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Sammanfattning 

Company A är ett svenskt internationellt bolag som tillverkar och distrubuerar 
vätskeutrustning. Flödessensorer är en del av Company As sortiment med många olika 
produkter. Dessa flödessensorer finns som många olika modeller som passar olika 
typer av utrustning. Både för större och mindre flödesapparatur som producerar flöde. 
Idag har Company A olika typer av flödesmätare, med olika tekniska lösningar, 
noggrannhet vid flöde och precision samt pris. 
 
Målet för detta arbete är att hitta och validera koncept för en ny flödessensor som 
kombinerar fördelarna från de nuvarande flödessensorerna på Company A, samt ska 
användas som enhetlig, global indikator i alla installationer. 
 
Utifrån byggd prototyp och testning, möjliggöra att lösningen både kan stänga av/på och 
med högre känslighet kunna reglera vakuumet i både låga och höga flöden. Den 
teoretiska ramen för produktutveckling bygger på en utredning av befintliga 
flödesmätare och patent. 
 
Resultatet av produktutvecklingen var fyra flödessensorer med olika former av inre hål 
och två typer av membran med olika känslighet. Från testningen av dessa prototyper 
visade det att ett veckat membran med en sadeldesignat inre hål fick lägre vakuum 
förlust än Company As befintliga Product Y. Den visade även en tendens för 
vacuumläckage beroende av formen hos det inre hålet. Test av läckage visar att 
prototyperna har höga flöden vid en högre kontrollvakuum. Även detta kan bero på 
formen av det inre hålet. 
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Abstract 
Company A is a Swedish international company thats provide machinery of liquid equipment. 
Flow sensors is a part of Company A’s product assortment with many different products. These 
flow sensor comes in many ways that suits different farms. Both bigger farms that producing 
much fluid and smaller. In this range there are various types of flow sensors, with different 
technical solutions, accuracy measurement, flow rate, precision and price. 
 
The objective is to find and validate a concept for a new flow indicator that combines the 
benefits from the current flow indicators made by Company A, to be used as unified, global 
indicator throughout all installations.  
 
Based on prototype building and testing, the solution enables both shut off/on and the vacuum 
regulation functionality in both low and high flow rates with higher sensibility than Company 
A’s existing flow sensors. The theoretical frame of the product development is founded on an 
investigation of existing flow sensors and patents. 
 
The outcome of the product development was four valve bodies with different shapes of inner 
holes and two types of diaphragm with different sensibility. From the test of these prototypes it 
was showed that a pleated diaphragm with a saddle design inlet got a lower vacuum drop than 
Company A existing Product Y. It also showed tendency of leakage depending of the shape of 
the inner housing hole. The leakage test shows that the prototypes showed high flow rates at a 
higher control vacuum. This can also be due to the shape of the inner hole.  
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1 Introduction 
 
1.1 Background  
Company A is an international company based in Sweden. In an agreement with us students 
from KTH the scope of the thesis was decided to be focused on the flow sensors in the fluid 
metering Product assortment. 
 
There are at the moment several flow sensor concepts used in the industry suited for different 
environments/ applications. Each of these have their own pros and cons in their specifications 
and methods for how they function. Exemplary three principles will be described, one of 
which will be used as reference for prototypes created in this thesis.  
 

1.2 Problem description 
The current flow sensors are able to shut-off/on and adjust vaccum level according to an 
applied control vaccuum. The flow is measured by built-in conductivity sensors. 
 
The diaphragm in the shut off valve is the part that enables vacuum regulation and the shut off 
function. This shut off valve and the diaphragm inside were investigated regarding new 
possibilities to combine high flow capability with the sensitivity for vacuum regulation, to be 
benchmarked against an existing reference. 
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1.3 Goals 
The primary goal for the study was to develop a flow sensor/ shut off valve that combines the 
functionalities so it could be used as a unified, global indicator that functions with all 
applications. We planned to reach this goal buy dividing it into three parts. 
 

 Investigate existing flow sensors, identify and list both the advantages and limitations 
of the current principles. 

 Design a new valve with the shut off and adjustable vacuum functionalities. 
 By the end of the project have a functioning prototype, which fulfills the project 

requirements. 
 

1.4 Methodology 

1.4.1 Facts gathering 
 Previous Company A investigations regarding existing flow sensors, diaphragms and 

solution for an adjustable vacuum. 
 Internal Company A technical archives: 

o Company A documentation tool for products. 
o Sensei Pedal to find CAD-models, drawings, documentation on products and 

technical diagrams. 
 Google Patent search and miscellaneous patent search engines to find patents that are 

related to the project.  
 Mechanical engineering related literature. 
 Lab tests on how the current flow sensors function. 
 Company A standard lab tests and measurement tools for testing and recording of data 

from the prototypes. 
 

1.4.2 Decision and evaluation methods 
 PUGHS decision matrix to select the best concepts that are generated. 
 Risk measuring of current products and the project (FMEA). 
 Follow up meetings with supervisors for feedback. 

 

1.4.3 Product generation 
 Concept generation with brainstorming. 
 Pro Engineer to design concepts and prototype. 
 Calculations. 

 

1.4.4 Product realization 
 Prototype building. 
 3D-printing of parts. 
 Molding of diaphragm prototypes. 
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1.5 Delimitations 
 Not investigating any other parts than the inner housing and the diaphragm design. 
 Not investigating different measurement techniques than the one already in use. 
 The scope does not include investigation of any electrical components and flow 

sensing. 
 The flow characteristics should not be disrupted in the valve. 

 

1.6 Function Process 

The function process in this project will proceed as followed: 
 

1.6.1 Problem analysis 
 Background 
 Problem Descripion 
 Goals 
 Methods 
 Delimitations 
 Specifications 

 

1.6.2 Facts gathering 
 Documentations from Company A's internal technical archive. 
 Observations on how the current flow sensors function. 
 Literature from previous courses, reports and related literature. 
 Patents 
 FMEA 

 

1.6.3 Product development 
 Brain storming 
 Idea generating 
 Concept development 
 Concept evaluation 
 CAD - modeling 

 

1.6.4 Product result 
 Final prototype 
 Testing of prototype 
 Evaluation of result 

 

1.6.5 Presentation of thesis 
 Report 

 Seminar 

1.7 Requirement specifications 
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Function Importance 
F = Fix/Must Do 
M = Minimum 
W = Wanted 

Description 

Documentation   

Project report F All documentation, such as report and 
CAD-files, must be documentated in KTH's 
system (Bilda) and local on Company A. 

Timetable F Timetable will be updated. 

High process   

Vacuum drop M Low vacuum drop (X kPa) during high 
fluid flow (above X kg/min). 

Diaphragm   

adjustable vacuum F Enables adjustable vaccum functionality to 
allow lower vacuum level in specific flow 
phases. 

Shut off valve F Enables the shut off functionality. 
Sensability F 

 
 

Diaphragm has to have higher sensibility 
compared to current diaphragms during low 
fluid flow (bellow X kg/min). 

Noise W No noise allowed between X to Y l/min 
airflow. 

Leakage   

Start up vacuum F The valve needs to close reliable at a 
defined system vacuum of X kpA when no 
regulation vacuum is applied. 

Leakage F When the system vacuum is X kPa the 
valve shall not leak/start to open, at a lower 
regulation vacuum than X kPa, in case of 
faulty regulation vacuum supplied to valve. 

Material 
requirements 

  

Diaphragm F Silicon. 
Housing F Polyamid. 

Design 
requirements 

  

Size F Cylinder coaxial within diameter X mm 
with nipple as centerline.  
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Tube or diaphragm angle F An angle in the inner tube or mambrane to 
allow adjustable vacuum. Controls the gap 
between the diaphragm and the inner tube. 
 

Stability F The valve must not amplify any 
disturbances from the control vacuum. 

Hygiene F Number of unclean spots, in the valve, shall 
not be higher than any other spot from 
cluster to pipeline. 

Costs   

Cost analysis F The cost of the prototype shall be in the 
same price as the reference 

 



 6  

  

  



 7  

  

2 Basic theory 
In this chapter an introduction to the theory that is needed for this project is presented. 
 

2.1 Flow sensors in the process system 
The flow sensors are designed to indicate flow levels.  
 
A Flow sensors function is to: 

1. Indicate flow during process.  
2. Shut-off and regulate the air flow in the system for reliable fluid transport. 

 
The indicator is often connected to a display that can visualize the fluid flow and an 
adjustable vacuum control Valve that can regulate the vacuum level in the flow sensor during 
process.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic illustration of process installation can look like using a fluid meter. 
(Blair, Carrano, Erdman, Nelson, Pulvermacher, & Tucker, 1997) 
 
The system is ready to fluid when shut-off function in the flow sensor is turned off. When this 
happens a vacuum is supplied to sucktion device. After this there are two phases during 
process. Low flow process is when the flow is below the preset level of flow (kg/min) and the 
vacuum is low. When the flow passes the preset flow level, the vacuum level gets higher and 
high flow process begins. When this happens, a vacuum is provided to the suction device and 
removes the fluid. This is visualized in the fig. 2 below. Under the horizontal line low process 
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appears, and over it high process. In the end of the process process atmospheric pressure is 
applied on the control side of the membrane thus closes the fluid flow. 
 

 
Figure 2. Fluid flow during process 
 

2.2 Flow sensor principle A 
 
 
 
 
 
 
 
 
 

Figure 3. Flow sensor A. 
 

2.2.1 Function 
When the fluid flow passes a defined value a float will lift inside the housing. When the float 
lifts, an electrical impulse is triggered. This impulse signals to the control unit and a higher 
vacuum is applied above the diaphragm. When the flow passes below the threshhold the float 
is sinking and releases the reed switch. This provides another signal to the control unit and a 
lower vacuum is applied above the diaphragm. (Company X, 1997, p. 11) 
 
The shut-off in the valve on top is functioning with the help of a diaphragm. When 
atmospheric vacuum is applied above and fluid vacuum below the diaphragm closes the 
valve. (Company X, 1997, p. 43) 
 

2.2.2 Design 
The flow sensor A has a float based design with a 90 degree angle between the inlet and 
outlet. 

High vacuum level during high 
fluid flow. 

Low vacuum level during low 
fluid flow.
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2.2.3 Flow sensor A diaphragm 

The flow sensor a has a diaphragm optimized for air flow regulation. To maintain the form, 
this part is stiffer plastic insert. It also has a stiff part on the top to stop it from hitting the lid 
when the vacuum level from above increases. 

 
 
 
 
 
 
 
 
 

Figure 4. Flow sensor A diaphragm. 
 

2.2.4 Measurement 
The flow sensor A does only measure that if the flow is above or under a defined flow level to 
control the vacuum level during process. (Company X, 1997, p. 11) 
 

2.2.5 Known pros/cons 
Advantages: 

 Enables adjustable vacuum functionality 

 Good accuracy during low flow 
 
Disadvantages: 

 Moving parts 

 Only indicates that if the flow is above or under one specific value 
 
 
 

2.3 Reference flow sensor principle 
The Reference supports function as a flow sensor that has both shut-off and adjustable 
vacuum functionalities. 
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Figure 5. Reference flow sensor 

2.3.1 Function 
The Reference contain a diaphragm that can close the vacuum supply to the cluster, partly 
(adjustable vacuum) or totally (shut-off). During fluid flow, normal regulation vacuum level 
is supplied above the diaphragm. To remove fluid with lower vacuum the regulation vacuum 
level is lower above the diaphragm and balances the vacuum level in the fluid tube to the 
suction device. To shut-off the fluid flow, atmospheric pressure is applied above the 
diaphragm.  
 

2.3.2 Design 
The Reference has no moving parts which makes the fluid flow straight through the valve. 
This advantage leads to minimal risk of breakdowns due to high load. 
 
2.3.3 Reference diaphragm 

The Reference has a similar diaphragm to the Flow sensor A. Like the flow sensor A 
diaphragm it can partly or fully shut off/on depending on the control vacuum from above and 
the system vacuum from below.  

 
 
 
 
 
 
 
 
 
 

 
Figure 6. Reference. 
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2.3.4 Measurement  
The Reference contains sensing elements to measure conductivity, which can be used to 
indicate flow levels similar as Flow sensor B and therefore work as flow sensor.   
 

2.3.5 Known pros/cons 
The reference functions with adjustable Vacuum which gives it the ability to function in 
distinct vacuum levels defined by the control vacuum.  
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2.4 Flow sensor B principle 
 

 
 
 
 
 
 
 
 
 

Figure 7. flow sensor B. 
 
 

2.4.1 Function 
The Flow sensor B is another type of flow sensor widely used in the industry by several 
companies. To do this, the Flow sensor B has two sensing rings for flow measurement 
connected to its outlet tube. When no flow is required, the shut off function will be applied. 
This will be done with an inbuilt vacuum operated diaphragm that can provide a positive 
vacuum shut off. 
 

2.4.2 Design 
The Flow sensor B is designed to have angular inlet and outlet tubes, a vacuum operated 
diaphragm and a small tube for applying atmospheric air and vacuum above the housing to 
enable the shutoff function, the valve is optimized for high flows.  
 
2.4.3 Flow sensor B diaphragm 

The diaphragm of the Flow sensor B does not allow the adjustable vacuum function because 
of it being design to vary between two modes only, enabling open and close. This is achieved 
by applying control vacuum from above and system vacuum below the diaphragm in the same 
way as previously mentione solutions. The advantage of this diaphragm is that the design 
enables the flow sensor to perform in high flow capacity.  
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Figure 8. Flow sensor B diaphragm. 
 
2.4.4 Measurement 
To measure the fluid flow the Flow sensor B uses two sensor rings, which measure the 
conductivity inside the outlet tube. The fluid flow rate will change the conductivity inside the 
tube, which is measured through the rings. The difference between the conductivity of these 
two rings will be compared to a pre-set value in a connected controller. 
 

2.4.5 Known pros/cons 
 low fluid flow 

 24/7 process  

 No adjustable vacuum 
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2.5 Summary of flow sensor A and flow sensor B 

Products 
Flow sensor A Flow sensor B 

Design 
Plastic material 

Shut off integrated 
Transparent  
Reed Switch Cable molded into body 

Float measuring system Conductivity measuring system 
Performance 

Low flow rate capacity 
Medium flow rate capacity 

Very accurate High flow rate capacity 
 Lower vacuum drop 

Vacuum fluctuation performance 
 Free flow 

Cleaning 
Easy cleaning verification  

Duty of use 
Operate up to 12h a day Operate up to 24h a day 

Service 
Higher service cost  
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2.6 Diaphragm materials 
2.6.1 Nitrile rubber  
Nitrile rubber is widely used in the food industry in compounds designed to seal liquids. It is 
widely used in for tubes and sealings because of it having the advantage of withstanding heat 
ageing compared to natural rubber. (Sidwell & Martin, 2000, p. 6) 
 
Nitrile rubber performs well in: 
• Petroleum oils & fuels 
• Silicone oils & greases 
• Ethylene glycol 
• Dilute acids 
• Water (below 212° F) 
 
Nitrile rubber does not perform well in: 
• Aromatic hydrocarbons (benzene, toluene, xylene) 
• Halogen derivatives (carbon tetrachloride, trichloroethylene) 
• Ketones (MEK, acetone) 
• Phosphate ester hydraulic fluids 
• Strong acids(R:L Hudson & Company, n.d.) 
 

2.6.2 Silicone rubber 
Silicone rubber has good resistance in both high and low temperatures. It is used in sealing 
and tubing because of it being able to withstand high temperatures. (Sidwell & Martin, 2000, 
p. 6) A crucial aspect in using silicon rubber is its ability to have superior tear and tensile 
strength compared to other conventional materials in high temperatures 
 
Silicone rubber performs well in: 
• Engine & transmission oils  
• Ozone 
• Dry heat 
 
Silicone rubber does not perform well in: 
• Petroleum oils & fuels 
• Ketones (MEK, acetone)  
• Steam 
• Concentrated acids 
(R:L Hudson & Company, n.d.) 
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2.7 Adjustable vacuum function 
 
To regulate the vacuum a special controller is used to switch between different regulating 
vacuum levels, thus controlling the vacuum level on the downstream side of the valves.  

 
 
 
 
 
 
 
 
 

 
 

 

2.8 Vacuum drop 
Vacuum drop depends on obstructions in the passage of the air, it is measured before and after 
this obstruction. The vacuum drop can depend on an external unwanted air leakage into the 
regulator valve or design immanent obstructions slowing down the air flow. 
  

Figure 9: Company A process unit 
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2.9 Methods 
Bellow is methods listed that have been used for this project. It has been used for indentify 
risks with the project and prototype, to help with decision making, concept generating and 
evaluate solutions. 
 
2.9.1 FMEA 

FMEA stands for Failure Modes and Effects Analysis. This technique is used throughout the 
development process of the product. The method indentifies the failure modes, and their 
causes and effects. FMEA follows five steps: (Ullman, 2010, p. 350) 
 

1. Identifying the function affected 
2. Identify the failure modes 
3. Identify the effects of failure 
4. Identify the failure causes and errors 
5. Identify the corrective action 

 
When all these steps have been identified, they are collected in a simple table. When this is 
done it is easy to see where the product or project has their risks and what the effects could 
be.  
 
2.9.2 PUGH 

PUGH’s decision matrix is used to evaluate concepts. The method rates each concept relative 
to the other concepts in its ability to meet the criteria. This comparison of the scores gives 
insight to the best concepts related to the criteria’s.  (Ullman, 2010, p. 317) 

 
Figure 11. A simplified PUGH’s matrix. (Ullman, 2010, p. 222) 
 
2.9.3 Brainstorming 

This method is used to generate and develop different concepts. The strength of the method is 
that each member of the group contributes ideas in different ways. This generates more 
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unique ideas of the problem. Brainstorming often triggers one members idea from the others 
member ideas. (Ullman, 2010, p. 190) 
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3 Generated concepts 
In this capter the generated concepts will be presented. To find and generate ideas a 
brainstorming session was made. After this session, several different ideas and combinations 
came up on how our solution would look like. When this brainstorming was performed we 
thought about how we could minimize the vacuum loss, get less turbulence in the valve 
(easier flow in the valve), and higher regulation sensibility during low fluid flow. Also how 
we could implement the patent in the solution. Mentioned adjustments of the concepts are 
assumptions, required to be proven through testing. 
 

3.1 Concept 1 
The whole in this concept is angular and has a triangular form based on the patent (name of 
the patent). Apart from having a triangular form, the whole is also angled downwards to have 
higher flow indication based on conductivity during low fluid flow. To make it even more 
sensitive the diaphragm is also angled, but with a smaller angle than the triangular hole to add 
even more sensitivity. 
 
The concept also has all walls and corners rounded and smoothed out into the inlet house to 
reduce flow resistance while the fluid is flowing into the whole.  Besides having a rounded 
form the inlet hole is moved upwards a bit toreduce the angle of the inlet housing, this reduces 
the gravitational force which acts against the fluid flow which has to go upwards inside the 
housing. 

 
 
 
 
 
 
 
 
 
 

Figur 12. Side view of Concept 1 
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Figur 13. Top view of Concept 1 
 

3.2 Concept 2 
This concept is almost the opposite of Concept 1, it has a similar triangular hole but the 
smaller side of the hole is aimed inwards and instead of having a seperative wall there is a 
cavity in the middle. This cavity is for the low fluid flow to flow directly towards the hole 
reducing the flow resistance, unlike Concept 1 where the fluid has to flow around the hole. 
 
The corners and walls are rounded and the hole here is also angled downwards implementing 
more low flow sensitivity in vacuum regulation. As in Concept 1, the inlet hole is moved a 
couple of millimeters upwards to reduce the angle of the inlet housing to reduce gravitational 
resistance. 
 
 

 
 
 
 
 
 
 
 
 

Figur 14. Side view of Concept 2 
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Figur 15. Top View of Concept 2 
 

3.3 Concept 3 
Concept 3 contains a rounded stick that is mounted on the diaphragm. As the control vacuum 
gets higher the rounded stick will rise and this results in a variable flow rate. Instead of a 
rounded stick this concept has a pyramidical shape of the diaphragm, and with this design it 
enables higher sensibility during low flow.  

 
 
 
 
 
 
 
 
 
 

Figure 16. Top view of concept 3. 
 
 
 
 
 
 
 
 
 
 

Figure 17. Side view of concept 3. 
 

3.4 Concept 4 
Concept 4 has an angular triangle shape of the inlet hole which gives more sensibility during 
low flow. The design of the inlet has the idea from the patent (see Fluid receptacle section 
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3.4). During low flow the fluid will go through the small area of the triangle shaped inlet. If 
the flow rate rises the diaphragm opens up and though this opens the whole inlet.  
 
The diaphragm has a cut across it. This cut is placed where the angular and non-angular part 
on the inlet meet. This makes that during low flow the diaphragm closes the big part of the 
inlet and opens the triangular part. The diaphragm is stiff on the thick side of the cross and 
more flexible in the thin side. This gives more sensibility during low flow. 
  

 
 
 
 
 
 
 
 
 
 

Figure 18. Side view of concept 4. 
 
 

 
 
 
 
 
 
 
 
 

Figure 19. Top view of concept 4. 
 

 
 
 
 
 
 
 
 
 
Figure 19. Diaphragm 
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and inlet hole design. 
 

3.5 Choice of concept 
After a concept meeting with supervisors and engineers from Company A and KTH it was 
decided that Concept 2 was the most interesting solution for the housing, merged with 
flexibility in the Concept 4 diaphragm. The Interesting part with these concepts were the 
lowered opening in concept 2 which makes the flow face less turbulence in the valve and the 
flexible diaphragm solution in concept 4. Based on Concept 2, four types of valves were 
developed with different innerhole design and angles. Two diaphragmas were wanted for 
different capability of sensibility. 
 

3.6 PUGHs decision matrix 
A PUGH’s decision matrix was created to eliminate and evaluate the four concepts that had 
been developed. The result of this evaluation was then discussed with the supervisor at 
Company A to determine the concept that we would take further in the project. 
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4 Development of prototype 
This chapter presents how the development of the prototype has been solved.  
 

4.1 Diaphragm molding 
The diaphragm material is silicone. This material cannot be printed so the solution was to mill 
a form of the diaphragm in SLA. Out of this forms, details of silicone was molded. A 
hardness of 50 shore was given.  
  

4.2 3D printing manufacturing of the valve 
The 3D printing was done in Company A´s prototype functionshop. STP-files was sent to the 
functionshop where they made the printing in 3D printing machines. Because of the pores that 
features in 3D printed parts a liquid was applied on the valves. This was needed to seal the 
valve against penetration of water/liquid. 
 

4.3 Lab testing 
A setup was done in a lab with a Company engineer as an advisor. For all the tests a lab setup 
was used. The test was done on all valves (4) combinated with the diaphragms (2) and also 
with the reference. Four tests were made and every test had eight test results as outcome.  
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5 Analysis 
In this chapter the gathered data will be presented. 
 

 
 
 
 
 
 
 
 
 
 

Figure 20. One of the 3D-models T1 with w/ pleated diaphragm. 
 
5.1 Valve body 
As mentioned in the Concept 2 description, the outlet tube was lowered to reduce the uphill 
inside the valve body, this even led to lowering of the inner hole inside the valve. To test 
different types of holes and different angles inside the valve, two forms of holes were 
designed, one triangular and the other saddle like. These two holes were combined with two 
different valve surfaces with different angles which lead to four different designs. 
 

 
 
 
 
 
 
 
 
 

Figure 21. S2 design. Saddle shaped inlet hole with two angles. 
 
 
 
 
 
 
 
 
 

Figure 22. S1 design. Saddle shape inlet hole with one angle. 
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Figure 23. T2 design. Valve with a triangular inlet hole and two angles. 
 
 

 
 
 
 
 
 
 
 
 

Figure 24. T1 design. Valve with a triangular inlet hole and one angle. 
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5.2 Inner hole design 
5.2.1 Saddle shape 

The saddle design gets its name because of its saddle like shape. This design was chosen 
because the high flow area is big and the low flow area is small. Which means at low flow the 
fluid will travel through the smaller part and enables a more sensitive regulation of the 
vacuum level (reduces the opening force as the low flow area is small). At high flow the 
diaphragm opens up the whole hole, and because of the big area it enables a higher amount of 
fluid flow.  
 

 
 
 
 
 
 
 
 
 
 

Figure 25. Area of saddle shape. Low and high flow areas. 
 
 
5.2.2 Triangle design 

This design is based on the patent earlier described in this report (see section 3.4). To enable 
the adjustable Vacuum technology the inlet hole has an angular shape of 10 degrees. This 
shape functions as the diaphragm goes up, the opening of the hole will partly be open (i.e. 
depending on the control vacuum the diaphragm covers a specific area of the inlet hole). 
 

 
 
 
 
 
 
 
 
 
 

Figure 26. Area of triangle shape. Low and high flow areas. 
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5.3 Diaphragm design 
While modifying the housing of the valve, the outlet hole was lowered to have a more direct 
fluid flow into the inner hole of the valve. This modification increased the distance from the 
diaphragm surface to the hole. To compensate that, the same amount of height that was 
reduced from the inner hole was added to the height of the diaphragm. The rest of the 
diaphragm is identical to the original one in shape, diameter and thickness expect from the 
height which was increased.  

 
 
 
 
 
 
 
 
 
 

Figure 27. New and old design of diaphragm. 
 
5.3.1 Diaphragm without pleats 

While assembling the new diaphragm with the modified housing in 3D, we realized that the 
diaphragm would not be able to block the whole surface of the hole. The reason is that the 
inside of the housing is angled and the whole diaphragm surface would move up and down at 
once, not being able to block the hole.  

 
 

 
 
 
 
 
 
 
 
 

Figure 28. Diaphragm without pleats. 
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5.3.2 Diaphragm with pleats 

For the diaphragm to be able to block the hole there has to be a side to it which is more 
flexible to movement in different vacuum levels. Therefore we managed to come up with a 
form similar to the first concept but instead of being rotational symetric, the wall of the side 
of the diaphragm surface which is supposed to cover the low flow part of the hole is pleated, 
giving it more height which makes it more flexible as shown in the pictures below.  
 

 
 
 
 
 
 
 
 
 

Figure 29. Diaphragm with pleats. 
 
  



 32  

  

5.4 Lab testing 
In this chapter the implementation of the test will be presented. Desciption of the prototype 
names is descriped in chapter 6.1. 
 
5.4.1 Test of vacuum regulation 

A test of vacuum regulation ability was tested. The tested valve was connected to a tool that 
measure air pressure to the control vacuum. In this tool a regulator of the vacuum was 
connected so a variable set of vacuums could be sent to the control vacuum. The control 
vacuum was increased from X kPa to X kPa with a X kPa interval and between X and X with 
a X kPa interval. 
 
In this test the ideal result is when the control vacuum is equal to the device vacuum. One test 
case was created where the system vacuum was X kPa. 
 
Conditions: 

 X l of air inlet on device side. 

 No additional interference in the vacuum. 

 Recording of control vacuum, line and in sucktion device. Control-vacuum increased 
from XkPa to XkPa with X kPa interval. 

 The difference between control and desired sucktion vac is recorded.  

 Comparison with the reference. 
 
Demands: 

 Stability and the valve must not amplify any disturbances from the control vacuum. 

 At system vacuum XkPa: In the range X – XkPa the difference shall not be greater 
than X kPa. 

 
Results: 
Between X kPa and X kPa it was demanded that the regulation vacuum should not differ more 
than X kPa from the vacuum in the device. From the diagram it was especially one valve that 
had the best results. Valve nr 2 did not differ more that X kPa (at X kPa regulation vacuum) 
and not more than X kPa in the range X-X kPa. Valve nr 2 got even better results with the 
pleated diaphragm was the vacuum did not differ more than X kPa in the whole test. The 
prototypes are showing a different performance to reference due to the fact that they do not 
fulfill a reliable and robust shut off functionality, mandatory for the application. 
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Figure 30. Diagram and results of vacuum regulation (black graph reference). 
 
5.4.2 Test of vacuum drop 

In this test vacuum drop and vacuum fluctuations measuring according to a standard setup. 
The valve was connected to the fluid line and the lab setup was connected to a computer, 
which controlled the pumping of the liquid. By configuring the computer to run each test at 
the flow rates shown below, each flow rate was ran with 5 simulated pumps and the results 
were recorded by the computer into excel files. 
 
Conditions:  

 Vacuum, system and control vacuum equal to X kPa.  

 Air bleed Xl/min.  

 Recording of vacuum level, and with and without valve. 

 Comparing the valves with the diaphragms. 

 Have a reference. 
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T1 w/ pleats T1 w/o pleats T2 w/ pleats T2 w/o pleats

S1 w/ pleats S1 w/o pleats S2 w/ pleats S2 w/o pleats
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Demand: 

 Have difference in average vacuum level, with and without valve and at a flow rate of 
X kg/min. X kPa. 

 
Results: 
After gathering the vacuum data from the tests made on the 8 different prototypes, the 
reference and finally without any valve, a graph was made to compare the vacuum drop  to 
the 6 different flow rates used on each tests. 
As shown in the graph, it is clear that the test without any valve has the lowest vacuum loss. 
Otherwise the rest of the prototypes have shown almost the same amount of vacuum loss 
compared to the reference, expect the prototypes with pleated diaphragms. This huge 
variation in the prototypes with pleated diaphragms depend on a hole which appeared in the 
diaphragm wall prior to the testing of the vacuum drop. It was shown that the vacuum drop 
measured with the reference as well as the prototypes (excl. T1 no pleats, S2 pleats, S1 pleats, 
T2 pleats) was close to the vacuum drop measured without any valve present independent of 
the flow rate. 
 

Figure 31. Diagram over vacum drop test (black graph reference)  
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S2 pleats S2 no pleats No valve
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5.4.3 Test of startup vacuum 

To test the startup vacuum level in the valve, an air flow meter was connected to the inlet 
hole. By increasing the vacuum level starting from X kPa, the valve inlet should have 
minimum airflow reaching X l/min at X kPa and above. This test shows the valves 
performance when the full installation is started up, from the point the system is not under 
vacuum until it reaches the full vacuum required for the application. 
 
Conditions: 

 System vacuum X kPa at start, increases slowly.  

 Control vacuum X kPa. 
 
Demands: 

 At a ‘system vacuum’ of X kPa the valve shall not leak. 
 

Results: 

The results show that the prototype valves T1 and T2 have the lowest startup air flows, even 
lower than the reference in the T2 prototype. But after increasing the vacuum level above X 
kPa none of the prototypes shut off completely and airflow is seen throughout the test, 
meaning in real life, the plant would not be able to be started up, except with the reference. 
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Figure 32. Diagram over startup vacuum test (black graph reference). 
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5.4.4 Test of leakage 

This test is created to find leakage in the valve. The valve was connected to the 
systemvacuum (fluid side of the valve) and an air meaurment tool on the inlet. This air tool 
measures the flow of air going through the valve. Starting from 0 kPa control vacuum, in the 
intervall to Y kPa, the flow that’s going through the valve was recorded. In this test it is 
important for the valve that it don’t leak at a lower control vacuum than X kPa, on vacuum 
levels higher than X kPA the so called leakage is a required air flow for vacuum regulation 
and fluid transport. 
 
Conditions: 

 The valve fluid side is connected to a system vacuum of X kPa.  
 
Demands:  

 The valve shall not leak/start to open, at a lower control vacuum than X kPa.  
 
Result: 
The leakage test was done to se if the valves are leaking air flow when they are supposed to 
be closed. The demand was that the valve won’t leak at a lower control vacuum than X kPa, 
only the reference, but none of the tested prototypes could keep closed between the diaphragm 
and the inner hole in the control vacuum interval. Above X kpa the “leakage” turns into 
required air flow for the intended application. Of the tested valves the T1 with out and with 
pleats concept got the lowest leakage in low control vacuum. The S2 valve was the one that 
had most leakage at startup. 
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Figure 33. Diagram over leakage test (black graph reference) 
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6 Discussion and conclusions 
In this chapter a dialogue on the past function is presented with expression and criticism about 
the results and performance. 

The primary goal was to develop a new unified flow sensor which combines the 
functionalities of existing products and required specific goals, demands and delimitations. 

The goals were to investigate the existing flow sensors identifying their pros and cons. 
Thereafter designing a new prototype which had all the benefits from the existing products 
was design. To verify reaching the previous demands, testing the prototypes was done. 

 

6.1 Methodology 
To develop concepts the brainstorming method was used because it considered being the most 
effective way to produce concepts. We used this method under the whole concept generating 
phase of the project and from this gathered lots of innovative ideas and solutions.  
 
To find information about the theoretical background of the flow sensors, information from 
Company A’s internal technical archive was gathered. When it was hard to understand all the 
terms and definitions meetings with supervisors and engineers at Company A was done. This 
was a very useful and needed source of knowledge. 
 
The solutions and ideas that were interesting got evaluated in a PUGH’s decision matrix. This 
was a good method to evaluate the ideas with an objective focus, instead of a sometimes, 
subjective way of choosing the most favorited concepts. 
 

6.2 Concept generation 
The concluded issues that were solved in the concept generation were that the inner hole 
inside the valve could be lowered. By bringing the outlet hole down and the angle inside the 
valve could also be reduced. The triangular hole from the patent found in the research can also 
be seen in three of the four final concepts. Although Concept 2 was chosen for further 
development, we chose to make it with four different housings with different holes and angles 
and two different diaphragms, resulting in eight different combinations. This approach was 
made for letting the test results show the best combination out of these eight. 

 

6.3 Prototype building and testing 
When printing prototypes in a 3D-printer the printer reads the CAD-file and later builds layers 
step by step starting from the bottom to top. When the printer finishes the first layer of 
material it moves a step up vertically and then back to the starting point in a horizontal 
direction. This procedure is repeated until the whole model has been printed. Between each 
step, material from the previous step can dry before the new step is printed. A cause of this 
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can be that the layers is drying in different timelapses and developing different molecular 
structures (hollow prototypes with molecular holes). To prevent this leakage in the prototypes, 
a liquid is needed to seal the pores in the building material. Sometimes this is not enough to 
seal whole prototype and could result in leakage in the tests.  
 
The leakage test shows that the prototypes showed high flow rates at a higher control vacuum. 
This can be due to the shape of the inner hole. When the diaphragm opens up fully, a bigger 
area is available for the flow to go through. 
 
The regulator test showed that two valves got slightly improved results than the reference. 
The valves that got the best results were concept T1 and T2. These two concepts show a 
difference compared to the other models. While in all tests the T1 had the least leakage 
compared to the other prototypes, the T1 concept with the pleated diaphragm showed even 
better results.  

The results from the startup vacuum tests showed that our created prototypes, because of the 
leakage, did not go down to 0 in air flow. A conclusion can be made that if the valves had an 
edge around the inner hole, the leakage could be stopped. This can be solved by a small edge 
from the hole, upright to the diaphragm. This enables a closer sealing when the diaphragm is 
pushed down and leakage could be disabled. 

From the vacuum drop test the S2 with no pleats diaphragm concept got the lowest vacuum 
drop of all in the range X to Y kg/min flow rates. The reason for this could be described as the 
small shape of the tip of the saddle gives a small opening for the vacuum to travel through. 
This test differs from the other tests because a small hole was developed in the pleated 
diaphragm wall. This resulted in an unusual increase of leakage in all prototypes that had the 
pleated diaphragm on. The hole in the diaphragm was made after the test on T2 which was the 
first test subject using the pleated diaphragm. This test showed a low leakage better than the 
reference at lower flow but a bit higher at higher flow. 

The test results showed that leakage was seen in all prototypes. This may depend on that the 
flat edge around the inner hole allowed the airflow to get through. Looking at the single tests 
the different protoypes could show small improvements against reference, but compromised 
regarding durability and functionality in other areas, whereas reference could show a high 
performance level in all areas. This can for instance be seen in the startup vacuum where 
some prototypes start with a lower air flow due to their thinner membranes, but no prototype 
secures a reliable shut off function.  
 

6.4 Critical discussion of prototypes 
The prototype with the best results and less leakage was the combination between the  T1 
model with a pleated diaphragm, this prototype had a triangular hole inspired from the patent 
we found, it even had a housing with less angle than the reference and only one angle 
compared to T2. All these features may have been the reason for the improved test results. 
But still it did not have the complete ability to shut off completely as in the reference after X 
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kPa. The best way to eliminate the leakage is to make a stiff edge around the inner hole so 
when the diaphragm goes down, the sealing between the diaphragm and hole gets tighter. It 
could be seen that when the diaphragm went high up to the lid, it often got stuck when control 
vacuum was applied. The conclusion from this is that the diaphragm does not have a stop so 
that it just moves 10mm vertically. If the diaphragm was designed with a stopper the jam 
could be prevented. 
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8 Appendix 
8.1 Appendix 1 - PUGH’s decision making matrix 

  



II 
 

8.2 Appendix 2 – FMEA on the project 

 
 

 

# Phase affected
Potential 
Failure 
Modes

Potential 
Failure 
Effects

Potential 
Causes

of Failure

Recommend
Actions

1 Problem analysis

1.1 Introduction

Unclear goals, 

delimitations and 

requirement specs

This will affect the project 

in the latter phases 

leading to confusion and 

lack of direction 

especially in #3.

Lack of communication 

with the customer.

Always be in contact with 

the customer have 

briefings through out the 

project

1.2 Schedule

Not finishing phase in 

time according to 

schedule deadline

This failure makes the 

facts gathering phase #2 

shorter 

Setbacks and delays in 

previous phase parts

Contact the customer 

and superviser to let 

them know

2 Facts Gathering

2.1 Study of existing products

Not enough 

specifications and facts 

gathered

By not understanding the 

current products ands it's 

specs the calculations in 

#2.2 will be wrong.

Lack of reasearch Constantly stay in contact 

with the customer and 

other emplyees.

2.2 Calculations

Wrong calculations Wrong and irrelevant 

calculations will lead to 

failure in #2.3

Not enough work done in 

the study of the existing 

products #2.1 and facts 

gathering.

Contact supervisors at 

KTH and engineers 

2.3 Concept Generation

Design which interrupts 

the flow and required 

functions of the product.

The results in the testing 

phase #3.3 will not be 

valid

Lack of research and 

understanding on how 

the flowrate, vacuum and 

area of the valve interract

Redesign until the 

perrimiters are correct

2.4 Schedule

Not finishing phase in 

time according to 

schedule deadline

This failure makes the 

next phase #3 shorter 

Setbacks and delays in 

previous phase parts

Contact the customer 

and superviser to let 

them know

3 Realisation

3.1 3d Modelling

Wrong file formats or 

failure during file 

conversions

3D models will not be 

converted and in some 

cases some features will 

not be included in the 

conversion.

Using different 3D-

Software. Hasty 

designing.

Troubleshooting through 

software.

3.2 Production

Wrong materials or 

design

End product may not 

have desirable durabilty 

to withstands tests in 

#3.3

Can depend of material 

used to generate concept 

or 3D printing 

malfunctions or the 

printing accuracy

Go pack to #3.1 and 

redesign the deformed 

aerias. 

3.3 Testing

Malfunction or 

underperformance 

shown in product

Setback in the whole 

phase that will lead to 

reconsiderations in 

phase #2

There is always a 

difference between theory 

and reality

Reconsider new 

calculations and 

redesign

3.4 Schedule

Not finishing phase in 

time according to 

schedule deadline

This failure makes the 

next phase #4 shorter. 

(This schedule failure is 

more critical than the 

previous ones)

Setbacks and delays in 

previous phase parts

Consider negotiating a 

new dead line with 

customer and supervisor.

4 Evaluation and Reporting

4.1 Report writing

Not finishing in time Product will not be 

delivered to the customer 

as planned

The whole project. Consider negotiating a 

new dead line with 

customer and supervisor.

4.2 Presentation

Falling of the stage Embarrasement Being nervous or sloppy Get up and pretend 

nothing happened
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8.3 Appendix 3 – FMEA on Prototypes 
 

 
 

# Function 
Affected

Potential 
Failure 
Modes

Potential 
Failure 
Effects

Potential 
Causes

of Failure
Recommend

Actions

1
Valve Body

2

Difference in average 
vacuum (Vacuum drop)

Unequal vacuum 
before and after valve 

Design of the inner 
housing is wrong.

Ensure the inner 
housing design  
increases the air flow.

Leakage in the valve. Make sure that the 
valve is sealed.

3
Diaphragm

4
Diaphragm cracks. Diaphragm is 

exposed on to many 
flexes.

Thickness and 
design of diaphragm 
is wrong.

Develop diaphragm 
thats withstands more 
flexes.

5

Diaphragm develops 
noise.

Unwanted sound to 
farmers and cows.

Vibrations in 
diapraghm generate 
unwanted noise.

Diaphragm needs to 
be stabile 

6
The valve closes 
at high milk flow.

Shut-off is applied 
during milking.

Diaphragm is sucked
down by the forces of 
the flow.

Develop diaphragm 
that can with stand 
high flow.

7

The valve opens at low 
control vacuum level.

Milk start flowing 
thorugh system to 
early.

Diaphragm can not 
hold the force from 
control vacuum and 
rises to soon.

Diaphragm needs to 
be stabile 


