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Statement of Disclaimer 
Since this project is a result of a class assignment, it has been graded and accepted as 

fulfillment of the course requirements. Acceptance does not imply technical accuracy or 
reliability. Any use of information in this report is done at the risk of the user. These risks may 
include catastrophic failure of the device or infringement of patent or copyright laws. California 
Polytechnic State University at San Luis Obispo and its staff cannot be held liable for any use or 
misuse of the project. 
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Introduction 
Lifewater International, a Christian non-profit, trains locals to repair water well hand 

pumps in various third world countries. It would be beneficial to retrofit difficult-to-repair hand 
pumps with a locally-made pump cylinder such as HydroMission's "SlapShot". The majority of 
the components in the "SlapShot" can be easily obtained in rural third world villages. However, 
the thick leather gaskets required to seal the water cylinder during the pumping operation are 
imported. These thick leather gaskets are expensive, and when they fail, this results in pumps 
being out of commission for extended periods of time. Lifewater has presented this problem to a 
team of three undergraduate mechanical engineering students at California Polytechnic State 
University, San Luis Obispo with the goal of being able to locally source and manufacture an 
adequate seal to replace the current thick leather seal.  

Background and Information Gathering 
The sponsor of the Project Water senior design project is an affiliate and water specialist 

for Lifewater International named Fred Proby. His goal for this project is to have a group of a 
Cal Poly mechanical engineering students design a hand pump seal that can be sourced, built, 
and repaired locally.  

There are currently four main models of hand pumps that are being used in Africa: the 
India Mark II, the India Mark III, the Afridev, and the Bush Pump. A generic layout of these 
pumps can be seen in Figure 1. These pumps and their replacement parts are built and 
manufactured in India, and can result in long delivery times. This duration of time with no 
drinking water is devastating to the rural villages in Africa. 
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Figure 1. Basic Pump Configuration 

The main source of failure on hand pumps lies in the pump cylinder seal. The repetitive 
nature of the pumping motion means it experiences the most dynamic stress, wear, and fatigue. 
The pump seal lifts the water column up the riser main as well as draws water up into the lower 
cylinder from the water table during the up-stroke of the pumping. During the down-stroke, the 
seal pushes down on the water from the lower cylinder that opens the one-way valve and fills the 
upper cylinder (Figure 2). 
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Figure 2. Valve Configuration 

The leading pump seal design currently is the cup seal geometry. Cup seals can be made 
from a variety of material, but are primarily made from thick leather. The India Mark II and III 
both use thick leather cup seals that are manufactured by foreign suppliers. The Bush Pump also 
uses two thick leather cup seals. In certain locations where these pumps are used, repair time can 
be greatly reduced by manufacturing the cup seals locally. In order to make these seals, tanned 
leather is first cut into washer like shape. Next, the leather is soaked hot paraffin wax in order to 
be shaped. Then the leather is placed in to a wooden mold that forms the leather into a cupped 
shape. Thick leather cup seals typically last 6-12 months, before being replaced. 

 

Figure 3. Thick Leather Cup Seal 

 Additionally, pumps (such as the Afridev), use cup seals made from neoprene rubber. O-
rings, U-rings, and other rubber gaskets are also commonly used hand pump seals. 

 



   

 8  

Mr. Proby has been working on a solution to this problem since 2007. He has determined 
that the best option for these pumps is a design by Hydromissions called the "SlapShot"(Figure 
3). The SlapShot is a universal deep well pump cylinder specifically designed for the developing 
world. It can be retrofitted to all the previously mentioned pumps. It is composed of off the shelf 
parts that can being purchased at local hardware stores around the world (2). Another benefit 
with using the SlapShot design is that the internal components of the cylinder are easily 
accessible when repairs are needed. This design allows the user to pull out the piston and pump 
rod without having to remove the riser main and pump cylinder. 

 

Figure 4. SlapShot Assembly Layout 

However, this pump cylinder design still requires a seal that is not local to Africa. 
Currently the SlapShot uses a thick leather gasket as the pump cylinder seal. From his years of 
experience, Mr. Proby knows that this specific design and material is inadequate for use of the 
SlapShot in Africa.   



   

 9  

 

Objectives 
There are four areas that Project Water will focus on: material, manufacture, design, and 

testing of a seal. The material of the pump seal must be easily sourced in rural Africa. The 
manufacture of the seal must not require heavy machinery or complex fabrication techniques. 
Finally, the performance of the seal must be comparable to commercially available imported 
piston seals. This means that the new seal should have similar life cycle, and leak rate as the 
others. The current seals are difficult to replace because they are either too expensive to import 
or they are made from a material that is inaccessible in Africa. The new seal must be comprised 
of locally sourced material, have a simple manufacturing process, and a design that will hold up 
to constant pumping.  

Project Water has decided to begin the design process by focusing on the specific 
requirements that Mr. Proby desires from this seal; local material and simple construction. The 
characteristics of the final seal design will be determined from these requirements. To start 
defining these characteristics, a "QFD", or "Quality Function Deployment", has been developed. 
A QFD is a powerful tool that allows quick comparison between multiple designs with numerous 
requirements and specifications. It appears complex, but is quite simple to navigate once the 
reader knows where to look. For referencing, the QFD can be found in Appendix A. 

The first part of the QFD is ‘Who’, as in who are the customers. It is located on the very 
far left of the QFD. This is not simply who will be using the final product, but also the 
manufacturers of the product, the people repairing it, and the people who are paying for the 
product. For this product, the ‘Who’ are Mr. Proby, the pump mechanics, the pump users, and 
the seal manufacturers.  

The next part of the QFD is the 'What' section, which is to the right of the 'Who' section. 
This section is a list of the customer requirements. This is not what an engineer thinks the 
customer might want, but instead is supposed to be as close to the customer's own words as to 
what they want the final product to accomplish. Once this section is complete, the 'Whos' are 
weighted against the 'Whats'. This is where the designer decides which requirements are most 
important to certain customers, and which ones are of lesser importance. For example, Mr. Proby 
has a high priority on locally sourced material, but probably has less of an interest in how many 
parts the seal is made of. Upon completion, a relative weight can be seen for each of the 
customer requirements.  

The next section is the 'Now' section, placed on the far right of the QFD. This is where 
current alternative products are located. For this QFD, the current products that will be compared 
to the Project Water seal are the Indian Mark II cup leather seal, the thick leather seal, the 
Afridev seal, and the Slapshot thin leather seal. These products are then rated by the designer 
against the customer requirements. A visual representation of how well all the current products 
perform can be seen next to the number matrix of the Now section.  
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Next is 'How', in the middle of the QFD. This section determines how the designer will 
tell if the requirements have been met. Each 'How' should be a quantitative value. These 'Hows' 
are then compared to the 'Whats', with how strong the relationship is between each ‘How’ and 
‘What’. If the relationship is strong, the box is given a filled in circle. If it is moderate, it is given 
an outline of a circle. A weak relationship gets an outline of an upside-down triangle. If there is 
no relationship, the box is left blank. The relative weight of how important each of the 'Hows' is 
located towards the bottom of the QFD, as well as the targets for each of the specifications. For 
this QFD, the cost and time to manufacture specifications are the highest weighted, with the 
availability of the material coming in at a strong third.  

The final two sections of the QFD are the very top and bottom of the chart. The very top 
is an area where each specification is compared against the others. This lets the designer know 
which specifications could potentially conflict with each other. One major specification that 
could affect the seal design is cost. If the seal is too cheap, the life cycle and leak rate could be 
negatively affected. The very bottom of the QFD is how well the current products perform the 
'Hows'. This is visually represented at the bottom of the chart. The final product should meet all 
specifications and customer requirements listed on the QFD. 

For the engineering specifications, specific targets are created to verify that the design is 
a viable option. Each specification has its own target, and each target is quantifiable. They 
cannot be evaluated subjectively like some of the customer requirements. The specific 
engineering specifications are as follows: life cycle, leak rate, cost, availability of material, and 
manufacturing time. These can be found in either the QFD in Appendix A, or in Table 1. 

Table 1 lists the specifications and their respective targets in a clear format. Included in 
the table are the sections of tolerance, risk and compliance. The tolerance section provides a 
range of acceptable values for each specific requirement. Table 1 also includes a column for risk 
of each specification. The levels of risk are high (H), medium (M), and low (L). The last column 
is the compliance section. This is how each design requirement is to be verified. There are four 
possibilities: analysis (A), test (T), similarity to existing design (S), and inspection (I). Each of 
the requirements will be explained into further detail below. 

When it comes to life cycle, the exact number of cycles is hard to determine. It is difficult 
to acquire data on how much the water pumps are being used; therefore, an educated estimate 
must be made. Mr. Proby has witnessed the pumps in Africa being used all day long until they 
break. The point of failure for most commercially available pumps is somewhere around 6 
months. A conservative calculation is shown with the following values: 

 10 pumps per minute 

 60 minutes an hour 

12 hours a day 

180 days a year 
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 This yields a result of 1.3 million cycles over a sixth month span before the seal needs 
replacing. All the current products either meet this standard or are close to it. The goal of Project 
Water’s design is to be comparable with the India Mark II and Afridev pumps.  

The next specification is the leak rate. From a previous project, it was found that the cup 
leather seal leaked 0.06 liters per minute at 80 psi. This will be a specification of the new seal. 
However, it must be noted that the leak rate specification can be outweighed by more important 
requirements. The requirements of ease to manufacture, material availability, and cost, are more 
crucial to the overall design goals than life cycle and leak rate. 

Cost is the highest priority in terms of customer requirements. The cost of the material 
and manufacturing should be no more than five dollars. Both the thick leather and thin leather 
seals do not meet this requirement. This specification is a hard objective, meaning that our 
design cannot exceed it. If a design exceeds this cost, it will be thrown out. The reason cost is not 
a high-risk requirement is that if the material can be readily found in Africa, it will naturally not 
cost very much. 

The next requirement is the availability of the material. This specification's target will be 
a simple yes or no question: “Is the seal made from a material that is readily available throughout 
most South-Saharan African countries?” Currently all the commercially available products fail to 
meet this target in that spare pump parts tend to only be available in the capital cities. This 
specification, while not weighted as heavily as cost or time to manufacture, is still a hard 
objective. If the material for our seal cannot be found in the necessary areas, that design will be 
thrown out. The reason this parameter is high risk is because it may be difficult to find material, 
or a combination of materials, that will perform as well as commercial seals. 

The last specification is the time it takes to manufacture and replace a broken seal. The 
benchmark for this specification is two hours. The quicker it is to manufacture a new seal means 
the quicker it will be for the pump to be working again. Currently, pumps go down for fifty or 
more days because the local mechanics may not be available or may lack the parts to fix them. 
While this specification is important, it is not a hard target. As long as the design results in of a 
downtime less than two hours, it will be considered adequate. 

Ideally, the final objective would be to optimize all aspects of the pump, to meet as many 
of the customer requirements and engineering specifications. The three main objectives that are 
most important to this design are: cost effectiveness, locally sourced material, and simple to 
manufacture.  
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Table 1. Project Water design specifications  

Spec# Parameter Description Requirement or Target 
(units) 

Tolerance Risk Compliance 

1 Life Cycle 800,000 (cycles) - M T, S 

2 Leak Rate 0.06 (Liters/minute at 80 
psi) 

max = 
.56L/min 

M T, S 

3 Cost (Relative to 
Africa) 

1.00 (dollars) maximum M I 

4 
Available in South-
Saharan African 
Countries 

Y/N  
- 

H I 

 5 Manufacture Time Maximum of 4 (hours) - M T 
6 Pump Down Time Maximum of 5 (hours) - L T 

[M=Medium, H= High, T= Test, S= Similarity to Existing Design, I= Inspection.] 

Design Development 
Project Water's initial task was to research and think of alternative materials that are 

locally available near rural villages in Africa. Using Mr. Proby's expertise and knowledge of the 
area, Project Water consulted him on whether proposed materials are available in the expected 
locations. Some examples of materials that were being considered for the seal construction are: 
bike inner tubes, PVC, and recyclable plastics (HDPE). Ideally the seal will be made from a 
recyclable material, to reduce waste and cost. 

Due to the nature of the project, not all the design specifications can be fully addressed in 
this design development. Since there is no simple numerical analysis that can be performed to 
determine which materials should be used for the seal, the life cycle and leak rate parameters will 
be evaluated through extensive testing. The primary deciding factors for each seal design are: the 
cost of the design, the availability of its materials, and the manufacturing time. These will also 
double as the go/no-go values that were used to assess whether a design is a suitable solution.  

After all the possible designs were ran through the go/no-go factors, eliminating the 
improbable ideas like using nuclear waste or solid gold; the remaining were entered into a Pugh 
Matrix. The Pugh Matrix compares potential designs with a datum in reference to the customer 
requirements. The datum is usually a current design. Each concept is then given either a '+', '-', or 
'S', to show that that idea is better than, worse than, or the same as the datum. These are then 
summed up, and each concept was compared against each other. Any negatives that were seen in 
strong concepts were evaluated to see if they can be reversed, and any strengths in weak 
concepts were assessed to see if they would be viable in a stronger design. The weak concepts 
were then eliminated.  

The Pugh Matrix was run with 9 concepts that featured a variety of materials and 
geometries, as seen in Appendix C. The three cone designs feature an upside-down cone made 
from various materials. The stacked designs are constructed of alternating materials, with one 
material functioning as the seal with the other making up the spacers. The spacer materials for 
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the four stacked designs are PVC and foam from flip slop soles. The seal materials are rubber 
from bicycle tubes and thin leather cut from common leather products like purses and shoes. The 
final two designs listed in the Pugh Matrix consist of a two-part design that will require a 
molding manufacturing process. The two parts consist of a hard-plastic spacer made using a 
recycled HDPE / coconut oil / saw dust composite, and an elastic seal using a to be determined 
material, depending on what is accessible in rural Africa. The main reason for the 
implementation of a molding process is to allow for tighter tolerances between the cylinder wall 
and the seal, ultimately resulting in a better performing seal. These tighter tolerances are 
achievable by removing the human error that is associated with manual manufacturing process. It 
should also be mentioned that using a mold would allow for higher repeatability in the finished 
product. All the designs were evaluated against each of the customer requirements, except for 
pump efficiency. There is no way to tell how efficient a design will be without testing the design. 
This parameter was assessed later in the testing portion of the project. 

 After the Pugh Matrix was completed, four desirable designs, two mediocre designs, and 
three poor designs were distinguished. The four desirable designs consisted of an alternating 
stacked spacer/seal design and a two-part spacer/seal design that would use a molding process to 
manufacture. Both designs would have two different material combinations, which results in the 
mentioned four desirable designs. The two designs that couldn't be determined to be stronger or 
weaker than the benchmark were the stacked concepts with foam as the spacer. The three weak 
designs were all the cone designs. The molds had one weak spot, and that was in their difficulty 
of manufacturing, but this could be acceptable if the finished design performs much better than 
all other designs. 

The next step is to run a weighted decision matrix with the strong designs. This 
evaluation showed which designs met the engineering specifications the best based on a 
weighting scale. Each engineering specification received a weight, developed from the QFD. 
Each design was then assigned a value from 0 to 100 on how well it completed each engineering 
specification. This number was multiplied by the weight of the spec, and then summed up to get 
an overall satisfaction number. The result showed how well each of the designs satisfied the 
overall goal of the project.  

The four strongest designs from the Pugh Matrix were chosen to be put into the weighted 
decision matrix, found in Appendix D. These were evaluated against the different engineering 
specifications with their respective weights. Both the specifications and the weights for the 
specifications came from the QFD. Unfortunately, two of the specifications were not able to be 
evaluated. The life cycle and leak rates cannot be determined without testing, so these were left 
blank. Even though these specifications weren't included, they only combine to make up 20% of 
the weighting factor. This is equal to the next lowest specification. This is representative of what 
would happen in Africa with one of these pump seals. The users would continue using the pump 
until absolutely no water was coming out, making life cycle and leak rate not be as important as 
the other factors. The other specifications were filled in, and the two stacked designs came out on 
top, both with a score of 72.6. Even though it seems strange that they would tie, it makes sense. 
They would both have the same success in the cost, availability, and manufacture criteria. The 
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differences between the two was determined during testing. The same thing is true with the two 
mold designs. 

Failure Method and Effect Analysis (FMEA) 
An additional technique implemented in the design decision process was a Failure 

Method and Effect Analysis chart. Project Water constructed an FMEA chart that listed possible 
failure modes of the seal that needed to be considered while designing a seal. It also listed the 
possible causes and effects of each failure mode. For each failure mode the severity of the effects 
and the occurrence of the cause were numerically quantified by Project Water. These values 
were then used in calculating the criticality of each potential cause of failure. The criticality 
value helped indicate which failure modes were most important to consider while designing a 
pump seal. Associated with each failure mode is a 'Recommended Action' section that outlined a 
brief description of how to avoid or remedy the failure effects. Reference appendix E to view the 
entire FMEA chart.  

The results from Project Water's FMEA indicated that the most critical failure method 
and safety considerations were during the manufacturing process. Once the seal is installed, there 
is very little risk to the user; however, the manufacturing of the seals will require close attention 
to the manufacturing process and safety detailed later in this document. 

Final Four Proposed Designs   
The first two proposed seal designs both used a stacked geometry, often referred to as a 

"Labyrinth Seal". The first version of this type of seal incorporates a method of heating up PVC 
pipes and deforming them into flat disk spacers. In-between these disks, there would be a butyl 
rubber gasket made from bicycle inner tubes. The second version would use the same method of 
PVC spacers but would use thin leather as the seal material instead of rubber.  To assist in the 
manufacturing process a punch may be constructed to cut out the leather and rubber in to the 
desired shape. When manufactured well, the stacked geometry has proven to be a good seal 
design. Results from the Appropriate Technology class show that the labyrinth geometry 
performed better than the seal design with a single gasket. (4). 

 

Figure 5. Stacked Seal Design 
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The second set of proposed designs both consist of a two-part spacer/seal assembly that 
would be manufactured using a molding process. In both variations of this design, the spacer 
would be made by creating a composite consisting of recycled polyethylene, a binder oil, and 
natural fibers. Based on research completed by Joyce Koranteng, a PhD student from Kwame 
Nkrumah University of Science and Technology, we will produce initial prototypes using 
recycled HDPE, coconut oil as a binder and sawdust as a fiber (3). It has yet to be determined if 
these materials will be used in the final design, as there is uncertainty as to the availability of 
materials to the customers. The second part of this design consists of a soft seal. Currently, there 
are two different proposed materials to manufacture these seals: the first being silicone rubber 
and the second being a composite composed of finely ground bicycle inner tubes mixed with 
polyurethane.  

There are two ways that the mold making process can proceed, the first being a custom-
made mold that could be manufactured by Project Water in the Cal Poly Machine Shops and 
shipped overseas. The other method being a mold that could be pieced together using standard 
components found in any hardware store in Africa. If the second method of making the mold is 
easily achievable, the design becomes much more desirable as Project Water has been asked by 
the sponsor to avoid manufacturing processes, including the mold fabrication, that cannot be 
replicated in Africa. 

 

 
Figure 6. Preliminary Mold design 

Thin spacer to reduce wall 
diameter when pouring 
HDPE space 

Outer PVC: 2” Dia 

Galvanized Steel 
Nipple: 0.5” Dia Mold Cavity 

TBD: Caps sourced 
from hardware store 
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Figure 7. Molded Seal Design 

Description of Final Design 
Due to the nature of this project, Project Water had decided to continue into the next 

portion of the design process without eliminating any of the previous conceptual designs. 
Instead, each conceptual design was developed to the point in which it could be prototyped and 
eventually tested. It is this testing stage of the design process that ultimately lead to the decision 
of the final design. It is in this section of the design report that each of the two designs will be 
described in detail, including the manner in which they will be manufactured. 

Labyrinth Design 
 The labyrinth design consists of an alternating stack of flat PVC support spacers in 
conjunction with seals. Flattened 2" Schedule 40 PVC will be used to create the support spacers, 
and recycled bicycle tubes will be used to create the seals. 

 The support spacers will provide the necessary rigidity to the seal in order to allow it to 
resist deformation during the pumping process. Since the seals will be made of rather flimsy 
material, it will be important to create a spacer with minimal clearance of the pump cylinder wall 
to ensure the seals success. The outer diameter of the spacer is the only critical dimension to be 
met during the manufacturing process of the support spacer. This is due to the fact that we will 
be drilling the inner diameter of spacer using a 7/8” drill bit, .875” nominal, and the 1/2” 
galvanized nipple that the spacers will be connect to in the pump assembly have a nominal outer 
diameter of 0.840”. Clearance and concentricity issues have been investigated between the ID of 
the spacer and OD of the 1/2” galvanized nipple; GD&T hand calculations are attached in 
Appendix J. The outer diameter of the spacer will be guided thru the use of 18-8 stainless steel 
washers that will act as guides during the sanding operation. The 18-8 washers have an ID of 
0.938” and an OD of 2.000 +.03”, - .007”.  Therefore at LMC (least material condition), the 
manufactured support spacers should have an OD of no less than 1.993”. Following PVC 
manufacturing specs, it can assumed that at LMC the ID of PVC pump cylinder should be no 
greater than 2.061”. During a worst-case scenario, with the worst scenario being the largest 
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clearance fit, a diametrical clearance of no greater than 0.068” can be expected. Considering that 
the manufacturing process of these support spacers is rather rudimentary, this is a surprisingly 
tight tolerance and should be able to allow us to achieve a good seal with the pump cylinder wall.  
The entire manufacturing process of the support spacers is outlined in appendix J. 

 The seals will be manufactured using a custom designed steel punch. This punch will 
consist of two concentric steel pipes connected via a flat steel plate. The punch will create a 
donut shaped seal with an OD = 1.925” at LMC, and an ID = 0.809” at MMC (most material 
condition). This means that there is the possibility of an interference fit occurring between the 
seal and the nipple of 0.147” when both are at MMC and an assumed position tolerance of .1”, 
developed during the manufacturing of the punch, is taken into consideration. Typically, this 
would be considered an unacceptable design, but considering that Project Water has been asked 
to use only of the shelf components and simple manufacturing processes, this interference fit will 
be considered acceptable. To alleviate fit issues, the last step to manufacturing process of the 
seals will be to cut 8 – ¼” radial slits from the center of the seal outwards towards the OD. This 
should both allow for interference issues to be overcome, and also allow for better concentricity 
between the galvanized nipple and the ID of the pump cylinder wall to be achieved during the 
assembly of the labyrinth seal. The largest clearance fit, with the both 2” PVC and the seal being 
at their respective LMC’s, there will be a diametrical clearance of 0.136”. Since each labyrinth 
unit will consist of multiple seals, it is statistically realistic to believe that the majority of the 
seals will have a much tighter fit with the cylinder wall. To reiterate, the entire manufacturing 
process of the seals is outlined in appendix J. 

Molded Design 
                The molded design consists of two parts. The first component being a rigid spacer 
made using an injection process that utilizes the use of recycled HDPE. The second component 
of the assembly is a rubber like seal made of silicon. Both components of the assembly will be 
manufactured in the same mold, which should ultimately minimize interference between the two 
mating components.  

 Within the Appendix is a preliminary outline of the purposed manufacturing process for 
the molded design. This procedure is subject to change and will be further refined once the 
manufacturing has begun.  

General Safety Considerations 
General safety precautions should be used during the manufacturing of tools, seals, 

spacers, the testing of prototypes and the final installation of the product. The simplicity of the 
designs, and their respective manufacturing process lends to there being no use of considerably 
dangerous processes. Regardless, the individual completing said task should be competent with 
the equipment they are using and ask for assistances if they at any point feel unsure about how to 
complete a requested procedure in a safe manner. Special safety considerations regarding the 
usage of testing equipment is outlined in their respective testing procedures, which is attached to 
the end of this document. 



   

 18  

Analysis 
The nature of this project has resulted in there being little analysis completed before 

prototyping. Project Water will instead be relying on collected data to validate the final design. 
Testing procedures, including necessary data sheets have been attached to end of this document. 

Cost Analysis 
The only materials that will need to be purchased by the end user will be PVC to create 

the flat spacers and raw silicon to manufacture the seals. Everything else should be recycled, 
which would lend itself to either being free or close to it. Assuming a price of  $0.15/Kg of 
silicone, a rough estimate of cost to manufacture a silicone seal would be about $0.01/piece. 
Assuming a price of $10.00 for a 2in x 10ft piece of PVC, and making conservative estimates on 
material used, it equates to approximately 5-10 cents per spacer. The design specification price 
limit per seal is $1.00. The purposed seal designs are well below that limit, and may be able to be 
manufactured for even less in Africa. There are price differences in Africa, and the materials 
required can often be found for less or even free. 

The manufacturing and tooling cost for the labyrinth seal design punch is estimated to 
cost around $40. This includes the price of constructing the metal punch (~$25.00) and the all-
thread rod assembly (~$12.50). The molded seal tooling cost is estimated to cost slightly less 
than $20. This is for the PVC pieces (~$7.00), all thread rod (~$10.00), and steel fasteners 
(~$1.50). The parts for both of these manufacturing processes would be a one-time purchase. 
They can be reused for the construction of future seals. 

Design Verification Plan (DVP) 
In order to determine the success of the final design, Project Water has devised a test plan 

in order to detail the process. The DVP consists of three main items of interest: static testing, 
dynamic testing, and abrasion testing. The static testing will be the baseline test to determine 
which seal design meets the minimum requirements. It is considered to be the 'Concept 
Verification’ stage of testing. The 'Design Verification' stage of testing will consist of the 
dynamic and abrasion tests.  The full DVP chart can be located in appendix F 

Final Design Details and Results 
The final design that Project Water has determined to best meet the requirements is the 

multi-stacked labyrinth seal design using PVC spacers and bicycle inner tubes. The ability to 
mass-produce the components of these types of seals quickly, while also keeping them 
consistently within tolerance, makes them the most advantageous design for the target customers. 
There were two tested designs in various geometry. There was a single seal stacking, meaning a 
single rubber seal separated each spacer. In addition, there was a multi-layer stacked seal, 
meaning that each spacer separated a stack of four rubber seals. These two geometries were than 
varied by height and number of seal-spacer attached to the galvanized steel nipple. The best 
variant of this seal design used two stacks of four rubber seals separated by PVC spacers 
(Sample #3).  
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Figure 8. CAD Model of Sample #3 

This design’s performance during the static test validated itself in being chosen as the 
final design. It averaged a leak rate of 0.075 liters/min over a range of 20-80 psi. This was the 
lowest leak rate of all the tested designs and closest in comparison to the control test. A leak rate 
of 0.075liters/min falls within our predetermined tolerances, and thus, can be considered as an 
adequate design.  

The total time of manufacturing of the final design takes approximately 10 minutes per 
seal. The manufacturing requires two special tooling set ups, a jig to sand the PVC spacers to 
size, and a steel punch for the inner and outer diameters of the rubber seal. Fortunately, once the 
manufacturing tools have been set up, multiples of the spacers and rubbers can be made 
simultaneously. This allows for quick production of many seals. This is ideal for achieving a 
short manufacturing and pump down time.  

Overall, this seal meets all the design specifications previously stated in this report, 
except for the life cycle requirement. This is due to the inability to test and verify its performance 
using the dynamic test system. Unfortunately, the dynamic test system required repairs that were 
too expensive and time consuming to complete during this projects timeline. For future 
considerations, this final design should be tested dynamically to determine its ability to perform 
under a more realistic situation. 

 

Manufacturing 
 The manufacturing processes used to create the final design ended up being very similar 
to the processes described in the previous Design Development section. As a result, necessary 
changes were made to the supplemental Manufacturing Process Sheets in Appendix G: Labyrinth 
Seal Manufacturing. The following sections will discuss the small changes made to the 
manufacturing process as well as describe in detail the tooling that we developed to complete 
these manufacturing processes.  

Tooling 
 In order to create a seal that could maintain a low leakage rate at sustained high pressure, 
it was necessary to develop a manufacturing process that would allow for the manufacturer to 
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create seals with tight tolerances. To ensure repeatability of the manufacturing process, we 
developed tooling to guide the operator during the manufacturing process. The following 
sections will describe the tooling developed for both the PVC Spacer and the Bicycle Inner Tube 
Seal.  

PVC Spacer 
 The most critical geometry on the PVC spacer is the OD. To ensure that repeatable tight 
tolerances could be achieved, tooling was developed for the OD sanding operation. The 
following parts were used to create the tooling: 

• 12” long - 7/8” 14TPI threaded rod 
• 2 - 3/4" flat washer with OD = 2.00”  
• 2 - 7/8” bolts 

The only alteration made to any of these parts was the enlarging of the ID of the flat 
washer from 3/4” to 7/8”. To do this, a 7/8” drill bit was used with a vertical mill to drill out the 
ID of the flat washer. 

 

Figure 9. PVC spacer tooling 

 

 

Bicycle Inner Tube Seal 
 The bicycle inner tube seal is arguably the most critical component of the entire design. 
In order create a seal that could achieve low leakage rates at high pressures, it was necessary to 
design tooling to cut out seals that would remove the possibility of human error being introduced 
into the process. To achieve this, three punches of varying diameters (2.05in, 2.00in and 1.95in) 
were created. 

 All three punches were manufactured using schedule 80 steel pipe. The entire 
manufacturing process was completed on a manual lathe and included the following steps: 



   

 21  

1. Facing of the Schedule 80 steel pipe. 
2. Turning of OD to the desired diameter of seal. 
3. Chamfering of ID to make a sharp edge. 

 

 
 

  
Figure 10. Show is the facing of the steel pipe and the finished punch 

These punches were then placed inside a vice to cut out the outer and inner diameters of the 
seals. A full manufacturing process can be found in Appendix G. 

Testing 
There are currently two pieces of testing apparatus that Project Water have access to. 

They were used to determine the effectiveness of the seal designs. One is a static test of the 
pump cylinder and the other is a dynamic testing system. 

 The static test system was originally constructed by Mr. Proby to be used by a group of 
students in an Appropriate Technology course at Cal Poly in 2010. To conduct the static test, the 
pump cylinder is filled with water and then pressurized, simulating the column of water above 
the seal during pump operation. A collection container is then placed underneath the pump 
cylinder to collect water that leaks past the pump seal during a given time period. From the 
volume of water collected, the leak rate can be calculated at given pressures for different types of 
seals. To determine the effectiveness of each type of seal Project Water compared the leak rates 
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of their designs to the leak rate of current seals. As stated before, an ideal base line leakage rate 
is around 0.06 liters per minute. 

 

Figure 11. Static Testing Apparatus 

The dynamic testing system was constructed by a previous Cal Poly senior design project 
team in 2010. This testing system was attempted to be used to determine the number of cycles 
the prototyped seal designs are able to withstand before failure. The dynamic testing device 
actively circulates and pumps water through the cylinder and is equipped with a counter that 
displays the number cycles. The system has a fail point level of 80% of flow. 
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Figure 12. Dynamic Testing System 

Testing the life cycle of the proposed seals must be simplified due to time restraints. The 
dynamic testing system runs at approximately 40 rpm, which equates to 40 pump cycles per 
minutes as well. To fulfill the 1.3 million cycle standard, the test would have to run for 22.6 
straight days for each seal design. To compensate for this lack of time, Project Water would have 
interpreted data from a shorter cycle period to determine if the seal would be able to meet life 
cycle requirements. Measurements of pump rates in gallons per minute (GPM) would be 
collected for a set time interval, and then extrapolated to illustrate the theoretical life cycle. If 
there is a decline in pump-seal effectiveness, then the amount of water being pumped will 
decrease. Pump rates would give Project Water information on how well the pump seal is 
performing relative to the initial pump rate. 

Since the dynamic testing system was an old senior project that had not been used in a 
few years, Project Water wanted to make sure that it was safe to use before turning it on to 
perform testing. Eric Pulse and George Leone, two machine shop technicians at Cal Poly’s 
Mustang ’60 Machine Shop, were contacted to evaluate what needed to be repaired on the 
system before operation. They gave the recommendation of finding or creating a wiring diagram 
for the internal electronics of the device. They also said that since the motor on the system runs 
on 220-Voltage an electrician would need to be contracted to connect the motor. They suggested 
that Jim Gerhardt, the Cal Poly safety officer, be contacted to set this up. Project Water took 
these recommendations and moved forward with them. 

 The first step was creating a wiring diagram. Luckily, the old senior project team had 
included a wiring diagram in their report, but the diagram was not very representative of the 
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actual wires in the system. Because of this, and for general knowledge of the device, each wire 
was chased through to make sure it connected to what is was supposed to be. Each wire was also 
checked for signs of corrosion or damage. Once all of this was completed, Jim Gerhardt was 
contacted. In addition to the wiring diagram, Mr. Gerhardt asked that a block diagram of the 
system, a testing procedure, and a user interface description be written before talking to an 
electrician. All of these can be seen within the appendix. Project water is now waiting on a 
response form Mr. Gerhardt to see what the electrician thinks of the dynamic testing apparatus.  

 One last hurdle that needed to be overcome is the price of the electrician. Project Water 
was given a rough budget of five hundred dollars to fix the dynamic testing system. Since an 
electrician was needed to set it up, the fees could quickly build up. Because of this, no spending 
involving an electrician has been approved by Mr. Proby, the project sponsor, until a written cost 
estimate is provided. If the cost was too high, Project Water would search for an alternative 
solution to the problem. 

The final stage of testing is the abrasion test. This test is needed to determine how the 
seal affects the inner wall of the pump cylinder. Since the seal will be moving up and down 
during the pumping action, it will be rubbing against the inside of the cylinder. It is inevitable 
that there will be some amount of wear, however it is ideal to minimize these effects in order to 
avoid major damage to the cylinder. To determine the amount of abrasion that comes from the 
seal the wall thickness of the pump cylinder will be measured with a bore gage before and after 
the dynamic test. Multiple thickness measurements will need to be taken around the area of 
interest. This is due to the low tolerance in PVC pipes and irregularities in the wall thickness 

 Using these testing procedures, Project Water evaluated their seal designs and kept 
record of the data. The information gathered from the tests was be crucial when deciding which 
design is most optimal at meeting requirements. Full testing procedures and data sheets can be 
found in appendix G, H and I. 

Static Testing Results 
 The static test yielded results that were very promising for both of the designs. 
Surprisingly, for both designs, the fewer the number of spacers and seals, the better the results, as 
seen in Table 2 and Figure 13 below. Both Sample 1 and 2 had one seal between every pair of 
spacers with Sample 1 having 9 spacers and 8 seals and Sample 2 having 6 spacers with 5 seals. 
Sample 2 performed significantly better than Sample 1 for all pressures besides 60 psi. This data 
point may be an anomaly though because it is simultaneously Sample 2’s worst performance and 
Sample 1’s best. This could be due to a variety of factors, but most likely, it was a function of 
how the seals were orientated inside the pipe cylinder. If they folded upwards or bent so that the 
rubber was not in contact with the cylinder walls, the leak rate could be affected. At the main 
point of interest of 80 psi, though, Sample 2 outperformed Sample 1 by 0.12 L/min, and was 
below the goal of 0.06 L/min.  

 The design for the 3rd and 4th samples was slightly different than the first two. For both 
designs, stacks of 4 seals were placed between the spacers. Sample 3 had 2 stacks of 4 seals with 
3 spacers while Sample 4 had 3 stacks of 4 seals with 4 spacers. Once again, it was the variation 
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with less seals that performed better. Sample 3 outperformed sample 4 across the board, and had 
very similar leak rates to sample 2. The best design at 80 psi, though, was sample 2, with a leak 
rate of 0.05 L/min. 

Static Pressure 
[psi] 20 40 60 80 

Le
ak

 R
at

e 
[L

/m
in

] Control 0.01 0.01 0.01 0.01 

Sample 1 0.56 0.3 0.08 0.17 

Sample 2 0.05 0.1 0.16 0.05 

Sample 3 0.06 0.085 0.075 0.08 

Sample 4 0.275 0.19 0.18 0.17 
 

Table 2. Static Testing Results 

 

 

Figure 13. Static Testing Results 

 The leading thought as to why less seals equals better results is pressure. The rubber seals 
are able to deform, and tend to spread out more when they are under higher pressures. So, when 
the seals are put under pressure in the pump cylinder, the rubber spreads out and reaches the 
walls of the cylinder. This effect only happens to a certain extent, and needs to be maximized for 
the bottom seal. There are no more rubber seals below the last one to take energy away from the 
pressure being applied, so this one needs to be spread out all the way to the cylinder wall. While 
the top seal experiences the pressure directly, the soft rubber seals below it take away some of 
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the force by also spreading out. The result is the bottom seal being the most crucial part in the 
whole assembly. To maximize this effect, there cannot be too many seals above the last one. 
More seals mean more pressure being taken away from the bottom, increasing the leak rate. 
Therefore, the variation with less seals for both stacks is the better design. 

Dynamic Testing Results 
 Due to unforeseen circumstances, the dynamic testing of the seals never took place. The 
apparatus was deemed unsafe to work on by Cal Poly students, and professional help was 
unavailable. This test would be the next step in the design process for the seals. If the stacks 
passed this and the abrasion test, they would be ready to manufacture in Africa, or any other 
third-world county that has hand-pump water wells. 

Management Plan 
The members of this senior project team have decided to define management roles that 

each individual would hold during the entire project. This document has no intentions of limiting 
an individual’s contribution to components of the design process other than their defined roles 
but simply designates a member to coordinate and manage each specific category of the design 
process. These defined roles lend themselves to be living, and have the capability of evolving 
over the course of the senior project. The roles are as follows: 

 

 
Peter Gordon 

• Scheduling / Deadlines 
• Team budgeting 
• Documentation of project process 

 
Matt Johnson 

• Develop testing procedures 
• Oversee data acquisition and product validation 
• Design for manufacturing considerations 

 
Dylan Smith 

• Point of contact with sponsor 
• Meeting facilitator  
• Prototype fabrication and validation 

 

To manage this senior project effectively and efficiently, Project Water constructed a 
Gantt chart that listed all important milestones and the days on which they were completed.  This 
chart also evolved as the project continued to develop and has been attached to this document in 
the appendix. See Attachment B. 

Conclusion 
Over the past year, after many iterations and alterations, Project Water was able to 

develop an inexpensive seal, made from locally sourced materials, alongside an effective 
manufacturing process that is achievable within the constraints and limitations of a rural African 
machine shop. The final design was statically tested and proved its ability to hold a column of 
water up to nearly 200ft. The next steps in completing and verifying Project Water’s labyrinth 
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seal design would be to repair the dynamic testing machine and then test the seal to determine its 
lifecycle and wear on the pump cylinder. If the seal is able to perform adequately and meet these 
two design specifications, then Lifewater International should be able to implement the design in 
hand pumps throughout Sub-Saharan Africa. 
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Appendix 
Appendix A: Quality Function Deployment 

 

 

 



   

 30  

Appendix B: Gant Chart 
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Appendix C: Pugh Matrix 
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Appendix D: Weighted Decision Matrix 
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Appendix E: Failure Method and Effects Analysis 
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Appendix F: Design Verification Plan and Report 
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Appendix G: Labyrinth Seal Manufacturing 
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Appendix H: Molded Seal Manufacturing 
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Appendix I: Static Testing Procedure 
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Appendix J: Dynamic Testing Procedure 
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Appendix K: Testing Data Sheets 
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Appendix L: Dynamic Testing Apparatus Block Diagram
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Appendix M: Dynamic Testing Apparatus Wiring Schematic 
Circuit Diagram 
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Appendix N: Dynamic Testing Apparatus User Interface 

 
 

Three switches, two lights, and a counter make up the user interface. The top switch and light refer to 
the pressure failure system. If there is not enough pressure at the head of the pump cylinder, the 
system will shut off and the pressure failure light will be illuminated. This failure system can be 
bypassed by turning the pressure bypass switch to the off (vertical) position. The on position is the 
one shown in the picture above. The third position, which is when the switch is turned all the way 
counter-clockwise, is not connected and will not be used. 

The middle switch and light refer to the flow failure system. If there is not enough flow coming from 
the pump cylinder, the system will shut off and the flow failure light will be illuminated. This failure 
system can be bypassed by turning the flow bypass switch to the off (vertical) position. The on 
position is the one shown in the picture above. The third position, which is when the switch is turned 
all the way counter-clockwise, is not connected and will not be used. 

The bottom switch is the power switch. The position shown in the photo is the off position. Turning 
the switch clockwise turns the system on. The third position, which is when the switch is turned all 
the way counter-clockwise, is not connected and will not be used. 

The counter at the bottom of the panel counts how many hours the device was running for. 
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