities: a design that
matches the local skills and tools.

The second reason is that the imported pumps were powered by fuel, which is an
expensive and dispersed energy source. The pumps would often stand still for
months due to a lack of money and/or time to acquire the fuel. A pump should be
able to work as a stand-alone, off-grid unit that does not require effort or money
for operation. This implies using solar or wind energy to power the pump. These do
not require fuels for operation and are thus free after the initial investment. Human
interference with the installation can be downscaled to maintenance. There is thus
a need for a distribution system implementing a renewable power source.

That renewable power source can be defined more precisely. Of wind and solar
energy, the wind rotor requires a smaller investment. Solar panels require a
production process and materials that are highly complex. A rotor can be
manufactured and repaired with widely available tools and materials, in accordance
with the need for local repair described above. Earlier work in the region thus
concluded that “Wind pumps could easily be assembled and maintained using the
materials and skills available in the villages and cities, which makes them an
attractive option for a truly sustainable solution” (Short & Thompson, 2003).
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Figure 4 depicts the envisioned water distribution system, resulting from the
reflections above.

This water distribution system (Figure 4) consists of:

The rotor, generating energy from the wind;

A transmission, translating the rotation of the rotors shaft to that of the pumps
shaft;

The pump, translating the power in its shaft to pressure;

The pipe or hose going up to the reservoir, bringing the water up;

The reservoir, facilitating a match between irregular consumption (for herd,
community and/or irrigation) and the wind-dependent flow rate from the
pump;

The gravity-fed distribution hoses or pipes; bringing the water whenever
required to the community, herd or fields. This is where the communities can
control the water flow: they can open and close the pipe or hose at their will,
using e.g. taps or kinks in the hoses.

One hose (not drawn in the figure) reaches from the top of the reservoir back
into the cistern to avoid loss of water through spill overs.




Within this system the highest design priority lies with the pump. Each of these
components of course plays its part in the distribution, and all of them will have to
be designed. Some elements are however so ubiquitously present in Palestine, that
they can be acquired locally when the rest of the system has been defined. This
includes the transmission, piping, hoses and reservoir. This project will not focus on
them. Furthermore a partner was found interested in implementing their rotor.
NGO Comet-ME is developing locally producible rotors. They have successfully
implemented dozens of wind turbines, and are developing rotors for direct
mechanical coupling (Comet-ME, 2015). The envisioned system will use one of their
rotors. The focus of this project thus lies on designing the pump.

The goal of this project is to design a wind powered and locally repairable pump
that makes it easier for the communities of South Mount Hebron, Palestine to
access water, and thus enables them to access more and cleaner water.

To fulfil this goal the project is divided into four phases: (1) setting up the pumps
requirements, (2) selecting a pump type, (3) developing its design to match the
context, and (4) evaluating the resulting design to the initial project goal. These four
phases are described here.

A list of requirements is used for the pumps selection, design and evaluation. In
accordance with the projects goal the requirements analysis considers the following
three topics:

e Pump properties: How the pumps performance meets the communities’ needs
and context,

e Local repair: How can local repair be translated to requirements,

e Wind power: How can the pump-rotor combination be optimized.

In the report these requirements are split into requirements that do not require
calculation, and the requirements that do require calculation. The report thus has a
section on “Requirements”, consisting of the pump properties and local repair
requirements, and a section on “Water and Energy Flows”, consisting of the
calculations regarding the water and energy flows following the pump-rotor
combination. After these two parts the full program of requirements is repeated.



According to a classification system of the Pump Handbook (Karassik, 2008), pumps
can be classified in two phases: the first phase contains different working principles
by which the pump translates energy to pressure and flow. The second phase
contains pump types that depict different configurations by which this is done. A
pump type is selected following these two phases, by comparing the various
options of each phase to the requirements. After selection the pump type is
developed further in the design chapters.

The design chapter makes the pump type into a design. The chosen pump type is
elaborated to a level of materials and dimensions.

As literature on the chosen pump types is scarce, this study combines literature
with market research, expert interviews and rapid prototype experiments. A study
of the various options within the pump type reveals the relation between design
variables and performance. Together these render the required knowledge.

Consequently the studied performance — design relations are used to design the
pump for the specific requirements of this project. This design is made tangible by
a prototype.

The prototype is used to test the designs performance quantitatively and
qualitatively. These tests evaluate the design to the requirements and its
competitors. This provides a clear insight to the performance and promise of the
design. Lastly, the evaluation and design chapter together render a set of
recommendations for further improvement.

The result of this work will be the analysis and resulting first design of a pump for
the Palestinian communities. Insight to the specific conditions and their influence
on the design is gained. Which information is relevant to who is explained in the
next section: the guide to readers.



1.4

Guide to readers

This project can be interesting for a number of people; (a) those that design water
systems for the developing world, (b) those that make policy surrounding water in
the developing world, (c) those interested in specifically wind pumping and (d)
those interested in Do It Yourself pumping. Table 1 gives an overview of which

chapters are interesting to whom.

p.
p.
p.
p.
.38

Requirements

Water &
Energy Flows

Pump
Selection

Design

Tests &
Evaluation

Pump Properties
Local Repair
Water Flow
Energy Flow
Water & Energy
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Pump Design
Design Overview
Tests
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12
16
22
28
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.62
.74

91

.98
. 119
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Pump Properties

The project approach (p. 7) showed that designing a wind powered, appropriate
pump requires an analysis on three aspects: pump properties, local repair and wind
power. This chapter treats the pump properties. Combined with the chapter on
Local Repair and those on Water and Energy flows all necessary information for the
pumps program of requirements is gathered.

The pump properties and local repair aspects are quantified to the local context.
Literature about the communities in Palestine is ample. These sources include
(Brand, 2013), (Flatejord, 2012), (B't Selem, 2013), (Hartman, 2012) and (Comet-
ME, 2011). Their experience relates to the social impact of water, what pump
properties should be reached to affect impact and local production capacities.

The Pump Handbook is an authority when it comes to pump design and application
(Barnes & Noble, 2007; Arora, 2011). It offers all properties one could keep in mind
when designing a pump, including those for industrial purposes. To define the
factors relevant in the developing world an interview with expert Adriaan Kragten
was conducted. Adriaan Kragten is a developer of wind turbines and pumps for
developing countries, previously at TU Eindhoven and now privately. This led to the
following properties:

e Head: required pressure to transport the water, expressed as a height (in
meters).

e Flow rate: amount of water transported per time period. This can be cubic
meters per day, litres per minute, cubic meters per hour, et cetera. For
communities it is common to assess how much water is used per day. The
reservoir enables them to take water according to their preference, which on a
daily basis totals to a stable, reliable amount. From the communities’ point of
view, the requirement for the pump is thus that enough water is available for
them each day. From the viewpoint of pump designers it is however common
to assess how much water it pumps per minute, dependent of its speed and/or
head. A translation between these different ways of expressing the flow rates is
required.

e Suction head: a pump is called self-priming when it can suck the water up from
a certain depth. This depth is called the suction head and is expressed as a
height in meters.

e Debris: presence of sand or little rocks in the water that cause abrasion.

e Water quality: water properties that might damage a pump or pipe, like
corrosiveness.

e Dry (empty) running: if a pump is able to dry run it does not rely on the

pumping fluid for lubrication.



e Intake and outlet configuration: how the pump is coupled to the rest of the

water system.
e Shaft configuration: how the pump is coupled to the power source.

Besides these water transport properties the obvious limitation for any pumping
system is:
e Available money / price of the installation

This excludes some properties from the Pump Handbook (Karassik, 2008). The
excluded properties are: presence of entrained gases in the pumping fluid,
hydraulic losses in the piping system, multiple modes of system operation, type of
pump control, precise flow adjustment ability, necessity for design standards such
as APl and ISO, fluid characteristics such as viscosity, density et cetera, and required
pump materials. These properties indeed seem irrelevant for a stand-alone system
distributing water. They will be disregarded here.

Now that the pump properties are named, they can be translated to performance
requirements for the field case. Each property is shortly introduced, followed by the
relevant aspects of the field case and how it affects that property. This leads to a
performance requirement for the pump. In later stages these are used to choose
the pump type, optimize its design and evaluate the outcome.

The flow rate property is excluded from this chapter, but mentioned in the ‘Water
and Energy Flows’ part of this report. The flow rate property directly relates to the
calculations done on the pumps energy flow from the rotor. It was deemed more
understandable if all these aspects were described together.

The head is the pressure the pump provides expressed in meters height. As
described in the problem statement (p. 7), water is pumped from the cistern to a
reservoir. The minimum head is thus the distance between the cisterns bottom and
the reservoir, plus a safeguard for friction losses.

The maximum cistern depth is 7m (Brand, 2013). The reservoir sits on a tower high
enough to gravity-feed the water to the domestic space, herds or fields. A standard
tower of 2m high is sufficient, as it can distribute water up to 30m far (Engineering
Toolbox, 2015). Friction losses are estimated to 1m. The minimum pump head is
thus 10m: 7m cistern depth, 2m reservoir tower and 1m friction losses.

13
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A pump is called self-priming when it can suck up water from a certain depth: the
suction head. Before water enters the pump, the pump would need to pump air to
create enough under-pressure to suck the water up. As air is 830 times less dense
than water, one can imagine how fast air leaks in relation to water. In other words:
to pump air the pump will have to be produced many times more precise than
when it only needs to pump water. As production precision is such an important
factor (refer to local repair chapter, p.18), it was decided to submerse the pump in
the water. This way the water will flow into the pump automatically. No suction
head is required.

The debris property considers the amount and size of particles in the water that
the pump can manage without being damaged through abrasion. In the field case
the pumped water is rain harvested from the catchment area. As the environment
is rocky and sandy, this debris will end up in the cistern. Though it sinks down, just
after rainfall it will still revolve in the water (Brand, 2013). The pump should be able
to manage small debris and sand, and include a gauze at its inlet for bigger
particles, like rocks.

The water quality for a pump describes water properties that can damage the
pump, like corrosiveness. Corrosion of a pump weakens its metal components. A
variety of different pumping fluids and the specific environment can induce
corrosion of a pump. These include (Grundfos, 2015):

° pH

e Oxidising agents (such as oxygen)

e Temperature

e Concentration of solution constituents (such as chlorides)

e Biological activity

e Operating conditions (such as velocity, cleaning procedures and shutdowns)
e Chemicals.

Of the mentioned causes for corrosion, only the pH is relevant in the field case.
Temperatures in Palestine are high, and the presence of herd poo creates some
biological activity, but not to a relevant extend.

According to a study of 100 cisterns in the region, the water features pH values
from 7.32 to 8.97 with a mean value of 8.16 (Al-Salaymeh, Al-Khatib, & Arafat,
2011). A pH of 8.97 would create ‘Moderate Scale Forming’ on metals that are
constantly in contact with the water, and require water treatment or a protective
coating (Oram, 2001). The pump should feature materials that are corrosion
resistant or coated.



If a pump is able to dry run it is independent on the pumping fluid for lubrication.
For the field case where the pump is submersed in the cistern, dry running happens
when the cistern runs empty. In the flow rate section it will be seen that a cistern is
likely to run empty during the summer months (p. 25). The pump should be able to
dry-run for the moments this happens.

The intake and outlet of a pump depend on how it is coupled to the rest of the
water system.

For the field case the pump will be submersed in the water. The debris section
showed how it requires a gauze at its inlet to keep out larger rocks. Besides the
gauze the inlet can be open, as there is no need to connect a pipe or hose there.
The outlet however should provide a coupling to a hose or pipe going up towards
the reservoir.

The shaft configuration depends on how the pump is coupled to its power source.
The pump is submersed in the water, at the bottom off the well. The ingoing shaft
from the rotor will thus be rotating, and long. Sweep is the ‘swinging’ of long
rotating shafts and should be avoided.

The price of the system should match the local circumstances and possible business
models (Polak P., 2011). The problem statement showed how the communities in
the field case have to buy water, and how that has left them perpetually indebted
(Hartman, 2012). Their water accessibility will not improve if the pump is more
expensive than buying water. The pump lowers the amount of bought water; the
next three paragraphs will translate this to a maximum price.

The flow rate section will show how a cistern can harvest more than two times its
own volume (p. 23). A pump could optimize the water demand and water supply to
harvest all of this water. The problem scope section furthermore showed a pump
could be used to access a new cistern, where previously this was too time-
consuming. These two scenarios combined make it safe to assume the pump could
provide at least half of one cisterns volume extra per year. Half a cisterns volume
amounts to 46 cubic meters (Brand, 2013).

This volume can be translated to the water costs the pump prevents. When the
communities run out of water, they buy it from private contractors that import
water using trucks. The price of water purchased from such private contractors is
NIS 25 to 40 per cubic meter, depending on the distance from the water source to
the village (B't Selem, 2013). Assuming the cheapest price off 25 NIS, half a cisterns
volume in water thus costs at least 1150 NIS, or 300 USS per year.

Assuming a return on investment period of one year seems probable in Palestine,

due to the poverty of the communities and instability of the political situation. The
300 USS that can be saved on a yearly basis should thus pay for the water

15



distribution system. The rotor, transmission, filter, tank and pipes are estimated to
cost 200USS (Dotan, Wind rotor types and decision, 2013). This leaves a rough
100USS for the pump.

All pump properties are now quantified. Table 2 and Figure 6 give an overview.

Head 10 meters
Suction head Om, pump is submersed
. Pump should withstand sand and little
Debris
rocks

Pump materials should withstand

Water qualit .
q y corrosion or be coated

Dry running Pump should be able to dry run
Intake and outlet Open inlet with a gauze, coupling to a
configuration pipe or hose at the outlet

Ingoing shaft is rotating and long, sweep
is to be avoided

Price <=100USS

Shaft configuration

B 4 A
10m
1L A
—a— avoid sweep
— Y
coupling

100 USS
Corrosion resistant
Able to dry-run
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Local repair

As described in the problem scope previous efforts to import industrial pumps were
unsuccessful, as they could not be repaired locally (Short & Thompson, 2003). This
chapter thus starts with an explanation of the approach to facilitate local repair,
called Village Level Operation and Maintenance (VLOM). In the next section this
theory will be translated to requirements for the field case.

"Village-level operation and maintenance" (VLOM) theory states that operation and
maintenance of pumps can be performed on the village level. Such an approach
reduces the dependency of villages on governments and donors and relates directly
to the local repair sought in the problem statement (p.1). A VLOM pump would
need to be (Arlosoroff & al, 1987):

e Easily maintained by a village caretaker, requiring minimal skills and a few tools;
e Manufactured in-country, primarily to ensure the availability of spare parts;

e Robust and reliable under field conditions; and

e Cost effective.

Years of experience consequently revealed that communities still rely on outside
support for major repairs and spare parts. Thus, pump standardisation and
privatisation of spare parts supply networks are currently considered pivotal issues
(Coloru, Mgaya, & Taubert, 2012).

This section analyses how the above translates to the field case. This is done by the
criteria found above. Cost effectiveness, robustness and reliability were treated in
the pump properties section and will not be repeated here.

In-country manufacture relates to materials, parts, and production. Palestine is a
land where not much grows. ‘Local materials’ are thus restricted to locally imported
materials. These are sold in cities like Hebron. Though buying materials or parts
would benefit these sellers, a higher importance is given to production labor on the
village level, to boost the local economy. If beneficial for e.g. a products life time or
effectiveness one should utilize imported materials and parts.

Field analysis performed by Brand (Brand, 2013) shows that the communities know
how to work with cement, molding, painting, and simple tools like drills, saws etc.
The average production facility in the nearest town (Hebron) features one or two
machines (mill, standing drill, etc.), and an operator who can work with a precision
up to 0.5mm. In Nablus an OEM market furthermore exists for car parts. There they
are able to make surfaces flat with a precision of up to 0,05mm (Noursi, 2013).



To maintain the system the village caretaker has to be able to both do the
maintenance, and when to do it. The problem scope showed how the pump will be
a stand-alone, off-grid unit. It should be dismountable and repairable without the
use of powered tools. Thus parts can be replaced when they break, without having
to bring an electricity generator. The pump properties section consequently
described how the pump will be placed down in the well. It should be clear when
maintenance is necessary without dismounting the pump, for instance by creating
wear indicators that are visible from above. What indicates wear varies per pump.
This indicator is thus defined as a requirement that should be a part of the design.

These items were discussed in the previous chapter, and thus not repeated here.

This chapter has shown the various considerations to take into account when
designing a locally repairable pump. Combined with the chapter on Pump
Properties and those on Water and Energy Flows all necessary information is
gathered. The product requirements that sprout from this analysis provide the
boundary conditions under which it will work.

Summarizing the above the pump should be produced locally, be repairable by a
local operator and both of these steps should use tools, materials and parts that
can be acquired locally. Production should be as such that parts can be imported if
required, but preferably manual labor is provided. This is done by optimizing the
design for low precision production (= 0,5mm) and simple manufacturing steps.
Repair and replacement of parts should be possible without power tools, and
knowing when to repair it should be possible without dismounting the installation.
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Water flow

In this chapter the water flow is calculated on a system level, to investigate how
much water has to be available on a daily basis, per system. The Palestinian
communities often use several cisterns to supply their demand (Brand, 2013). The
flow per system is thus a balance between water use and the available harvested
rain water per cistern. This chapter calculates that balance, resulting in the water
flow per system.

Combining this flow per system with the energy flow found in the next chapter
renders the water flow inside the system in the third chapter. For now the design of
the system itself can be seen as a black box, creating a balance between the rains
inflow and the uses outflow (Figure 8).

outflow




The water outflow from the system is managed by the communities. They use
water for three purposes: (1) the community, (2) the herd and (3) irrigation. This
section will quantify these purposes, after which the water inflow from the rain is
assessed, and how many cisterns are thus required to satisfy these usage purposes.
This then renders the water flow per system.

A community uses about 40L/person/day (Brand, 2013). Field analysis reveals that
community size varies as people migrate between the cities and the hills. On
average a community consists of about 10 persons (Brand, 2013). This implies a
water outflow of 400L/day for domestic use.

The water used for the herds is to let them drink. How much they drink varies per
season: in the dry season the heightened temperature increases the herds need for
water. A herd of 270 sheep requires a water outflow of 2000 litres per day during
the dry season and 570L per day during the wet season (Brand, 2013).

Irrigation is used to maintain the lands fodder production: to keep the hills green
longer, so that the herd can eat. Increasing desertification renders the ‘green’
period shorter each year. The amount of lands to keep green is thus as large as
possible. Rather than matching the water availability to the irrigations outflow, the
irrigations outflow is matched to the availability of the water from the cistern. Each
cistern used for irrigation purposes is completely emptied throughout the dry
season.

As the water outflow is mapped for the different purposes water it is used for, it is
possible to verify how many cisterns are required to fulfil each purpose. Each
purpose requires one or more cisterns: the final flow per system is thus dependent
of both the water demand per purpose, and what a single cistern can supply. To
find the flow per system, the water supply per cistern is calculated here.

The water inflow to the system is harvested rain. Palestine features a dry and wet
season (Figure 9). The cistern bridges these seasons: it fills throughout the wet
season and empties during the dry season. This means that how much water a
cistern can supply varies over the seasons.

23



24

Rainfall (mm)

150

100

50

o

The rainwater inflow is determined by the rainfall, and the terrain from which this
rain is harvested. In formal terms it is dependent on the rainfall depth, the size of
the catchment area, and the run-off coefficient (Equation 1). The rainfall depth is
the amount of fallen rain expressed in meters height. The catchment area is the
area situated above the cistern, from which water flows to the cistern. The run-off
coefficient describes the percentage of the fallen water that ‘runs off’ and into the
cistern, as opposed to the water going into the ground.

Vharvested = hyearly rain * Acatchment area * Ncatchment area

Data is available for these variables. Field analysis showed that the average
catchment area is 750 square meters per cistern. The run-off coefficient for arid
areas in the region is 50% to 60% (Kapur, Eswaran, & Blum, 2011). Annual rainfall is
550mm (World Bank Group, 2013) (Figure 1). The total annual volume of water that
in theory can be harvested is thus 200 cubic meters a year per cistern.

Viarvestea = 0,550m x 750m? * 50% = 200m3

The introduction explained how the cistern is filled in the wet season, and emptied
in the dry season. This leads to two different formulae for the water supply capacity

of the cistern.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

wet dry wet



n the dry season water is used but no rain water is harvested: the cistern starts full
but ends empty. The daily water outflow capacity is thus the cisterns volume
divided by the amount of dry days (Equation 2).

The cisterns have an average size of 91.4 cubic meters (Brand, 2013). The amount
of water that the cistern can supply in the dry season is thus 600 L/day.

— Vcistern — 91.4 m3 — 600L/da
Ngry days O dry months = 153 days Y

Qdaily,dry season

In the wet season the cistern starts empty, and ends full. Simultaneously water
might be used. As the rainwater inflow is bigger than the cistern, a surplus of
harvested water remains available for consumption (Equation 3). This results in a
flow rate of 550L/day.

Vharvestea = Veistern _ 200m3 — 91.4m3
7 wet months = 212 days

Qdaily,wet season —

nwetdays
= 550L/day

How much water the cistern can supply per season can now be matched to how
much water is required for the different usage purposes. This leads to the water
flow per system.

Figure 10 gives an overview of the flow per system for different purposes, during
the dry and wet season. Each purpose is treated separately, as their cisterns are in
different locations. The herd drinks water at the bottom of the valley, irrigation
happens in the less slanted parts of the hills, and the communities are scattered
throughout the hills. Each thus depends on a separate distribution system.

e Fora 10 person community, using 400L/day, a single cistern is sufficient
throughout the year. The community demand is lower than both the wet
season and dry season supply.

e For the herd the amount of required cisterns varies per season.

e During the dry season the herd drinks 2 cubic meters a day and thus requires
3,14 cisterns. Opting for 3 cisterns and using a bit from the community cistern is
a likely option. The herd, though roaming around during the day, sleeps with
the community. As the community cistern has spare water (see above), they
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can have an evening or morning drink there. This implies that each water
system used for the herd has a daily flow of 2000L / 3 cisterns = 670 litres
in the dry season.

e During the wet season, the required 570L/day is 4% more than a single cisterns
supply of 550L/day. Again it is likely that the herd drinks a bit from the
community cistern besides using one own cistern. A system used for the herds
during the wet season thus features a flow of 570L/day.

e Irrigation was seen to not be necessary during the wet season. During the dry
season the cistern is emptied. Irrigation thus requires the dry season supply
flow calculated above, which is 590L/day.

Figure 10 provides an overview of all water purposes described above. A system
that can match the highest flow demand is able to serve all purposes; if more is
pumped than used, spill-over from the reservoir can be fed back to the cistern. This
leads to a daily flow of 670 litres per system.

Daily flow per system for different purposes

670

590

400 400

m Wet season

B Dry season

0

Community outflow Herd outflow Irrigation outflow
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The previous chapter described 670L of water flows out of a single system on a
daily basis. The pump that facilitates that water transport behaves dynamic: for
each wind speed the rotor and pump behave differently. The energy flow from the
rotor to the pump facilitates the systems water outflow. Over the course of the day
the water flow of the pump to the reservoir should sum up to the water outflow by
the communities. How the energy flow can match this requirement is treated in this
chapter.

The rotor generates energy from the wind. This energy is transmitted through the
transmission to the pump. The pump uses that energy, minus efficiency losses, to
elevate water. For the project to be successful, the energy generated minus the
energy losses have to be enough to elevate the required amount of water (Figure
11).

Egenerated - Elosses water

The energy losses in the system are unknown, as it is still to be designed. The rotor
is given as it is provided in the field (p. 33). Maximizing the rotors energy output
increases the chance that enough water is elevated.

In this chapter the rotors power output is thus maximized, and consequently
guantified. In the next chapter, the resulting energy output is combined with the
required water flow to calculate the wind dependent water and energy flow in the

pump.

Energy generated by the rotor

Minus efficiency losses

“ Increases potential energy in the water
by lifting it from the cistern to the reservoir




Maximizing the rotor output involves looking at the interaction between rotor and
system (Figure 12). A strategy exists to do so. Literature however suggests it could
be more effective: more energy could be generated (Smulders & Rijs, 2006). An
innovation is thus proposed. The proposed innovation was modelled and verified
using real life data, and renders 35% more energy generation over time than its
predecessor.

This chapter thus contains the following sections:

Maximizing the rotors energy output: the interaction between rotor and system
The existing strategy to optimize that interaction

The proposed innovation to optimize that interaction

Executing the innovated strategy: used data and rotor

Results: the energy flows from the rotor to the pump over time and wind
speeds

rotor system interaction

losses



Rotor speed

30

The rotors energy output is dependent of the system.

describes this interaction. To summarize: the systems reaction torque works on the
rotors shaft and thus influences its speed and generated energy. The interaction is
explained in more detail in appendix [1].

® The pressure the pump, combined with its internal frictions, require a
torque on its shaft. This torque travels from the pump, through the
transmission to the rotors shaft.

* The systems torque on the rotor shaft meets the torque created by the
wind. The rotors speed depends on the balance between the forward
torque from the wind, and the resisting torque from the system.

* The rotors speed consequently influences the rotors energy
generation. The relative speed between rotor and wind describes how
the wind flows around it, and thus how much pressure the wind puts
on the rotors blades and how much power is generated.

* The energy generated by the rotor is used by the pump to elevate
water.
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Current optimization strategy

Maximizing the rotors energy output over time can be done in multiple ways. The
current strategy uses a chosen wind speed: the average wind speed, the mean wind
speed (probability weighted average wind speed), or the modal wind speed (most
occurring wind speed). The pumps torque is designed to make the rotor peak in
efficiency at the chosen wind speed. Literature however suggests this strategy is
not adequate (Rijs & Smulders, 2006).

Looking at local wind speed data (Figure 14), deciding which wind speed to design
for is not instantly obvious. The wind speed varies each day, but also varies among
days. If one optimizes the rotor shaft torque equilibrium to peak in efficiency at
2m/s wind speed (the bright red line in Figure 14), the rotor is less efficient at for
instance 4m/s wind speed (the dark red line in Figure 14). Yet, the 4m/s wind speed
occurs regularly too.

Wind speed over 14 days time, in october 2013, near Hebron, Palestine
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The wind speed influences the energy generation more than the efficiency. This
makes it complex to choose a wind speed to optimize towards. Equation 4
describes the energy generation of a rotor. The efficiency is therein relevant to the
first power, where the wind speed is raised to the third power. Figure 15 shows
how the rotors power output varies for different system torques, that correspond
to different chosen wind speeds one might optimize towards.

— 3
Protor = E * Pair * Arotor * Cp * Vwind
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Rotor power (J/s)
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That the wind speed has a bigger influence on the rotors power than its efficiency

indeed renders it more complex to decide for which wind speed the system should
be optimized. Rather than the average, mean or modal wind speed, a higher wind

speed offers more energy when evaluated over time: though a higher wind speed

may occur less often, it generates more energy.

The wind speed for which the system should be designed should thus be higher
than the average, mean or modal wind speed. How much higher, depends on the
local wind speeds, and how often they occur. This is difficult to estimate
beforehand.

Rotor Power vs Wind Speed for different system torques
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The proposed strategy works different than the current strategy: not from one
chosen wind speed to system design, but from system design to generated energy
over a time period of wind speed data. This way the rotors energy generation can
be verified over a time period of recorded wind speeds, for any given resisting
torque created by the system. Several torques are tried to find the one that renders
the highest rotor energy output over time.



As said the strategy goes from the systems torque, to generated energy output over
time. Several system torques are tried to find the one that yields the highest energy
output. This process follows the following steps:

1. Data of the rotor is used to calculate the rotors torque and power output for
several combinations of wind speeds and rotor speeds;

2. Aset of system torques is assumed, and used to calculate the generated
energy over time. This follows two steps:

a) The rotor speed and power generation is found for each occurring wind speed.
This is done using the found relation between torque, wind speed and rotor
speed. The rotor speed for that wind speed, is that rotor speed where system
torque is equal to the torque the wind speed.

b) The power output — wind speed relation is combined with local wind speed
data to calculate the power output over time. The integrated sum of the rotor
power output over time is the total generated energy over time.

3. Find the system torque for which the generated energy is highest. This is the
system torque that corresponds to the maximized rotor energy output.

At that point the optimization is finished: the system torque for which most energy
is generated is found. The described iteration is developed to an algorithm code.
This algorithms code, and its validation, can be found in respectively appendices [x]
and [x].

Now that the strategy is defined it can be executed. The written algorithm needs to
be sourced with data: the rotor data and the wind speed data. In this section both
are chosen and described.

Rotor data varies per rotor type. For this project the Savonius helical rotor was
chosen as it offers high torque at low wind speeds, it doesn’t require a system to
position itself in the right direction and it can be made relatively simple from waste
materials (Hayek & Kahwaji, 2013)(Figure 16). The size is maximized towards
installation possibilities (Dotan, Production possibilities in Palestine, 2013)(Figure
17). Its data was measured by NGO Comet-ME and can be found with the model in
appendix [2]. The data mentioned here is the Cp-TSR curve of the rotor, its size and
radius. The Cp-TSR curve lays a relation between the percentage of power the rotor
takes from the wind, and the relative speed between rotor and wind. This is the
data used in step 1 of the strategy.
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Wind speed data

The wind speeds vary over the course of the year and day. Fourteen days of local
wind speed data are available from October 2013, which is a month of exceptionally
low wind speeds (Figure 18). This is thus deemed representative data: it is taken as
a worst case scenario.

MONTHLY MEAN WIND SPEED

Location: HEBROM. Sensor height: 10 m. 31°33'23.82 N, 35°04'59.40 E. Altitude: 1014 m_
15 minutes data resolution. From 13:0 28/4/2009 to 11:30 10/4/2012

Varg=4 3698 M/s. G=1874 [y, 1°=834435
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Generated energy after 14 days (MJ)
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The model in comparison to the current optimization strategy renders the following

results:

e Designing the system for the average wind speed renders 6MJ over the wind
speed data set, at a torque of 1.1 Nm (corresponds to a chosen wind speed of
2.5 m/s)

e Designing the system for a time period of wind speeds renders 8MJ over the
wind speed data set, at a torque of 1.9 Nm (corresponds to a chosen wind
speed of 3.5m/s)

e This means that the optimized method generates 35% more energy.

e Figure 19 shows how the system torque relates to the generated energy over
the 14 days of wind speed.
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Rotor power (W)
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The system torque, combined with the available data renders the rotor output of
power and speed versus wind speed, and the rotor power output over time (Figure
20, Figure 21, Figure 22). How these calculations are made goes too far for this
chapter, but can be found in appendix [2]. The rotor power output as a function of
wind speed is combined with the required daily water flow in the next chapter, to
find the flow rate within the pump.

Deviations from the system torque, caused by for instance irregular flow or
changing frictions, cost efficiency. The rotor speed will vary with the torque, and
with that its energy generation. Besides knowing the torque requirement, the
pumps torque should thus also be as stable as possible.
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Rotor power output in [J/s]

Rotor speed (RPM)

150 T T : : - 7
125 t 1®
45
100 |
14
75
43
50 f
12
25 I _1
00 é lf
Wind speed (m/s)
60 | . T
50+ .
40 - _
30+ } .
| i |
20+ :
| |
10} ‘ “ ‘ ]
0 ‘Hl IIH L1 ‘ll | | 1 “f fl 'HI

0 500 1000 1500 2000
Time (in steps of 10 minutes)



Combining water and
energy flows

The availability of energy as a function of the wind speed is now known, as well as
how much water is to be pumped using that energy.

These two combined render the criteria for the pump on both the water flow and
energy flow. The full results comprise:

® Tsystem: the torque from the system on the rotors shaft. This creates the right
torque balance in the rotor, maximizing its energy generation.

¢  Q(vying) and Q(RPM): the pumps flow rate as a function of wind speed and
the rotors RPM. The flow rate as a function of wind speed can be used to assess
the performance of a wind pump. The flow rate as a function of RPM can be
used to assess the performance of any pump. It will be used to dimension and
evaluate the pump in later stages.

® Tsystem® The minimum allowed system efficiency: this has to be high enough to
provide enough water with the optimized rotor performance.

®  Vieservoir: the required size of the reservoir to overcome periods of low wind
speeds.

The system torque was found in the previous chapter: to maximize rotor energy
output it should be 1.9Nm. The other requirements are discussed here.

The system efficiency is calculated using iteration: for a range of efficiencies the
flow rate over time is calculated and compared to the users water need. Calculating
the flow rate over time (Equation 5) uses the rotor power output over time. The
water outflow was found in chapter 4. Combining flow rate with outflow (Equation
6) results in a system efficiency of 40%.

Protor (t) * npump [L]
g * H * pyater

qump ® =

t2 t2
qump (t) dt = f Voutflow *Naays dt
t1 t1



Volume created in wet season in [L]
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With that efficiency, the water volume in the reservoir fluctuates as in Figure 23. It
shows the inflow from the pump to the reservoir over time, and the water taken
out by the consumers once a day. The volume at the end of the time period is
higher than its starting volume for both the wet and dry season. This indicates that
enough water is pumped to fulfill the users need.
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Figure 23 also renders the required reservoir size: to overcome the days of low
wind speeds in time samples ~900 to ~1800 the reservoir has to be big enough to
hold the water provided by the high wind speeds before. The difference between
the highest and lowest reservoir volume in Figure 23 renders the required reservoir
size (Equation 7): 5,5 m”3.

= 5,5m3

Vreservoir = Vreservoir,max - Vreservoir,min
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Pump flow rate (L/min)

N

Calculating the efficiency also renders the flow rate (Equation 8). The rotor power is
available as a function of time and as a function of the wind speed. To calculate the
efficiency we used the rotor power as a function of time. To find the flow rate as a
function of wind speed, we use the rotor power as a function of wind speed.

Protor (vwind) * 77pump
g * H * pyater

qump (Ywina) =

To complete the requirements the relation between flow rate and rotor RPM is
sought. This is done using the rotors power and rotational velocity (Equation 9).
This renders the relation between flow rate and RPM (Figure 25).

Protor (vwind) = Tdesign * (‘)rotor(vwind)

1

25 50 75 100 125 150
RPM of rotor shaft (rounds per minute)



Implementing a transmission could alter the pumps torque and angular velocity
from that of the rotor (Equation 10 & Equation 11). This is important when
evaluating the pump: the flow rate — RPM relation of the pump is the flow rate —
i*RPM relation of the rotor. The torque at the pump shaft is the torque at the rotor
shaft divided by i.

Tpump =1 * Trotor

_ Wrotor
Wpump = 7

In the chapters above the water and energy flows through the system were
quantified. This led to the energy and water flows through the pump: its flow rate,
the system efficiency, the torque with which it can create pressure, the size of the
reservoir to overcome periods of low wind speeds. In later stages, these can be
used to dimension and evaluate the pump.

Toump = 1.9NmM =i

Nsystem = 40%

— 3
Vreservoir - 5'5 m

__ Figure 24
qump - i

The next page summarizes the now completed program of requirements. After it
the design of the pump starts: choosing a pump type, designing the pump and its
mounting, and to conclude the project an evaluation of the design.
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1.

Pump specs

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.
1.7.
1.8.

Pumping head of 10m

No suction head; the pump is submersed in the water

The pump can handle small debris and sand in the water

Pump can withstand corrosion

Pump is able to dry run when cistern runs empty

Pump outlet allows for connection to a hose or pipe, pump inlet includes a gauze
Pump couples to a long vertically rotating shaft and avoids sweep

Price is 100USS or less

Local Repair

2.1.

2.2.
2.3.
2.4.
2.5.
2.6.

Production should be such that parts are imported if required, but preferably manual labor is
provided.

Production precision is at maximum 0,5mm, or 0,05mm for the flatness of surfaces

Simple manufacturing steps

Maintenance costs and frequency are as low as possible

Necessity for maintenance can be verified without dismounting the pump

Parts can be replaced and repaired without the use of power tools

Water and Energy Flows

3.1.
3.2.
3.3.
3.4.

The torque is 1,9Nm * transmission ratio i, and as stable as possible
System efficiency is at least 40%

Reservoir volume is at least 5,5 m”3

Flow rate — RPM relation is as follows: (Figure 24)

Pump flow rate (L/min)

0 25 50 75 100 125 150
RPM of rotor shaft (rounds per minute)
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Simplex Single-Acting

Pump selection

The first layer of the Handbooks classification system regards the pumps working
principle, or means by which energy is added to the fluid. All pumps may be divided
into two major working principles:

(1) Dynamic, in which energy is continuously added to increase the fluid velocities
within the machine to values greater than those occurring at the discharge, so
subsequent velocity reduction within or beyond the pump produces a pressure
increase (kinetic energy transfers to potential energy).

(2) Displacement, in which energy is periodically added by application of force to
movable boundaries of enclosed, fluid-containing volumes, resulting in a direct
increase in pressure up to the value required to move the fluid through valves or
ports into the discharge line (literarily pushing the water forward). The
displacement principle can be subdivided into linear and rotary motion.

Each of these principles is described and verified with the program of requirements
(refer to p.43), after which the most promising one is selected and pursued in the
Handbooks second layer of classification: pump types.

The linear displacement principle pushes the water forward, by a piston in a pipe.
As the piston moves, the water is pushed onwards. As the piston moves backwards,
new water is sucked into the pipe. One way valves ensure that the water that was
just pushed forward can return into the pipe, and that the water in the pipe cannot
be pushed back to where it was sucked from (Figure 18). The pipe-piston-valve
combination can function single-action (pumping on one side of the piston) or dual-
action (pumping on both sides of the piston) (Figure 18).

Simplex Double-Acting

], Valve Open On Valve Open On  p Vahe Open On
| Forward Siroke Back Stroke | | Forward Stroke

........................................ 'l

I Vahe Open On Vahe Open On I I Valve Open On
[ Back Stroke Forward Stroke 1 [ Back Stroke




Linear displacement pumps have proven to be apt for local repair: “About 3 million
[locally repairable] treadle pumps have been sold to $2-a-day customers” (Polak P. ,
2011).

This working principle can match the water needs, as proven by Kickstart, who has
built pumps fit for irrigating 2 acres of land (9 times the requirements’ reach) with a
head of 14m (Kickstart International, 2009).

When combining a piston pump with wind power, start-up torque however proves
to be a barrier: the peak torque is t times as high as the average torque (Jongh &
Rijs, 2004). This implies the rotor will start when it can overcome the peak torque,
while it is most efficient at the average torque. As wind regimes that shortly feature
high wind speeds to continue with average winds are uncommon, the piston pump
— rotor combination has proven ineffective (Kragten, 2013).

Further developments on this issue have not received research priority. Several
ways to overcome these issues have been summarized in 2004 (Jongh & Rijs, 2004).
Development of these suggestions did not reach a prototype level to date. It was
overruled by the development of solar powered pumps, electrical wind pumps and
rope pumps (Gopal, Mohanraj, Chandramohan, & Chandrasekar, 2013).

The rotary displacement principle uses a surface to push the water forward, and
this surface is powered by a rotary motion. This allows for all kind of pumps: from
gear pumps (where the teeth of two gears hook into each other in the middle, to
move water along the pump rim)(Figure 26), to the Archimedes screw (Figure 27),
to the flexible impeller (an axis with rubber flanges that spin in an eccentric house
so that more water flows forward than backward) (Figure 28), to the rope pump
(Figure 29) et cetera.
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For the wind rotor this rotary displacement principle is perfect; a rotary motion has
low peak torques and does not need a rotary-linear transmission. Since diversity is
big, it is assumed that at least one type will be suitable for the communities’ water
demand and local production. The rope pump and Archimedes’ screw are examples
of rotary displacement pumps that have successfully been produced and
implemented in the developing world (Fraenkel & Thake, 2006).

This class consists of centrifugal pumps. They ‘swing’ the water onwards,
transferring a rotary motion to a linear one (Figure 22).

fluid in

Homemade variations are ample, which implies they can be produced with simple

tools and little skill, and be suitable for local repair.

Though velocity pumps feature a low start-up torque, they do not match well with
the rotor. The speed at which they need to spin is for a 10m head is not feasible for
a rotor, even with a transmission (Kragten, 2013; Appropedia, 2015). It is thus
doubtable that centrifugal pumps will be able to meet the water demands with a

wind rotor.

Summarizing the paragraphs above, Table 1 shows that only the displacement
pumps apply and that from these two, the rotary principle has a higher chance of

matching the rotor torque.

Working principle Local Repair

Linear displacement Achievable
Rotary displacement Achievable Achievable
Velocity Achievable
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With the rotary displacement as a working principle for this project, a search to
available pump types and their expected performance is the next step.

This is done for both pumps that are typically found in industrial purposes, and
pumps that are typically found among development projects. Development project
pumps were found in ‘FAO Irrigation And Drainage Paper’ (Fraenkel P., 1986), and
Fraenkels more recent book ‘Water Lifting Devices, A Handbook’ (Fraenkel & Thake,
2006). Industrial pumps were found through the Pump Handbook (Karassik, 2008),
the World Pumps journal (Burrows) and by searching for specific types (e.g.
searching for “gear pump” renders several pump types that use gears but function
completely different).

Figure 26 provides an overview of pump types that work by the rotary displacement
principle. The next paragraphs quickly evaluate these pump types, revealing most
to be unable to meet the requirements. The remaining types are compared in more
detail using a Harris Profile and risk management (Boeijen, Daalhuizen, Schoor, &
Zijlstra, 2013). This leads to the conclusion of this chapter: the pump type most
promising to meet the requirements for wind power, water needs and local repair.
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Each pump type of Figure 31 is described and evaluated shortly. The most
promising types are compared in more depth.

The gear in gear pump (also referred to as internal gear pump) can be described as
a smaller gear rotating inside a larger gear; both gears rotate (Figure 32). Their
centres are not aligned, but the smaller gear rotates close to the rim of the bigger
gear, with their teeth intertwined. At the inlet the gears unmesh and water is
sucked into both of the gears teethes openings. At the outlet these openings close
again and the water is forced out. The half-moon seen in the image is stationary
and acts as a seal between inlet and outlet.

This pump is deemed not suitable for the Palestinian environments, as it cannot
dry-run when the cistern runs empty. The interaction of the two gears causes
friction and develops heat, generating expansion of the gear materials and
ultimately pump failure (Pump School, 2014).

The lobe pump (also referred to as the Roots pump, Figure 33) and two gears pump
(also referred to as external gear pump, Figure 34) function similar to each other.
As the lobes/gears un-mesh on the intake side, they suck in the water. Water is
taken along until the lobes/gears mesh again on the discharge side, and force the
fluid through the outlet port under heightened pressure.

These two pump types are deemed not suitable for the field case, as they require
high precision manufacturing. The parts have to fit tightly to prevent leakage from
the high pressure side to the low pressure side. This increases manufacturing costs
and requires a certain level of technology in order to facilitate production and
repair.

The rope pump functions by having a rope with pistons enter the well and go up the
well inside a pipe, lifting the water up (Fout! Verwijzingsbron niet gevonden.). This
is a suitable pump for the field case. It is a mechanically powered pump widely
spread across the developing world (Polak P., Building a better mousetrap is only
the beginning, 2011), often even wind powered. It is a locally repairable option
(Fraenkel & Thake, 2006) that could meet the water demands of the Palestinian
communities.



It still faces some issues today, which could be improved. Imprecise pistons or rope
knots cause either leakage or abrasion (Bombas de Mecate, 1998; Arrakis, 2006). A
second issue regards the horizontal rotating axis of the pump, that influences the

safety mechanism protecting the rotor from too high wind speeds (Kragten, 2013).

The vane pump features an eccentric rotor with vanes that extend and contract to
follow the rim (Figure 36). The rotor is located close to the pump rim so a crescent-
shaped cavity is formed. Vanes or blades fit within slots in the rotor, and are
pushed against the pumps house. As the rotor rotates fluid flows through the

pump.

This pump type is unsuitable for the field case, as it cannot dry run. To keep the
contact between vane and pump house smooth, it depends on the fluid for
lubrication.

The stationary vane pump features an eccentric, cylindrical rotor that rotates
around the pumps house (Figure 37). The part of its wall that touches the pumps
house pushes the water forward. The stationary vane stops the water from flowing
between inlet and outlet. It slides up and down as the rotors wall moves closer and
further.

This pump is deemed promising for the Palestinian communities. As the rotor is a
cylinder, its contact with the pumps house can be a rolling one. This makes it more
suitable for dry running. Local production is possible due to the absence of complex
shapes. Lastly it promises a good match with the rotor, as it has no high peak
torques and pumps at any speed.

The swinging vane pump type is similar to the normal vane pump type, except for
the fact that it uses centrifugal forces to push the vanes against the rim (Figure 38).
It is deemed unsuitable for the Palestinian communities, as utilization of centrifugal
forces is unreliable with a wind rotor. Whether or not it achieves adequate closure
at the occurring wind speeds is doubtable.

The flexible impeller is also similar to the vane pump type, except for the fact that
the vanes do not move in and out of the rotor, but bend (Figure 39).

It is deemed unsuitable for the field case, as a local production facility will be
difficult to achieve. This is mainly due to the absence of such a flexible material, and
the tools to shape it (p. 18).
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The Permapro has an endless rubber toothed belt which is driven around two
pulleys (Figure 40). As the belt curves around a pulley, the teeth on the belt spread
apart and increase the volume between them, thereby drawing in water. The
diagram shows how both sides of the chamber simultaneously pump, and how
channels in the casing direct the water.

This pump type is deemed less suitable for the Palestinian communities. The casing
has to be cast, which is possible but overly expensive. Acquiring the belt provides
similar problems as the flexible impellers’ flexible part.

The Wankel pump is a derivation of the Wankel engine (Figure 41). The trochoid
(curved triangle) makes a movement within the pumps house that is both rotational
and translational. The pumps house is at all times in contact with the trochoid at
several points. The gaps between the house and trochoid vary in size as it is
rotated, compressing and expanding the pumping medium.

It is an unsuitable pump type for the field case. Compression and/or expansion is
perfect for pumping gases, but with water it creates a hindrance. Water hardly
expands or contracts under pressure, forcing leakage across the trochoids corners.
Besides this downside the trochoid shape and gears are difficult to produce.

The quasi turbine (Figure 42) is similar to the Wankel engine in the sense that the
chambers change their size along the cycle. The pivoting ‘vanes’ and complex house
shape make it complex to produce. It is unsuitable to the Palestinian communities.

https://www.youtube.com/watch?v=s3xulCRrjos

The scroll pump uses two spirals to trap the fluid (Figure 43). Often, one of the
scrolls is fixed, while the other orbits eccentrically without rotating, thereby
trapping pockets of fluid between the scrolls. Another method for producing the
motion is co-rotating the scrolls, in synchronous motion, but with offset centres of
rotation. The relative motion is the same as if one were orbiting.

This pump type is unsuitable for the Palestinian communities. The surfaces of the
spirals create friction when the pump is dry, making it unfit for dry running. The
spirals are thereby complex to produce with the required precision, making it unfit
for local production.



The spiral pump (Figure 44) lifts the water through its rotation. With each
revolution of the spiral, the scoop collects half the volume of the outer coil. As
water is taken into the coils, each column of water transmits pressure through the
air to the preceding column of water. In this way the water in each coil is displaced
to provide a pressure head. A cumulative head is built up at the inner coils and
conveyed to an ascending delivery pipe.

It is a pump type unsuitable for the field case, as it is too big. The spiral pump has to
be twice as high as the intended head (Fraenkel & Thake, 2006). This requires the
cisterns entry to be modified, and such a big structure costs unnecessary amounts
of money.

The swashplate functions by rotating a curved disk that traps the fluid between
itself and the pump houses’ sides (Figure 45). A plate element with a crevice
embraces the disks cross-section, preventing flow from outlet to inlet.

It is unsuitable for the field case. Due to the frictions between the disk and pump
house this is a pump unable to dry-run.

The Geneva drive is a vane pump, but the vanes do not have to move inwards and
outwards (Figure 46). It’s the drive on top that creates the closure between out-
and inlet. This drive has grooves that the vanes fall into, and rotates along with the
drive.

This pump type is unsuitable to the field case. As the vanes are in continuous
contact with the pumps rim and sides, it is unable to dry run.

The rotary diaphragm traps the fluid between the rim and a flexible diaphragm
(Figure 47). Vanes press the diaphragm against the wall, pushing the water forward
as the vanes progress. The vanes can have little rollers on their ends that lower
their friction with the diaphragm.

This pump is deemed suitable for the Palestinian communities. This pump
diaphragm protects it from the Palestinian circumstances, like dry running, debris,
high pH, et cetera. All materials can be locally available, including leather for the
diaphragm. Local production is also possible due to the absence of complex
shapes. Lastly it promises an excellent match with the rotor, as it has no high peak
torques and pumps at any speed.
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The peristaltic pump squeezes a hose, and is used to pump in high hygiene
environments or for abrasive fluids (such as cement). By moving the part of the
hose that is squeezed, the water in front of it moves along. Rollers make sure the
contact is low-friction.

It is deemed very promising for the field case. Though no publications of peristaltic
pumps in the developing world exist, it was recommended as a very simple type of
pump that can readily be improvised (Fraenkel & Thake, 2006). The match with the
rotor seems promising. The hose does not cost efficiency by being squeezed, as it
acts as a spring. The opening up of the hose behind the squeeze pushes the rollers
forward as much as they are held back in front of them.

https://www.youtube.com/watch?v=BM-vUd9fAbc

The screws pump consists of multiple screws that trap the water between them
and their casing (Figure 49). As they rotate the cavities move forward.

This pump type is deemed unsuitable for the field case. The screws are difficult to
produce and depend on the fluid for lubrication.

The Archimedes screw is a very old device, today still used in Egypt (Figure 50). It
contains a screw in an enclosed container that lifts the water up as it rotates. It
needs to be under an angle of maximum 45 degrees to achieve this (Fraenkel &
Thake, 2006).

It is an unsuitable pump type for the field case, as its size is unnecessarily expensive
and requires the cistern to be changed.

The progressive cavity pump type (also referred to as mono pump type, Figure 51)
exist of a helical rod that traps water between itself and the curved pump house. As
the rod spins the cavities move forward.

The pump type is unsuitable for the Palestinian communities. The house needs to
fit exact and has a complex shape. It is usually casted. The precisions required to
cast a leakage free mono water pump are too high for the field case.



All of the found pump types have been introduced shortly. Many of the pumps
were hereby eliminated immediately; refer to Table 4 for an overview. This leaves
the rope, stationary vane, rotary diaphragm and peristaltic pump types (Figure 29).

Pump type

Gear in Gear
Lobe

Two gears

Rope

Vane

Stationary vane
Swinging vane
Flexible impeller
Permapro
Wankel

Quasi Turbine
Scroll

Spiral

Swashplate
Geneva drive
Rotary diaphragm
Peristaltic

Screws
Archimedes screw
Progressive cavity

No
No
No
Yes
No
Yes
No
No
No
No
No
No
No
No
No
Yes
Yes
No
No
No

Unable to dry run
Unable to dry run
Unable to dry run

Unable to dry run

Not reliable at all wind speeds

Unsuitable for local production

Expensive and unsuitable for local production

Unsuitable for local production and unsuitable for water
Unsuitable for local production and unsuitable for water
Unable to dry run

Unnecessarily big & expensive, requires modification of cistern
Unable to dry run

Unable to dry run

Unable to dry run
Unnecessarily big & expensive, requires modification of cistern
Unable to dry run
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The remaining pump types are compared using a Harris profile and risk
management (Boeijen, Daalhuizen, Schoor, & Zijlstra, 2013). A short summary is
provided here, for the full report refer to appendix [3].

The stationary vane pump is in relation to the others a more complex and
expensive pump. This is primarily due to the pump housing and rolling rotor. The
pumps housing is complex to produce locally, or expensive to import. It has to hold
a sliding vane vibration-free. This implies it requires a cast or high-precision
machining. A waterproof cast is made of a resin, machining happens in plastic or
stainless steel. Resins have to be imported internationally and are expensive in
comparison to the other pump types that utilize local materials. Machining too is
for this pump relatively difficult and expensive.

The pumps rolling rotor (the green element in Figure 52) should provide a rolling
contact with the (blue depicted) rim. As drawn the rotor is powered by its shaft. To
make the contact with the rim a rolling one the outer bound of the rotor should be
a bearing, or the power mechanism should be changed to something more
complex. Both add to the concepts costs.

The diaphragm pump features a relatively high uncertainty as to if the pump will
work or not. The leather diaphragm should provide a closure between both of the
pumps sides, and will move along these sides as the rotor rotates. The contact
between diaphragm and side should thus be leakage free, but also relatively friction
free to avoid constant reshaping or bending of the diaphragm. Several solutions
come to mind to solve this issue, like having a very thick diaphragm, adding ‘wings’
to its side that stick to the pumps sides, et cetera. It is doubtable if these would
work.

The peristaltic pump provides many benefits. The flexible hose makes precision
production ranges more broad, and saves the life time of other elements while
being replaceable itself. It however does need squeezing, which costs efficiency and
heightens start-up torque. The opening up of the hose behind the roller lowers this
effect. The hose itself will most likely have to be imported, unless it features similar
dimensions as for instance the hoses used in cars. Though having some difficulties,
the peristaltic pump seems able to work and offers various advantages.

The rope pump is a simple concept that has proven to work, though problems were
found in production. If produced imprecise the pistons malfunction due to abrasion
or leakage. The ideal outcome of VLOM methodology would be a pump design that
can easily be copy-pasted by independent producers, so that impact can continue
and expand independent from the initial organization (Polak P., 2013). The
production issues of the rope pump however keep occurring when new agents start
production (Bombas de Mecate, 1998; Arrakis, 2006).



This chapter has worked its way through pumping working principles and available
pump types to select the most promising pump type for the field case. Of the 20
pump types reviewed, 4 seemed able to meet the requirements. These four pump
types were evaluated in more depth, revealing the stationary vane pump type to be
more complex and expensive, the diaphragm pump type to feature a high outcome
uncertainty and the peristaltic and rope pump types to be very promising.

Of these two, the rope pump type has been tested extensively in circumstances
similar to the field case, and the peristaltic pump type is new but considered
promising by experts in the field (Fraenkel & Thake, 2006). The peristaltic pump
furthermore seems able to improve exactly on the production precision issues that
were discovered to limit the rope pump types’ implementation. The peristaltic
pump types’ performs better on production precision as it incorporates an elastic
hose. If this project is successful, the peristaltic pump promises to be a better
solution then the rope pump. This work will thus develop a peristaltic pump. The
next chapter develop and evaluate the peristaltic pump type for the Palestinian
communities: wind powered and locally repairable.
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Design

This project describes the design of a locally repairable, wind powered water
distribution system for the Palestinian communities, with a peristaltic pump at its
core (Figure 53). The peristaltic pump therein offers various advantages: (1) less
manufacturing precision, (2) easy replacement of the pumps most fragile part, and
(3) rotary, any-speed motion and associated high efficiency for rotary power
sources.

Scope

Besides the pump and its mounting, all system elements are locally available. The
peristaltic pump is thereby the innovative part of the envisioned water distribution
system. Its mounting is important for the local repair requirements: it has to be
dismountable from the cistern. For its mounting configuration one working solution
is thus developed. The peristaltic pump is consequently developed in more depth.

Design intention

Literature research did not reveal any previous designs for a peristaltic pump that
can be locally repaired. Thus being the first effort to design a peristaltic pump for
application in the developing world, the design will be kept as simple as possible. A
minimalistic design is deemed most producible and repairable.

Figure 53: System overview
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Pump mounting

This chapter describes a configuration for mounting the pump. Figure 54 names the
parts in this pump mounting system; they are described below. In accordance with
the requirements the mounting design features the following advantages:

e Dismountable without power tools

e Portable by two people

e The necessity for repair is visible from above

e Avoids sweep of the shaft and includes shaft centralization inside the pump
e Features a gauze to keep out debris

e All non-corrosive materials

e Combines standardized parts and simple manufacturing steps
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1. Pipe
2. Fixation of pipe to world
3. Pipe size change: reducer fitting
4. Shaft
5. Coupling of shaft to transmission
6. Fixation of shaft in pipe
7. Sleeves (explanation follows)
8. Coupling of shaft to pump shaft
9. Coupling of hose to pipe going up 4
10. Inlet of pump with gauze
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The pipe is number 1 in the part overview on page 62. It holds the pumps housing,
that, in contrast to the pumps shaft, should not rotate. Holding the housing thus
implies fixating it to the terrain: either inside or outside the cistern. As it is more
complex to dismount a pump fixed at the bottom, a top fixation is chosen.

Between this top fixation and the pumps housing some material is necessary to
bridge the distance. Rather than using a couple of rods to hold the pump it is
chosen to hold the housing using a pipe. The pumps housing is also a pipe (refer to
p. 91). It is practical to connect a pipe to a pipe, as this can be done using
standardized sleeves (refer to number 3). These sleeves also facilitate bridging the 7
meters down in a simple manner: no welding or coupling is required, and the
construction stays light-weighted. It is chosen to mount the pump using a
standardized PVC pipe.

The fixation is number 2 in the part overview on page 62. The pump has to be
mounted and dismounted, as said preferably without having to enter the cistern. It
was thus decided that the pipe is fixed to the top of the cistern. This can be done
using cables (Figure 56) or rods (Figure 55). The cables have the advantage that
they allow a bit of movement, facilitating for instance vibrations or movements in
the cisterns water. The cables however do need to hold the pump still as its shaft
rotates: the pump might rotate along until it cannot reach further (Figure 57). This
creates an unstable equilibrium where the pump winds up when working, and
unwinds again when the wind is low. The fixation is thus done with rods.

rotated pump
and fixation

63



64

The fixation with rods may look as follows: at the top of the pipe, a ring is slid
around it. Bolts hold the pipe to the ring. The ring is fixed to the ground using
anchor plates fixed to the ground (e.g. using concrete). Figure 58 gives an overview
of the described set-up.

To dismount the pump, the shaft must be detached from the transmission (refer to
number 5), the bolts in the anchors are loosened and then the full configuration can
be lifted out of the cistern.

To install the pump into the cistern an extra entrance needs to be drilled. Hatches
are already present for the bucket system, but are 50x50cm square. This will
probably not be big enough. By drilling a second entrance the hatch can be used to
verify if there is still water in the cistern. If there is water and wind, and the pump is
not lifting any water, the pump needs repair.

The size change in the pipe is number 3 in the part overview on page 62. The pump
housing is as large as the pump. The mounting pipes diameter depends on local
availability and pricing of PVC pipes. If the mounting pipe diameter differs from that
of the pump housing, a reducer fitting can connect both diameters. Note that these
do not always align both sizes centres (Figure 59), so the design of the centralizing
plates (refer to number 7) depend on this.



The shaft is number 4 in the part overview on page 62. The shaft transfers power
from the transmission to the pump. It has to be connected to the transmission,
guided downwards, coupled to the pump and held from sliding down. Construction
elements that do this are described in numbers 5 to 8. The fixation of the pump
(red cylinder) onto the shaft is described here. Fixing the pump to the shaft is done
using flanges (Figure 60), that feature various advantages:

e Strong;

e Widely available;
¢ No machining of the shaft is required and;
e Itis flexible to varying pump designs.

Two flanges keep the pump aligned with the shaft: one on top, the other at the
bottom of the pump. The top flange can be welded to the shaft to fix the pump at a
certain height, while keeping the pump dismountable through the bottom flange.

The shaft coupling to the transmission is number 5 in the part overview on page 62.
The shaft has to be connected to the transmission. It is likely that the transmission
will either use cardanic couplings or a belt system, as these are common solutions
(Figure 61). In both cases the pump and shaft have to be dismountable, so that the
pump can be taken out of the well. This can be achieved in two ways: either the left
part of the transmission is fixed to the top of the pipe and moves out with it, or it is
not fixed on the left side at all and is free to be moved aside to let the pump out
(Figure 62). The first option best suited for the belt transmission, the latter for the
cardanic coupling transmission. Couplings that can be dismounted are available and
can be obtained according to local preferences.
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9.6 Fixation of the shaft inside the pipe

The fixation is number 6 in the part overview on page 62. During operation the
shaft may not move in vertical direction, and will thus need to be fixed vertically.
Simultaneously it does need to move in vertical direction when dismounting the
pump. One solution to achieve this is to hold it at the bottom of the pipe. Holding a
vertical shaft can be done by a tapered bearing (Figure 63). The bearing is
embedded in a thick round plate fixed in near the bottom of the pipe using screws
(number 6a)(Figure 64). Remove the screws, take out the plate and the shaft is free
to move down, exposing the pump. To avoid the shaft sliding down inside the pipe,
a small (welded) thickening on the shaft near its top (number 6b) can refrain it from
moving through the sleeves (number 7) (Figure 65). Note that the bearing has to be
waterproof.

thickening prevents shaft from sliding down

when dismounting the pump

1 -
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The sleeves are number 7 in the part overview on page 62. The sleeves connect the
pipes to form one long piece of maximum 7m, depending on the cisterns depth.
Pipes come in lengths of 1, 2 and 4m. Depending on local availability of pipe lengths
there will be 1 to 7 sleeves required. These sleeves can be used to insert a guidance
element (plate) for the shaft (Figure 67). The guidance elements are required to
avoid the shaft from sweeping: a rotating vertical shaft starts to swing if it is
unbalanced (

Figure 66). How many centralizing plates are required depends on the straightness
and uniformity of the shaft. One might start with as many plates as the sleeves
cater, to add more sleeves and plates if so required. The plates can feature a plain
bearing to further smoothen the contact with the shaft.

Note that the reducer fitting (number 3) might not align the pumps housing with
the pipe going up (p. 64). In that case the centralizing plates would have their shaft
passage off-centered (Figure 68).
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The deflection caused by sweep does not cause a height change that endangers the
coupling of the shaft to either the transmission or the pump. A deflection of 10cm
in a 7m long shaft causes a shaft longitude change of 3mm, which is considered
negligible.

Sleeves are commonly glued to the pipes they are connected, which makes it
relatively difficult to repair the shaft, centralizing plates or pipe. The pipe has to be
sawed open and after repair reassembled by a new sleeve. One might also stretch
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lines from the top fixation ring to the bottom of the pipe. These lines have to be
fixed tightly to avoid rotation of the pumps housing. This implies using nylon or
stainless steel, both of which are a much more expensive investment in comparison
to buying extra ‘repair’ PVC sleeves. It was thus chosen to glue the sleeves
together: to provide a cheap, robust construction to hold the pump.

Shaft alignment in the pump

The coupling of the shaft to the pump is number 8 in the part overview on page 62.
The sweep effect of the shaft described above should not affect the shaft inside the
pump, as precision is important there. Pump shaft alignment can be achieved by
(Figure 69) a combination of centralizing plates above and below the pump and a
cardanic coupling (Figure 70). Cardanic couplings are available in Palestines vehicle
repair industry. The lower centralizing plate is the one at the bottom of the pipe,
holding the shaft (number 6b). The plate above the pump is a thick plate mounted
with screws like the lower one. This way it can be dismounted from outside when
the pump has been taken from the well. It is then possible to take the pump out of
the pipe.
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9.9

Coupling of the pumps hose at the outlet

The hose coupling is number 9 in the part overview on page 62. A coupler is
required between the hose inside the pump and the outlet pipe or hose. The outlet
pipe going up the cistern could be anything: from a PVC pipe to a garden hose. The
diameter of the outlet pipe influences the amount of torque on the pumps shaft: a
large diameter creates a lot of surface to put pressure unto and thus corresponds to
large torques (Equation 12). The diameter of the pipe or hose thus depends on the
torque requirement as described in the wind power chapter. A coupler provides the
match between the pipe or hose going up and the diameter of the hose inside the
pump. Such coupling elements are typical for water, air and gas systems in for
instance cars and houses (Figure 71), and can be acquired according to local
preferences.

Tyump = F*R =P * Apipe * Rpumyp
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9.10 Inlet of the pump with a gauze
The inlet is number 10 in the part overview on page 62. The gauze at the inlet has
to be big enough to not get clogged — hose gauzes are assumed to be too small.
One solution is combining one of Figure 71 couplers with a larger gauze (Figure 72).
Ou:tpet pipfe Gauze
Going up cistern
Outlet coupler Inlet coupler

Hose inside
the pump
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Pump housing




(Overview of the pump mounting is displayed on the next spread)
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This section provides a summary of the considerations stated above. The pump
mounting as designed provides a repairable construction to couple the pump to the
rest of the system.

Pipe

Fixation of pipe to world

Pipe size change: reducer fitting
Shaft

Coupling of shaft to transmission
Fixation of shaft in pipe

Sleeves (explanation follows)
Coupling of shaft to pump shaft
. Coupling of hose to pipe going up ZI
0. Inlet of pump with gauze
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The mounting of the pump is designed to hold the pump at the bottom of the well,
while still being able to dismount it from the cistern. This is done by fixing the
pump, whose housing is a standardized PVC pipe, to a pipe going up the cistern
(number 1 in Figure 73). At the top of the well the pipe is held by a ring , that is
bolted to rods that are anchored to the terrain (number 2 in Figure 73). This ring
and pipe combination ensure that the pumps housing at the bottom of the well is
still, while the shaft and pump rotate inside it.

The fact that it is a pipe going down the well furthermore makes it easy to stretch
the required 7 meters down (a cistern is 7m deep). PVC pipes are connected using
standardized sleeves, which are light weight and cheap. Centralizing plates are
inserted into these sleeves, ensuring that the shaft goes down aligned and straight,
as the shaft too stretches over 7m (number 7 in Figure 73).

The shaft is at the bottom fixed to the pump using a cardanic coupling, correcting
any angle differences between the shaft going up and the shaft inside the pump
(number 8 in Figure 73). After this coupling the shaft is centralized in the heart of
the pumps housing using two centralizing plates: one above the pump and one
below (number 6b in Figure 73). The bottom centralizing plate features a tapered
bearing that carries the shaft. It can be dismounted by removing screws. To prevent
the shaft from sliding into the pump when dismounting it a thickening on the shaft
near the pipes top refrains it from sliding past the first centralizing plate (number
6a in Figure 73).

If the shaft, centralizing plates or pipe requires repair, the pipe is sawed open and
after repair reassembled by a new sleeve. This is assumed cheaper than keeping the
pipe together using for instance lines stretching from the top to the bottom of the
pipe. Though such lines could be disassembled without breaking them, they would
have to be very tight to refrain rotation of the pumps housing. This implies using
nylon or stainless steel, both of which are a much more expensive investment in
comparison to buying extra ‘repair’ PVC sleeves.

The pump is fixed unto the shaft at a set distance from its bottom by flanges, of
which the top one is welded unto the shaft (number 8 in Figure 73). The bottom
flange can be dismounted from the shaft, allowing repair of the pumps parts. The
pump is connected to the hose going up the cistern by a standardized hose coupling
(number 9 in Figure 73). At the inlet side of the pump the hose is coupled with a
standardized hose coupling to the open water, surrounded by gauze that keeps out
rocks (number 10 in Figure 73).

This summarized the mounting of the pump into the cistern, and coupling to the
rest of the system. In the next two chapters the pump itself is designed. First the
design of the peristaltic pump is discussed, then decisions are made to the
peristaltic pump most appropriate for the Palestinian communities.
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10 Peristaltic pump
design considerations

The peristaltic pump itself is part of the system described above, and the key focus
of this project. Within the system described above (

Figure 74), it is the red cylinder. This chapter describes the peristaltic pump and
what one has to pay attention to when designing it. The next chapter describes the
resulting design decisions.

Information on pump design is primarily found in the market place. Literature is
limited to the World Pump Journals showcase of new products and several
publications from the micro pump sector, both of which are irrelevant to the field
case situation. The first does not provide the reasons for the made design decisions,
the latter is a design optimized for precision performance: contrary to the design
sought here. Knowledge on peristaltic pump design it thus gained by investigating
the different ways parts are implemented for different circumstances in the
commercial world.

The research section first explains the pumps most common parts and their
function. Consequently it describes attention points: found as differences among
peristaltic pumps, or design decisions that seem universal but contradictory to what
would be beneficial to the context. The full report of the market research includes
all design variables, and can be found in appendix [4].
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10.1

Common configuration of parts

Figure 75 shows the peristaltic pumps common parts. It shows the hose, being
squeezed between the pumps rim and the rollers. The distance between the rollers
and rim is referred to as occlusion. The rollers are free to rotate around their
respective shafts, lowering the friction between roller and hose. The impeller holds
the rollers, and connects their movement to the pumps shaft. As the shaft rotates
the impeller pushes the roller along the rim, pushing the water in the hose forward

Hose

Rollers

Impeller

Shaft

Figure 76 shows additions that can optimize the pumps performance: springs on
the rollers and aligners. The springs cater for irregularities in the hose, fluid or
occlusion, the aligners keep the hose in place. The horizontal aligners herein keep
the hose close to the rim; the vertical aligners refrain the hose from creeping
upwards or downwards beyond the rollers reach. The difference between
horizontal aligners and rollers is that aligners do not squeeze the hose; they merely
keep it in place.

Roller springs

Aligners (vertical)
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The life time of the hose is the peristaltic pumps most precarious limitation, and
therefore the first attention point. Most peristaltic pumps are designed for single
hose use, especially those in high-hygiene environments. The hoses life time is
however vital to the pumps performance: the hose fatigues slowly, making the
pumps performance fade out slowly. Its repair planning is thus hard to define,
which could cause pump abandonment. This section will thus explain the governing
influences on hose life time, and how one can assess and lengthen life time.

The wear in the hose consists of stress and strain rate. Stress indicates how
intensely the hose is changed from its natural shape; it is a function of the hoses
elasticity and displacements. Strain rate is the change of stress over time and
influences how well stress is 'remembered’, or in other words: the amount of wear
each passing of stress induces.

Stress on the hose in a peristaltic pump has multiple sources: occlusion presses it
from a circle to a flat, elongation happens when the hose moves along with the
rollers, the hose is bended along the pump rim, and expanded by the water head.
Strain rate is dependent of the change of stress over time: the speed with which the
rollers move, and how they engage with the hose.

Besides this 'ideal' calculation, local peaks of stress and strain rate can be created
by particles in the water (debris), imperfections in the hose material or hose wall
thickness, and imperfection in the rim and driver dimensions.

Considering these wear influencers, one can design the pump such that it minimizes
them. The following design variables impact hose life time:

e The occlusion (the distance into which the hose is squeezed, between roller and
rim) defines the strongest stress put on the hose. Looking at the hoses
squeezed-flat cross-section

. (=), stress from occlusion occurs especially at the edges of the
hose; that is where the bend is strongest. Ideally the stresses are only created
by the sharp bends in the flat shape, but when occlusion is too narrow the
driver will also compress the edges unnecessarily. To optimize life time the
occlusion should thus rather be too big than too narrow. A roller or rim with a
customized profile furthermore aids to put less stress on the hoses edges while
still closing the hose completely.

e The pumps speed influences the strain rate induced when the rollers move
forward over the hose, and the amount of wear-inducing roller passes per time
interval. The pumps speed together with the hoses’ internal volume defines the
flow rate. For a set flow rate optimization towards a small amount of passes
thus results in a large pump. A slow big pump lives longer than a fast small
pump.

e The amount of rollers defines how much stress is induced each cycle; if three
rollers pass the hose it creates stress more often than if only two rollers pass
by. Fewer rollers are beneficial for hose life time.



e The roller diameter influences the strain rate as squeezing the hose happens
more or less gradually. The rollers should be as large as possible.

e Springs on the rollers aid in minimizing the impact of local peak stresses created
by debris et cetera.

The next section describes if and how the designs hose life time can be predicted,
to verify if and how hose life time can be guaranteed.

The hoses life time is considered complex to model or calculate, as it requires a
dynamic fluid-structure interaction analysis, where the structure is elastic. The most
recent model (Elabassi, Bergstrom, & Brown, 2011) has succeeded in calculating
stress and strain rate at the location where the roller is engaged with the hose, but
how consequently life time is affected cannot be predicted to date
(correspondence with dr. Elabassi: july ‘15). Dr. Elabassi is still working on it: future
efforts might include his work.

Producers’ data cannot be used to estimate the hoses life time. Hose life time data
provided by producers sparingly describe the test circumstances, limiting the
possibility to translate the test results. Data among producers can vary up to ten
times, for a hose of the same material and dimensions. To predict hose life time, a
test is required with similar circumstances as the final situation.

Which circumstances should be similar can be explained using the wear causes as
described above. Reliable tests incorporate the same hose, fluid, head, speed,
occlusion, rim and rollers’ size and shape, and time period as the intended
situation.

Doing such tests at this stage is not feasible. The required life time of a year is
beyond the span of this project.

As the hose is the most vulnerable element in the peristaltic pump, one can use it
to plan maintenance. Flow rate drops if the hose wears, so regular flow rate
measurements (note that the wind speed has to be the same for each
measurement) can indicate the necessity for maintenance. For flow rate
measurements the pump will not need to be taken out of the cistern.

Hose life time is the primary cause of pump failure and possibly abandonment.
Maintenance may be scheduled to match the wear in the hose, which can be
measured by keeping track of the pumps flow rate. Life time of the hose however
remains difficult to predict. The best that can be done at this stage is to design the
pump to lengthen hose life time, as described above. These design aspects will be
used as attention points to guide the design process. Life time tests are
recommended for a later stage.
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The amount of rollers varies enormously among the pumping world, where it was
just seen that it should be as small as possible to cater for long life times. This
renders it an attention point: why would you use more rollers?

A good reason to go with more rollers appears to be exact flow rate control: dosage
pumps come with up to 6 rollers, where for instance slurry pumps feature only one
roller.

Multiple rollers furthermore aid in keeping the hose close to the rim. In some
pumps the hose ‘wraps’ around the rollers, rather than following the rim (Figure
77). In such cases the point where the roller engages with the hose near the inlet
creates a torque peak (Figure 78).

Low torque peak

Medium torque peak

High torque peak

Direction of
Movement

Every roller also creates an extra ‘barrier’ for leakage. Leakage is commonly
expressed as a backwards flow rate that happens across a gap. In the case of the
peristaltic pump, water inside the hose might flow past the squeeze provided by
the roller: the opening in the hose when squeezed is in this case the gap. The
leakage flow rate is proportional to the gaps cross-sectional surface and the
pressure difference across this gap (Zhao, Billdal, Nielsen, & Brekke, 2012). A
proportional relation between gap surface and leakage flow rate implies that if the
gap becomes twice as big, leakage flow rate becomes twice as big. The pressure
difference proportionality implies that if pressure difference across the roller is
twice as high, leakage will be twice as high. More rollers divide the total pressure
difference over more ‘gaps’, thus lowering the total leakage.

If there is a single roller it has to be noted that the hose then passes by itself, as
otherwise water would flow from outlet to inlet when the roller does not engage
with the hose (Figure 79). The hose passing by itself requires a more complex track
or guidance for the hose, so that it does not move from behind the roller
(TheFlyingBeer, 2011).



The amount of rollers is thus a precarious issue: while avoiding unnecessary stress
on the hose one does want to keep torque peak and leakage low. This attention
points’ design question is thus: how many rollers are minimally required to function
well in the field case?

The pumps speed and dimensions of the rim and hose together define the pumps
flow rate. A larger rim implies a larger pumped volume per cycle, as does a larger
hose. To optimize hose life time the pump speed needs to be as slow as possible,
implying a bigger pump. This is thus an attention point: how big can the rim and
hose be within the cost and torque requirements?

Most commercial peristaltic pumps feature a very thick hose. This broadens the
span of proper occlusion (more elastic material to accommodate displacements),
aids in the hose opening back up as the roller has passed (higher cross-sectional
stiffness keeps the hose open) and keeps the hose closer to the rim (higher
lengthwise stiffness keeps the hose straighter). A thicker hose also costs more
torque, which matters less in engine powered pumps, but can create difficulties
when the pump is combined with a wind rotor. This makes it an attention point:
does the pump for the Palestinian communities need a thick hose, or could it be
more efficient with a thin one?

Springs are very prevalent; almost every peristaltic pump features springs on the
rollers. These allow the rollers to move inward and outward (lowering stress peaks
and broadening the spectrum of proper occlusion), and often to slow the roller
down as it engages with the hose (lowering torque peak at the hoses inlet). Many
different configurations are found to combine these two directions. This makes it
an attention point: would springs be required, and how should they then be
configured?

Aligners keep the hose in place. They can function in two directions: to keep the
hose close to the rim and to keep the hose at the same height as the rollers.
Keeping the hose close to the rim lowers the torque when the roller engages with
the rim near the pumps inlet (Figure 78). Keeping the hose at the same height as
the rollers is necessary when it ‘creeps’ away from the rollers. That aligners are
prevalent but not ubiquitously present make it an attention point: are they
required for the Palestinian communities?

The roller squeezes the hose against the rim. To optimize the hoses life time one
would apply a profile to the rim, roller or both. This is however rarely seen in
commercial pumps. It is thus too an attention point, to verify its necessity for the
field case.
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The impeller transports the shafts rotation to the rollers” movement. The impeller
keeps the rollers vertical and centralized at a set distance from the rim.

As life time was seen to be important, the hose material is an attention point.
Natural rubbers, chemical rubbers (NBR), silicones and specifically made elastomers
are typical hose materials. This section gives a short introduction on these
materials.

Natural rubber (€25/m) is harvested as latex from the Para rubber tree, which
mainly grows in South East Asia. Globally it is readily available anywhere and highly
standardized. A risk is that it deteriorates faster in the sun and heat: exposure to
temperatures above 30°C creates ‘stains’ of oxidized rubber within hours
(Transport Information Service, 2015).

Chemical rubbers (€5/m) can be mixed with a solar protector, but they are toxic to
humans, animals and plants. Letting them carry water is a health risk. Worldwide
the chemical rubber market features cheap, low quality alternatives that are
unreliable both in dimensions and material uniformity.

Silicone hoses (€40/m) exist in many different dimensions, but are commonly
enforced with steel wire. Soft hoses are not available worldwide yet. A few dozen
producers exist, and hold up their quality.

Elastomers like Tygoprene or Verderprene (= €80/m) are specifically made for
peristaltic pumps and feature the highest reliability. They are specified in detail and
can feature: chemical resistance, high softness, heat resistance, vacuum resistance,
high pressure resistance, UV resistance, high dimensional precisions and long life
time (Saint-Gobain Corporation, 2013). Both Tygoprene and Verderprene have a
single production facility worldwide.



10.11

Summary

The market research showed how pumps are commonly designed and focussed the
design process. The design will concentrate on: the number of rollers, the balance
between pump speed and dimensions of the rim and hose, hose thickness, springs
on the rollers, aligners, rim and roller profiles, the impeller and shaft and the hose
material. Their impact on the design is repeated in the design chapter; here they
are just stated as the conclusion of the sections above.

Hose

Rollers

Impeller

Shaft

Roller springs

Aligners (vertical)
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11.1

Design

The previous chapter rendered the basic design of the peristaltic pump, and the
attention points for the field case specific design. These are now elaborated upon
to design a peristaltic pump for optimum field case performance.

Number of rollers

The peristaltic pump uses rollers to squeeze a hose: moving the squeeze forward
along with the rollers is how the water is pumped. The amount of rollers with which
this is done is an important design decision. The research section showed how
more rollers create:

e Less leakage

e Less peak torques

e Faster hose wear

e (And that a one roller design would require a more complex hose path).

Hose wear was seen to be the first part to need repair, that thus needs to be kept
whole as long as possible. Simultaneously the pump has to function within the flow
rate and torque limits found in the requirements. To evaluate how many rollers are
at least required to provide a leakage free, low peak torque design a test was done.
This test consisted of two prototypes: one with 2 rollers, and one with 3 rollers
(Figure 82, Figure 83).

The test included several connection points for the rollers, so that the occlusion
could be optimized within precision steps of 0,5mm (Figure 84, Figure 85).




While testing the prototypes it appeared that the two roller design does not
provide stable operation: torque peaks were too high. The test with three rollers
proved stable.

The impact of the amount of rollers was seen first in the deformation of the rim. In
the test with two rollers the pump rim deformed to a rotating oval, where the 3
roller prototype remained more circular. The optimal occlusion for two rollers was
measured to 1/3% of 2 times the wall thickness (the thickness of a hose pressed
flat); implying the rest of the space the flat hose needs is created by the deforming
pump rim. For three rollers occlusion was best at 5/6™ of 2 times the wall thickness.
Constant deformation of the rim results in both an unnecessarily high torque and a
higher pump rim wear. Rim deformation could however also function to facilitate
debris passing through or varying hose thickness. A bit of deformation is thus
desirable, but as much as with the current two-roller prototype is unreliable.
Besides using more rollers, deformation could be avoided by taking a stiffer rim;
either a non-standard thicker PVC tube or a stiffer material like stainless steel.
Besides being harder to find, such stiff rims would also be more expensive.

Secondly, the two roller design moved shock-wise and broke often due to the peak
torques, where the three roller design proved stable. The hose in the 2 roller
prototype moved both along its length and perpendicular to it (up and down across
the roller). This resulted in the thinnest hose tearing multiple times (Figure 50) and
the rollers running so hard against the washers that they would dissolve (Figure 87).
Besides this, the bolts holding the driver plates would loosen frequently, or the drill
used as the motor would go over its maximum torque. Aligner would aid to avoid
this, but still allow rim deformation.

What was seen considering pump rim deformation and torque peak dictates the
application of three rollers. Using more than three rollers was not deemed
necessary.
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The research in the previous chapter showed that a higher wall thickness broadens
the spectrum in which occlusion is adequate, improves the hoses’ proximity to the
rim and the opening up of the hose behind the roller (and with that the flow rate).
It also heightens the required torque, which poses a threat to the match with the
rotor. The wall thickness should be as small as possible, while still opening up
behind the roller and being leakage-reliable within 0,5mm production precision.

A test with hoses of 22mm diameter and multiple thicknesses revealed that a 2mm
thick hose suffices. A 1mm thick hose would regularly tear, a 1,5mm thick hose
would be more reliable but not properly opening up, and 2 mm thick hose would
open up and be reliable. Similarly, the 1,5mm thick hose would be difficult to match
to an occlusion setting, where the 2mm thick hose provided a match without
leakage or high torques. It was decided to go with a 2mm thick hose.

The pump has to provide enough flow rate to cater the Palestinian communities,
which comes down to 5L/min at 100RPM rotor speed. The flow rate is a function of
pumps rotational velocity and the amount of water it pumps per cycle.

A model was made to balance rotational velocity and the pumps dimensions. This
model was designed to match the flow rates as seen in the test with the three
rollers. This rendered that the pumped volume per cycle is a function of the hoses’
path length when wrapped around the rollers (

, Equation 13), and the hoses inner cross-sectional surface when not completely
opened up (Figure 89, Equation 14). The roller is herein assumed as large as
possible while still fitting inside the rim.

Lpath = Laround roller + Lbetween rollers
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The optimization of the dimensions is depicted in Table 5. It shows how the RPM
varies to acquire the demanded 5L/min for 4 different rim sizes. These 4 options
feature rim sizes (Figure 90) that match standardized PVC pipes. They will be
prototyped and tested with several hose diameters. This verifies the influence of
hose size and rim size on the flow rate.

Pump variable
24 mm 28 mm 32 mm 36 mm

ID hose
WT hose
Surface hose

Rim ID
Roller OD
Path length
V_cycle

RPM
Transmission

Flow rate

2 mm 2 mm 2 mm 2 mm
192 mm”2 252 mm~”2 256 mmA”2 296 mmA”2
125 mm 150 mm 200 mm 300 mm
40 mm 50 mm 65 mm 100 mm
264 mm 330 mm 429 mm 659 mm

51E+04 mm~*3  §8,3E+04 mm~"3 1,1E405 mm~3 2,6E+05 mm~"3

99 RPM 60 RPM 46 RPM 19 RPM
1 i 0,6 i 0,76 1 0,32 1
5 L/min 5 L/min 5 L/min 5 L/min
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Occlusion

Occlusion is the distance between the pump rim and the rollers: the distance
between which the hose is squeezed. It influences hose life time, torque, leakage,
and with the latter the pumps head and flow rate. One can calculate the optimum
occlusion using the hoses wall thickness. Rim deformation and imprecise
production however ask for multiple occlusion settings within one pump. Figure 91
shows an impeller that facilitates multiple settings. This allows optimization of the
occlusion for each pump after its production.

Five positions are made for the rollers, one that leaves 5/6th of twice the hose wall
thickness in distance between the rim and roller (refer to p. 78), and 4 other

positions: two in steps of 0,5mm towards the rim and two in steps of 0,5mm away
from the rim (in accordance with the 0,5mm precision requirement, refer to p. 18).

Springs on the rollers

The connection of the roller could be spring-loaded. This would lower peak stresses
caused by e.g. debris, broaden the range of proper occlusions and lower peak
torque near the inlet. The following spring options were considered: rubber patches
or bushings, a push spring (through various connections), and a feather spring
(through various connections).

Though spring loads take care of a lot of uncertainties, they add many too. Now not
only the position of the rollers axes has to be precise, but also the spring constant —
and the spring constant over life. As the necessity for springs remains unsure and
the added complexity is large, it was decided to first opt for a design without
springs.



11.6 Aligners

Aligners are connected to the impeller to keep the hose in place. This is possible
both vertically and horizontally: from creeping past the rollers reach, and to keep
the hose close to the pumps rim. In the roller section it was decided to try a design
with 3 rollers. As that runs stable, no rim aligners need to be added. It remains
unsure if horizontal aligners are required: the pump being submersed stabilizes the
hose, and as it has more than one roller the hose sits in one plane. There are no
reasons it would move from that plane. It was decided to test a design without
aligners.

11.7 Profile of rim and roller

A profile on the rim or roller influences the shape the hose is squeezed in. It could
optimize the pressure profile on the hose, which lengthens its life time. They could
also keep the hose from creeping, for instance by featuring a flange at the top and
bottom of the roller. Figure 92 shows how a profile on the roller could be optimized
towards optimal pressure profiles. Shaping the roller is easier than shaping the rim,
as tools can easier access an outer profile than one within a shape. Such a profile
has to match the hoses dimensions, and would thus be different for each hose.

Simplest Ideal Middle way

Off-the-shelf rollers with such profiles are common. Figure 93 depicts considered
options. Of these, only the skate wheels provide stability on its axis; all others can
‘wiggle’. A quick test showed a skate wheel (1cm thick) cannot close hoses with an
ID of over 14mm, smaller than what is required (Table 5). None of the off-the-shelf
rollers are apt for the Palestinian communities.
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This implies rollers will have to be made locally. Making a roller as a cylinder is
relatively simple. Shaping a profile into it is more complex. It will not be done until
life time tests show it is required.

Impeller & shaft

The impeller supports the movement of the rollers. It is the heart of the pump,
connected to the shaft, keeping the rollers vertical and centralized at a set distance
from the rim. A design was made to do this (Figure 94). It features two impeller
plates with holes at different occlusions. The roller has an axis at its center which
protrudes an impeller plate on each side of the roller and is fastened with a nut.
The impeller plates are kept at a set distance and parallel by a spacer. This spacer
sits around the pump shaft; the shaft protrudes through the entire impeller. Above
and below the impeller sits a flange, of which the top one is welded onto the shaft.
Bolts with nuts on each side protrude the flange, plates and spacer to tighten all
together and fix it to the shaft.

shaft

weld
roller shaft flange

impeller plate spacer
bolt + nut
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Hose material

Table 6 provides an overview of the different materials and their properties as
described on p. 80.

Wear sensitivity | Local availability

Natural Rubber
NBR

Silicone
Tygo/Verderprene

Deterioration by sun High High €25
Toxicity & cheap alternatives  High High €5

Import can be a strain Middle Middle €40
Very expensive Low Low €80

The silicone hose provides the most promising combination of characteristics. Hose
quality and production professionalism are vital to avoid leakage and unexpected
weak points, but the investment required to acquire Tygoprene/Verderprene was
deemed too high. The rubbers are rejected for their wear sensitivity, which leaves
silicone. It will have to be imported, but grants a safety in the sense of reliability
both over life time as over different producers.
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The pumps rim size and hose size were decided in section 11.3 (p. 84). In this
section, the dimensions of all other parts are deviated from them (Figure 96). The
rollers are therein assumed as large as possible.



Impeller Plate

Diameter: Rim diameter - 6mm

Plate height: 6mm to avoid bending

Diameter of shaft passageway: Shaft diameter  _
Diameter of spacer bolt passageway: half of the Shaft diameter
Distance of spacer bolt passageway from centre: the Shaft diameter.
Angle between spacer bolt passageways: 120°

Occlusion settings: 3x 5 holes

Angle between holes; 25°

Distance holes from centre:
Radius of rim - 5/6th of twice the hoses wall thickness - Roller radius
plus one at +1.0mm, one at +0,5mm, one at -0,5mm and one at-1,0mm.

Spacer

Diameter: Thrice the shaft diameter

Spacer height: 4m * Hose radius + 30mm

Diameter of shaft passageway: Shaft diameter
Diameter of spacer bolt passageway: half of the Shaft diameter
Distance of spacer bolt passageway from centre: the Shaft diameter.

Roller

Diameter: (Rim diameter - Spacer diameter) /2 - 20mm
Roller height: 4rr * Hose radius + 20mm
Diameter of axis passageway: Roller axis diameter

Shaft

Diameter: 12mm

Height: Spacer height + 2* Impeller plate height + 50mm
Flange welded on 20mm distance from top

-

Flange

Height and diameter of thick and thin part: as available

Diameter of spacer bolt passageway: half of the Shaft diameter
Distance of spacer bolt passageway from centre: the Shaft diameter.
Angle between spacer bolt passageways: 120°

Spacer bolt and nuts

Diameter: Half of the shaft diameter
Spacer bolt height: Spacer height + 20mm
Spacer nut: M [spacer bolt diameter]

Roller axis, nuts and washers

Diameter: 8mm

Roller axis height: Spacer height + 2* Impeller plate height + 30mm
Roller axis thread height: Impeller plate height + 15mm

Roller axis nuts and washer: M8

Rim

Diameter: Rim diameter as decided

Height: Spacer height + 2* Impeller plate height + 80mm

Hose passageway: ellips with breadth of twice the Hose diameter
and height of once the Hose

Hose passageway height: half of Rim height

Centralizing plate screw passageway diameter: 5mm

Centralizing plate screw passageway angle: 90°

Centralizing plate screw distance from rim edge: 15mm
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Overview of the design

The design regards a locally repairable, wind powered peristaltic pump for the
communities in South Mount Hebron, Palestine. That pump is part of a bigger
system (Figure 97), including a rotor, transmission, mounting, pump, hose to the

reservoir, reservoir, and gravity-fed distribution hoses to the users.
Figure 97: The complete system

0. Rain water harvesting
1. Rotor
2.Transmission

4. Cistern

5. Pump

6. Pipe going up

7. Reservoir

8. Distribution system

3. Pump mounting & couplings ‘ ‘

Flange (2x)
El Impeller plate (2x)
El Roller fixation: shaft with thread and 2 nuts (3x)




Within this system the design focussed on the pump and its mounting. The
mounting of the pump consists of a pipe, fixed with a ring to the terrain. This pipe
consists of several standardized PVC pipes held together by sleeves, with shaft
centralizing plates inserted to keep the shaft from sweeping. At the bottom of the
cistern the pipe holds the pump. The pumps shaft is connected to the shaft going
up with a cardanic coupling. Inside the pump the shaft is held in the centre and
vertical by two centralizing plates. The bottom centralizing plate therein features a
tapered bearing that carries the shaft and pump. That plate is fixed to the bottom
of the pipe using screws. The hose inside the pump is coupled to the open water at
the inlet, and to the hose going up at the outlet using standardized hose couplings.
At the inlet a gauze is added to keep debris out of the pump.

The pump is as minimalistic as possible; a minimalistic design is deemed most
producible and repairable. A peristaltic pump pushes water through a hose by
squeezing it with rollers. These rollers can be spring loaded, or feature complex
shapes. Aligners can be present to keep the hose in place. These options were
decided against: it remains unsure if they are necessary and they do make the
design more complex and more difficult to produce. The design is thus a three roller
peristaltic pump with no additions.

The hose is a 2mm thick silicone hose, of which various diameters will be tried to
verify the diameters impact on flow rate and torque. In combination with various
rim sizes this will render insights to how one can achieve the desired flow rates
within the torque requirement. The hose thickness is the result of an optimization
between torque and production precision. The hose has to be thick enough to
provide leakage free operation within the 0,5mm production precision limit. It
should not be thicker than that, as that increases torque unnecessarily. The 2mm
thickness was found to be sufficiently thick to be leakage free within the 0,5mm
production limit.

The three roller design is a result of a test with both a three roller and a two roller
prototype. One roller makes the hose ‘cross itself’, making it more prone to vertical
movements. Adding more rollers however costs hose life time. In the tests the two
roller design made the rim deform, but the three roller design proved stable.

To facilitate the movement of the rollers an impeller was made. This impeller
connects to the pump shaft by flanges, holds the rollers vertical using a spacer and
at a set distance from the rim: the occlusion. This is done using two impeller plates,
between which the rollers are held. The rollers feature an axis with thread at its
ends to be held by nuts, above and below the two impeller plates. A spacer around
the pumps shaft keeps the plates parallel and at a distance that allows the rollers to
spin freely.

Occlusion was found to ideally be 5/6" of twice the hose thickness. In the prototype
additional occlusion possibilities will be made in the impellers plates, to facilitate
for imprecise production and so that leakage and torque can be verified with steps
of the production limit of 0,5mm.
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Page 93 shows how the pump can be mounted and dismounted into, or out of, the
cistern. The necessity for repair can be assessed using the flow rate — RPM relation.
If the flow rate starts to drop, while the rotors RPM is the same as during the last
measurement, the hose has started to fatigue. The flow rate drops because the
hose opens up less when it is worn, and thus transmits less water per cycle.

In accordance with the requirements the mounting and pump design feature the
following advantages:

e Dismountable and repairable without power tools, by 2 people

e The necessity for repair is visible from above

e Avoids sweep of the shaft and includes shaft centralization inside the pump

e Features a gauze to keep out debris

e The pump itself can withstand sand and particles in the water, thanks to the
hose

e The pump does not rely on the fluid for lubrication, and can thus dry-run

e Both pump and mounting feature all non-corrosive materials

e Combines standardized parts and simple manufacturing steps

e Production precision required to a maximum of 0,5mm
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Tests & Evaluation

The design chapter resulted in a concept for a simple peristaltic pump. A three
roller design with a 2mm thick hose and no other supplements (no spring loads on
the rollers, no aligners, no rim or roller profiles) (Figure 95). This pump should be a
locally repairable, wind powered alternative to the bucket system that the
Palestinian communities use now. It is part of a bigger system (Figure 98), that

includes a rotor, transmission, pump mounting, pump, hose to the reservoir,
reservoir, spill-over hose back into the cistern and a gravity-fed distribution to the
users.

In this part of the report the design is tested and evaluated. How the pump
performs is revealed both for the Palestinian communities and the pumps main
competitor: the rope pump. This reveals the pumps performance and promise both
within the field case and beyond.

Figure 98: System overview
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Tests

The design is verified in this chapter using prototypes. The design of the pump and
its mounting were made to match the production capacities, repair requirements
and field conditions of the Palestinian context. Other parts of the system can be
assembled based on local preferences.

Some of the requirements are however not obviously met; these will be tested
here. This regards specifically the flow rate and torque. The part of the system that
will be tested is the pump (Figure 99).

During the design phase specific attention points for peristaltic pumps were
acknowledged. These are used to verify the concepts ideas. Did decisions work out
well, or should the design be changed?

In the next chapter the results shall be discussed and evaluated on the full program
of requirements to verify if it is fit for the Palestinian communities.

Figure 99: System overview, with in the yellow circle what will be tested.

1. Rotor

2. Transmission

3. Pump mounting & couplings
4. Cistern

5. Pump

6. Pipe going up

7. Reservoir

8. Distribution system
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The goal of the test is to verify if the concept:
1 Is able to provide enough flow rate at a suitable torque;
2 Features a well-made design.

For goal 2 the design chapter revealed the following attention points:
e Creep: if the hose moves up and down along the roller;

e Proximity to rim: if the hose stays close to the rim or ‘wraps’ around the rollers;

e Smooth operation around inlet: if torque increases as the roller engages with
the hose at the inlet;

e Range of proper occlusions: if the production precision of 0,5mm allows for
leakage-free operation;

e Opening up of hose: if the hose opens back up again behind the roller.

To test the design, torque and flow rate a methodology was developed. This
describes how prototypes were made and measured.

The hardware facilitates testing the designs operation, torque and flow rate. The
starting point of the tests is 4 prototypes, representative of the design. In
agreement with the section on pump speed, rim and hose size (p. 84), four versions
are made with different rim sizes: 5”, 6”, 7”7, 12”. These will be combined with 2mm
thick silicone hoses with an inner diameter of 6, 22, and 26mm. The combinations
are from now on denoted as x"y, where x stands for the rim size and y the hoses
inner diameter. For instance: 5”22 denotes the 5” rim with the 22mm hose. All
models were built according to the program of requirements: with 0,5mm
production precision and the possibility to replace parts.

Figure 100 and Figure 101 show the test set-up equipment. The test site is a 4 story
high staircase, where the required 10m head is available. The pump was powered
by a drill. Flow rate was measured with a 1L jug with indicators at each 100mL, and
a timer. RPM was measured with a bicycle speedometer; torque with an electric
spring balance. Furthermore each test was filmed and pictures were made of
possible damage.
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Before each test the occlusion setting is optimized, to provide the best achievable
occlusion for that rim-hose combination. Each prototype features impeller plates
that allow occlusion to be set at 5 different positions, spaced 0,5mm from each
other, as described on p. 86. Starting with the setting at 5/6" of twice the hoses
wall thickness, the rim-hose combination is tried and, depending on its
performance, the occlusion setting is optimized towards minimum leakage and
torque.

After this occlusion optimization the second step is to couple the pump to the
staircases’ water system and the drill, to set-up the instruments and to measure for
each combination:

e Static torque over the pumps cycle
e Flow rate at several RPMs

Besides the measurements, each test is filmed and observation notes are made on
the behavior as described in goal 2.

Results of the test are both the torque and flow rate data, and the observations on
performance. These are described here, after which they are interpreted in the
discussion section.
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The data consists of flow rate versus RPM and torque data. Figure 102 reveals the
measured flow rates for all the tested rim-hose combinations.

Flow rate vs RPM
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Figure 103 reveals the torque over the pumps cycle. The rotor — load combination is
optimized for one torque, so any variations in torque cost efficiency. Besides the
absolute value, the variation in torque is thus important.

Most prototypes featured a cycle of 3 phases: one of the rollers is at the inlet (1),
one where one of the rollers is just behind the inlet, one where one of the rollers is
just behind the inlet (2), and (3) one where no roller is near the inlet. As the
prototypes feature 3 rollers, the associated peak torque (1), minimum torque (2)
and average torque (3) happen trice during one cycle. It has to be noted that the
12" rim featured not only a varying torque according to the separate phases, but a
different torque across the phases for each roller. Each of the three rollers that
passed rendered a different peak torque. The peak torque represented in the graph
is the highest one encountered.



Torque over the pumps cycle
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The observations serve to verify the design and, as described in the project goal
section, regard: creep, proximity of the hose to the rim, operation when a roller is
near the inlet, the range of proper occlusions, and the opening up of the hose.

Peak torques appeared for all prototypes when the roller engages with the hose at
the inlet (Figure 103). These peak torques manifested as shocks: the impeller
slowing down as the roller engages with the hose, and speeding up very quickly just
afterwards. Though the intensity of the shocks varied with the measured peak
torque, all prototypes showed this behaviour. These shocks have caused two types
of damage to the impeller.

The first type of damage relates to the unloosening of rollers bolts. This caused
their axes to shift upwards or downwards. On one side they release from the
impeller plate, on the other side they run into the centralizing plate (Figure 105).
Being released on one side caused the rollers to skew, damaging themselves and
the impeller plates (Figure 104).
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The second type of damage is that the bearings jumped out of the centralizing
plates (Figure 105), allowing the shaft and impeller to roam more freely. This

allowed for skewing of the complete impeller within the rim, damaging the impeller
plates and rim (Figure 106).




Creep implies the hose moving above or below the roller. This happened sparingly,
but more frequently as peak torque and associated shocks increased. Creep caused
the hose to get stuck between impeller plate and roller, damaging the hose (Figure
107) and stopping the pump.
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In most tests the hose wrapped around the rollers, rather than staying close to the
rim. This was adjoined by elongation of the hose, and the hose being ‘dragged’
along with the rollers (Figure 108). The part of the hose outside the prototype
shortened on the inlet side, and got longer on the outlet side.

The small, relatively thick hose did not show this behavior.

The prototypes where the hose elongates showed a less circular cross-section than
those prototypes where the hose is stable.



The occlusion was optimized in steps of 0,5mm. If the pump still leaked indicates if
this was a proper occlusion. After each test, the backflow from the hose going up
the 10m head through the pump was observed. This rendered the following results:

Rim hose
o Leakage note
combination

5722 Visible backflow
5”26 No leakage
6”6 No leakage
6”22 Visible backflow
6”26 Visible backflow
7”6 No leakage
12”26 Visible backflow
13.4 Discussion

In this section the results are interpreted. Validity of the tests is discussed, both
guantitatively and qualitatively. Though the observations reveal that this design
does not run stable, its performance on flow rate and torque are promising.

To verify if the tests are representative they are compared to what they were
expected to result in. This is done by:

e Explaining what the tests were expected to result in

e Linking deviations from the expectations to possible causes, and the designs
attention points

e Reviewing the prototypes’ data in terms of the expectations and possible
deviations

e The resulting conclusion on representativeness, performance and design

The flow rate — RPM data can be compared to expectations both qualitatively and
guantitatively. A model to calculate flow rates was presented on p. 84. It reveals
flow rate should be proportional to RPM, and gives the expected outcomes of the
tests. Both proportionality and outcomes will be discussed.

The torque data can be compared qualitatively to the expectations. Torque should
increase as the hose stiffness or rim size increases. A stiffer hose increases torque,
as it requires more force to squeeze closed. A larger rim size increases torque, as it
enlarges the lever arm on the shaft (Equation 15).

Tpump = (Fpressure + quueeze) * Rrim + Tfrictions
= (P * Apipe + Esqueeze) * Rrim + Tfrictions
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Furthermore it would be expected that the torque varies during the pumps cycle.
The amount of rollers that is squeezing the hose varies, and with that the required
squeezing torque. When one roller is between the inlet and outlet, 2 rather than 3
rollers squeeze the hose.

Figure 109 shows the found flow rate - RPM results again, including proportionality
indicators: lines that spring from the origin and continue proportional to RPM. It
shows how three out of seven prototypes feature a steeper-than-proportional
relation to RPM that does not spring from the graphs origin (the blue and green
lines). The other combinations behave as expected (Fout! Verwijzingsbron niet
gevonden.).

Flow rate vs RPM
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Fout! Verwijzingsbron niet gevonden. shows the found flow rate — RPM relation in

comparison to those from the model. Comparing the data quantitatively to the

expected results (Fout! Verwijzingsbron niet gevonden.) shows that:

e The 6mm hose performs better than expected, both in the 6” rim and the 7”
rim.

e The 5” 26 combination performs almost as expected, in contrast to other
combinations with similar rim or hose sizes.

e The 12” rim is further away from its expected results than the 5” and 6” rims.
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The torque is reviewed, to assess the torque increase over rim or hose size changes,
and the torque variation over the cycle. The torque data reveals the following
unexpected behaviour:

e With the 6mm hose the torque does not increase when rim size increases

e The 5”26mm combination features a relatively low torque in comparison to the
5”22, 6”22 and 6”26 combination

e The 5” and 6” rims with 22mm and 26mm hoses feature an extreme torque
change when by a roller passes the inlet: 77-100%.

Combination Torque drop as roller passes inlet | Torque increase as roller is near entrance

5722 100% +75%
5726 100% +76%
6”6 60% +50%
6”22 70% +60%
6”26 80% +67%
776 60% +50%
12726 20% +30%

Table 8 provides an overview of the found results. They shall be discussed in the
next section.

Proportionality Torque change

5”22 Slightly steeper Less Changes with size as expected 100%
5”26 As expected As expected  Lower than expected 100%
6”6 As expected Better Not altering over rim size Two third
6”22 Steeper Less Changes with size as expected 77%
6”26 Steeper Slightly less Changes with size as expected 80%

7”6 As expected Better Not altering over rim size Two third
12”26 Steeper Much less Slightly lower than expected One third

The attention points that were found during the design phase mention several
causes that can create a different behaviour than was expected. These are treated
here, and consequently compared to what was seen regarding the data’s’
behaviour. The attention point creep is skipped, as it caused the pump to stop and
these results were omitted.

Leakage can alter the flow rate and torque behaviour. This would be seen by:
3  The flow rate — RPM relation being steeper than proportional. Leakage flow

rate is proportional to gap size, but independent of RPM. For lower RPMS the
leakage flow rate is thus a larger portion of the total flow rate than at higher
RPMs. This results in a relation between flow rate and RPM that is steeper than
proportional.
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Less flow rate performance. If leakage occurs, the flow rate performance is less
than modelled.

A different torque than expected. If the occlusion is not suitable and leakage
occurs, the hose is not closed fully. The torque to squeeze the hose is then less.
A broad occlusion also facilitates hose wrap, as the hose is less pressed against
the rim and thus easily dragged along. This heightens the torque.

Visible backflow observed. During the observations if was noted if backflow
through the pump was visible after the experiment. If backflow was observed,
this indicates that there is room for leakage during the experiment.

Proportionality Torgue change

Leakage Steeper Less Lower or higher Can be as in hose wrap

Hose wrap alters the flow rates performance and torque behaviour. This would be
seen by:

Less flow rate performance. A different inner volume of the hose influences
the results quantitatively, but not its proportionality (steepness). If the inner
volume of the hose is different than expected, this results in a different
pumped volume per rotation and thus a different flow rate. Its flow rate — RPM
relation would still spring from the origin, but perform different than the
model. This happens not only when the hose wrap influences the hoses path,
but also when the hoses’ cross section is different than in the model.

High torque, and a large variation in torque

If the hose is ‘dragged’ along with the rollers this influences the torque. This
primarily happens because the hose then stretches as a new roller engages
near the pumps inlet. If this happens, it is thus visible in a large variation of
torque over the prototypes cycle and a high torque in general.

Shock-like behaviour and hose elongation are observed. During the
observations it was noted that most pumps show shock-like behaviour, and
feature a hose that wraps around the rollers and elongates on the outlet side.
This is a clear indication that the hose wrapped around the rollers. The 6mm
hose was the only exclusion to these observations.

Proportionality Torque change

Hose wrap As expected

Less Higher High

If the hose does not open up this influences the flow rate performance, and can be
related to hose wrap. This would be seen by:

1.

Less flow rate performance: If the hose does not completely open up, it
transmits less water per cycle and thus lowers flow rate.

Hose wrap: If the hose is wrapped around the rollers and elongated, this
stretches the hose, pulling it more to an oval.
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Proportionality Torque change

Hose not
opening up

As expected

Less

Can be as in hose wrap Can be as in hose wrap

In this section the seen deviations from the expectations are coupled to their

causes (Table 9).

Proportionality Torque change

5722
5726
6”22
6”26
6”6
7”6
12”26
Cause

Leakage

Hose wrap

Hose not
opening up

Slightly steeper
As expected
Steeper
Steeper

As expected

As expected
Steeper
Proportionality

Steeper

As expected

As expected

Less

As expected
Less

Slightly less
Better
Better

Much less
Performance

Less

Less

Less

Changes with size as expected
Lower than expected
Changes with size as expected
Changes with size as expected
Not altering over rim size

Not altering over rim size
Slightly lower than expected
Torque

Lower

Higher

Can be as in hose wrap

100%

100%

100%

100%

Two third

Two third

One third
Torque change

High
Canbeasin
hose wrap

In the group of the 5”and 6” rim with the 22mm and 26mm hoses, all combinations
feature the leakage indicators but for the 5”22 one. That this behavior is linked to
leakage is confirmed by the observations on backflow (p. 107). The fact that most,
but not all, combinations performed worse than expected render it safe to
conclude that the production precision of 0,5mm has relevant influence on the
performance. The occlusion could be set in steps of 0,5mm, and the most optimized
setting was found for all combinations. Still, 3 out of 4 combinations performed
worse than expected.
Interesting is that the non-leaking one also features a lower torque, in comparison
with its counterparts. Hose wrap might thus be less for a properly closing hose, as it

is pressed tightly against the rim.

The 6mm hose performed better than expected in both the 6” and 7” rim and had a
relatively high torque. This behaviour can be explained by the larger stiffness of the
6mm hose: the 2mm wall thickness creates a relatively larger amount of material
versus its inner volume of water. The section ‘Wall thickness of hose’ on p.84
revealed that a larger hose stiffness both pushes it straight (keeping it close to the
rim) and back to its circular shape (keeping it opening up after the roller). It is safe
to conclude that a thicker hose would perform better.

The 12” rim leaked heavily, but also showed a relatively low torque variation.
Apparently, here a more spacious occlusion does not result in more hose wrap. The
per roller varying peak torque furthermore indicates that occlusion varied over the



three rollers. Varying occlusions can be explained by the fact that production
precision is less tight for larger pipes. The inner diameter can deviate up to Imm in
6” pipes, but up to 3.6mm in 12” pipes (Water Regulations Advisory Scheme, 2012).
A deviation of 3.6mm is relevant within the production precision of 5mm, implying
that the 12” rim has a higher chance of having a point where leakage and/or torque
increases.

Leakage and hose wrap influence the results relevantly. These causes explain the
found deviations between the data and the expectations.

In terms of goal 2 of these tests, the designs suitability, it was furthermore learned
that the hoses wall should be thicker, and that the rim size and occlusion influence
more than previously thought. Hose thickness should be high enough to provide
enough stiffness for the hose to open up and remain close to the rim. The rim size
has an effect on flow rate as thought, but cannot be increased without
compromising on the occlusion. If the occlusion becomes flexible enough when a
thicker hose is used remains unknown. Occlusion was found to not only influence
leakage, but also hose wrap. The force with which the roller squeezes the hose
against the rim keeps the hose from moving along with the roller, if was prone to
do that.

To assess the first goal, the flow rate and torque requirement, the data has to be
assessed in light of a transmission.

In the chapter on wind power it became clear that the rotor will provide a certain
range of RPMs at a fixed torque, with which the pump has to create the desired
flow rates. However, the RPM of the pump does not have to be the RPM of the
rotor: a transmission can heighten or lower the RPM as seen fit (Equation 16). A
transmission also influences torque (Equation 17). Could the flow rate and torque
requirements be satisfied with a transmission?

RPM,,,
RPMyyymp = %

Tpump = lyotor *1

Calculating the transmission follows 3 steps:

1. Selection of one point in the RPM-flow rate requirement to set the transmission
to: 100RPM with 5L/min.

2. Interpolation of flow rate data to find each combinations’ flow rate at 100RPM
. . — . 5L/mi

3. Calculation of transmission for each combination: i = __Sbjmin
Qdata @ 100RPM
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The calculated transmission renders the torque for each combination (Figure 112).
None of the combinations manage 5L/min at 100RPM with a torque of 1,9Nm. The
5”26, 6”6, 6”26 and 7”6 combinations get close.

14

12

10

Torque over the pumps cycle including transmission

Tmin with transmission
Tavg with transmission
B Tmax with transmission
® Twater with transmission
B Tmax+Twater with transmission |
Tavg+Twater with transmission
Tmin+Twater with transmission

d 44

5" 26 6"6 6" 22 6" 26 7"6 12" 26
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The previous paragraphs revealed the results for the current rim-hose
combinations. They currently almost suffice, and recommend a thicker hose. Is it
possible to predict the performance of other combinations?

Though a larger rim creates a larger flow rate, the tests revealed that larger rims
also increase the deviations in their inner diameter. A larger rim thus also risks
higher torque peaks and more leakage. This was confirmed among the 6” and 7”
rim with the 6mm hose: though torque peak was steady, flow rate was lower for
the 7” rim. The maximum rim size advised in this report is thus the 6” rim (200mm
outer diameter).

For the hose the tests revealed that more than inner diameter, the hoses stiffness
dictates the prototypes performance. The 6mm hose performed exceptionally well,
both in torque and flow rate. It stays closer to the rim and opens up more, creating
a larger inner volume. Less stiff hoses, like the 22mm and 26mm ones, showed hose
wrap and flat cross-sections. Could a larger hose with a thicker wall create sufficient
flow rate, while keeping torque low?

There is not enough data available at this point to do any predictions. A test with
several hoses of varying wall thicknesses is very interesting. Silicone hoses are
available in several wall thicknesses for each inner diameter.

Validation of the results gives insight into the repeatability of the experiments. In
the case of these tests, the primary questions that rise regard the scarcity of data
and instable operation of the prototypes. Additionally the test set-up and method
are scrutinized for possible unwanted influence on the results.

The scarcity of data points is the first threat to repeatability. Several rim hose



combinations are missing, and existing rim hose combinations feature two to three
data points. The fact that data is missing does however not imply that the existing
data is unreliable, as the reasons for missing data are practical (Table 9).

Rim hose combination | Reason for absence

5”6 Prototype got severely damaged before 6mm hose was tested
The rim turned out larger than indicated, causing the occlusion settings to be too
7”22 and 7” 26 wide for both the 22mm and 26mm hose. Production of new impeller plates was

limited by budget and time.
The 6mm hose and 22mm hose proved too short for the rim. Acquisition of longer

1276 and 12722 hoses was limited by budget and time.

Looking at the repeatability of the existing data, the damage done to the
prototypes is the first consideration. Damage was indeed done to all prototypes. It
included impeller plates running into the rim, rollers running into the top or
bottom, the hose to creep above or below the plate. All of these influence occlusion
and increase friction in the pumps operation. Experiments were however stopped
when the ‘start signs’ of these damage types were noticed: loosening bolts,
bearings, moving shafts, sudden increases in torque. Thus the resulting influences
on occlusion and increased frictions were absent during the experiments. The
presence of data is doubtable upon repetition as prototypes might break, but the
results were found during stable operation.

Further examination of the data shows it is indeed reliable qualitatively for the
current design. The data performs as expected, taking into account the
observations. The hose wrap is for instance represented in the data: flow rates are
lower than expected and torque increases with rim size. It is also clear that a
production precision or occlusion range of 5mm is influential for the 22mm and
26mm hoses: flow rates and torque varied opposite to what was expected and
leakage lessened performance.

On a quantitative level it remains unsure if the prototype would produce the found
flow rates and torque upon repeated production and testing. The hose wrap and
varying occlusion influence the results too much.

Looking at the test set-up and method, a few changes were made from the original
(Figure 113). These regard the addition of a cardanic coupling between the
prototype shaft and drill shaft, and the addition of a fixation to hold the pump. A
cardanic coupling couples two shafts that meet under an angle. In this case, they

allow the power source (drill) to be held by a human: now it does not need to be
kept perfectly aligned. The fixation was a metal ring, fixed to the base of the rim
and a wooden block underneath the prototype. This facilitates keeping the
prototype in place with the feet.

These additions were necessary to operate the prototypes solitarily. The additions
do not change the original design; there too the pump shall be fixated to the well
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and coupled to the up-going shaft.
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Another shortcoming to the test is the 1L jug used to measure the flow rate. It had
indicators at each 100mL, which allows for deviations op to 50mL from the full litre.
This was combined with a timer that rounds to seconds, again allowing up to 0,5s
deviations. Combined this adds up to 6% to 12% deviation from the measured value
(Table 11, Figure 114). Flow rate data was thus verified using the film recordings,
which allows for a much higher time precision. The results presented above thus
show some deviation, but not the deviation possible with the original methodology.

1L/min 60,5 59,5 6%
2 L/min 30 30,5 29,5 2,1 1,9 7%
3 L/min 20 20,5 19,5 3,2 2,8 8%
4 L/min 15 15,5 14,5 4,3 3,7 9%
5 L/min 12 12,5 11,5 5,5 4,6 10%
6 L/min 10 10,5 9,5 6,6 5,4 11%
7 L/min 8,6 9,1 8,1 7,8 6,3 12%

Flow rate vs RPM
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The test-set up and methodology were changed with last minute insights to operate
the tests solitarily, and precise enough. Though data points are scarce, they do
provide a qualitative insight to the functioning of the design. Quantitatively the
results are not reliable, due to the influence of the occlusion range and hose wrap.

The data on flow rate and torque, combined with the observations have given
valuable insights to the designs functioning, flow rate and torque. In short: some of
the prototypes have nearly met the flow rate criterion within the torque criterion
during the tests (Figure 112), though the results are quantitatively unreliable upon
repetition. Leakage and hose wrap influenced the results relevantly, indicating
future efforts might perform both better and worse.

The functioning of the design, and why it did not operate stable, were assessed by
combining observations with the data. It revealed that the hose is at this moment
too thin, and that the larger rims are less reliable. A hose with an inner diameter
between 6 and 26 mm with a relatively thick wall in a 6” rim would perform better,
both in terms of stable operation as in terms of flow rate and torque. How much
better, cannot be estimated to date. Further recommendations will be treated in
the recommendation section (p. 127).
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Evaluation

The tests provided only a part of the evaluation of the full concept. In this section
the full program of requirements will be treated, to evaluate if the design is fit for
the Palestinian communities. Its performance will furthermore be compared to the
performance of the rope pump: the currently prevalent pump for similar
circumstances. This leads to the conclusion of this designs evaluation, indicating the
pumps performance and promise both within the field case and beyond.
Recommendations furthermore show what future work might focus upon.

The program of requirements resulted from the research phase on local repair, field
conditions and water and energy flows, that match the pump and rotor to the
water demand of the communities. The full program is listed in chapter 7, p. 43. In
this section the prototypes performance on each requirement is discussed,
sometimes combining several as they interfere with one another. The color with
which the requirement is written indicates if the requirement is met: red is a ‘no’;
orange a ‘probably not’; yellow a ‘was not tested till date’; and green a ‘yes’. A
summary of this section is given in the conclusion, where the comparison of the
prototypes to the program of requirements is combined with the comparison to the
rope pump.

As described extensively in the discussion section, this combination of requirements
was not met, though results were close. The torque required to acquire the
demanded flow rate was 3,2Nm, rather than 1,9Nm. These results were
furthermore unreliable upon repetition, as a proper hose closure could not be
achieved reliably within 0,5mm production precision. A thicker hose could improve
the performance.

All prototypes were capable of achieving the 10m head within the production
precision limitation of 0,5mm.
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Submersing the pump in water will not damage it (refer to requirement 1.5), but
can slow its start-up down. The water inside the pump adds inertia to the impellers
rotation (Equation 18). This inertia takes up some energy upon speeding up
(Equation 19). This amount of energy is however negligible in comparison to the
total amount of energy required (>8J/s). The pump is able to be submersed in water
without changed behavior.

mxr? 5
Iyater = a2 =0,01kg-m

Ewater = 0,5 * Lyqter * w? = 0,5/

The hose is capable of handling small debris and sand, but the gauze at the inlet
was not yet included in the prototypes, nor was the outlet connector. These can be
added in accordance to the design (p. 70).

All the pumps elements are made of plastics or stainless steel. The bearings in the
centralizing plates should either be water tight roller bearings, or plastic plain
bearings.

The pump does not depend on lubrication.

The connections of the pump to the shaft, and upwards to the wells entry, were not
yet included in the prototypes. These can be added in accordance to the design (p.
70).

The bill of materials of the 5”and 6” pump remained below the 100USS in the
Netherlands ($85 and $98 respectively). The 7” pump almost made it ($114), but
the 12” pump was much more expensive ($208). Local prices remain unknown.

The pumps efficiency can be calculated using dynamic frictions or input power;
both were not measured till date. The pumps efficiency remains unknown.



All parts but the hose can be made locally. The most difficult production step is to
make the circular plates for the impeller- and centralizing plates. They were now
made from a plate material; for larger batch sizes manufacture could include
cutting of a plate from a PVC rod or cylinder. Assembly does not require powered
tools; it is done with the use of screw drives and a wrench.

3.2 Maintenance costs and frequency as low as possible

As described in the life time section of the hose, testing the life time takes a year
and thus reaches beyond the span of this project.

The fulfillment of some requirements remains unknown, others are or can be
achieved. The flow rate and torque might be achieved by using a thicker hose.

121



The rope pump is this concepts’ primary competitor. It is locally repairable pump,
widely spread across the developing world, often even wind powered. It however
does face some production problems: 90% of pumps break down within a year due
to imprecise manufacture of pistons and rope (Appropedia, 2015). This is exactly
where the peristaltic concept could improve: due to the flexible hose production
precision could be much lower. In situations similar to the Palestinian case, the
peristaltic pump could, if successful, provide a easily producible alternative to the
rope pump.

This section will thus evaluate the rope pump to the program of requirements, to
compare both performances in the conclusion section.

Rope pumps feature varying pipe diameters, piston spacings and production
precisions. These all impact both flow rate and torque. Rijs and Smulders (Smulders
& Rijs, 2006) provide formulae for flow rate and torque. This renders a flow rate of
5,9L/min at 100 RPM, 14,5mm pipe diameter, 1m piston spacing and 0,5mm
production precision (Table 12).

T e

1000 kg/m3 Density of water

g 9,81 m/s Graviational constant
H 10 m Head
D 023 m Diameter of wheel driving the rope optimized to set Vrope to

wheel ! 1,2m/s, as recommended by (Williams, 2014)
toan 0,0005 m Gap dist‘ance bejcv‘veen pipe and piston, set to the maximum

production precision of 0,5mm
Dyipe 0,0145 m Diameter of pipe, set to yield Tpump=1,9Nm
Npistons 1 #/m Number of pistons per meter as recommended by (Williams, 2014)
RPM 100 #/min
Output
Doy 2
Apipe 1,65E-04 m? Apipe = T (%) = surface of cross section of pipe
D .

Viope 1,2 m/s Viope = % * 200 * % = velocity of the rope
Tpump 19 Nm Toump = p*g*H*A*Dypee /2 =torque
Qleakage 1,01E-04 m3/s Qleakage =T tgap * Dpipe * 4/ 2.g/Nzaistons = leakage flow rate
Qidea 1,996-04 m3/s  Qigear = Vyope * Apipe = ideal flow rate
Qreat 9,80E-05 m3/s Qreat = Qideal — Qeakage = real flow rate
Qreal 5,9 L/min

Rope pumps are known to go as high as 50m (Bombas de Mecate, 1998).
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Rope pumps are always submersed into the well and can withstand corrosion and
dry running.

The spacing between piston and pipe allow for some debris and sand. The pipe is
usually a material of a high hardness, implying damage done affects the pistons that
can easily be replaced. The rope pumps design however does not allow for a gauze
at the inlet, implying the rope pump should not be completely at the bottom of the
well and/or utilized right after rainfall. The pumps outlet does allow for a
connection to a hose or pipe easily.

A transmission from the rope pumps horizontal shaft to the rotors vertical shaft is
required.

The Hand Rope pumps cost between USS 30-150 depending on model, location of
production, and local cost of materials and labor (Appropedia, 2015).
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The rope pumps efficiency depends on its gap size, rope speed, piston spacing, and
pipe diameter. It was just seen that for the Palestinian situation the pipe would be
14,5mm, the gap size 0,5mm, the rope speed 1,2m/s and the piston spacing 1m.
This corresponds to a work to water efficiency below 40%. With the energy
available in the wind, such efficiency will not suffice to lift enough water up. The
rope pump will thus need a higher rotor power output to achieve the flow rates
calculated above.

Analysis of Varying the Gap between Pipe and Piston with a Rope Speed of
1.2m/s and a Piston Spacing of 1m
100% 20l/s
90% 181
80% 161/s
= e 40mm Flow Efficiency
70% 14l/s
® e e ¢ 40mm Work to Water Efficiency
s a= 32mm Flow Efficiency
60% 121s
e o o o 32mm Work to Water Efficiency
e e 25mm Flow Efficiency
50% 10}
/s ® » » » 25mm Work to Water Efficiency
20mm Flow Efficiency
e 08Ys 20mm Work to Water Efficiency
e 20mm Flow Rate (I/s)
30% 06l/s @332 mm Flow Rate (I/s)
s 25mm Flow Rate (I/s)
20% 04l/s 20mm Flow Rate (I/s)
10% - 0.21/s
0% . : . : g ! . - 0.0/s
0.2 04 06 08 10 1.2 14 16 18 20
Gap Between Piston and Pipe (mm)

Development of the rope pump has refined itself, making the production process
more complex. To match the performances calculated above, production includes
“a variety of steps, such as plastic injection; hand making, dehydration and glazing
of ceramic piece; metal work to make the wheel structure and pulley wheel;, and
other manual mechanical work” (Bombas de Mecate, 2012). These steps are
possible in Palestine, though not in the villages themselves. Assembly and
replacement of parts is possible without the use of power tools.
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The rope pump needs frequent visit. After installation of a rope pump one has to
return after a few weeks to adjust the tension in the rope. Maintenance consists of
periodically lubricating the bushing, where the maintenance frequency depends on
the local circumstances. In the Palestinian environment sand therein poses a threat
and lubrication has to happen once a month. For other parts a yearly visit to repaint
and check the equipment suffices. The rope pump should then last at least 3 years
without replacement of parts. Rope pumps have been known to last up to 20 years
when including part replacements (Bombas de Mecate, 2012). However, if
produced badly 90% of rope pumps breaks within a year (Appropedia, 2015).

The peristaltic design until date does not perform as required. Its operation is
unstable and gathered results do not satisfy the flow rate and RPM criterion. Upon
improvement, it might satisfy the Palestinian needs.

When comparing the prototypes performance to the rope pump, the rope pump is
thus more reliable. It achieves the desired flow rate, plus 18%. Its primary downside
is that it requires a higher production precision to have a suitable efficiency. The
gap between piston and pipe should be smaller than 0,4mm, or the rotor has to be
provide more power to counteract the slacking efficiency. The production process is
the second downside of the rope pump: it is much more complex, involving
ceramics, injection molding and metal working.

If the peristaltic design is improved, and provides stable operation and higher flow
rates, it is thus expected to provide a better solution for both the Palestinian case
and other similar situations.

Table 13 provides an overview of the paragraphs above.

Peristaltic design Rope pump

2.3 Flow rate — RPM

3.3 Production precision
2.1 Torque

2.2 Efficiency

1.2 Head

1.3 Submersible

1.4 Debris

1.5 Corrosion

1.6 Dry-running

1.7 Gauze and outlet connector
1.8 Shaft connector and sweep
1.9 Price

3.1 Local parts

3.2 Maintenance
3.4 Production steps

3.5 Replacement and repair
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The current design does not function as required: it is unstable and nearly, but not
fully, acquires enough flow rate within the torque requirement. If the pump
operates stable, decreasing peak and average torque and increasing flow rates, it
could improve on the rope pump and meet the requirements (Table 13). A thicker
hose aids towards this goal: the results of the relatively thick 6mm hose indicates
that a thicker hose might solve the stability problems and increase the flow rate
within a manageable torque. This would make it a very promising pump to the
developing world: the easiest to produce, excellent match with a wind rotor and
thus able to independently irrigate fields and fill water basins. From the basins
users can use a siphon, rather than a bucket. Water could be accessible all day,
close to homes and effortless.

Especially for the field case, this would improve the daily water hassle of remote
communities and open up new water resources and new economic windows.



The tests and design process rendered insights that are useful for further
development of the peristaltic pump. These are described here, both for the
product design as for the steps of a possible continuation of the project.

With the design chapter in mind, a relation between the instable operation and
design is found.
A multitude of possible solutions come to mind:

Implementing a thicker hose
Implementing a connectors that not only couple the hose, but also push it
against the rim

3. Implementing extra rollers / aligners

4. Implementing springs on the rollers / rim / shaft

5. Implementing a bearings on the roller axis

The simplest improvement would be a thicker hose. This would:

e Keep the hose closer to the rim, thus
o Avoiding hose wrap and the associated peak torques and damage;
o Increasing flow rate per cycle;

o Keep the hose opening up more, which increases flow rate;

e Render the occlusion range broader, making the pumps operation more
reliable;

e Probably not cost extra torque, but keep the hose acting as a spring: pushing
the roller forward after the squeeze as much as it was holding it back in front
of the squeeze;

e Not add any extra parts to the pump;

e Not add relevant costs (Damen Rubber, 2015).

Tests would have to be done to verify.

Option 2, the connectors, are required to connect to the world outside the pump,
but were not part of the prototypes until date. If made well they could not only
connect the hose, but put the hose under a slight pressure inside the pump,
‘pressing’ it against the rim. This will keep it close to the rim. Once hose wrap
happens it heightens torque peak, pulling the hose more, heightening torque peak,
pulling more, et cetera. A risk is that if the hose elongates, it might start to fold near
in the outlet, obstructing the rollers and breaking the pump. The question is thus if
the pressure put on the hose by the connectors is enough to keep it from
elongating to that extend.

If the result of using a thicker hose and proper connectors is not adequate (e.g.
torque becomes too high, it still shocks), options 3 to 5 remain. Of these, an easy
one to try out is the springs in the rim; this could for instance be a rubber strip,
glued against the rim. A strip made of an elastic material against the rim has the
same effect as springs on the rollers or shaft, but is much easier in production.
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A last option is adding aligners, rollers or bearings on the roller axis: these increase
the pumps complexity and price to a relevant extend. Extra rollers would only be
required if leakage remains a problem within the production precision limits, after
increasing hose wall thickness.

The pump is not ready for implementation at this point. Further prototyping and
testing of separate solutions is required. If continuing with this project the following
steps would be appropriate:

1. [Iterative design until stable operation is met (refer for possible steps to
product design recommendations)

a. Infuture tests include measurements of input power or dynamic torque
to verify efficiency. Measuring input power can be done with a motor with
known efficiency to power the pump. Dynamic torque can be measured
using a torque transducer. During the selection of a transducer note that
both RPM and torques are relatively low.

2. Testing the other parts of the program of requirements allows to fully verify
the concept in its context. This includes:

a. Verification of the designs producibility and local price through in-field
production.

o Test the flow rate versus RPM relation and torques for the locally
produced prototypes.

b. Testing with the rotor to measure flow rate over the day and versus wind
speed, to verify the rotor model and satisfaction of the communities’
needs.

c. Installation of the complete system within a community to assess social
effects, appreciation, and influence of the system on water usage habits
and -quantities.

d. Life time tests, measuring (change in) flow rate, pressure and torque over
time and/or establishing observation wear indicators for the hose. Change
in flow rate, pressure and torque indicate that the hose is getting ‘tired’;
not opening up so well anymore, elongating and becoming thinner
(changing the required occlusion, and torque). This test can be done in-
field orin a lab.

Tests 2b to 2d can be combined in one field set-up. Such a set-up includes a stand-
alone system of a rotor, pump, reservoir and piping to the end-users. A small
electrical system is beneficial for data logging, and would include a battery, RPM
sensor for the rotor, wind speed sensor, flow rate sensors to and from the
reservoir, and water quality monitoring. Wireless data transfer can in addition
inform the operators of malfunctioning and/or other interesting events (such as
storms and celebrations (sudden rise of water use)). If the rotor-pump combination
is not installed inside a community such wireless data transfer is highly
recommended due to the local political situation.



3. Additional measurements could aid other organizations to dimension the
pump and predict its behaviour for their circumstances. This includes:

a. Measuring flow rates with different heads/pressures, creating the Head-
Flow Rate graph typical to pumps. This will allow other organizations to
estimate how the pump will behave with their respective water heads;

b. Establishing a validated model between flow rate and rim size, and flow
rate and hose size. This allows other organizations to choose their pumps
diameters to acquire their desired flow rates.

c. Creating an understandable calculation methodology, program, excel
sheet or the like to tweak all these factors to different circumstances.

d. Creating an understandable production and implementation manual.

Furthermore the wind rotor model is quite an improvement to the current
modelling steps for wind pumps (refer to p.32). It could improve efficiency of any
future rotor-pump combination, and be useful to organizations implementing such
installations.

This leaves me to say that this has been a very interesting project, that | would
gladly see continued. The rope pump has had to become complex in production to
ensure its life time. I’'m curious if the peristaltic pump could provide a truly
sustainable design; cost effective, reliable and easy to copy by anyone interested. If
it may be so that someone continues with it, I’'m willing to share my insights. Feel
welcome to contact me at martefekkes@gmail.com. The best of luck!
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