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In this era of great technological growth, there are still people that do not have a
readily available supply of one of the most basic of needs, water. The main goal of
Thirst Quenchers Inc. is development of a Sustainable and Efficient Rope Pump that
provides access to potable water in rural areas worldwide with a volumetric output of
45 Liters/minute. The rope pump is the ideal method to tap the obtainable resource of
fresh groundwater. When compared to other existing methods it is the more reliable,
sanitary, and cost effective option. The simple design and use of local materials
provide sustainability because of the ability to be locally maintained. Features such
as an anticorrosive coating and concrete well covering ensure both minimal structural
deformations and prevent negative effects on existing water quality. With the typical
users being women and children it is important that no energy input goes to waste.
Therefore the hydraulic efficiency of 75% with a user input of 75 Watts is a highlight
of the pumps design. Thirst Quenchers Inc. is confident that the proposed rope pump
will have a significant impact on areas with limited to no potable water with the
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EXECUTIVE SUMMARY

Although we are in an era of great technological growth, millions of people worldwide still do not have
access to basic needs such as potable water. United Nations Millennium Development goal target 7c
recognizes this water problem as a serious global issue. Of the 3% of fresh water on earth, 29% can be
found underground. The most efficient and reliable way to utilize this source is with the Rope Pump.
Harvesting rainwater, using a rope and bucket, or using a piston pump are other common methods of
supplying water in rural areas. However, they each have major disadvantages of being unreliable, causing
groundwater contamination, and having a high cost respectively. The simple design of the rope pump
makes it cost effective, while the use of local materials allows it to be easily maintained by the users of
the pump.

To use a rope pump, power is applied at the crank arm which will rotate the pulley wheel. This causes the
continuous rope with attached pistons to move throughout the system. The pistons attached to the rope,
will travel up the rising main and raise the water column up through the outlet. Many variables in the
design will directly affect another feature. The fixed constraint, chosen based on research in several
countries, was a pumping head of 10 meters. All other components were designed to be optimized at this
depth. The actual flow rate, a measure of the volumetric output of water in a given amount of time, was to
be at least 45 liters/min. The volumetric efficiency is the comparison of the actual flow rate to the ideal
flow rate. To ensure that the pump was efficient, the volumetric efficiency was designed at 75%. The
average users of the rope pump are women and children meaning the required power must be designed to
their abilities. Our rope pump was also designed to effectively operate at 75 W. A constraint, separate
from the hydraulic and mechanical system was that of low impact on turbidity. The pump was designed to
minimize the change in water turbidity to less than 0.5 NTU from original well conditions.

In order to ensure adequate flow rate and volumetric efficiency, a great amount of emphasis was placed
on the hydraulics of the system as influenced by changes in piston spacing and geometry, the submerged
guide box (for rope transitioning), and overall rope tension in the system. Being a function of tension and
angular velocity, the power input was based on the chosen wheel and crank arm diameters. Since all of
the components influenced the performance of one another, we chose to create a systematic model that
compiled a large majority of input parameter possibilities and the performance outputs. By adjusting the
parameters, we obtained a model that dictated the piston spacing/diameter/height, rope velocity/diameter,
and pulley wheel and crank arm diameters needed to simultaneously meet our constraints. Additionally,
by adjusting the height of guide box input pipe, we sought to reduce the change of turbidity as influenced
by the movement of the pistons through the well water. When designing our pump, we kept in mind the
reasoning behind the simplicity of the rope pump. We are confident that the annual maintenance will be
relatively low, at least for the first three years of operation as the zinc epoxy, concrete well covering, and
pulley wheel covering continue to limit structural deterioration. With the completion of our prototype, the
cost of materials for our pump came to be US$115. The pump worked effectively at a 10 meter pumping
head, providing a flow rate of 45.98 L/min at a 79% volumetric efficiency. The power needed to achieve
this maximum flow rate was measured to be 75.17 Watts, requiring an applied torque of 12.50 Nm at a
rate of nearly one crank arm revolution per second. The total change in turbidity was measured to be an
average of a 12% difference from the well source to the outlet of the pump.

The design of a sustainable and efficient rope pump, outperforming predecessors and current competitors,
will allow for a cost effective solution to a global water issue. The impressive performance, proven
through testing, shows how the design allows for the optimum output of water. The implementation of
this pump would be greatly influential in developing nations that continue to struggle for potable water.
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1. PROBLEM STATEMENT

1.1. OVERALL OBJECTIVES

Thirst Quenchers Inc. has designed and optimized a rope pump water delivery system that has the best
balance in terms of cost, performance and ease of maintenance. The primary audiences are those living in
small to medium sized communities in developing countries with a lack of water but have an available
resource of groundwater. Increasing access to efficient sources of water can lead to major benefits
including health, more time saved, and an overall growth in productivity (Arouna et al., 2009). Concerns
for those communities often extend to a wide variety of pump characteristics. The maximum pumping
head as well as the maximum flow rate and efficiency are addressed to guarantee the best possible
performance and reliability of water retrieval. Resources for our target audience are limited so the pump
was designed from commonly found materials or in close proximity to communities of concern. This
enables an ease of maintenance and part-replacement.

In 1990 the United Nations created a list of 7 “Millennium Development Goals” that were to be met by
2015. Target 7C read: “Halve, by 2015, the proportion of the population without sustainable access to
safe drinking water and basic sanitation.” In rural areas worldwide the percent of people with access to
drinking water increased from 60% in 1990 to 76% in 2008 (United Nations, 2010). Over this time
period many aid groups adopted the use of rope pumps as a solution to water shortages. An emergence of
rope pump installation quickly spread within the past two decades to locations such as Ghana, Honduras,
and Nicaragua. It was found that rope pumps were far less expensive and much more practical than the
previously accepted piston pumps. In particular, a breakthrough in piston design in Nicaragua greatly
increased the maximum pumping head, thus eliminating a prior distinction between rope pumps and
piston pumps. A clear trend followed: “The pump spread quickly in Nicaragua which adopted it as a
standardized pump in 1996. Consequently, more than 30,000 rope-pumps are currently in use in
Nicaragua and provide water to approximately 25% of the total population.” (Harvey and Drouin, 2006)
The benefits of rope pumps are far-reaching therefore providing ample room for the development of an
improved and marketable design.

1.2.  HISTORICAL AND ECONOMIC PERSPECTIVE

The rope pump can be traced as far back in history as the sixteenth century. Between the sixteenth and
eighteenth centuries rope pumps were developed and used in the mining industry and small scale water
delivery. Chains were often used rather than ropes; rags and wooden blocks were used as pistons; and
horses as mechanical power. By the first half of the twentieth century, China began improving and using
these pumps - showing photographs of the rope pump at an exhibition of agricultural machinery in
Beijing in 1958. In the 1980s the rope pump was redesigned using simple components such as PVC pipes
and plastic molding to be used in underdeveloped countries such as Africa and Latin America. Rope
pumps have since played a major role in restoring water supply services to such areas as El Salvador and
Nicaragua (Smulders and Rijs, 2006). Major advances in the rubber washer were created in Nicaragua in
1984, leading to the spread and success of rope pumps (Harvey and Drouin, 2006).

Within the past two decades, rope pumps have been widely adopted worldwide by aid organizations
including Rural Aid, Water Aid, Swiss Agency for Development and Cooperation, Honduras Water and
Sanitation Network, as well as many other NGOs who have been involved in designing, installing, and
maintaining access to water in rural areas in need. NGOs often outsource rope pump design to nonprofit
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organizations such as Engineers Without Borders largely because there are only a few standardized
designs existing throughout the world. These standardized designs tend to share similar costs and
performance. In order to create market appeal, Thirst Quenchers, Inc. designed a rope pump that
improves upon current standardized designs — specifically with respect to cost, without a loss of
performance.

1.3. CANDIDATE SOLUTIONS

Rainwater harvesting may be practiced but will often not provide enough water and is unpredictable
during the dry seasons that some geographical locations face. For the past two decades the most reliable
source of water in rural areas around the world has come from groundwater (Harvey and Drouin, 2006).
Therefore providing access to this water in the most efficient way possible is important. Currently there
are three different technologies to achieve this: the rope and bucket system, the piston pump, and the rope

pump.

The rope and bucket method is the simplest and easiest to construct. A well is dug, and anytime water is
needed the bucket is lowered into the well in order to hoist up water. One of the largest problems with
this is the contamination of the water due to well exposure and the handling of the bucket and rope that
taint the water supply. The cost is minimal and requires virtually no maintenance.

Piston pumps work by a handle raising and lowering a piston inside of a well. When the piston is moved
upwards water is drawn up through the vacuum and delivered (Water Aid UK, 2011). The piston pump
utilizes the most complex technologies of the three options. Average cost of the system is about US$700
with a maximum operational depth of 60 meters. Materials needed for the design are typically not found
locally with a maintenance cost of about US$89 per year. However, not all maintenance is simple enough
for a local user to perform (Harvey and Drouin, 2006).

Rope pumps consist of a continuous rope with attached pistons that circulate around a pulley wheel.
When cranked, the pulley wheel rotates the rope and pistons which travels down into a well, through a
guide that pushes water from the bottom of the well, up the pipe and through the outlet. The average cost
of this system is US$168 with a maximum operational depth of 60-80 meters. Materials used for
construction can vary depending on the design, but can be found locally. Maintenance may be needed
more often than other systems; however cost for maintenance is minimal at US$5- US$10 per year and
can be performed by a local user of the rope pump who has had some initial training (Harvey and Drouin,
2006).

There are few faults found in rope pump use. It is often thought that rope pumps are more prone to
contamination than piston pumps due to well exposure. However studies have been done showing that
there is very little difference between the water quality of a rope pump and that of a piston pump. One
such study found that the impact on both turbidity and microbial water quality were found to be less in
rope pump systems than piston pump systems (Drouin, 2004). Rural communities have mainly used the
conventional piston pump in the past believing the rope pump is a step back in technology. Rope pumps
are on average suitable for 40-60 people while piston pumps can handle up to 250-300 people.

1.4, PROPOSED SOLUTION CONCEPT

There are clear advantages to using rope pumps rather than piston pumps. Pumps, regardless of the type,
will inevitably need periodic maintenance and part replacement. When broken, piston pumps contain
parts that are far more difficult to be found and fixed locally, rendering them unusable. An estimated

Senior Design Project 11 04/24/2012



Thirst Quenchers, Inc. Page 8 of 53

250,000 piston pumps are in Africa, but only half are likely to be in use because of the high cost of repair
(Harvey and Drouin, 2006). The yearly estimates of these replacement parts for a piston pump amount to
nearly ten times the annual maintenance costs of a rope pump. Rope pumps are simpler in design and can
be built from local materials - making repairs less of an issue and more feasible to overcome. And though
piston pumps can reach farther depths, they are rarely necessary. A hydrological study in sub-Saharan
Africa demonstrated that most of the obtainable groundwater exists beneath a giant number of rural
dwellers between 10 — 30 meters (Harvey and Drouin, 2006). Many wells found in other case studies fell
within this range as well. The overall cost of piston pumps is far greater than that of rope pumps and are
potentially only worth the investment in specific cases. Thirst Quenchers, Inc. main objective was to
provide a product marketable to communities in most need. Designing of the pump was low in cost while
maintaining exceptional performance.

1.5. MAJOR DESIGN IMPLEMENTATION AND CHALLENGES

The major design challenge was producing a rope pump that could be marketable to varying locations.
Location, being outside the scope of the design, would have a large influence over the success or failure
of the product. As locations change, so do design factors such as the maximum pumping head needed,
and more importantly the materials and resources available for maintenance and repairs. Because of this
variability, the pump was designed to the constraints set by commonly found cases with the intention of
having a wide and applicable appeal. Additionally, a major foreseeable challenge was the
interconnectivity of all of major rope pump parts. For instance, adjusting the pumping head can
potentially influence pipe diameter, simultaneously changing the power required, pulley-wheel diameter,
piston specifications, crank arm diameter, and frame design needed to optimize performance. Many
simulations with different properties were done in order to determine the most efficient relationship
between the many working components.

Detailed research involving piston design is rare; however, it is a crucial component in the rope pump
design. Engineering a piston that performs close to maximum efficiency with little quantitative
information available was a major challenge. Hydrodynamic analyses modeled and tested with computer
software gave the ideal shape to the piston design. Lastly, testing the rope pump is difficult due to the lack
of an open well to install the pump on. For this reason the rope pump was tested from the ground up
where the ground level was deemed to be the maximum depth that the well would reach.

1.6. IMPLICATIONS OF PROJECT SUCCESS

The pump will be especially marketable to the wide range of locations that share similarities in
groundwater depth and resources. Ideally, the design would be able to be applied as a global standard.
The rope pump is a suitable product for a privatized company that cater to either water relief NGOs such
as Water Aid or Rural Aid, or directly to villages in need. With an exceptionally large global population
still without access to clean and reliable sources of water, a rope pump that trumps all other existing
designs has a competitive edge in the market as UN furthers its progress with its “Millennium
Development Goals”.
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2. DESIGN REQUIREMENTS

The goal of this project was to design an effective and cost sensitive rope pump to replace and/or improve
the current water access systems in impoverished locations. Since there are very few defined regulations
or standards for building a rope pump, our constraints - both functional and non-functional - were
declared with the intention of providing a product that was to be marketable, affordable, and
exceptionally operational to those in developing countries without reliable access to groundwater. The
following design constraints were based on case studies, design schematics and scholarly papers — used as
metrics to define ideal quantitative results that aim high, but within reason. Table 2.1 provides a list of
functional design constraints that directly impact the goals, limitations, and expectations of the
performance of our pumping system. Table 2.2 addresses the non-functional design constraints which
influences the pump design independently of its performance. Together they formed the basis for our
design.

2.1.  FUNCTIONAL DESIGN CONSTRAINTS

Name Description
Volumetric Efficiency| The pump design must be able to optimize a volumetric efficiency of 75%
Maximum Pumping
Head

Flow Rate (at 10m)

The maximum pumping head of our rope pump will be at least 10 meters.

At a standard well depth of 10 meters, the flow rate will be no less than 45
L/min.

The rope pump will be able to be effectively operated at 75W to produce its
maximum outputs of 45 L/min at a 10 meter pumping head.
Implementation and use of the rope pump will not change the measureable
turbidity more than 0.5 nephelometric turbidity units (NTU).

Table 2.1: Functional Design Constraints for Sustainable & Efficient Rope Pump Design

Energy Exertion

Impact on Turbidity

One of the most significant constraints for our design, cost (below: Non-Functional Design Constraints—
Economic — Cost), in itself inspired some of the major functional constraints of our design. The users of
our product should spend as little as necessary in order to produce maximums results. Therefore, the
volumetric efficiency of our system greatly dictated the worth of our product. Accumulating data from
studies done at Eindhoven University, Loughborough University, University of Reading, Uniandes at
Bogota and Ashikaga Institute of Technology, Smulders and Rijs conclude that a well-designed rope
pump should perform at 60-70% efficiency (LeChevallier et al., 1981). We sought to push this envelope
by aiming for a volumetric efficiency of 75%.

Since our product was not being designed to meet the needs of a specific location, a maximum well depth
was chosen on the basis of research done in Ghana, Nicaragua, Honduras and Bolivia. Typical hand dug
wells are between 6-10 meters and drilled wells rarely go beyond 30 meters. In one case study based in
sub-Saharan Africa, approximately 40% of the land area was underlain by Precambrian basement rocks,
typified by a water-bearing weathered zone 10-30 meters in depth (Harvey and Drouin, 2006). For this
reason we decided to define a maximum pumping head of our pump to be at least 10 meters. Similarly,
our rope pump was designed to deliver at least 45 liters of water per minute at a depth of 10 meters —
representative of all well types, hand dug and drilled.
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Rope pumps are often manually powered, which demands a limit to be set on the amount of exertion that
is required to operate it. Women and children are consistently in charge of water collection which means
that operational power requirements should suite their abilities (Moriarty et al., 2004). An average child in
the age range of 7-11 with a body mass of 35 kg will have a maximum power output of approximately
105 Watts (Andersen, 2008). Holtslag and de Wolf suggested that typical operational power should be
around 50 Watts; however, our maximum pumping head and flow rate constraints mathematically cannot
satisfy this (Holtslag and de Wolf, 2010).We chose a maximum operational power to be 75 Watts as the
power that women and children can maintain optimal pump results. It is important to keep in mind that 75
Watts is the power required to achieve 45 L/min at a 10 meter pumping head, but the pump performs at
lesser power inputs. As power input decreases, the flow rate output decreases linearly.

The scope of our product did not cover water treatment; however the rope pump design incorporated
efforts to reduce its impact on contamination upon installation and use. Health contaminants such as
arsenic, fluoride, manganese, nitrate and E. coli vary greatly between locations and are often
characteristic of their environment. Our pump design incorporated indirect preventative measures such as
the limitation of well exposure (below: Non-Functional Constraints — Health and Safety — Well
Integrity) and the minimization of increases in turbidity. Turbidity has a significant influence over the
efficiency of low-cost water treatment — often found to be done by UV or chlorination. The suspended
solids of clay, silt, organic and inorganic matter, and microscopic organisms can act as catalysts for a
variety of materials such as pesticides, heavy metals and bacteria (LeChevallier et al., 1981). One group
of researchers who focused their studies on turbidity and its effects on chlorination efficiency and
bacterial persistence found that, assuming a constant chlorine dose, an increase in turbidity from INTU to
10 NTU in the surface water supply would result in an eightfold decrease in efficiency of disinfection
(LeChevallier et al., 1981). Our design minimized the positive change in turbidity caused by the pump to
less than 0.5 nephelometric turbidity units (NTU).

2.2.  NON-FUNCTIONAL DESIGN CONSTRAINTS

Type Name Description
The pump will be able to be easily repaired by those using it,
Sustainability Maintenance |with little to no skill-sets required. Cost of annual maintenance

should not exceed US$10.
All materials will be easily obtainable by communities in
underdeveloped countries.
100% of the pump structure will be covered with an inorganic
zinc coating to prevent rusting and deterioration. The structure
Structural must be able to simultaneously withstand the total weight of
Integrity the pump and the weight of the water column - at any given
moment - while consistent lateral torque is applied during
operation.
The total cost of the rope pump will be equal to or less than
US$150.

Well contamination will be minimized by limiting open well
exposure to the cross sectional area of the access pipe. The
Health and Safety | Well Integrity [pulley wheel and exit pipe will be enclosed on five of six sides
— leaving only the bottom side to be exposed for the allowance
of pump functionality.

Table 2.2: Non-Functional Design Constraints for Sustainable & Efficient Rope Pump Design

Sustainability Materials

Manufacturability

Economic Cost
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A key constraint to our design was to address the limitations of impoverished communities with regards
to income, materials, and maintenance. A properly designed rope pump should be able to be installed
once and be indefinitely maintained by the community it serves without any further involvement from the
NGO, privatized company, or technician who were initially involved. This correlates heavily to the
financial restrictions of a developing country and is largely why rope pumps have overshadowed hand
pumps. Case studies mentioned previously provided total costs for rope pump installations around the
globe. Our goal was to minimize this cost to an affordable, yet manageable amount. Rope pumps in
Nicaragua, Ghana, Honduras, and Bolivia usually have a capital cost of around US$168 (installation
included) with annual maintenance costs ranging from US$5-$10. Our goal was to reduce the capital
cost to US$150 while maintaining exceptional quality. After installation, the owners of the well should
be able to maintain the pump with minimal skill-set and only basic knowledge of the pump’s
functionality. All supplies needed to fix the pump should be found locally. This often extends to items
such as bicycles, washers, tires (rubber, metal plating, etc.), PVC piping, ropes, and so on. Since our
product was not designed to a specific location, the accessibility of materials was assumed to be all
materials obtainable outside of an urban environment. The annual cost of replacement for the materials
that needed to be replaced did not exceed US$10.

Another important aspect to our design was the physical structure of the well. Many parts of the pump
consist of welded iron piping which inevitably amounted to a load that had to be taken into account. The
pump structure needed to be designed to handle this unit load, as well as the weight of the water column.
Additionally, the lateral crank arm motion placed a dynamic load on the pump structure. Therefore, the
overall structure had to handle the simultaneous and cumulative loads of the pump, water column, and
rotation of the pulley wheel with minimal deterioration to the structural integrity.

Rust quite often accelerates the deterioration process in metals which would threaten the life span of our
product. To counter this, our structure included a final inorganic zinc coating to be applied to 100% of the
exposed materials. It added an additional cost of approximately US$2.00 per square foot, but minimized
the initial annual maintenance costs making it economically advantageous over a long period of time.
This coincided with the maintenance and materials constraints which would otherwise be affected in the
event of structural failure.

The design also considered the well’s integrity. As stated above, water treatment was outside the scope of
our pump design, but measures had to be taken to ensure that the user of our product would have little to
no impact on already-existing water conditions. Additions to the product were made to minimize the
well’s exposure to avoid contamination from rain, fecal matter, and animals. Well contamination can
occur from three distinct pump mediums. The rope and pistons of our rope pump briefly exit the
confinement of its guiding pipe and are exposed to the air above ground as it is redirected around the
pulley-wheel back into the well. Contact contamination was clearly a risk. Similarly, the pulley wheel
also comes into contact with the rope and pistons which cycle through the water at the bottom of the well.
To avoid contact contamination, the pulley wheel, rope and pistons were enclosed on five of the six
geometric sides. The bottom was left open to allow the rope pump to function properly. The final medium
of contamination exists at the access pipe - the pipe that guides the rope and piston back into the well.
Well exposure was limited to the cross-sectional area of the access pipe to avoid any more well
accessibility than necessary. As discussed in the Candidate Solutions, these design elements - regularly
practiced in the manufacturing of rope pumps — contributed to the discovery of the relative adequacy of
contamination prevention in rope pump design.
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3. APPROACH

3.1. LIST OF VARIABLES

Description
Actual Flow Rate
Coefficient of Static Friction between Pulley Wheel and Rope
Density of Water
Diameter of Piston
Diameter of Rising Main
Diameter of Rope
Diameter of the Crank Arm
Dynamic Viscosity of Water
Force in Rope Raising Water Column
Force in Rope Returning
Frictional Force on Pulley Wheel
Gravity Constant
Ideal Flow Rate
Input Force
Kinematic Viscosity of Water
Mass of crank arm
Mass of pulley wheel
Mass of Rope
Mechanical Power Input
Normal Force
Piston Diameter
Piston Length
Piston Velocity
Power (using alternative equation)
Pressure
Pulley Wheel Diameter
Pulley Wheel Torque
Pumping Head
Radius
Revolutions Per Second
Reynolds Number Between Piston and Rising Main
Reynolds Number Between Pistons
Rising Main Cross Sectional Area
Rope Length
Rope Velocity
Slip Flow Rate
Slip Velocity
Spacing Between Pistons
Specific Weight of Water
Volumetric Efficiency
Well Depth

Variable
vy
Us,pw
Pw
Dpi
D rm
D;
DCH
/JW
F w,1
F w,2
Fp

Vig
Vw

mca
Mpw

Rewm

Uwg

Yw
Nv
Dy,

Units
(m’/s)

(kg/m’)
(m)
(m)
(m)
(m)

(Ns/m’)
(N)
(N)
(N)

(m/s’)
(m’/s)
(N)
(m’/s)
(kg)
(kg)
(kg)
(w)
(N)
(m)
(m)
(m/s)
(w)

(N/m’)

(m)
(Nm)
(m)
(m)

(m’)
(m)
(m/s)
(m’/s)
(m/s)
(m)
(kN/m’)
%
(m)

Table 3.1: List of Variables
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3.2. HYDRAULIC SYSTEM

Due to the interconnectivity of our design parameters, an excel workbook was generated that
mathematically combined the hydraulic and mechanical systems. This allowed us to change one
individual variable at a time and instantly see its effect on a number of outputs. A separate worksheet was
made to document an indefinite amount of iterations created by parameter adjustment. The outputs of
each iteration comprised of values that corresponded to our established constraints. Iterations were then
studied and used as a basis for further parameter adjustment until optimal outputs were obtained.
Systematic modeling in this manner proved to be the most effective method of system design and
accounts for many of the dimensions used in the hydraulic and mechanical systems. Iterations verifying
this information can be found in Appendix A.

3.2.1. Pumping Head

The pumping head is a crucial element to our design that has both direct and indirect influences on other
designated function design constraints. It is the vertical distance that water needs to be raised from the
well to the surface, yet determines the diameter of the rising main pipe, power and force required to raise
the water column, flow rate, piston dimensions, etc. Since our product was not being designed to meet the
needs of a specific location, a maximum well depth was chosen on the basis of research done in Ghana,
Nicaragua, Honduras and Bolivia. The maximum depth of hand dug wells is typically 10 meters;
furthermore Precambrian basement rock, which represents approximately 40% of sub-Saharan African, is
typified by a water-bearing zone with a 10-30 meter depth (Harvey and Drouin, 2006). In order to
simplify the variation of design outputs, we chose to declare our maximum pumping head constraint of 10
meters as a fixed variable from which the rest of the constraints were designed.

3.2.2. Diameter of Pipe

Similar to the pumping head, the pipe diameter required for raising the water column in the rope pump is
a critical step in designing the rope pump. It had an effect on many other parts of the system including,
the required pumping power, the pulley wheel diameter, the rope diameter, the piston diameter, piston
velocity, and more. To determine the pipe diameter, the properties of the water found in the pipe were
needed. The density, specific weight, and viscosity of water are dependent on the temperature of water.
The specific heat of water and insulating properties of soil and rock moderate the effects of changing
climate, keeping groundwater at a relatively steady temperature. The average groundwater temperature at
10 meters was determined to be between 15-17 °C (Adelana, 2008).

Using the average of 16 °C:

. (% 999.9

iy {%] 1.50 1073
N

{I'.'{mg:] 2.81

Table 3.2: Water Properties at 6 °C

These properties of water, along with the systematic modeling found in Appendix A determined that the
optimum pipe diameter for raising the water column was 1.05 inches (0.027 m). As the pumping head
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increases, the diameter of the rising main has to decrease. This relationship must exist in order to limit the
amount of force required to lift the water column in the rising main. This is intuitive from Equation (1):
as the cross sectional area of the pipe of pumping head increase, the force will increase. When making the
assumption that the force required to move the pump is only due to the water in the rising pipe and
equation from A Hydrodynamic Model of the Rope Pump states:

F, = pugz4, (1)

Using the fixed 10 meter pumping head,

D (M) | Fy(N)
0.0127 12.42
0.0191 27.94
0.0266 54.67
0.0381 111.78

Table 3.3: Pipe Diameter-Force Table

A number of other sources also concluded that the pipe diameter for a depth of 0-10 m should be 0.027 m
(~1 inch), including Extra Strong Rope Pump Manual of Technical Drawings and Rope Pump
Construction Manual. Likewise, Appendix A demonstrated that using a pipe diameter greater than one
inch would have provided an inadequate flow rate; however, using a pipe diameter less than one inch
indeed required too great of a force.

The material for the pipe will be polyvinyl chloride, or PVC piping - specifically, Schedule 40 ASTM
D1785 1 inch diameter with a typical inner diameter of .027 m (1.05 inches) with a wall thickness of
3.38*10° m (0.13 inches), creating an outside pipe diameter of 0.033 m (1.32 inches). There are many
reasons as to why PVC is the best choice, including the low cost of the material. The piping used for
water transport in the rope pump is not easily replaceable and therefore must be long lasting. The
expected lifetime of PVC is 70-90 years (Unibell, 2011). PVC is a flexible material that will resist many
corrosive substances such as acids, bases, or salts. It is also resistant to a wide range of chemical reagents.
PVC is extremely flexible and can yield significantly without breaking. For this application, only the
force exerted by water will have an effect on the pipe, however it is crucial that the pipe remains
completely intact so no water is lost when being raised from the ground. The coefficient of friction for
PVC is very small which means that the fluid friction and resistance to flow are also very small. This is
important to the rope pump because the smaller the amount of friction, the less amount of work needs to
be done to raise the water. Also relating to the reduction of friction, PVC piping can be purchased in long
lengths meaning the number of connection joints can be reduced. Lastly, due to the non-corrosive and
chemical resistance of the material, PVC is not reactive with drinking water meaning it will not affect the
quality of water passing through it (Unibell, 2011).

3.2.3. Piston

The function of the rope pump is very straightforward: turning the pulley wheel, pistons attached to the
rope travel to the bottom of the well, trap the water within the rising main pipe and transport it upward to
the above-surface outlet. There were many elements that needed to be considered when designing the
pistons such as diameter, shape, and materials of the piston that needed careful attention to produce the
most effective results.
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3.2.3.1 Material

Our piston material needed to be strong, water resistant and of good quality in order to ensure it would not
wear over time. Our pump was designed to be sustainable and long-lasting. Choosing insufficient
materials would have caused pistons to deteriorate over time; therefore requiring frequent replacement.
Replacing pistons too often would have eventually led to a dormant rope pump. Additionally, the material
must be easily obtainable and found locally. Our pump was designed to allow someone with minimal
skills in a developing community to replace materials as needed. Having access to the material to replace
a piston is crucial.

Knowing we would need a piston specific to our design, we decided to use a plastic material. We chose
polyethylene terephthalate because it is cheap, durable, flexible and easily obtained on the market
(Bombas de Mecate, 2009). Common items such as bottle caps and refillable bottles are made of
polyethylene terephthalate. The processing of the polyethylene is found to be fairly simple because of its
low fusion temperatures required to melt the material. We were careful to ensure that the material was not
mixed with other forms of plastic. A mixture of different materials could have decreased the resistance
because of the different densities. Dirt mixed in with the material could have also significantly reduced
the quality of the material. The finished polyethylene terephthalate piston should last up to a maximum of
4 years (Bombas de Mecate, 2009).

3.2.3.2 Shape

Piston diameter was very important in our design. The volumetric
efficiency depended largely on the space between the outside of the piston
and the rising main. A gap between the pipe and the design was needed to
minimize friction. However, this gap needed to be small enough to prevent
significant leakage — the amount of water lost between the gaps. The
friction between the pistons and the pipe had to be minimal to avoid wear of
both the pipe and the pistons. Understanding that fetching water is usually
left for the woman and children to do, the force needed to turn the crank
arm could not be too great. The friction produced within the pipe directly
influenced the force needed for the crank arm. Having the pistons tight
inside the pipe would have caused friction making it difficult to turn the
crank arm.

The piston shape is critical in our design because it influences the
volumetric efficiency and the friction within the pipe. According to Bombas
de Mecate, the best shape for a piston is a cone-shape. The cone shape Figure 3.1: Molded pistons
reduces the friction within the pipe because of the varying diameter size. using PET

The cone shape allows the piston to flow freely through the guide-box and

through the rising main pipe.

To determine the piston diameter, we took into consideration the pipe diameter. This diameter was
suggested in multiple case studies to be approximately 1.0 mm less than the pipe diameter, leaving 0.5
mm gap between the piston and pipe diameters. According to The Honduras Rope Pump Trial, 1.0 mm
clearance allows for enough room between the piston and the pipe. Appendix A validated the
effectiveness of the 0.5 mm gap, yielding exceptional results. This would result in a production of pistons
requiring an exact diameter of 0.026 m. Because our design is conically shaped, the diameter tapers up
and inwards to allow for an easy flowing piston. The top diameter of the piston equals 17.80 mm with a
3.2 mm hole to allow for the 3.175 mm diameter rope to be threaded through. The top diameter of the
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piston was concluded after deciding on a vertical length of 7.5 mm. Through the inlet pipe, it is
advantageous to use a piston with a varying diameter.

3.2.3.3 Method

For the purpose of testing our rope pump, pistons were made using

ABS plastic and a 3D printer to directly create exact replicas of

a SolidWorks drawing of the image. Pistons of this nature could

be initially provided with the rope pump to communities for use. A

mold was not produced because of the technical challenges of being
able to access a kiln to fire a clay mold. One was designed in

the event that we could have created a mold.

Figure 3.2: SolidWorks Drawing of
the piston created with the 3D printer.

The production of the pistons was very important for our
design. The diameter of the piston had to be exact and all
pistons needed to be the same. An industrial production
process would allow this. Handmade pistons leave too much
room for human error. The most basic method is with a mold
in which the heated polyethylene would be injected into. When
the heated piston is removed, it can be placed in water to hold
the shape. The mold would give an exact form to the piston.

When designing the mold, it must be good quality to ensure a
consistent diameter. Our mold design consisted of 2 parts. The
bottom piece of the mold fits the inside of the cone-shaped top
piece. A pin was designed to be on top of this piece to allow
the rope to pass through the piston snuggly. Likewise, an
embossed bottom was added to the pin of the bottom piece to
allow for an open space for the rope to be knotted and

= concealed. The diameter of this hole was found to be 3.4 mm
Figure 3.3: Piston Mold Design drawn in wide, 0.25 mm larger than the diameter of the rope. The top

AutoCAD. piece was then mold for the outer portion of the piston. Its top
was shaped like a funnel for the ease of pouring melted
polyethylene.

3.2.3.4 Piston to Rope Connection

To determine the number of pistons needed for the rope pump, the length of the rope was determined.
Because we were designing for a 10 m pumping head, the length of the rope was calculated to be 23.1 m.
According to two studies, The Case of the Rope Pump in Africa and The Honduras Rope Pump Trial and
Usage, the pistons needed to be space between 0.7 to 1.3 m apart. This spacing distance must allow for
enough pistons on the rope to bring enough water to the surface. However, too many pistons on the rope
will create slipping between pistons and the pulley wheel. Through systematic trial and error found in
Appendix A, considering both actual flow rate and volumetric efficiency, we concluded ona 1.0 m
spacing.

The pistons were attached to the rope by threading the rope through the hole at the top of each piston. To

begin the installation of the pistons, the first knot was tied along the rope. One piston was threaded along
the rope so the top of the piston hits the knot. A second knot was then tied under the piston to hold it in
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place. Each piston is placed along the rope in this process, making sure the piston ahead of it had two
knots placed correctly before adding the next knot and piston.

3.2.4. Flow Hydraulics
3.2.4.1 Slip Velocity

The slip velocity is the velocity of water that leaks through the gap between the piston and the inner-wall
of the rising main. This phenomenon is inevitable in rope pump design, and greatly influences the actual
flow rate, volumetric efficiency, and power. Therefore, there had to be a firm understanding in this area in
order to optimize a design to meet the constraints previously listed.

Smulders, et al. made an assumption that the velocity and flow rates of leakage are constant between the
boundary at the edge of the diameter of the piston and the boundary at the wall of the pipe. However,
application of Bernoulli’s equation will allow one to understand that this is not the case. In fact, a pressure
gradient (and therefore velocity gradient) exists between the boundaries. Ben Stitt and Cai Williams
acknowledged this fundamental hydrodynamic relationship and derived an equation to express the change
in velocity as the radius extends from one boundary layer to another. The equation derived combined
Bernoulli’s equation with a conservation of mass for the pistons between boundary layers and related the
shear force velocity component that occurs during the slip velocity. The derivation took into account the
following assumptions for simplicity: constant water density and pipe diameter, negligible frictional
losses, laminar flow, constant temperature (and therefore constant viscosity), and steady state conditions.
Combining our data with their derivation allowed for a representative velocity gradient to be plotted and
used as a means for calculating the actual flow rate due to leakage. All of the following calculations were
placed into our Excel worksheet to accumulate a number of iterations (Appendix A) with values that best
met our constraints. The following table comprises of the values obtained from Iteration 14 necessary to
calculate our optimal hydraulic system outputs.

Piston Occurrence 1/N (m™) 1.0
Length of Piston Lpi (m) 0.01
Inner Pipe Diameter Dim (m) 0.02664
Piston Diameter Dpi (M) 0.025
Rope Velocity u, (m/s) 1.8

Rope Diameter D, (m) 0.003175
Gravity g (m/s%) 9.81
Density p (kg/m?) 999.9

Dynamic Viscosity i (kg/ms) 0.001519

Table 3.4: Parameters used for slip velocity calculations

Piston occurrence affects the system. If pistons occur too often, there is potential for an excess of leakage,
but, if placed too far apart, an insufficient amount of water will be obtained. Smulders, et al. as well as
many other technical documents regarding rope pump design have suggested for pistons to be spaced
apart by 1 meter intervals. Of the three best results highlighted in Appendix A, the suggested spacing of 1
meter was verified to be optimal in our excel workbook after accumulating a series of iterations. As stated
in the Piston section, piston diameter was chosen to be 1 mm less than that of the inner pipe diameter.
This provided an approximate 0.5 mm gap between piston and pipe wall boundaries. Rope velocity,

Senior Design Project 11 04/24/2012



Thirst Quenchers, Inc.

Page 18 of 53

having a positive impact on the desirable flow rate as it increases, also added to the power and torque
required to use the pump.

The following equation, derived by Stitt and Williams, took into account the pressure gradient found
between boundary layers. It solved for the slip velocity gradient over this area as the radius increased
from one boundary to another. As expected, the plot (shown below) demonstrated that the velocity
remained positive and equal to the upward rope/piston velocity at the piston edge boundary, and zero at
the pipe wall. The data can be found below.

Pw-E 2 _ n2
pug( 1 D2 (“’"+1ﬁ (3, 1) 0223 ) 2r @
Upyg = — 1| r2——=|+ In{—)
4'!-11'.-' NL';:IE 4 ln(D'pi .F;Drm} Dr‘m
Slip Velocity, u,, Radius, r (m) Slip Velociy,
(m/s) ' {m}'sg 0000
1.8000 0.01250 2.0000
-0.5655 0.01258 1.0000
-2.4369 0.01266 0.0000 . . . e
-3.8174 0.01275 -1.0000 A
-4.7103 0.01283 -2.0000 . &
-5.1187 0.01291 -3.0000 ’
-5.0457 0.01299 -4.0000 .
-4.4944 0.01308 -5.0000 * &
-3.4677 0.01316 -6.0000
-1.9686 0.01324 0.01240 0.01260 0.01280 0.01300 0.01320 0.01340
0.0000 0.01332 Radius, r (m)

Table 3.5: Changes in slip velocity Figure 3.4: Profile of the Slip Velocity Gradient

between piston and rising main
boundaries

Next it was necessary to obtain an equation representative of the plot above for slip velocity. Since the
data plot was clearly parabolic, an equation was derived by solving for the coefficients using a matrix
method. The matrix method was used rather than Microsoft Excel trend line equation generators because
it allowed for an instantaneous generation of the slip velocity, slip flow rate, and actual flow rate as other
parameters were adjusted. The result was checked for accuracy and was found to have a percent
difference of less than 1% from the table above. The slip velocity equation derivation is as follows:

yv=ax’+bx+c

1.8000 = a{0.01250) % + b(0.01250) +¢
—5.1187 = a(0.01291) 2 + 5(0.01291) + ¢
0 =a(0.01332)? + b(0.01332) + ¢
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15625+ 10~% 0.01282 1
[M]=]1.6669+10"% 0.01291 1
17748+ 1074 0.01332 1
1.8000
[N] = |-5.1187
0

a 3.560 = 107
[M]7L[N] = H = [—9.215 * 106]

¢ 5.958 = 103
y = 3.560 % 107x* — 9.216 % 10°x + 5.958 * 10? (3)
Or
Upyg = 3.560 % 1077r% — 9.216 * 10°r + 5.058 * 103 (4)

3.2.4.2 Flow Rate

A primary constraint of our design was to achieve a maximum flow rate of 45 L/min. That maximum
flow rate is what will be measured after the limitations of leakage. Therefore the actual flow rate will
equal the difference between the ideal flow rate and the slip flow rate. The ideal flow rate assumes no
water loss as it is pulled from the system and is then simply the velocity of the rope times the difference
in the cross sectional areas of the pipe and rope.

Uy = Tiqg — Ty (5)

e

_ urﬁ(ﬂs'm - D;}

2 (6)

Vig

(1.3%) 7(0.026642m? — 0.0031752m?2)
4

Vig =

3

. m L
7,z = 0.00088 — = 5847 —
5 min

The slip flow rate, as listed by Stitt and Williams, is found to be the integral of the slip velocity with
respect to area over the interval of boundaries.

Drm Orm
i =J Uy GA = EﬂJ Uy, g TOT (7)
21 21
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Substituting the equation for slip velocity with respect to the radius, r (derived above):

0.01332

By = 21 j (3.560 «107r? —9.126 = 10°r? + 5.058 = 10%r) &r
0.01250
. m? L
by = —0.00021 — = —12.49—
s min

) L
By = (5847 —12.49) —
TLn

L
g = 4598 —
in

Our theoretical flow rate was calculated to be 45.98 L/min — just over of our 45 L/min flow rate
constraint.

3.2.4.3 Volumetric Efficiency

Volumetric efficiency of the pump design is found by a straightforward equation referenced specifically
in Smulders et, al. which was then edited to share agreeing notation with that of Stitt and Williams. A
constraint was set to meet a volumetric efficiency of at least 75%. Through theoretically modeling, this
constraint was surpassed by achieving 79% volumetric efficiency.

Ty (45.98) _
n =52 = (sa5) ¥ 7% (®)
Vig

3.3. MECHANICAL SYSTEM

3.3.1. Rope
3.3.1.1 Material

The rope was chosen based on two factors: its diameter and the material it is made of. The rope must be
strong, durable, and cannot stretch during continuous usage. The physical property of the rope must be
slightly rough so that it does not slide along the pulley wheel but also must be water resistant for obvious
reasons. The diameter of the rope must be less than the inside diameter of the piping as well as be able to
fit the pistons around it. Bombas de Mecate determined that an appropriate diameter would be 1/8 inches.
Using this value in in our Excel workbook, Appendix A demonstrates that this diameter effectively
contributes to our optimal system, Iteration 14.

A common raw material that can be found in many regions is polypropylene. Polypropylene typically has
a high breaking strength for a minimal cross sectional area. To form the rope, the polypropylene is first
twisted into individual strands and then three of the strands are then braided together to make the rope.
Another common material that could be used for the rope is nylon. Nylon, however, is smoother than
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polypropylene and has more of a tendency to slip on the pulley wheel. This may be overcome by
roughening the rope with a stone or the pulley wheel’s V-grove (Holtslag and de Wolf, 2010).

3.3.1.2 Length
To calculate an appropriate length of the rope, we used the following equation:

L= 2D,+ 2 +.05(2D,, + 2) 9)

The depth of the well needs to be considered twice since the continuous rope goes down the length of the
well and back up. Two additional meters is also added to the length of the rope to account for when the
rope surfaces above ground and turns upwards in the guide-box. An additional five percent will be used
for the knots. Using equation 12, the length of our rope should be roughly 23.1 meters.

3.3.2. Guide-box

The guide-box is an essential component in the rope pump design. It is the part that directs the rope with
the attached pistons from the bottom of the well into the rising main with a 180 degree change in
direction. It also keeps the necessary tension in the rope in order for the pump to be useable. The guide-
box consists of five components: the entrance pipe, rising main, pipe protector, ceramic piece and the
base piece all encased in a concrete housing. The depth of the well determines size of the piping and pipe
protector which was discussed in the earlier section. The entrance pipe is slightly larger in diameter than
the rising main to promote a smoother transition for the rope and pistons from being in a free state to a
controlled state. Both the entrance and pumping pipe have flares in their inlet to help guide the pistons
into their respective piping smoothly. Total weight of the guide-box is 8.5 kilograms.

One of the most important components of the guide-box is the ceramic piece. The ceramic piece acts as
an axial for the rope and pistons. It is installed between the entrance pipe and rising main within the
guide-box. The rope and pistons need to be submerge underwater and then raised back up continuously.
Because contact between the rope and pistons and the rough surface of the box’s housing could cause
wear and break, they can never touch. The ceramic piece of the guide-box limits the contact surface
between the rope and pistons and the housing structure, which allows for a smooth transition to the
raising of the water column.
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The ceramic piece is fairly small, but highly important in
the guide-box assembly. It is the piece that re-directs
the rope and piston system 180°, and without it the rope
pump would not be able to function. Because the
ceramic piece had to be placed between the entrance
pipe and the rising main it had to have the correct width
so the rope and pistons feeds through properly. The
axial of rotation was minimized to allow for an
uninterrupted change in direction for the rope and
pistons. Because the ceramic piece is a handmade
entity, each time it is molded it will be slightly different,
however an estimate can be made for its dimensions.
The general dimensions of the ceramic piece are: height
10cm, width 8cm, depth 5cm. On either side it is
slightly shallow as to allow for the piping to rest easily
against the ceramic piece. The underside of the ceramic

ure 3.5: Ceramic guide-box component piece was rounded so that the rope and pistons would
not get caught on an edge as seen in Figure 3.5.

The raw materials needed for the ceramic piece were clay and glaze
(enamel). A kiln with a maximum heating capacity of 1,300 °C was also
needed. In creating the ceramic piece, first the refractory clay,
inexpensive and locally obtainable, was mixed with water and sieved
through a very fine mesh to remove pebbles, sand and other impurities.
Once the clay had set and formed (which can take up to four days), it
was kneaded to eliminate any air bubbles before use. When the clay was
ready for use, it was formed into the shape needed to run the entrance
pipe to the pumping pipe. After the shape had been made, it was fired; a
super-heated process that turned the clay into a ceramic. It was glazed
and fired for a second time so that the ceramic has a smooth finish. The
smooth finish completely omits any risk of the rope and pistons wearing
during use.

The internal assembly shown in Figure 4.5 consists of the base piece
and ceramic piece are attached by wire; the entrance pipe and pumping
pipe are then placed on either side of the ceramic piece and attached by
wire. When the internal assemble was prepped, it was put into a guide-
box mold to form its housing. The housing material was made by
pouring concrete into the housing form. Concrete was used in
constructing the housing because it is dense. The added weight allowed
the guide-box to remain stable and decrease any movement.

Unfortunately, a ceramic piece was created but never fired for testing
purposes. Instead of the ceramic piece being used to guide the pistons
through transition, a glass bottle took the place. During testing, the glass
bottle functioned as well as the ceramic piece was predicted to. The only
down side was the brittleness of the glass which was broken, most likely
due to the movement of the guidebox between testing. For this reason,
the ceramic piece is still the preferred piece for the guidebox, but it was
found that a glass bottle would make a suitable replacement.
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3.3.3. Pulley Wheel

There are two main functions of the pulley wheel. First, the pulley wheel plays an important role in
accessing the water because it keeps the rope and pistons from slipping back down the PVC rising main.
There is tension created in the rope by the guide-box and pulley wheel. The high coefficient of static
friction between the polypropylene rope and pulley wheel allows turning the crank arm to raise water
without the rope slipping. Second, the pulley wheel converts the rotational power of the system to lift the
water in the PVC piping. The power input by the user through the crank arm creates a torque that is
applied to the pulley wheel. It is a fixed pulley, held up by a shaft supported shaft located at the center of
the wheel. Since a fixed pulley system would be used, the mechanical advantage is 1, meaning it will not
decrease the forces needed to raise the water.

3.3.3.1 Materials

To keep the cost low, the pulley wheel consisted of salvaging and reassembling the materials of an old
tire. The old tread is cut away, leaving two separate pieces of the inner part of the tire. When connected, a
notched ‘V’ shape was produced increasing the surface area between the pulley wheel and rope. This
aided in providing enough contact area so that there was enough friction between the pulley wheel and
guide-box to hold the rope in tension (Holtslag and de Wolf, 2010). The two halves were held together by
a series of six evenly spaced staples. Theses staples were kept tight enough so that the rope would not get
caught between the two halves that make up the pulley wheel. In the first prototype 6 spokes were used,
but the rope would sometimes get caught between the staples. So for the second and third prototypes, 8
staples were used and this problem was avoided. Staples were created by cutting an 1/8" inch think by 2
inch wide metal bar into one 1 inch piece and two % inch pieces. The % inch pieces were welded to either
side of the 1 inch piece to create the staples.

——

[

Figure 3.9 Assembled pulley wheel

Figure 3.7: Cutting away tire tread
Figure 3.8: Front view of pulley
wheel’s ‘V’ shape

Welded to the center of each of the staples was a spoke 7 and ¥ inches long made of steel. They ended at
the center hub piece. The crank arm is placed through the inner diameter of the hub piece which allows
for the crank arm to turn the pulley wheel. The hub piece had 8 holes, equally spaced so that each of the
spokes could be placed in the correct position and welded.
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3.3.3.2 Radius

Different sources have varied the size of the tire that should be used. From the power and torque
requirements of the system, as well as taking the pipe diameter into consideration, the best size tire to use
for this design was a tire with an 18 inch hubcap. This resulted in a pulleywheel diameter of 0.4572 m.
The larger the diameter of the wheel, the more surface area between the pulley wheel and rope which
increased the amount of static friction to keep the rope from slipping. However, since the force being
raised by the water column is constant for a constant flow rate, as the diameter of the pulley wheel
increases, the required torque will increase. The effects of this are explained below.

From the known force and pulley wheel diameter, the torque required by the pulley wheel can be
determined. The torque required at the pulley wheel can be found using the equation:

pw
> (10)

One relationship between power and torque states that,
P=T=x2m*n (11)

Where n represents the revolutions per second, which can easily be converted to the necessary revolutions
per minute (rpm) of the system. As seen from the power equation 14, power is only dependent on the
actual flow rate which is explained in further detail in section 3.3.3.3. Varying the torque through the
pulley wheel diameter will have an effect on the rpm required. There must be a balance created so that the
torque and rpm requirements are comfortable to the user for an extended period of time.

In order to determine that an 18” tire was the proper size, multiple diameters of the pulley wheel were
considered and modeled using our Excel worksheet to see how they affected the torque and revolutions
per minute required by the user. The pulley wheel with the rpm less than or equal to 60 would be
comfortable for a user. By using the above equations a sample table is shown below.

Dim (m) Fo (N) D, (in) D, (m) | Torque (Nm) P (W) rps rpm
0.02664 54.67 14 0.36 9.72 75.17 1.21 73.89
0.02664 54.67 16 0.41 11.11 75.17 1.08 64.66
0.02664 54.67 18 0.46 12.50 75.17 0.96 57.47
0.02664 54.67 20 0.51 13.89 75.17 0.86 51.73

Table 4.6: Fixed pipe diameter, varying pulley wheel diameter

Again, as the pipe diameter and force required in raise the pump increased, the torque also increased. The
torque required was also dependent on the radius of the pulley wheel (Smulders and Rijs, 2006). A
sample of calculations that led to using a 0.027 rising pipe diameter can also be seen below.

Dim (M) Fo (N) D,y (in) Dyw (M) | Torque (Nm) P (W) rps rpm
0.01270 12.42 18 0.46 2.84 75.17 4.13 247.57
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0.01905 27.94 18 0.46 6.39 75.17 1.83 110.03
0.02664 54.67 18 0.46 12.50 75.17 0.96 57.47
0.03810 111.78 18 0.46 25.55 75.17 0.46 27.51

Table 4.7: Fixed pulley wheel diameter, varying pipe diameter
3.3.3.3 Power to lift water

When the desired flow rate of the system is known the power required to achieve the flow rate can be
determined. The ideal flow rate comes from the set of design constraints of 45 liters per minute.

P =p,gzt (12)

From this equation if we assume that the density of water, gravity, and height of the water column are
remaining constant, the only other variable is the ideal-make actual flow rate. As would be expected, as
the flow rate of water is increasing, more power would be required. In order to meet our design constraint
our maximum power must be less than or equal to the power needed for our flow rate constraints. Using
45 L/min as the actual flow rate, regardless of every combination of pulley wheel diameters, crank arm
diameters, and rising main diameters the power will be a constant:

P=7517 W
3.3.3.4 Pulley Wheel to Piston Friction

Increasing the amount of surface area between the pulley wheel and rope will decrease the chance of
slippage. The tension created by the guide-box, pulley wheel, and taut rope function to create the required
friction between the pulley wheel and rope. Decreasing the amount of pistons per unit length will also
increase the surface area between the pulley wheel and rope, again decreasing the chance of slippage.
However, as previously mentions, too few pistons result in less water being pumped.

'F:r'r = P‘sE‘\" (13)

The two factors in determining this are the coefficient of static friction between the rope and pulley
wheel, as well as the normal force, which represents the tension in the rope. In order for the rope to not
slip, the force of friction must be greater than the force required to lift the water column.

Fr 2 F, (14)

By knowing the force of the water column, as well as the coefficient of static friction, the minimum
tension in the rope required can be determined by:

F,
Fyz-2 (15)
Hs

3.3.4. Crankarm
The crank arm consists of a single piece of metal that has two main functions. It is where the user applies
force to power the system, and at the same time it works at the shaft to the pulley wheel. So when the

crank arm rotates, the pulley wheel also rotates, leading to a 1:1 rotation per minute ration. The crank arm
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design is crucial because without it, the entire system will not function. It must be able to withstand the
torque created by the user, the force created by the rising water column, and any other forces that may be
applied by the user unintentionally (Bombas de Mecate).

3.3.4.1 Materials
A common shaft material is steel 1040. The entire crank arm is to be made of one solid shaft that is

originally 0.762 m. It is cut twice at 45 angles, to create three separate pieces. These are then welded
together to create the continuous crank arm piece.

Figure 3.10: Crank Arm Shaft and Handle
3.3.4.2 Pumping Power Requirements

Using the tire with the 18 inch rim and a pipe diameter of 1 in, different diameters of the crank arm were
considered. Since the power and rpm values are already fixed, that means the torque must also remain
constant. Therefore, Ty, = Tz however, the variables within the torque can be varied.

T = Fd (16)

From the torque equation it is known that as the displacement increases, the force required will decrease.
However, the displacement cannot be infinitely large, because the user must be able to be stationary and
comfortably be able to rotate the crank arm. Varying the diameter of the crank arm the force required at

the crank arm can be determined using the equation

2T
Fea = D (17)
18in Dy, D.. (in) D.. (m) Torque (Nm) Fea (N) Rpm
12 0.3048 12.49 81.99 56.24
14 0.3556 12.49 70.28 56.24
16 0.4064 12.49 61.49 56.24
18 0.4572 12.49 54.66 56.24
20 0.5080 12.49 49.20 56.24

Table 3.8: Determining crank arm force by varying crank arm diameters;
0.02664m diameter rising main
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In this design a crank arm radius of 18 inches or 0.4572 meters is used to account for the maximum arm
span of a user of the rope pump, which is known to be typically women and children. By keeping the
radius of the pulley wheel and crank arm the same, the amount of force that needs to be applied by the
user remains minimal, while still being able to maintain 56.24 rotations per minute in order to achieve the
ideal flow rate.

3.3.4.3 Shaft Design

The diameter of the crank arm shaft is important because it supports both the force of the user and rising
water column. Therefore, using the values from the Hydrodynamic Analysis of the Rope Pump for torque
and force required at the crank arm, a shaft analysis may be done to determine the diameter. A static shaft
analysis can be performed using the equation:

5.

d= {@ [4(K FM)2+ 3(K fsT}E]%}E (18)
¥

Where M and  are the maximum moment and torque, respectively, that are applied to the shaft. K f and
K fs are stress concentration factors for bending and torsion with values of 2.7 and 2.2 respectively.
5, represents the tensile strength of the material of the shaft. Using steel 1040 for the shaft the yielding

strength was determined to be 434.4 Mpa. Lastly, n represents the factor of safety (Shigley, 2009). When
choosing a factor of safety, the openness of this system needs to be taken into account. The only forces
taken into consideration when designing the shaft are the ones needed for operation, however there are
possibilities for the shaft to be bumped or mishandled by users. Furthermore, the crank arm is a necessary
component to the pump that may not be easy to replace locally. Taking these considerations into account
n was originally 5. However, to keep the cost minimal standardized shaft sizes should be used. We chose
a %1040 steel shaft for the crank arm which corresponds closely to a factor of safety of 7. The length of
the shaft must account for the pulley wheel shaft, and bend to create the crank arm handle.

N d(m) d(in)
5 0.0169 0.6662
6 0.0179 0.7080
7 0.0189 0.7450

Table 4.9: Factors of safety
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3.4. SUSTAINABILITY

3.4.1. Well Integrity

The integrity of the well is necessary to keep the groundwater in the same condition as it is while at the
bottom of the well. This means that the rope pump has little to no difference when comparing water at the
bottom of the well to after it has gone through the rope pump system and brought to the surface. First, it is
important that the well limit the open exposure of the rope and pistons in order to avoid any possible
contamination. This is done through a concrete well covering supports the mechanical system and frame
of the pulley wheel and crank arm, while simultaneously encasing the well. Furthermore a pulley wheel
covering is used so that when the rope and pistons are above ground they are still as encased as possible.
Secondly, limiting the amount of turbidity that is created in the bottom of the well throughout the
pumping process is important for post-retrieval water treatment.

3.4.1.1 Open Well Exposure

The concrete covering, discussed under structural integrity, also functions to seal off the underground
well. The use of a cover is recommended because open wells come with the risk of exposing the water to
contamination through many outside risks such as foreign objects, insects, and falling animals. The main
function of the rope pump is to fetch clean, potable water. Although the covering does not provide a
hermetic seal, it still helps in minimizing minimize any contamination.

3.4.1.2 Pulley Wheel Covering

The pulley wheel creates one of the most open components of the rope pump design for the rope and
pistons. Therefore, in order to reduce the chance of contaminating the water source, it is important to
increase the amount of coverage without affecting the mechanical quality of the system. The frame is
welded out of a sheet of metal, zinc?, which would rest on pieces that were welded onto the frame for this
purpose. It consists of 7 separate pieces of sheet metal that are welded together with rebar located where
the different sides of the sheet metal meet.

Figure 3.12: Pulley wheel metal sheet

Figure 3.11: Fully encased pulley wheel
with pulley wheel covering
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3.4.2. Structural Integrity

As a result of being exposed to the elements and being under constant usage, it is important that the pump
does not undergo any structural deformation.

3.4.2.1 Concrete Well Covering

A major consideration in our design is the concrete well covering. A concrete well covering was chosen
as opposed to a wooden well covering because of the increased stability and lifetime of a concrete cover.
The cover not only holds the self-weight of the wheel, it must support the weight of the water column and
the force used to turn the crank arm.

The construction of the well covering requires some masonry skills. The first step in creating the concrete
slab used for the well is finding the required compression strength of the concrete, f'c. Because the pump
and frame design are not very heavy items, we will use the average compressive strength used for
residential concrete, 4000 psi. To ensure the concrete mixture’s compressive strength, 3 consecutive tests
are run. The average of these 3 tests should equal or exceed the specified strength. The compressive
strength is measured by breaking cylindrical concrete specimens in a compression-testing machine. The
compressive strength is then calculated from the failure load divided by the cross-sectional area resisting
the load and reported in units of pound-force per square inch (psi) (McCormac, 2009). For our concrete
mix, a premixed concrete mix is used. Premixed concrete is readily available at local hardware stores and
is very inexpensive. The premixed concrete is easy to use and does not require prior knowledge of
concrete strengths.

Before construction of the concrete covering, a clean flat surface to mix and make the cement cover is
needed. The mixed concrete is poured into the mold, filling 1/3 of the mold. This will be the first layer.
According to ASTM standards, each layer of concrete mix needs 25 blows. These blows can be done with
a thin steel rebar to ensure no air pockets in the mixture. After completing the blows, the next layer of
concrete can be applied to the mold. The blows need to be repeated for each layer.

After the first layer of concrete mixture is added, steel rods will be added to the concrete mixture to add
structural reinforcement to the concrete. The structural reinforcement will provide strength to resist any
load compressed onto the concrete well covering.

Within the mold, a pipe model is placed to allow for a hole in the cover for both the rising and lowering
pipe that are used in the pump. The diameter of these holes should be 34.4 mm. The outside diameter of
the PVC pipe used is 33.4 mm. The diameter of the hole is 1 mm greater than the pipe’s diameter to allow
for enough room for the pipe to tightly fit into the cover. These holes are very critical to the operation and
efficiency of the pump because they allow for the rope to move back and forth between the below and
above ground systems of the pump. Furthermore, it directly influences the pipes alignment.

For the final layer of the concrete mixture, bolts are embedded onto the top. 4 bolts are needed, one for
each leg of the mechanical system frame. This is important for the support of the entire structure.
Concrete is added on top of the bolts in order to hold them in place.

3.4.2.2 Pulley Wheel/Crank arm Reinforcement
The function of the rope pump structure is to support the efforts of the wheel and crank arm. The
supports will be made of corrugated iron. According to Bombas de Mecate, corrugated iron is commonly

used in the rope pump structure. Although it is susceptible to rust and is unattractive, corrugated iron has
a hardening component. It is commonly used because it is lightweight but strong which provides a good
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support system.

The leg supports of the rope pump need to be at least 3/8” in diameter. This diameter has been used in
both The Case of the Rope Pump in Africa and Bombas de Mecate. It has proven to support the entire
rope pump structure. There will also be a “horizontal cross” support added between the two legs of the
support system. The purpose of the cross section is to add to the support system and absorb energy as the
pump comes to a stop. There will be bearings attached to each leg by hinges. The bearings will permit
easy removal of the crank and wheel for required repairs.

3.4.3. Maintenance

Our design success did not only depend on the performance of the pump, but also on its sustainability.
What that means is our rope pump design, aside from any initial installation set up, is maintainable solely
by the community in which it serves. This is important for many reasons, one of the biggest being cost.
Since the design is targeted towards underdeveloped countries the cost to maintain the rope pump system
must be reasonable. And by excluding a middle man to do maintenance as well as having the raw
materials available locally, cost of regular maintenance can be estimated at about US$10 annually. If the
rope pump is regularly taken care of by its users, then it should last the maximum lifetime of a system of
this type, which is roughly 12 years (Brikke and Bredero, 2003). Items to consider for regular
maintenance include keeping the pump clean, lubricating the crank arm bearings and making sure the
rope is not worn and kept reasonably taut. The table below shows a list of common maintenance activity
and its frequency.

Frequency Activity

Grease bearing, check rope for wear. Check rope for

Weekl .
v tension

Check frame structure. Check for signs of rust/removal

Occasionall . . .
v of anticorrosive coating

Annually Replace rope

Two years Replace pistons

Table 3.10: Maintenance-Frequency Table

Since the pump is interacting with water on a regular basis, water can be sprayed onto the pumping
structure. If the water is left alone and exposed to sunlight, algae will form. And although algae are
unlikely to affect the pump or the water quality, it should still not be ignored. Thus cleaning of the pump
structure weekly is important. Keeping the bearing bushings well lubricated is also an essential task that
needs to be done regularly. Checking the rope for signs of wearing is important because replacing a rope
that is worn is much easier than replacing a rope that has broken and dropped into the well or piping.

To change a rope that is worn, the first step is to remove the pulley wheel covering. Once the rope is
exposed along the pulley wheel, turn the handle until the braided area where the ends of the rope meet are
seen. Carefully untie the braid and tie the piece coming out of the pumping pipe to the frame to stop it
from falling. Attach the new rope to the end leading into the entrance pipe and slowly pull the new rope
through the well. If the pistons are worn and need replacing, this is also where this would be done; more
on replacing pistons will be followed in the next section. If the pistons are still in good working
conditions, they can be used again. This can be done by removing them individual off of the old rope and
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re-installing them on to the new one, making sure that the pistons all face the same direction. Before
tying the two ends of new rope together, make sure that the rope and pistons are free to move within the
guide-box and the pumping pipe without rubbing. After forming the continuous rope, turn the crank arm
to check that the rope and pistons are still free to move and that water is exiting the outlet at an acceptable
rate. Re-attach the pulley wheel covering.

. 3 If the rope is broken while in use and has fallen down the

JN piping or well, the guide-box must be removed from the well.
Sty This is done by first removing the pulley wheel covering and
r@ then removing the entire above ground pumping structure off of

B the concrete covering. Next the entire outlet, pumping pipe and
L guide-box system must be carefully removed by gently twisting

"3 AR and pulling at the same time. Once the pumping pipe and
PO . guide-box are fully removed, new rope can be fed through.
o Attach a weight to one end of the rope and drop it in down the

pumping pipe, then back through the guide-box and up the
Figure 3.13: Diagram of rope replacement  entrance pipe as show in the figure below:

When the rope is in place, the pistons may then be attached. String the pistons along the rope making
sure that they are facing the same direction. The pistons are then held in place by knotting the rope on
both ends of them. After all pistons have been placed along the rope, the pumping pipe and guide-box
may be lowered back into the well and the outlet re-attached to the well cover. The pumping structure
may then be placed back over the outlet and secured. Re-forming the continuous rope and equipment
check can be seen in the previous section.

Replacements of the pistons are less frequent than the rope. Pistons generally last twice as long as ropes,
or about two years.

3.4.3.1 Skill Sets Required

Our goal for our rope pump is to allow for someone with limited skills to be able to install, operate and
repair any element of the pump. After breaking down each element, it is true that very little skill is
required to use or maintain the pump.

With our design, an installation and operation and maintenance manual will be developed. These manuals
will help communities with little skill both install and repair the pump successfully.

The materials mentioned in the above sections are all available locally in most communities. The tools
needed for both installing and repairing are also locally available. This allows for a quick and easy repair.

3.4.3.2 Anti-Corrosive Coating

The main function of the anti-corrosive coating is to deter rusting from water that comes from the rope
pump, as well as from the elements. It is important to individually coat each material before assembly so
that individual joints that may not be seen after assembly are still protected. The only type of metals that
would not the anti-corrosive coating would consist of galvanized steel, which is created to naturally
prevent the rusting process.
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4. TEST SPECIFICATIONS

41. MAXIMUM PUMPING HEAD

In order to properly test that our design constraints would be met, a full scale prototype of the rope pump
was developed and tested. The first constraint met was the maximum pumping head of 10 meters. An
actual well source for testing was never secured, therefore our prototype was tested with ground level
acting as the bottom of our pump with an artificial “well” holding the water the be raised 10 meters. On
the third floor of the building, the above ground mechanical system including the pulley wheel, crank
arm, and A-frame were supported by a constructed platform. The platform was secured to the stairwell
through the use of compression straps, while the A-frame was secured by nuts and bolts going through the
plates welded to the bottom of the A-frame. In between the railings of the stairs, 10 meters of PVC
connected the guidebox in the “well” to the outlet pipe 10 meters above. One major advantage to this
style of testing is being able to see what would normally be inside of the well including how the guidebox
functions and movements of the rope throughout the system.

The rope pump was attached firmly to the platform with 33” of PVC piping extending downward through
the spacing between the stair case to the guide box. A plastic tub filled with 255 L of water was placed at
ground level. The pumping head of the system was measured from the top of this water level to where the
water exits the rope pump.

4.2. FLOW RATE, VOLUMETRIC EFFICIENCY, AND ENERGY EXERTION

Following the verification of pumping at a 10 meter head, testing for the flow rate and volumetric
efficiency was done using the method mentioned above. A user operated the prototype while
measurements were taken to determine the performance. The flow rate was calculated by measuring time
intervals as water was pumped and discharged into a previously weighed storage container. The displaced
water was then weighed, and converted into its respective volume. Combining the obtained volume with
the time interval yielded our flow rate. Multiple trials took place, with multiple users in times ranging
from 30 seconds to 1 minute intervals. The revolutions were also counted during each trials, by also
knowing the time per each trial the revolutions per minute (rpm) can be determined. By knowing the
diameter of the pulley wheel the velocity of the rope throughout the system can also be determined. With
the actual flow rate being known for each trial, comparing it to the ideal flow rate will determine the
volumetric efficiency of each trial run.

Container Length: [ Width: w Height: h
Dimensions:

Trial | Interval Change in Change in Vol | Actual Flow | Cadence | Ideal Flow Vol. Eff
# (s) height (cm) (m®) Rate (m®/s) (rpm) Rate (m’/s) T
X I Ah AV V., w V.g nv

Table 4.1: Flow rate and volumetric efficiency sample test table
The amount of energy required to power the rope pump is an important design constraint. Since it is

typically the responsibility of women and children to pump water, it is crucial that the rope pump can be
powered by women and children.

By knowing the volumetric flow rate of the pump for each trial, the power can be easily determined. As
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would be expected, as the power increases the equation shows that volumetric flow rate will also increase.
Since the power and rpm of the system are known, the torque can easily be solved for. Lastly, since the
diameter of the pulley wheel is known, the required force on the crank arm can be determined.

Actual
Trial Flow Crank Arm * Crank Arm
Number Rate Radius (m) Power (W) RPM RPS Torque (N*m) Force (N)
(m?/s)
X V., a b=v., *z*g c (c/60)=d (b/d)=e (e/a)=f

Table 4.2: Power test sample table
4.2.1.1 Test Results for Flow, Volumetric Efficiency, and Energy Exertion

A first series of testing took place and provided what seemed like adequate results that met or exceeded
our maximum flow rate, maximum power input, and volumetric efficiency constraints. However, when
graphically comparing our test results with a theoretical linear regression (shown below), there was a
significant deficiency in the observed performance as compared to what was expected. Constraints were
met, but at noticeably faster rope velocities. Thus, the user would have to provide an uncomfortable
amount of revolutions of the crank arm per second to achieve the desired flow and efficiency.

Flowvs. Rope Velocity

80.00
70.00
60.00

50.00
Actual Flow

40.00
Rate (L/min)

30.00
20.00

10.00

0.00

0.75 1 1.25 1.5 1.75 2 225 25 275
ur (m/s)

Figure 4.1: Observable Data compared to Theoretical Regression

Despite a difference in expected values, the plotted data from the first round of testing still showed an
obvious linear relationship comparable in slope to the theoretical regression. Reevaluating what could
have possibly contributed to this sort of inaccuracy; our team chose to consider limiting factors outside of
our developed model. It was deduced that there was a strong possibility that the well water depth could
have a significant impact on the performance of our system. In our calculations and modeling an
assumption was made that the space between each piston — 1 meter —would be completely filled with
water in the rising main. This meant that with the design of our guide box, the well water depth would
have to be at least 1 meter. The depth at which we were testing from initially was then measured to be 0.6
meters. This meant that in an ideal scenario, only sixty percent of the water column between pistons could
be filled in the rising main — thus providing sixty percent of the total expected flow. When accounting for
this with our model, a theoretical linear regression was generated for a well water depth of 0.6 meters that
closely matched the accumulated data. This gave reason to believe that model was still accurate, but an
improved testing well of at least a 1 meter depth then had to be obtained.
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Figure 4.2: Flow vs. Rope Velocity with accumulated data for 0.6m well water depth
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Addressing that issue, our team was able to generate eight data points at a well water depth greater than 1
meter. This was compared to the original theoretical linear regression and proved to be extremely
accurate. Again, maximum flow, maximum power input, and volumetric efficiency constraints were met
and exceeded, but now at expected and more practical rope velocities. The following tables contain the
collected raw data and respective conversions.

Raw Data
Well Total Water Water . Revolutions Rope
. Water Volume - | Revolutions . .
Water Trial Time - t Mass - Mass - Volume - v - rev per Minute - Velocity
Depth m, m,, v, v RPM -u,
(m) (sec) (kg) (kg) (m’) (t) | (m*/min) NA (min) (m/s)
0.6 1 46 27.34 24.09 0.0241 24.09 0.0314 59 76.96 1.84
0.6 2 41 19.82 16.57 0.0166 16.57 0.0243 47 68.78 1.65
0.6 3 36 18.76 15.51 0.0155 15.51 0.0259 38 63.33 1.52
0.6 4 30 13.25 10.00 0.0100 10.00 0.0200 27 54.00 1.29
0.6 5 32 16.80 13.55 0.0135 13.55 0.0254 34 63.75 1.53
0.6 6 35 17.50 14.25 0.0143 14.25 0.0244 35 60.00 1.44
0.6 7 50 34.33 31.08 0.0311 31.08 | 0.0373 70 84.00 2.01
0.6 8 28 23.88 20.63 0.0206 20.63 0.0442 48 102.86 2.46
0.6 9 60 20.65 17.40 0.0174 17.40 | 0.0174 50 50.00 1.20
0.6 10 60 17.55 14.30 0.0143 14.30 0.0143 48 48.00 1.15
0.6 11 30 22.30 19.05 0.0191 19.05 0.0381 43 86.00 2.06
0.6 12 30 28.60 25.35 0.0254 25.35 0.0507 54 108.00 2.58
0.6 13 30 22.15 18.90 0.0189 18.90 0.0378 49 98.00 2.34
0.6 14 43 16.94 13.69 0.0137 13.69 0.0191 43 60.00 1.44
1.0 15 30 18.98 15.73 0.0157 15.73 0.0315 29 58.00 1.39
1.0 16 30 24.36 21.11 0.0211 21.11 0.0422 37 74.00 1.77
1.0 17 30 20.91 17.66 0.0177 17.66 | 0.0353 30 60.00 1.44
1.0 18 30 23.59 20.34 0.0203 20.34 0.0407 34 68.00 1.63
1.0 19 30 26.31 23.06 0.0231 23.06 0.0461 39 78.00 1.87
1.0 20 30 28.83 25.58 0.0256 25.58 0.0512 40 80.00 191
1.0 21 30 31.13 27.88 0.0279 27.88 0.0558 44 88.00 2.11
1.0 22 30 17.13 13.88 0.0139 13.88 | 0.0278 27 54.00 1.29
Table 4.3: Raw Data from Testing at Both 1 and 0.6m Well Water Depths
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Test Results

Well . Power
Water Trial Rope Vsloc:ty - ACt;l::eF{OW (actual flow Volumetric Eff.
Depth r rate) — P

(m) (m/s) (L/min) (w) %
0.6 1 1.84 31.43 51.38 53%
0.6 2 1.65 24.25 39.65 45%
0.6 3 1.52 25.86 42.28 53%
0.6 4 1.29 20.00 32.70 47%
0.6 5 1.53 25.40 41.53 51%
0.6 6 1.44 24.43 39.95 52%
0.6 7 2.01 37.30 60.98 57%
0.6 8 2.46 44.20 72.27 56%
0.6 9 1.20 17.40 28.45 44%
0.6 10 1.15 14.30 23.38 38%
0.6 11 2.06 38.10 62.29 57%
0.6 12 2.58 50.70 82.89 60%
0.6 13 2.34 37.80 61.80 50%
0.6 14 1.44 19.10 31.23 41%
1.0 15 1.39 31.45 51.43 69%
1.0 16 1.77 42.22 69.03 74%
1.0 17 1.44 35.32 57.75 77%
1.0 18 1.63 40.67 66.50 77%
1.0 19 1.87 46.11 75.40 76%
1.0 20 1.91 51.16 83.64 83%
1.0 21 2.11 55.77 91.18 81%
1.0 22 1.29 27.77 45.40 66%

Table 4.4: Test Results for Actual Flow, Power input, and Volumetric Efficiency

Theoretical Results
Rope Q1)  VolEff(1) a(.6) Vol Eff(.6) P(1) P(.6)
Velocity, ur

1 18.43 0.57 11.06 34% 30.13 18.08
1.1 21.87 0.61 13.12 37% 35.76 21.46
1.2 25.32 0.65 15.19 39% 41.39 24.84
1.3 28.76 0.68 17.26 41% 47.02 28.21
1.4 32.21 0.71 19.32 42% 52.66 31.59
1.5 35.65 0.73 21.39 44% 58.29 34.97
1.6 39.09 0.75 23.46 45% 63.92 38.35
1.7 42.54 0.77 25.52 46% 69.55 41.73
1.8 45.98 0.79 27.59 47% 75.18 45.11
1.9 49.43 0.80 29.66 48% 80.81 48.49

2 52.87 0.81 31.72 49% 86.44 51.87
2.1 56.31 0.83 33.79 50% 92.07 55.24
2.2 59.76 0.84 35.86 50% 97.71 58.62
2.3 63.20 0.85 37.92 51% 103.34 62.00
2.4 66.65 0.85 39.99 51% 108.97 65.38
2.5 70.09 0.86 42.05 52% 114.60 68.76

Table 4.5: Theoretical Results of Flow, Power input, and Volumetric Efficiency
for both 1 and 0.6 meter well water depths
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4.2.1.2 Data Analysis

Using the data accumulated from testing, the relationships between theoretical and observable values can
be shown graphically and used for a simple analysis to understand the accuracy of the created model. We
were able to complete the plots for the flow versus rope velocity. A linear regression of the observable
data is shown to have an extremely strong correlation coefficient for data from testing at both 1 and 0.6
meter well water depths. Nearly identical correlation coefficients are found for the power versus rope
velocity plot. This is due to the proportional relationship between flow and power. With R? values close
to 1, we can confidently say that by declaring a desired flow, input power, or rope velocity, the remaining
two values can be accurately predicted graphically for the performance of our pump.

Flow vs. Rope Velocity
20.00
70.00
y=33.044x-14.035
60.00 R1=0.9742
50.00 .
e odeled at Im
Actual Flow 20,00
Rate (L/min) e [ 0l eled at 0.6m
30.00
e Datafromlm
20.00 y=22.379%-9.8481
10.00 R?=0.9542 e Datafrom0.6m
0.00
0.75 1 1.25 1.5 1.75 2 2.25 2.5 275
ur (m/s)

Figure 4.3: Flow vs. Rope Velocity with Regression Equations and R? values

Power vs. Rope Velocity
140.00 -
120.00 -
100.00 - Y !
¥ =54.026x -22.947 e [0 deled at 1m
20.00 - R2=09?42 L J
Power (W) e [ 0l eled at 0.6m
60.00 -
) e Datafrom1m
40.00 - y = 36.589x - 16.102
20.00 - R2=10.9542 e Datafrom 0.6m
0.00 T T T T T T T 1
0.75 1 1.25 1.5 1.75 2 2.25 2.5 275
ur (m/s)

Figure 4.4: Power vs. Rope Velocity with Regression Equations and R? values similar to Figure 4.3

To further understand the relationships between theoretical and observable regressions, a simple
regression analysis was done for flow at 1 and 0.6 meter well water depths. Table 4.6 contains all of the
values. Noticeable for data accumulated at both well water depths, the residuals, when plotted versus the
rope velocity, converged as the velocity increased. This lead our team to believe that operating the pump
at higher velocities allowed for a physical rhythm to be developed while turning the crank arm.
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Maintaining a constant lower velocity proved to be more difficult. The result was greater percent errors
until a better rhythm was found. Additionally, percent errors were found to be between 9 and 11 percent
for data from testing at the 0.6 meter well water depth. An explanation for this difference was decided to
likely be due to the complexities involved in operating the pump when voids develop between pistons
from pumping at well water depths less 1 meter. As this happens, a 0.4 meter gap is present between the
rising column of water and the remaining surface of water — closed off from the atmosphere. The overall
greater values for the accumulated data were most likely due to suction occurring from the said void.

Flow Regression (1.0m) Flow Regression (0.6m)
ur Actual Theoretical Residual Residual (abs) Actual Theoretical Residual
1 18.88 18.43 2.4% 2.4% 12.38 11.06 10.7%
1.1 22.23 21.87 1.6% 1.6% 14.64 13.12 10.4%
1.2 25.58 25.32 1.0% 1.0% 16.90 15.19 10.1%
1.3 28.92 28.76 0.6% 0.6% 19.16 17.26 9.9%
1.4 32.27 32.21 0.2% 0.2% 21.42 19.32 9.8%
1.5 35.61 35.65 -0.1% 0.1% 23.68 21.39 9.7%
1.6 38.96 39.09 -0.3% 0.3% 25.93 23.46 9.6%
1.7 42.30 42.54 -0.6% 0.6% 28.19 25.52 9.5%
1.8 45.65 45.98 -0.7% 0.7% 30.45 27.59 9.4%
1.9 48.99 49.43 -0.9% 0.9% 32.71 29.66 9.3%
2 52.34 52.87 -1.0% 1.0% 34.97 31.72 9.3%
2.1 55.69 56.31 -1.1% 1.1% 37.23 33.79 9.2%
2.2 59.03 59.76 -1.2% 1.2% 39.49 35.86 9.2%
2.3 62.38 63.20 -1.3% 1.3% 41.74 37.92 9.2%
2.4 65.72 66.65 -1.4% 1.4% 44.00 39.99 9.1%
2.5 69.07 70.09 -1.5% 1.5% 46.26 42.05 9.1%
Stdev 0.0059 Stdev 0.0048
Average 1.0% Average 9.6%
Table 4.6: Regression Data for Flow that is comparable to data for Power
Flow Regressionfor 0.6m
10.8%
L
10.6%
10.4% &
10.2%
10.0% ¢
Residual | 4
9.8% &
9.6% *
‘0
9.4% V'S r
*
9.2% ‘0‘
%o
9.0% T T T T T
0.5 1 1.5 2 2.5
Rope Velocity
Figure 4.5: Residuals vs. Rope Velocity for 0.6m Well Water Depth
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Figure 4.6: Residuals vs. Rope Velocity for 1.0m Well Water Depth
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Volumetric efficiency, as expected, behaved in a non-linear manner which proved difficult for a statistical
analysis between observable and theoretical values. The theoretical regressions demonstrate the
relationship of the volumetric efficiency ratio. The ideal, slip, and actual flows gradually increase as the
rope velocity increases. As this happens, the ratio approaches its limit of 1.0. This means that extremely
high volumetric efficiencies can be met, but at the expense of impractical rope velocities that exceed the
physical limitations of the user as well as the pump itself, causing stresses on the rope and pistons that
were not taken into account for our particular pump. At practical rope velocities generated during testing,
the correlation coefficients for both 1 and 0.6 meter well water depths were found to be roughly 0.75.
Even though a certain confidence is lacking in the prediction of volumetric efficiency, one is still likely to
have a general idea of what to expect — useful information if later improvements are sought to be done to

our pump design.

Vol. Eff. (%)
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43. IMPACT ON TURBIDITY
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The impact on turbidity was tested by adding a 5 centimeter layer of
silty loam to the bottom of our constructed well. Water was then added
to the well and the sediment was given time to settle before sample
collection. Five trials of sampling were done with three 60mL samples
taken from both existing well conditions prior to pumping, and from
discharged water after pumping. In ideal circumstances, adequate time
would have been given to allow the sediment to settle allowing for
existing well water conditions to be around 5.0 NTU before samples
were taken. However, our testing was restricted to late night sessions
in the Temple University Engineering building with limiting time
constraints. Therefore the sediment was unable to fully settle before
sample collection. This resulted in extremely high NTU values for the
existing well conditions shown below in Table 4.7.

Turbidity measurements were taken using a Hach Turbidimeter.
Obtained well values fell between 110 and 160 NTU which are
characteristic of well conditions that would be deemed unsafe to drink.
A relatively small percent difference was measured from the well to
outlet with an average of 19 NTU and a high standard deviation of 11
NTU. This current data does not meet our constraint of a change in
turbidity equal to or less than 0.5 NTU. However, the calculated
percent differences are comparable to percent differences in turbidity
found in countries with drinking standards of 5 NTU. A 0.5 NTU
increase would lead to a 10% difference — close to our calculated 12%.
This leads us to believe that, if the sediment was able to settle before
sampling, our constraint would be able to be met. However, the large
standard deviation leaves room for concern in consistent data. Further
studies must be done to gain an understanding of our rope pump’s
impact on turbidity. Guide box and inlet design may have to be altered

Figure 4.8: Turbid Well and Outlet
Water Samples

Figure 4.9: Turbid Water in our

to decrease the water disturbance from rope and piston movement. ‘Testing Well
Trial - Sample Well Turbidity (g::zt Difference Percent Difference Average PD
1-1 110 140 30 21%
1-2 110 130 20 15% 15%
1-3 110 120 10 8%
2-1 150 150 0 0%
2-2 140 150 10 7% 9%
2-3 120 150 30 20%
3-1 160 190 30 16%
3-2 150 180 30 17% 17%
3-3 140 170 30 18%
4-1 150 170 20 12%
4-2 160 180 20 11% 10%
4-3 160 170 10 6%
5-1 150 180 30 17%
5-2 160 170 10 6% 8%
5-3 160 160 0 0%
Average - - 19 - 12%
Standard Dev. - - 11 - 4%
Table 4.7: Data for Understanding of Impact on Turbidity
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44. MAINTENANCE

For our rope pump, it was designed to be long lasting requiring minimal maintenance. Maintenance
throughout the use of the rope pump is inevitable, but our design requires little to no skill set to maintain
the rope pump.

In order to make sure the maintenance needed can be handled by someone with little to no experience or
knowledge of a rope pump design; average people within our classmates were tested. A maintenance
manual was also provided. This manual is similar to the manual that will be included with the rope pump.
See Appendix B.

The main elements of the rope pump that will eventually need repairing are the rope and pistons. These
elements were tested to determine if they can be easily maintained. To test the maintenance of the pistons,
a group representative of typical people that may be performing these tasks was asked to string the pistons
onto the new rope and tie the knots accurately to hold the pistons in place. The new rope had tied to the
old rope and looped through the well by turning the crank arm. During testing, we found it relatively easy
to string the pistons onto the rope and tie the rope accordingly. We also found it relatively easy to cut the
rope and re-tie it again to increase the tension.

In the case that one of the tests is unsuccessful or the manual was reported to be confusing, we edited the
manual to better describe the procedure needed to maintain the rope pump.

45. MATERIALS AND COST

Although we cannot test how easily obtainable the materials to construct our rope pump will be for a
given location, we can guarantee that materials used are fairly common. We know that common, low cost
materials include PVC piping, polyethylene rope, and recycled plastic for the pistons. This is based on a
wide variety of rope pump models located in Latin America, Asia, and Africa. Costs of both the pulley
wheel and guide box were essential features to minimize. To do this, the pulley wheel was partially
constructed from a salvaged 18 car tire, and the guide box used a recycled glass bottle a typical concrete
mixture. Both solutions provided adequate performance while eliminating the need for additional costs.
The rest of the pump — frame, pulley wheel spokes and hub, shaft, and covering — was comprised of steel.
Initial costs of the steel parts were relatively high, yet cumulatively under budget. Steel was chosen for its
strength, resistance to rust, and simplicity when finding compatible parts for welding and future
maintenance.

Cost was an important constraint we had for our design to allow for an affordable system. After our
prototype, we came in below our budget of $150 to a total of $130 as shown in Figure 5.1.

4.6. STRUCTURAL INTEGRITY

Through our research, we have discovered that there are many inactive rope pumps around the world.
Most of these pumps are not being used because of the maintenance required. The maintenance required
to fix the pump is either needed too often or is too challenging. To prevent the rusting and deterioration, a
coating was applied to the entire pump structure. The coating provides excellent corrosion and weathering
protection. The inorganic zinc/epoxy coating was tested by attaching the same type of metal materials
used for the pump structure to a team member’s car. The inorganic zinc/epoxy coating was applied to one
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metal material. The other metal material is left alone for comparable purposes. Attaching the metals to
either side of the car gave the material similar weather and water exposure, as the rope pump structure
would experience.

The metal material was present on the car for 5 weeks. Most metals begin to rust within 3 weeks of being
exposed to weathering conditions without any coating. The extra weeks allowed the coating to have
enough exposure to begin to wear or not. In the case of the coated metal beginning to rust, we will try a
stronger coating.

4.7. WELL INTEGRITY

Although the quality of the water is not a part of our design, we do not want to affect its current
conditions. The above ground system of the pump (pulley wheel, crank arm) will be enclosed leaving
minimum exposure to the well. Because we do not have a site built a prototype from the ground up, we
cannot test the quality of water for contamination after installation of our pump. So instead we made sure
that our pump enclosure meets our constraints. The design of the enclosure will be modeled in
SolidWorks so that a maximum surface was covered, but still allow the rope and pistons to move about
freely. There will be only one of six sides of the pulley wheel exposed. This will limit the opportunity for
impurities to get into the well and cause the water to become contaminated. The bottom surface is left
open because it is the least likely side to be affected and will allow for an easy removal of the cover in the
event of required maintenance.

During operation, the concrete well covering will need to endure the forces the frame and pulley wheel.
The pulley wheel and frame weighs 22 Ibs, but without a predetermined well location, it was difficult to
determine the exact surface area the well covering will need to be. Therefore, our design team determined
a minimum compressive strength of 4000 psi, a typical strength for a garage floor for our concrete
covering. According to ASTM, the flexural strength should be 10-20% of the compressive strength.

The reasoning behind testing for compressive strength is obvious because of the self-weight and forces
contributed by the pulley wheel and frame. We also tested for flexural strength because of the positioning
of the frame on the cover. The frame is positioned in the center of the cover. Therefore, a 3 point flexural
strength test will be sufficient in testing the entire strength of the concrete covering.

Testing for compression strength, three cylindrical molds, 12” high and 6” diameter mold was used. For
the flexural test, three beam molds were used, 6” x 6” x 20”. Through research, for a minimum
compressive strength of 4000 psi, the ratio for the concrete aggregate was 2 parts cement, 2 parts sand,
and 1 part gravel. This would also give the appropriate flexural strength. The water cement ratio used was
0.48. Using the ASTM Standard densities of the aggregates, the concrete mix was made.

The procedure for compressive strength and 3 point flexural strength tests were followed from the ASTM
Standard Test Method C873/C873M and C78/C78M, respectively.

Molds were made for both compressive and flexural strength tests. The molds were set to cure for 7 days.
We tested after 7 days because of the predicted strength. Concrete only gets stronger with time.
Therefore, if it was strong enough at 7 days, it would obviously being strong enough, if not stronger at 28
days.

For compressive strength, the ultimate strength was recorded for each cylindrical mold. This force was
divided by the cross sectional area, 36 in? and he compressive strength, ¢ was determined for each mold.
Deviation greater than 100 for compression strength would cause inaccurate results. However, our results,
listed in table 5.4 did not exceed the maximum deviation. The final compression strength of the concrete
mix was averaged to be 5208 psi.
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Test: Compression Strength of Concrete
Compressive Strength
I
Ll o=P/A (psi)
1 5222
2 5165
3 5240
Average 5209
Standard Dev. 39

Table 4.8: Compressive Test Results

According to ASTM, the flexural strength of the concrete needed to be 10-20% of the compression
strength, 5208 psi. For the 3 point flexural test, the 3 beams were tested and the modulus of rupture, also
known as the flexural strength was determined. As you can see in table 5.5, our deviation for the results
was less than the maximum 100, concluding a modulus of rupture of 527.33 psi. This also met our
constraint, 10-20% of compressive strength.

Test: Flexural 3PT
Modulus of Rupture =

Sample pL/ba{Z (pfi)
1 529
2 536
3 517
Average 527
Standard Dev. 10

Figure 4.9: 3 Point Flexural Test Results

After testing, and finding successful results, the final concrete mold was made for the concrete well
covering. We did not have a set location and well determined. Therefore, we made a concrete covering of
277 x 30” x 3”, using the same parameters as the concrete mix used for testing. We used PVC piping to
hold the inlet spacing for the rope and pistons. The concrete mix was poured around the PVVC as the PVC
was held in place. Bolts were also inserted into the wet mix to be used to anchor the frame in place. The
concrete mix was left to cure for 7 days before the frame was bolted into place.
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5. COST ANALYSIS
Quantity Dimension Item Name Purpose Unit Cost Project Cost
2 5/8" x 3' Welding Rods Shaft Z::qcrank $10.01 $20.02
2 5/16" x 4' Welding Rods Spokes $4.19 $8.38
2 1/8" x 1" x3' Welding Flat Brackets $6.05 $12.10
3 1" x 3" Square Welding Steel Frame $10.82 $32.46
2 1"x 4' Square Welding Steel Frame $14.42 $28.84
3 1"x 10' PVC Pipe Piping $2.81 $8.43
1 1" x5' PVC Pipe Piping $2.38 $2.38
3 1" Coupling Connector $0.37 $1.11
1 1" Tee Coupling Outlet Connector $1.30 $1.30
1 1.5” x5 PVC Pipe Piping $3.53 $3.53
1 %” x 100 Polypropylene Rope Piston Movement $11.57 $11.57
Total Cost: $130.12

Table 5.1: Cost Estimation
* All measurements listed are done interchangeably between Metric and English units for easy

comparison between manufacturers; however all calculations have been done in

Metric units.

The cost analysis shows that the rope pump meets the design requirement of less than $150 US. This is
assuming that the pulley wheel tire is used from a recycled tire, like the one used in the prototype. Even
with the added cost of a used tire, the price would still be below $150 US.
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‘ 6. PROJECT SPECIFICATION

Sustainable and Efficient Rope Pump

The Global Water Issue

Worldwide populations exist that do not

hawve access to potable water

(colored regions on the global image)
Groundwater is an available source of

fresh water

The rope pump is the solution to tapping

the groundwater source for daily use

What is a Rope Pump?

Thirst Quenchers Inc.

Palley Torarm, Ootolsr 8, 2007 .
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Components consist of a (1) crank arm, (2) pulley wheel, (3) continuous rope,
(4] pistons, (5) guidebox, and (&) rising main
Power from the user at the crank arm causing the pulley wheel to rotate

the continuous rope with pistons ted to it will move throughout the system
the guidebox, causes a change in direction of the rope while the pistons trap

Product Specifications

Benefits of a Rope Pump

1. Reliability: The necessity of water calls for a reliable system; the
design of the rope pump is both effident and sustainable through
the use of an anticorrosive coating and concrete well covering.

2. Readily Available Materials: Using and recycling local materials
leads to a low initial and low maintenance cost. Furthermaore it al-
lows for the user to easily find replacement pieces.

3. Simple Design: The simple design allows for the pump to be main-
tained by the wser reguiring minimal skill sets. This means no out-
side sources are needed after the pump is installed.

4 Low Initial Cost: The low initial cost makes the rope pump cost
effective for users in all areas.

water in the rising main, bring it to the surface

Specification Limit
Pumping Head 10 Meters
Flow Rate 45 Liters per Minute
Volumetric Efficiency 75 Percentage (%a)
Power Input 75 Watts
Unit Cost 115 |5 (United States)

FIGURE 6.1: PRODUCT SPECIFICATION

Senior Design Project Il

04/24/2012



Thirst Quenchers, Inc.

Page 46 of 53

7. PROJECT SCHEDULE

The MS Project Schedule was broken down into 5 separate categories to aid in the design and
prototyping process of this project. The categories included: assignments, meetings, presentations, design,

and prototyping. Each of the categories from the MS Project Schedule file can be seen below.
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- Assignments

Website

Project Report Cover Page
Project Title

Project Abstract

Baseline Project Schedule
Problem Statement

Meeting Logs Checkpoint
Design Constraints

Design Constraints Narrative
Project Schedule Checkpoint
Revised Abstract

Revised Problem Statement
Meeting Logs Checkpoint
Revised Project Cover Page
Revised Design Constraints
Project Schedule Checkpoint
Meeting Logs Checkpoint
System Block Diagram
Project Schedule Checkpoint
Approach

Meeting Logs Checkpoint
Test Specifications

Project Schedule Checkpoint
Revised Approach
Executive Summary

Meeting Logs Checkpoint
Product Specification

Cost Estimates

Project Schedule Checkpoint
Design Document

Website
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Figure 7.1: Project Schedule - Assignments
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Figure 7.2: Project Schedule - Meetings
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Figure 7.3: Project Schedule - Presentations
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Figure 7.4: Project Schedule - Design
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Figure 7.5: Project Schedule - Prototyping

8. SUMMARY AND FUTURE WORK

A Sustainable and Efficient Rope Pump was designed and tested effectively to show the success
of the project. The use of recycled and common materials allows the pump to be locally maintained as
well as keep the initial and repair costs to a minimum. The design of the mechanical system kept the
power requirements to a minimum while the A-frame and crank arm were designed to be easy to use for
the target audience. The hydraulic system and design of the pistons increased both the flow rate of the
pump and volumetric efficiency.

Future work to better the rope pump would include adapting the crank arm so that different
methods of human power could be used to make the pump function. This could include using a bicycle to
power the rope pump so that stronger leg muscles could be used instead of arm muscles. Furthermore, the
pump could be made adjustable to different depths with a gearing system that would change the required
power of the user. Furthermore, a gearing system could allow for the tension in the rope to be adjusted
without cutting and retying the rope.
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lifetime of 12 years. Furthermore, taking care of the rope pump ensures that it performs at its optimum
in order to produce the results of a 45 L/min flow rate at 75 Watts of power with a 75% hydraulic
efficiency. The table below is a glance at the responsibilities of the local caretaker of the pump.

Frequency Activity

Grease bearing, check rope for wear. Check rope for

Weekly tension

Check frame structure. Check for signs of rust/removal

Occasionall . . .
v of anticorrosive coating

Annually Replace rope

Two years Replace pistons

Rope

Tension: There must be a certain amount of tension in the rope in order for the rope pump to properly
function. The rope should not have a loose feeling when running through the system

Due to the tightening of the knots in the rope and just general stretching, the first two weeks of use for the
rope will cause the greatest changes in tension. It is not uncommon for the rope to have to be cut and
retied to increase the tension multiple times in the first few weeks of use.

The tension should be checked weekly in order to determine if the tension is great enough in order for the
pump to be performing optimally.

Replacing the Rope: The rope should be replaced annually, regardless of the signs of wear on the rope.
This is because, if the rope breaks while inside of the rope pump, it must be removed from the pump in
order to run a new rope through the system.

To replace a rope, the existing rope should be cut and the new rope tied tightly to it. Then turn the crank
arm moving the new rope throughout the system and taking the old rope out of the system.

In the event that a rope would break while the rope pump is in use, the guidebox will have to be brought

up from the bottom of the well by means of lifting the PVC piping. A new rope must be strung throughout
the system, either with the old pistons cut off of the previous rope, or new pistons.

Pistons

Replacing the Pistons: The pistons should be replaced every two years. However, if the pistons begin to
look worn around the edges, they can be replaced sooner.

In order to replace the pistons, a new rope must be used. Everyone other year that the rope is replaced the
pistons should also be replaced. In order to string pistons on the rope, the rope must knotted both in front
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of and behind the piston on the rope, maintaining the spacing of 1 meter between each piston.
Pulley Wheel

Rope Getting Caught in the Pulley Wheel: The pulley wheel is built to last for the lifetime of the rope
pump. In the event that the rope is coming through between the length of the pulley wheel

Pulley Wheel and Crank Arm Connection: The pulley wheel and crank arm should always turn at a 1:1
ratio, if for some reason the crank arm is not moving the pulley wheel in this fashion they must be
reconnected by means of welding or other available sources.

A-Frame

Rust: The A-Frame is built to last for the lifetime of the rope pump. However, the zinc-epoxy coating is
needed to ensure that the system does not rust. In the event that rust does occur on the A-frame, it should
be removed and another layer of the zinc-epoxy coating should be applied.

Insufficient Water Output

Pistons: Check the pistons for signs of wear. If the pistons lose their original shape, it could be trapping
less water in the rising main causing less water to come to the surface. In this case the pistons should be
replaced.

Rope: If the rope is getting caught along the system and not allowing for the crank arm to be determined,
the concrete well covering should be removed to see if the place where the rope is stuck can be
determined. In the even that it cannot be found easily, the entire well structure, including the guidebox,
should be taken out of the well to locate the problem area.
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