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Sammanfattning 
Denna rapport beskriver ett projekt utfört av två studenter vid KTH Södertälje åt företaget Xylem. 
Projektet består i optimering av designen av ett stålchassi till en redan existerande och fullt 
fungerade prototyp. 

Prototypen är en nyutvecklad värmeväxlare till rötkammare i biogasverk. Värmeväxlaren består av 
en enda enhet, innefattande både uppvärmning och omrörning, som kan sänkas ner i rötkammaren 
från ovan och på samma sätt lyftas upp igen. Toppen på enheten sticker upp över ytan på vätskan i 
rötkammaren vilket gör den enkel att hantera. 

Optimeringen av prototypen har inte berört dessa ovannämnda huvudfunktioner utan har fokuserat 
på produktionskostnaden av stålchassit som håller ihop enheten. Tidigare har fokus enbart legat på 
dessa funktioner och inte på produktion, vilket har lett till en design som på flera punkter varit 
möjligt att förbättra. 

Optimeringen har således handlat om att göra stålchassit som håller ihop värmeväxlaren billigare och 
enklare att producera, för att ta hela enheten närmare till en färdig produkt. För att göra detta har 
fokus legat främst på att reducera mängden material och längden svets, men även i att göra 
monteringen enklare och sänka kraven på exakta toleranser.  

I projektet har flera olika metoder används. I början definierades projektet och en kravspecifikation 
fastställdes. Sedan samlades data nödvändig för projektets genomförande in. Detta följdes av den 
kreativa fasen där idéer skapades. Fasen avslutades med att en idé valdes för att vidare bearbetning, 
detta val blev godkänd av beställaren. Den valda idén modellerades upp till ett koncept i 3D-CAD 
som sedan testades och redigerades i flera itterationer. Ett antal FEM-analyser gjordes på modellen 
för att säkerställa hållfastheten. 

Resultatet av projektet är detta koncept på ett nytt stålchassi till värmeväxlaren med en mer 
optimerad produktion. Detta stålchassi består av 17 % mindre stål och har 63 % kortare längd svets.  

Den främsta slutsatsen som drogs är att trots att detta koncept med största sannolikhet är billigare 
att producera än den tidigare prototypen så är det fortfarande inte fullt redo för produktion. 

Nyckelord 
Värmeväxlare, uppvärmning, biogas, rötkammare, mesofil rötning, stålkonstruktion, omrörare, 
Xylem, Flygt, optimering, design, produktutveckling, kostnadsreducering, kostnadsoptimering, 
svetslängd, viktreducering, materialreducering, rostfritt stål. 
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Abstract 
This report concerns a project performed by two students at the Royal Institute of Technology in 
Sweden for Xylem Inc. The project is an optimization of a steel chassis belonging to a fully 
functional prototype. The prototype is a newly developed heat exchanger for biogas digesters. 

The heat exchanger is built as one compact unit providing both heat and mixing. It is possible to 
lower down into the digester from its top and in the same way be lifted up again. The upper part of 
the unit reaches above surface of the biogas fluid in inside the digester which makes handling easier. 
The optimization of the prototype has not changed these main functions. The focus has been aimed 
on reducing the cost of production of the steel chassis fixating the unit. The previous development 
did solely concern the heat transfer and the earlier mentioned main functions. This gives room for 
further improvements regarding the cost and simplicity of producing the chassis. 

To achieve this, the focus has laid mostly on reducing the amount of material used and the length of 
the weld. It has also been done by simplifying the assembly process by putting less demand on exact 
tolerances. 

Several different methods have been used in this project. In the early stages the task was defined and 
a specification of requirements was decided upon. Then necessary data was collected. 

Following was the creative phase where the design ideas where generated. The phase was ended with 
one idea being chosen for further development. This idea was given approval by the contractor. The 
idea for the concept was modelled using 3D-CAD software and then altered and improved during 
several iterations. It was also put under several FEM-simulations to ensure its material strength. 

The result of the project is a concept of a steel chassis to the heat exchanger with a more optimized 
design. The chassis contains of 17 % less steel and has 63 % less length of weld. The most 
important conclusions made is that even though this design is, most likely, more cost effective than 
the previous prototype, it is still not ready for production. 

Key-words 
Heat exchange, heating, biogas, digester, mesophilic digestion, steel structure, mixer, Xylem, Flygt, 
optimization, design, product development, cost reduction, cost optimization, length of weld, weight 
reduction, material reduction, stainless steel. 
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Abstract 
Dieser Bericht erläutert ein Projekt, welches mit der Firma Xylem Inc. erarbeitet wurde. Das Ziel 
des Projekts war die Optimierung eines Stahl-Chassis, das zu einem voll funktionsfähigen 
Prototypen gehört. Das Chassis hält einen Wärmeübertrager, und wird in Faultürmen zur 
Biogasproduktion verwendet. Die Optimierung des Stahl-Chassis soll dessen Herstellung günstiger 
machen. 

Der Wärmeübertrager ist eine Neuentwicklung, die bis heute nur als Prototyp zu finden ist. Dieser 
Prototyp ist voll funktionsfähig und hält die Flüssigkeitstemperatur des Faulturms bei ca. 40oC. Der 
Prototyp ist als Einheit aus Wärmeübertrager und Mixer konstruiert, die einfach zu installieren ist. 
Die Einheit wird von oben in den Faulturm gesenkt, während für andere Wärmeübertrager die 
Faultürme erst entleert werden müssen. 

Die hier betrachtete Optimierung hat allerdings keinen direkten Bezug zu diesen Hauptfunktionen 
des Prototyps. Diese Optimierung betrifft das Chassis des Prototyps. Das Ergebnis des Projekts ist 
ein neues Konzept für das Chassis, mit dem der Produktionsaufwand einfacher und es somit 
kostengünstiger wird. 

Verschiedene Methoden und Ansätze wurden während des Projekts genutzt, um das Ziel zu 
erreichen. Zuerst wurde die Problemstellung erarbeitet, sowie eine Aufstellung der zu erfüllenden 
Anforderungen. Ebenso wurden alle weiteren notwendigen Daten gesammelt. Anschließend folgte 
eine Kreativphase, in welcher dann Ideen zur Problemlösung entwickelt wurden. 

Eine dieser Ideen wurde zur weiteren Bearbeitung ausgewählt, und vom Unternehmen zugelassen. 
Diese Idee wurde in den nächsten Schritten in ein 3D-CAD-Modell übertragen, und dort variiert, 
sowie schrittweise verbessert. Für die Festigkeitsberechnung des Chassis wurden FEM-Analysen 
durchgeführt. 

Das Ergebnis des neuen Konzepts führt zu einem Chassis, das 17% weniger Stahl benötigt als 
dessen Vorgänger, sowie 63% weniger Schweißaufwand. 

Allerdings ist die wichtigste Erkenntnis aus diesem Projekt, dass obwohl eine Kostenreduzierung des 
Chassis erreicht wurde, dieses noch nicht für die Produktion geeignet ist. 

Stichwörter 
Wärmeübertrager, Wärmetauscher, Biogas, Faultürme, mesophile Verdauung, Stahlgestell, Stahl-
Chassis Mixer, Xylem, Flygt, Optimierung, Design, Produktentwicklung, Kostenreduzierung, 
Kostenoptimierung, Länge der Schweißnaht, Gewichtsreduzierung, Materialreduzierung, Edelstahl.   
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Nomenclature 
This chapter gives a short explanation of a few of the technical terms used in the report. 

 

Anaerobic – Without the presence of air or oxygen. Several chemical processes are dependent on 
being conducted in an environment where there is no oxygen.  

Ductility – A measurement of a material’s ability to be deformed under tensile stress while not 
breaking. Not to be confused with toughness which determines a material’s ability to absorb energy 
caused by stress.  

Heat exchanger – An objected that is heated with for example water, and then heats the media 
surrounding it. 

Heat exchanger chassis – The structure holding the mixer and the heat exchanger unit it its position. 

Heat exchanger tube – The tube which the hot water flows through and heats the bio fluid. 

Heat exchanger unit – The mixer and the heat exchanger combination. 

Mixer- A propeller driven by a motor. Mixes fluids to prevent for example sedimentation. 

Sedimentation – Particles that sink to the ground and creates piles. 
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1 Introduction 
This chapter concerns the background of the problem, the goals and delimitations of the project, the specification of 
requirements on the product and the methods to be used to reach the goals.  

1.1 Background 
This project is done by two students as a final thesis of their bachelor’s degree in mechanical 
engineering at The Royal Institute of Technology (KTH) in Sweden here by called “the project 
group”. The contracting company who provides the project is Xylem. The project is a continuation 
of a project led by Dr. Eilert Balssen at Xylem, which in turn is built on a project done by Prof. 
Lüdersen and Prof. Stiller at Hochschule Hannover, for Xylem.  

Xylem is an international company with focus on water and wastewater. On their webpage (Xylem 
2014) they describe themselves as following: 

“Through its market leading brands, Xylem has over 100 years’ experience in the 
water and wastewater environment, having developed the first electric submersible 
pump and now offering monitoring and control, ozone and UV treatment in 
addition 

Our Business 

Xylem is a force to be reckoned with when it comes to providing total solutions 
for fluid handling and control. We have a zeal for innovation and a determination 
to offer valid economic solutions to the myriad of liquid handling and treatment 
problems besetting customers in the 21st century. 

From design and engineering, to production, marketing, end user support, 
maintenance and rental; in each discipline and at all levels, the people of Xylem 
display a synergy and professionalism that is second to none. 

Whether your business is in Construction, Public Utilities, Industry, Mining or 
other services, Xylem will provide the right solution.” 

Background information was given the project group in a meeting with Eilert Balssen, Ulf Carlsson, 
Maja Rosiak and Peter Loman (2015). The project revolved about a heat exchanger unit, developed 
for digester tanks at biogas plants. This product was first developed by Lüdersen and Stiller. As part 
of their project they tested three different prototypes with consideration to function. The first failed, 
the second ran for a year but did not produce enough heat and the third has been running since 
September 2013. 

Balssen continued their work by doing a “try and buy” sales campaign during spring 2014, to further 
test the functions of the product. Basic documentations for installation and maintenance manuals 
were also produced.  

The complete result of these two projects is a product with a well-established and thoroughly tested 
main function. The heat exchanger unit performs its task to keep the biomass fluid at the desired 
temperature excellently. 

To ensure the function of the heat exchanger unit a chassis is needed to hold all the components in 
place. This chassis in its current format is designed only to perform this task, with little to no 
consideration to aesthetics. It fulfils the basic function of the unit but does not add to the overall 
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appearance of it. Nor is it optimized in terms of production and cost. There are also a few minor 
functions of the heat exchanger that could be improved. To do this a new chassis is needed, to make 
the product appear more complete and thought through. 

1.2 Problem analysis 
The heat exchanger has been developed for biogas plants. The product is planned for use in biogas 
plants in Germany, where the market for biogas is large. Though there is nothing that stops it from 
being used in the rest of the world. 

The problem with the existing design is that it is made without optimization in mind. Some of the 
solutions and materials used may indeed be ok, but it has yet to be ensured. According to Ulf 
Carlsson at Xylem Inc. it lacks the appearance of a thought through design and does not pervade the 
design of other products by Xylem. 

The length of the weld and the amount of materials used are not cost effective and should either be 
reduced or justified. With a more thought through and tested design the cost can be reduced which 
is beneficial to both Xylem and its customers.   

The heat pipes, that provide and dispose warm water for the heat exchanger, are exposed to the 
surroundings. This may cause injuries to the operators of the unit. The pipes are also exposed to the 
fluid in the digester, which may cause an increased risk of corrosion. The flow and currents in the 
fluid can also add to the wear of the pipes, especially since the pipes are close to the points where 
the flow is at its greatest. In case of failure during operation or during maintenance the pipes could 
suffer damage from the impeller blades due to their proximity to the mixer. By changing the design 
these risks could be reduced or removed.  

1.3 Goal Settings 
The following goals have been set up for the project in consent with Xylem and the KTH 
supervisor: 

 Create a concept for a product that fulfils the Specification of Requirements described in 
section 1.5. With “concept” the project group, in consent with Xylem, means the following: 

o An optimized design for the chassis of the heat exchanger. 
o 3D-CAD models of the complete product, with appropriate measurements. 
o A list of components used in the design. 

 Provide documentation of the project for Xylem. 

 Provide documentation of the project for KTH. 

 Complete the project, including concept and documentation, before June 12th 2015.  

 Give a presentation about the project for Xylem and KTH.  

1.4 Delimitations 
The project will not include a physical prototype. 
 
No suppliers or contractors shall be a part of the design process, to prevent infection. 

Alternative materials for the main design will not be evaluated. The main design will be made from 
stainless steel.  
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After the completion of the second phase no changes will be made to the Goal Settings or the 
Specifications of requirements unless the project group considers it possible to take the changes into 
account.  

The cost reduction of the new concept will not be evaluated in money saved.  

1.5 Specification of Requirements 
The table below contains a specification of the requirements for the chassis that holds the mixer and 
the heat exchanger in place. It also contains the requirements for the project. 

For each requirement one or several specifiers are stated. This is the group of people who has given 
the requirement, who has need of it. Below are the different specifiers listed and an explanation to 
their involvement in the project is given:  

 User – the customer who purchases the product. 

 Xylem – the company who develops the product. 

 Society –the surrounding environment and people. 

 Manufacturer – the people or business building the product. 

 Project group – the students conducting the project. 

 KTH – the institute supervising the project. 

Table 1-1. The specification of requirements. 

 Description Specifier 

1 Functional requirements  

1.1 Hold the mixer and heat exchanger fixed in position. User 

1.2 Be possible to install and extract through lifting with a crane 

with its lifting point above the fluid’s surface. 
User 

1.3 Withhold lifting more than four times per year for at least 10 

years. 
User 

1.4 When lifted maximum tilt allowed from the horizontal plane is 

20°. 
User 

1.5 Be possible to adjust the unit’s position in the tank when it is 

being lowered.  
User 

1.6 Withstand thrust and vibrations generated from the mixer for 

at least 10 years. 
User 

1.7 Withstand the currents in the fluid to retain its position in the 

tank. 
User 

1.8 Withstand corrosion and wear caused by the fluid and 

surrounding environment for at least 10 years. 
User 

1.9 Reduce the risk of gathering sedimentation. User 

1.10 Be compatible with mixers with an impeller diameter of 1.3-

1.6 m. 
User/Xylem 
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1.11 Be possible to transport in a truck following safety regulations. Xylem 

1.12 Having no external heat pipes that can be a safety issue. User/Xylem 

1.13 Prevent fatigue breakage of the pipes caused by the flow in the 

fluid.  
User 

2 Design requirements   

2.1 Have the design approved by Eilert Balssen and Maja Rosiak.  User/Xylem 

2.2 Be more compact than the previous design. Xylem 

2.3 Have well defined lifting points to reduce the risk of incorrect 

usage. 
User/Xylem 

3 Environmental requirements  

3.1 Have a design that makes recycling easy. Society 

3.2 Use only environmentally friendly material in the design. Society 

4 Production requirements  

4.1 Parts made to fit only in its correct position. Manufacturer 

4.2 Usage of standard components. Xylem 

4.3 Reduce the cost of the chassis, with regards to material used 

and length of weld, by at least 10%. 
Manufacturer/Xylem 

5 Documentation requirements  

5.1 Provide documentation of the result and conclusions. Xylem 

5.2 Provide 3D-models of the design in CAD. Xylem 

5.3 Provide a table with all the components used in the design. Xylem 

6 Cost requirements  

6.1 Software and Hardware will be provided by Xylem. Project group 

6.2 Supervisor will be provided by KTH. Project group/Xylem 

6.3 Working space will be provided by Xylem and KTH. Project group 

7 Time requirements  

7.1 Will be done during Xylems office hours in the period 

15-03-23 to 15-06-09. 
Xylem/Project 

group/KTH 

 

1.6 Method 
The expected result was to provide Xylem with a complete concept for a chassis to the heat 
exchanger unit. This includes a thought through design with regards to appearance and function. 
Also included are 3D-models made in Creo and drawings if they are necessary to describe its 
assembly or function. 
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The expected result for the product itself is a design that gives it a better and more thought through 
impression while not compromising its function. 

The project was divided into five phases, the phases were: Introduction; Frame of Reference and 
Collected Data; Idea Generation; Design; Reporting.  

Continuous contact with supervisor and contractor will ensure that each phase is completed 
satisfactory. This differ from the standard four phases normally used by KTH. But it is a way to 
ensure that the contractor is satisfied before putting in hours into the design.  

Below are listed the methods used in each phase. Documentation of progress and findings will be 
done in addition to each phase.  

1.6.1 Phase 1: Introduction 
Through meetings with the relevant persons in the contracting company (Xylem) information about 
the project, regarding the task and the previous design was obtained. Additional information about 
biogas production was obtained through literature and scientific reports. This was all part of a pre-
study to give a rough understanding of the project. 

A chart of all the planned activities was created in yEd. This illustrated all the parts of the project 
needed to reach the goal and in what order. It was then translated into a MS Excel document called 
the “Time plan” where each activity was written down and the time used to complete them assessed. 
This document was updated through the process of the project with how many hours spent on each 
activity. All ensured that the project continued as planned and that the time requirement was 
reached.  

A first draft of the final report was made in MS Word. This was the frame where texts where 
continuously added as the project went on. This helped to see the progress made and gave an 
overview of the report and the disposition. 

A lot of time and effort where put into the “specification of requirements” and several meetings 
with the contractor where held. In these meetings it was ensured that all involved where satisfied 
with what the concept would end up to for fill. 

The background, delimitations, goal settings and problem analyses where all written by the project 
group and approved by the mentors and the contractors during a course of meetings and mail 
conversations. Included also was this method, which was first written as a plan and at the end of the 
project, rewritten to reflect the reality. 

1.6.2 Phase 2: Frame of Reference and Collected Data 
This phase resulted in the two chapters; Frame of reference and collected data.  

The Frame of Reference was written to present the background knowledge needed for the project, 
which the project group had when the project started. And during which part of the education the 
knowledge was obtained. It also includes regulations and facts about the application environment. 
Which helped with the understanding of the requirements put on the product? 

Necessary data concerning the project was then collected. Mainly through contact with the 
contracting company by meetings and emails to field specialists. It concerned biogas production, 
welding, steel structures and coatings, rubber, the previous design and methods for assembling. For 
some of these areas additional studies was conducted, mainly with literature and scientific reports as 
sources.  
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1.6.3 Phase 3: Idea Generation 
This phase started with sketching with pen and paper. This method was chosen for its simplicity and 
the quickness with which ideas can be formed. It was also chosen for its familiarity to the project 
group. In addition to this, brainstorming and discussions were used to help trigger ideas. 

For additional inspiration, studies of current Xylem products were conducted. This gave ideas about 
how to convey their design.  

To reduce the number of solutions for the concept a rough filtering process where done. This was 
done through discussion internally in the group and with the contracting company. To goal was to 
quickly sort out the ideas that were considered unlikely to reach the requirements. Little concern was 
given to make this filtering process unbiased, this in order to save time.  

With the number of concepts reduced the remainder was continued development. More attention 
was given on how they would for fill the specification of requirements. 

Using the 3D-CAD software Creo Parametric the concepts was given shapes to define them. By 
seeing the form take shape in a 3D environment a better understanding of their appearance was 
formed, which helped further development.  

During meetings and discussions with mentors and contractors the concepts was filtered down 
again. Based on the Specification of Requirements and whether it fulfilled each requirement. The 
phase ended with a single concept that was decided to be the basic design of the concept. 

1.6.4 Phase 4: Design 
The selected concept was further developed in Creo. A detailed model was created to show all the 
design features of the concept.  

FEM-analyses were conducted to test the necessary dimensions and the need for extra supports. 

A Bill of Materials was created. The bill included all the parts and materials used in the design. This 
summarizes the concept and gives a rough explanation of how it is assembled. 

1.6.5 Phase 5: Reporting 
The implications of the results and findings of the project were discussed. This was included in the 
report in the discussion chapter. The discussion chapter is based on observations and conclusions 
made by the project group, supported by discussion with the contracting company and KTH 
mentor.  

The final report was be put together and proofread by the project group.  

Preparations for the presentation were made, including a visual presentation aids in MS PowerPoint. 
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2 Frame of reference 
This chapter contains a summary of the base information used to conduct this project. This ranges from physical 
principles, to standard practices within the field and to company standards. Also included in this chapter is how this 
information is linked to our education at KTH. 

2.1 Physical principles 
The fundamental laws of physics form a solid base for the project. These are essential when 
designing products. Following are short descriptions of the principles and areas of physics used in 
this project.  

2.1.1 Mechanics 
Mechanics is an area of physics concerned with how bodies react when subjugated to forces. Used in 
this project is the branch of classical mechanics called statics. There the forces are applied to 
motionless bodies. The main principle within statics is the equilibrium state, described by the 
following formula: 

Σ𝐹 = 0 

The implication of this formula is that the sum of all the forces acting upon a body must be zero. In 
other words each force must have other forces that counteract it.  

A common force that counteracts gravity is the normal force. It is the force exerted by the ground 
on any object resting upon it. Without the normal force (or with insufficient normal force) the 
object would sink through the ground. 

The friction force is a common counteract of other forces applied to a body. If an object on the 
ground is pushed upon from the side, but is still at rest, it is the friction between the object and the 
ground that counteracts the force it is being pushed with. To move the object the force would have 
to overcome the static friction between the object and the ground. This friction force is defined by 
the following formula: 

𝐹𝑓 = 𝑁 ∗ 𝜇 

Where:  N is the normal force and 

  μ is the coefficient of static friction. 

These are the two basic principles of mechanics that were used in the projects and were learned 
about in the course ML1101 Mechanics, General Course. 

2.1.2 Strength of Materials 
Strength of materials is an area of physics bordering the mechanics. Instead of concerning the effect 
forces have on bodies it concern the effect those forces have on the materials inside the bodies. 
How the forces are transferred and spread through the material and how (or if) they are absorbed.  

For example: when a rod of steel is subjected to forces pulling at both ends there are three possible 
outcomes. If the forces are small the rod would retain its shape. The steel would absorb the energy. 
If the forces are large the rod will be pulled apart. The steel would not be able to contain the energy 
and it would break in two. If the forces are somewhere in between in size the rod might be 
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deformed. The steel would not be able to contain the forces completely and a little is lost on 
deforming the material.  

Whenever a material is subjected to a force there is stress caused within it. The stress works to 
absorb the forces and prevents the material from breaking or deforming. If the stress in the material 
is too high, breakage or deforming will occur. The basic principle when calculating the stress in a 
material is described by this formula: 

𝜎 =
𝐹

𝐴
 

Where:  F is the force acting upon the material and 

  A is the cross-sectional area absorbing the force 

In the example with the steel rod, F would be the forces pulling at the rod and A the rod’s cross-
sectional area.   

Different materials have different limits of what stress they can withstand. There are also several 
different definitions of what ”withstand” means in this case. A common definition is the yield 
strength, which is defined as the stress at which the material starts to deform plastically. Steel for 
example has a yield strength of around 240 MPa (Sundström 2010 s. 372 f.). In the example with the 
steel rod this would mean that the rod would stretch out if the stress was larger.  

These basic principles about strength of materials were learned about in the courses ML1201 
Strength of Materials, General Course and ML1214 Solid Mechanics, Advanced Course.  

2.1.3 Archimedes' principle 
Archimedes' principle states that an object submerged in a fluid is subjected to a lifting force, called 
buoyance, equal to the weight of the fluid it displaces. If an object is completely submerged its 
buoyance can be calculated using the following formula. 

𝐹𝑏 = 𝑉 ∗ 𝜌 

 

Where:  V is the volume of the object and 

  Ρ is the density of the fluid. 

2.1.4 Natural frequency and oscillation 
Vibrations are a common problem in many designs. The danger lies in the vibrations causing 
oscillation within the design. Oscillation occurs when the induced vibrations are of the same 
frequencies as the natural frequencies of the design and it means the designs starts to swing back and 
forth. Natural frequencies are also known as Eigen frequency.  

A common analogy for oscillation is a mass suspended on a spring. Mass is lifted and released it will 
start moving up and down at the same pace as its natural frequency, for each cycle its amplitude is 
reduced due to losses of energy from friction. If a force pushes the mass up each time it is at its 
lowest position this represents a vibration with the same frequency as the natural frequency. The 
force will add velocity the mass for each cycle. If the force is low this will serve only to negate the 
losses of energy from friction but if the force is great it will make the spring move further and 
further with each cycle, increasing its amplitude.  
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Every object has natural frequencies but depending on the exact design the frequencies vary greatly. 
Generally speaking, having long unsupported designs generate low natural frequencies while short 
and stubby designs have high natural frequencies.  

Natural frequencies are measured in Hertz (Hz) which is defined as cycles per second. Having a high 
natural frequency therefore means the design oscillates with fast vibrations.  

2.2 FEM 
Finite element method (FEM) is a computerized method of testing CAD-models. It could either be 
done on a simplified version of a complex model or small model isolated from its surrounding. 
Idealizations are used on very simple features to make them represent something more complex. A 
single, two-dimensional line can be given a beam idealization and thus given a complete cross-
section (which can be specified precisely). A surface can be given a shell idealization so that it 
represents having a thickness. The purpose of the idealizations is to make the model simpler and 
therefore save time in testing. Instead of modelling up several beams that the program has to analyze 
separately when testing you can model up several lines and tell the program they represent beams.    

When testing the program divides the model up in a multiple (though finite) number of sections 
called elements. This is done so that the program can look at each element one at a time and piece 
together the whole picture bit by bit.  

When working in FEM to for instance test the material strength of a component, the model 
representing the component has to be defined relative its surroundings. This includes constraining 
the model. Constraints are placed on selected areas (often surfaces) of the model to represent 
fixtures and limit that areas movement. Each constraint can limit the selected area in a total of six 
degrees of freedom, being translation and rotation around the three axes of space. A constraint can 
be used for example to fixate a beam to a wall at one end, which in FEM is represented by selecting 
the end and locking it in all six degrees of freedom.  

Forces are also applied to the model, to further define its surrounding. One common force is 
gravity, but external forces can also be applied.  

FEM was learned about in ML2201 Computerized Tools in Mechanical Design, Intermediate 
Course at KTH. 

2.3 Welding 
When it comes to welding, the choice of material is crucial. It is important to choose a type of steel 
that have enough carbon in it to be strong and ductile, so that it meet the strength requirements of 
the design, but low enough to retain its properties within the weld. With high levels of carbon the 
welds have a risk of becoming less strong than the surrounding material.  

Xylem has standard materials to use for welded designs, which shall be utilized also in this project. 
Therefore the material decisions can be limited to much fewer options, and will centre on weld 
classifications with regards to strength and durability. 

In Swedish standards (SS 066101) there are four main classification of welding: WA, WB, WC and 
WD. The W stands for welding. WA is of very high quality and is mostly used in nuclear power 
plant applications, while WC represents what is found at “normal workshops”. (Tollstén & Ruding 
et al. 1989 s. 66 f.)  
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Additional classifications can be added to those, depending on the demands put on the weld. These 
are: 

 K – demand of  resistance to corrosion. 

 U – demand of resistance to fatigue. 

 T – demand of waterproofness 

 Y – only demand on the outer discontinuities of the weld.  

Another important factor to consider on welded design is the heat affected zone (HAZ). When steel 
is heated to and near its melting point its properties are changed. In the area around a weld there is 
therefore a zone with properties that differ from that of the material around it. In different parts of 
the zone the material can become both stronger and weaker than its surroundings. This puts limits 
on designs that are using welded joints, although the effects of the HAZ can be reduced by different 
using methods when welding. 

One such method is cooling the metal down slowly after the welding has taken place, to make the 
properties more uniform.  

2.4 Bolt joints 
When using bolts the main aspect to consider is how to keep tension in the joint. The main factors 
affecting this are clamp length and the strength of the materials clamped together.  

The clamp length is the distance between the bolt head and the nut. According to a handbook (Colly 
Components AB 1995) long clamp lengths compared to the bolt diameter is good. In bolt joints 
tension is often lost after time due to the bolts stretching out to become longer. A longer clamp 
length allows tension to be kept in the joint indefinitely. Colly Componets states that in general a 
clamp length relation (Ld/D) of at least times three are desirable. This means the clamp length 
should be three times as big as the bolt diameter. 

Tension is also lost if the material being clamped together gives in to pressure and is deformed. This 
is the other factor to consider, the material strength. If the material between the bolt head and nut is 
more easily deformed than the bolt it will bend inwards and the tension will be lost. Important here 
is what kind of material used and how well is designed to absorb pressure. The ideal case would be 
solid material in between the nut and bolt. Some designs make that hard to accomplish though, such 
as hollow pipes for example. 

2.5  Biogas production 
Biogas production is a steadily growing industry (Petersson & Wallinger 2014; Budzianowski & 
Chasiak 2011). It bases on a natural process (Pamatmat & Bhagwat 1973) that has been adapted to 
large scale production. 

The main process in biogas production is the anaerobic digestion. In this process biological mass is 
decomposed by bacteria in an airless environment. A product of the process is biogas, which is a 
mixture of mainly methane gas and carbon dioxide (NNFCC 2011). 

In industries the process takes place inside large tanks called digesters. These are partially filled with 
biological mass, often in the form of a liquid. This entry substance can be manure, sewage sludge, 
household waste (only the biological portion) or energy crops (Petersson & Wellinger 2009). Inside 
the digester the fluid is kept at a near constant temperature at which the desired bacteria thrive as 
well as in an airless environment. The gas produced gathers at the top of the digester, above the 
liquid surface.  
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The typical media characteristics of the digesters content are as follows according to a report by 
Carlsson, Balssen & Rosiak (2013): 

Liquid 

 pH 6-8 

 Chlorides 0 – 0.2 % 

 Salt (NaCl) 0 – 2 %  

 Sulphuric Acid (H2SO4) 0.01% 

 Ammonium 0.243 % 

Gas 

 Methane (CH4) 50 – 75 % 

 Carbon Dioxide (CO2) 25 – 45 % 

 Water vapours (H2O) 1 – 2 % 

 Carbon monoxide (CO) 0 – 0.3 % 

 Nitrogen (N2) 1 – 5 % 

 Hydrogen (H2) 0 – 3 % 

 Hydrogen sulphide (H2S) 0.1 – 0.5 % 

 Oxygen (O2) traces 

Depending on what type of bacteria used different temperatures are required inside the digester. 
There are two types of bacteria, thermophiles and mesophiles. For Thermophilic anaerobic digestion 
a temperature of between 55-70 °C is needed, while mesophilic digestion requires around 37 °C 
(Mao et al. 2015). The more common method is the mesophilic digestion (Wikipedia 2013). 

The process of anaerobic digestion produces heat but to keep an appropriate temperature an 
external heating source is often needed. Most digesters are heated through hot water pipes attached 
to the walls of the digester (Balssen 2015; Brugg 2013). Warm water is pumped in, runs through the 
pipes around the digester and expends its heat into the bio fluid.  

Digesters have a fluid depth of normally 6 m, but on some variants it can be up to 10 m deep 
(Balssen 2015).  

2.6 Road and transport regulation 
These rules and limits regarding what can be transported along normal road by normal means. This 
means with trucks or semi-trailers upon roads in the European Union.  

According to Wikipedia, trucks are allowed to be at most 18.75 m long with a trailer attached, semi-
trailers have a max of 16.5 m. Both are limited to a maximum width of 2.55 m and a maximum 
height of 4 m. Those are the limit of the vehicle carrying what is transported, and it gives a hint of 
the maximum size of packages that can be transported. 

To get a better idea of those limits two common methods of packaging were looked upon, ISO-
container and Euro pallet. ISO containers are a common way of transporting goods on roads. These 
are containers of, within EU, standardized size. According to Wikipedia the inside measurements of 
ISO containers are 2.350 m width, 5.898 m length and 2.390 m height.  

Another common method to transport good is upon Euro pallet. A Euro pallet has the following 
measurements: length 1.2 m, width 0.8 m and height 0.144 m (MP Emballage 2012). 
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3 Collected data 
This chapter presents the necessary information collected for the project. This includes information about the function of 
the heat exchanger and details on its design. The information is also broken down into direct limits on the new design, 
telling what is changeable and what is not. The purpose of this collection was to provide a solid base from which to 
start designing, although some parts were added as need for further information arose in the design process.  

3.1 Existing design 
The whole purpose of the product in the centre of this project is to provide an alternative way to 
heat biogas digesters that is cheaper and easier to install and maintain than the current solution. As 
stated in chapter 2 Frame of Reference the most common way to heat digesters today is to use pipes 
on the walls of the tank. A major downside with this system is that the digester has to be emptied 
for installation and maintenance. This is a problem avoided altogether with this new product which 
provides all the heating necessary in a single unit that can be lowered from the top and placed at its 
bottom. It can also be lifted out again just as easily. 

The heat exchanger unit consists of a heated tube and a mixer causing a flow of bio fluid through 
the tube. These two are attached to a steel frame work that is tall enough to protrude the surface of 
the bio fluid where cables can be attached to it for lifting. As of yet it has only been produced as 
prototypes.  

Figure 3.1 shows the third prototype produced of the heat exchanger unit. As mentioned in chapter 
1 the prototype has been running since 2013. A newer version of the unit has been presented, where 

 

Figure 3.1 Photo taken during installation of the 
third prototype of the heat exchanger unit 
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the supporting wires have been removed. These were considered a safety hazard due to the risk of 
the corroding and snapping when the unit is lifted. The wires were replaced by steel pipes, mirroring 
the design of the opposite half. The function of the mixer and tube remained the same and will so 
for further development as well. 

A principal sketch of the function of the heat exchanger tube can be seen in figure 3.2. The warm 
water enters through the inlet and spreads out in the white box following. It enters the tube evenly 
along its whole length and travels through its walls inside small channels. Finally it exits via the white 
box at the other side and is lead away through the outlet.  

The mixer is held in place using a specific design made for this purpose, variations of which are seen 
in several Xylem installations. The exact design used in the prototype can be seen in figure 3.3. The 

 

Figure 3.2 Principal sketch of the heat exchanger tube 

 

Figure 3.3 Drawing of the 
structure holding the mixer 
in place.  
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back end of the mixer is attached to the shorter, vertical, square pipe so that it can slide up and 
down along. This attachment allows the mixer to be lifted up and over the top of the square pipe 
without having to disassemble much else, so that it can be separated for maintenance et cetera. 
When in place the mixer rests on the horizontal round pipe seen in figure 3.3.  The round pipe is 
reinforced with several supporting structures to withstand the weight. Between the round pipe and 
the mixer is a rubber seat (not seen in the figures), this helps spread the force evenly and absorbs 
some of the vibrations. In Xylem’s products there are different variants on how these three parts are 
assembled and supported but the main function remains the same.  

Both the prototype seen in figure 3.1 and the newer product are steel structures, made mainly from 
square pipes. Below is a list of properties for the design: 

 It weighs around 1000 kg with the Heat Exchanger installed. By itself, the steel chassis 
weighs around 460 kg (Balssen, 2015d). 

 The heat pipes are placed in a very open position along the vertical rod behind the mixer. 

 The water transported in the pipes is at its hottest no more than 80 °C. 

 The bottom shape is a rectangle with the sides 2900x2000 mm. The height of the whole 
structure is ~6400 mm which is needed for the lifting point to be above the surface of the 
biogas liquid. 

 The velocity of flow produced by the mixer is around 0.5 m/s around the tank.  

 The outer diameter of the heat exchanger tube is 1247 mm. It weights around 230 kg with its 
attachments rings included. With water in its system the weight is increases to 265 kg.  

 The mixer weights 290 kg. It produces a thrust of either 3000 or 4000 N and turns the rotor 
at 69 or 80 rpm (thrust and turning speed depends on which of two models of mixers is 
used).  

 Length of weld: ~15000 mm. Assessed by analysing drawing and comparing to similar 
designs found at Xylem. See appendix B for complete calculation.   

3.1.1 Consistency 
An important part of the project, and part of the specification of requirements, is to keep 
consistency with Xylem’s design. This is about making this new product look like a product created 
by Xylem. Customers should be able to tell who produced it by just seeing it. 

Included in the concept of consistent design are many things. It can be the use of colours and 
shapes. It can also be seen in functions, design and mechanics. The name or logo may also be 
implemented in the design. 

Though studies of other products made by Xylem, used in similar applications, the following points 
were concluded to be of importance to the consistency, and believe to be possible to include in the 
heat exchanger: 

 Material – Mainly matte stainless steel 

 Colours – Spot colours of yellow are used, as seen on the foils of the propeller in figure 3.4.  

 Steel plates – Welded together are used in design, often bended steel plates. Examples can be 
seen in figure 3.5. 

 Square pipes – A common component for support and other structures.  

 Attachment of the mixer – A vertical square pipe that the end of the mixer slides onto, and a 
horizontal pipe that it rests on, both seen in figure 3.3.  
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In mixer application a crane is under development at Xylem during the course of this project. The 
crane is meant to lift mixers in and out of tanks. Some of the design features could possibly be 

implemented in this new design to create cohesiveness among the products used for mixers. 

3.2 Material 
The environment inside the digester is both corrosive and erosive. It contains many smaller particles 
that grind down materials in it when the fluid is put in motion. Xylem has done multiple tests and 
has several standards of what materials to use in their products. The previous design uses such 
materials so is therefore suited for the harsh environment. Because of this the main materials used 
will not be changed in the new design from that of the previous.  

The previous design has mainly used stainless steel of the European class 1.4301 with some details 
made from 1.4571. The former is comparable to SS 304 and SS 321, in Xylems standard range it is 
represented by M0344.2333.02. The latter is comparable to SS 316 and is called M0344.2343.02 in 
Xylems range. According to Balssen (2015a) the stainless steel class SS 316 is very much suited for 
the environment and meets the demands. For reference to material data the Xylem standards sheets 
provide the necessary information, these can be found in appendix F. 

 

Figure 3.4 mixer 4060 by Xylem.  

 

 

 

Figure 3.5 The mixer crane under development at Xylem 
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The foils on the mixer are made from a plastic material. This will not be changed.  

The new design may also include some rubber or plastic parts. Suitable rubbers are mainly EPDM 
(Ethylene Propylene Rubber), NBR (Nitrile Rubber) and FPM (Flourocarbon Rubber) all of which 
have different strengths at resisting the liquid and the gas contents of the digester (Per Hedmark 
2015; Erwin Köberle (2015)). 

To ensure environmental demands are met (see section 1.5) no materials from Xylem’s grey and 
black list will be used. This list summarizes all materials that Xylem considers harmful to the 
environment. 

3.3 Joining methods 
When designing, there are several different methods can be used to achieve the desired shape. 
Mainly three methods will be used in this design: welding, bending and bolting.  

The weld classifications (stated in chapter 2) suitable for this type of product are WC and WD 
(Jansson 2015). The most important demands put on the welds resistance are corrosion and fatigue, 
meaning WCK, WCU, WDK and WDU are the suitable further classifications. 

Three types of welding are common for this kind of structure and are often used by Xylem (Loman, 
Peter, 2015):  

 Fillet Welds: This is the commonly used when welding parts to flat surfaces. The parts are 
placed in direct contact with the surface and a weld is made where they meet. This creates a 
radius where there previous was a corner. 

 Slot weld: A slot is made in a steel plate and a tooth is made in another steel plate. The tooth 
is inserted into the slot and welded in place from the other side. This is very helpful in 
manufacturing since the weld is strong without having to be very long. And also, the 
measuring is reduced when the parts only can be fitted together one way, the correct way. 
This method can sometime lessen the surface quality of the pieces joined; to improve it 
blasting can be used. 

 Plug weld: Get the properties of a plug. A ~10mm hole in the plate is made and filled with 
weld. It is easier to weld in a hole. An oval hole improves torsional stiffness. 

Blasting can be performed to improve surface quality after welding. Where welding is done in a way 
that damage the surface blasting is a necessary 

The second method listed was bending. Bending is done to steel sheets and plates to create corners, 
the resulting parts are sometimes referred to as sheet metal parts. This is beneficial from a cost 
perspective when compared to welding, as welding requires a lot of manual labour which adds to the 
production cost. Instead of welding two plates together only, one is used and bent to the right 
shape. This reduces length of weld and can even be made more durable since the changes to material 
strength caused by welding are avoided. Some changes to the material properties take place due to 
the plasticization, but these are normally not as severe as those caused by welding.  

The third method was bolting. The main benefit of using bolted joints is the ease of assembly and 
disassembly. This makes transportation easier since the final assembly can take place on site and the 
parts transported made less cumbersome. It is also beneficial for maintenance as smaller parts can be 
replaced when needed. Lastly it helps fulfil the requirement of having a design that is easy to recycle. 
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As stated in chapter 2 the most important factors in bolted joints is the clamp length and the 
material strength of what is clamped together. When these are applied to the design some problems 
arise. 

If bolting two thin plates together it is hard to achieve enough clamp length. Reducing the diameter 
of the bolt is an option but that might make the bolt too weak to bear the necessary force. In places 
where there is little force needed it is an option however, though in such places loss of tension is not 
as big a problem in itself. 

A way to achieve longer clamp length is to attach the plate to a square pipe (rather than another 
plate), with the bolt running through the pipe. The other risk with bolted joint becomes a problem 
here though, as the force of the bolt might serve to compress the walls of the pipe. To avoid this, a 
collet can be added around the bolt. The collet would serve to direct the force of the bolt to the wall 
of the pipe in contact with the plate.  

Another option to reduce the risk of the pipe being compressed by the bolt is to use additional 
plates on the outside of the pipe to spread the force more evenly on the pipe.  

3.4 Design limitation 
From the existing design there were some features and measurements that were essential for the 
function. Changing these could potentially mean that the functionality of the heat exchanger is 
compromised. This does not mean that staying away from these features won’t affect the function, it 
is however less likely. This section will list what features and measurements are determined from the 
start, and discuss why.  

 

Figure 3.6 Not to scale sketch of the heat exchanger unit with the 
most important parts and features included as well as the most 
important measurements marked out (A-D).  
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Figure 3.6 shows a sketch of the heat exchanger unit, explaining where the most important parts are 
placed relative to each other. It also has a few measurements marked out (letters A-D). 

As explained previously, the heat exchanger unit consists of a mixer and a heat exchanging tube. The 
tube is the square with shadows indicating a cylindrical shape seen to the left in figure 3.6. The mixer 
sits to the right of it and propels the biomass through and about the tube. On the tube there is an 
inlet of hot water, supplied through the red line, as well as an outlet that removes the water once it 
has transferred its heat to the biogas liquid, through the blue line. The red and the blue lines are in 
the current design represented by pipes. A system to carry the water is necessary but the positioning 
and shape of it is free to change.  

The positioning of the inlet and outlet may not be changed. The outlet has to be on the top of the 
tube to allow air trapped in the system to escape and the inlet has to be on the opposite side so that 
the water travels an equal distance on both sides of the tube.  Moving them along the sides of the 
tube would not lessen any function but would result in redesign that is preferably avoided. The tube 
could be rotated 180° around the vertical axis, to put the inlet close to the mixer and the outlet far 
away from it. 

Both the inlet and the outlet are built to fit with a DIN 2633 flange with an outer diameter of 165 
mm and a pipe diameter of 50. 

The unit has to be able to accommodate mixers with different impeller diameters. In figure 3.6 this 
is represented by the measurement D. As stated in the Specification of Requirements the diameter 
sizes vary between 1.3 m and 1.6 m. Naturally nothing is allowed to cross the propeller’s path but it 
is also preferable if the flow of fluid in front and back of the mixer is not obscured.   

The most essential parts of the design, the ones that hold the mixer in place is not to be changed. 
This includes a vertical square pipe and a horizontal round pipe. In figure 3.6 these two parts can be 
seen, as well as a support bar at a 45° angle. The mixer will need supports such as that one but the 
design of these can vary.  

The measurement C in figure 3.6 represents the distance between the mixer and the tube. This 
distance should not be changed as it can have dramatic effects to the flow of the fluid and the 
overall efficiency of the unit. C should be 1170 mm for it to match the previous design.  

The distances B represent how high above the bottom of the digester the centre of the mixer and 
the tube should be. This distance should be 1.112 m to match the previous prototype. More 
important however is that the centres of both are at the same height.  

The distance A in figure 3.6 is how high up the lifting point of the unit should be. The dotted line 
stretching down from that point represents the connection is must have to the rest of the design. 
How this is done is not important as long as it can withstand the lifting and can hold the lifting point 
above the fluid. Using wires and chains is not recommended due to the risk of corrosion and the 
higher demand of maintenance put on such designs (Carlsson 2015). The distance should be fit for 
digesters of different sizes so it should be adjustable between 6 and 10 m. 

3.4.1 Weight and risk of sliding 
When it comes to weight there are two demands on the heat exchanger unit. The first is to reduce 
the cost and an effective way to do that is to reduce materials used, which naturally reduces the 
weight. The second is to have a high enough weight so that the unit doesn’t slide around on the 
bottom of the digester. Previous risk evaluations have brought this up at a potential risk. These two 
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demands are thus in conflict with each other so a balance between the two is necessary, unless 
another way to stop the unit from sliding around can be found. 

To determine the weight necessary the main factors to consider are the thrust caused by the mixer 
and the coefficient of static friction between the steel design and the concrete floor of the digester. 
The mixer pushes the fluid through which in turn pushes at the heat exchanger which might cause it 
to move. To achieve equilibrium the main force working against this is the friction force from the 
floor below, but also the drag caused by the flow pushing at the unit hinders it.  

When the unit is submerged it is affected by the buoyancy and its weight is in effect reduced. By 
estimating the density of the design to 7850 kg/m³, which is the density of the steel used in the 
previous design (se appendix F), the volume can be calculated using the weight. The buoyancy is 
calculated using Archimedes' principle and the estimate that the bio fluid has a density close to that 
of water (~1000 kg/m³).  

The force needed to push is calculated using the coefficient of static friction. For steel on wet 
concrete this is around 0.4 (Beardmore 2013; Friction and Coefficients of Friction 2015). This is an 
important factor however and there is much uncertainty about it, therefore it is the main reason to 
have a high factor of safety.  

The thrust caused by the mixer vary, depending on what model of mixer is in place. Diameters of 
1,3 m yield  around 3000 N and 1,6 m around 4000 N 

To calculate the drag caused the following formula was used (Benson 2014a): 

𝐹𝐷 = 𝐶𝐷𝜌𝐴
𝑣2

2
    (1) 

Where: Cd  Drag coefficient   

 ρ Density of the fluid  [kg/m³] 

 A Cross-sectional area  [m2] 

 v  Velocity of the fluid [m/s] 

Cd was approximated to 1.15 which is a fairly high number, fitting for un-streamed-lined shapes. The 
cross-sectional area was approximated to 1.5 m2. The velocity could wary between 0.3-0.5 m/s 
(Rosiak 2015). For 0.5 m/s the resulting drag was the following: 

(1): 𝐹𝐷 = 1.15 ∗ 1000 ∗ 1.5 ∗
0.52

2
≈ 215.625 𝑁 ≈ 216 𝑁 

The drag was subtracted from the thrust and the results were compared to the force needed to 
overcome the friction. Finally a Factor of Safety was calculated. Table 3-1 presents various 
combinations of input data and the results they yielded: 
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Table 3-1. Different combinations of input values and the results they yield. Numbers written in bold are input 
values. The red Factors of Safety represents combinations likely to cause the unit to slide.  

Thrust 
[N] 

Mass 
[kg] 

Weight sub- 
merged [kg] 

Force needed 
to push [N] 

Input velocity 
[m/s] 

Drag 
[N] 

Total force [N] 
(Thrust - Drag)  

Factor of 
Safety  

3000 800 698 2739 0.45 174 2825 0.97 

3000 1000 873 3424 0.5 216 2784 1.23 

3000 1300 1134 4451 0.3 78 2922 1.52 

4000 1000 873 3424 0.4 138 3862 0.89 

4000 1400 1222 4794 0.35 106 3894 1.23 

4000 1100 960 3767 1.5 1941 2059 1.83 

The last row of table 3-1 presents the results of a much higher velocity of flow in the tank. The 
input velocity of 1.5 m/s gives the comparatively large drag of 2059 N and a large factor of safety. 
Because of the drag growing exponentially with the velocity, and since higher levels of thrust are 
likely to cause an overall faster flow in the tank, there might be a point where more thrust even 
makes the unit more firmly secured to the bottom. An option to increase this effect would be to 
increase the cross-sectional area.  

Another conclusion from table 3-1 is that weights around 1000 kg do not produce great safety 
factors. For the larger mixers the factor of safety is even less than one at 1000 kg, meaning the unit 
is likely to start sliding. Therefore it is most likely necessary to have a fairly heavy unit in the end. 
Reducing the amount of steel in the design is still desired though as the mass could be added using, 
for example, concrete if it is needed.  

To confirm that the thrust applied was plausible, the output velocity of the fluid that would be 
needed to produce that kind of thrust was calculated, using the following formula (Benson 2014b): 

𝑇 =
𝜋

8
𝐷2𝜌(𝑣𝑒

2 − 𝑣2)  (2) 

Where: D  Propeller diameter   [m] 

   v  Input velocity of the fluid [m/s] 

ve Output velocity of the fluid  [m/s] 

 ρ Density of the fluid   [kg/m³] 

The formula was rearranged, a diameter (D) of 1.3 m was used and a thrust (T) of 3000 N. The 
input velocity was set to the same value as the velocity used in the drag equation, as was the density. 

The results were: 

(2): 𝑣𝑒 = ±√𝑣2 +
𝑇∗8

𝜌∗𝐷2∗𝜋
= +√0,52 +

3000∗8

1000∗1.32∗𝜋
≈ 2.18412 𝑚/𝑠 ≈ 2.2 𝑚/𝑠   
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For the larger mixer with a thrust of 4000 N and a diameter of 1.6 m the results instead were the 
following: 

(2): 𝑣𝑒 = +√0,52 +
4000∗8

1000∗1.62∗𝜋
≈ 2.02519 𝑚/𝑠 ≈ 2.0 𝑚/𝑠 

None of those are unreasonably high speeds for the fluid to travel just as it leaves the mixer. The 
applied values of thrust are thus plausible. 

3.4.2 Material strength 
The material strength required of the heat exchanger unit includes mainly two things, to withhold 
lifting and to support the ingoing part.  

Figure 3.7 summarizes the internal forces acting on the unit. These are: a – weight of the heat 
exchanger tube, b- weight of the mixer and c – vibrations caused by the mixer. The design has to be 
strong enough to support these weights and designed in such a way that it can endure the vibrations.  

Table 3-2 presents the weights of the two ingoing parts. The supports holding these in place must be 
strong enough to hold these in place without breaking.   

Table 3-2. Weights of the mixer and the heat exchanger tube, the letters in parenthesis refer to figure 3.7.  

Part Weight [kg] 

Heat exchanger tube (a) 190 (225 including hot water) 

Mixer (b) 290 

Table 3-3 presents the two most likely vibrations caused by each of the two different options for 
mixer. The first of these is the vibrations caused the by running of the motor so it therefore has a 
frequency corresponding to the turning speed of the motor. The motors turning speed is measured 
in rounds per minute (rpm) so the frequency in Hertz (Hz) is calculated by dividing that in 60. The 
other kind of vibrations caused is caused by the blades turning. For each turn a blade make it may 
cause uneven forces acting on the mixer, with the blades spinning fast this leads to vibrations. Since 

 

Figure 3.7 Forces acting on the heat exchanger unit: a) 
weight of the heat exchanger tube; b) weight of the mixer; c) 
vibrations caused by the mixer. 
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both alternatives for mixers have three blades the frequency of these vibrations is three times as big 
as those by the motor. 

The danger with all the vibrations is if the natural frequencies in the design are close to that of the 
induced frequency. If they are the vibrations cause oscillations which can cause large movements 
and stress on the design. A common practice within Xylem is that the natural frequencies should not 
lie within a 30% interval of the induced frequency (Hallgren 2015).  

Table 3-3. The vibrations likely caused by the two different mixers.  

 Motor’s turning speed [rpm] Motor vibration [Hz] Blade vibration [Hz] 

Type 1: 7.5 kW 69 1.15 3.45 

Type 2: 12 kW 80 1.33 3.99 

3.4.3 Packaging and transportation 
The main demand on packaging is that the whole unit should be possible to transport on normal 
roads by normal means. This means that the unit must be designed in such a way that it can be 
disassembled.  

Regarding transportation, the smaller each disassembled part is the better, as it makes them less 
cumbersome to handle. Making the parts flat also improve this.  

The limits on the size of each part are put by the means with which they are transported. It is likely 
that this will be done with an enclosed lorry or inside a container upon a lorry. In either case the 
measurements of an ISO container should provide good guidelines. These are 2.350 m in width, 
2.390 m in height and 5.898 m in length.    

3.4.4 Plates, beams and pipes 
The specification of requirement demands that the design should be made using standard 
components. Other than smaller parts, such as bolts and nuts, this can be fulfilled using standard 
plates, beams and pipes. 

Using standardized profiles for beams and pipes have several benefits when compared to creating 
corresponding parts by welding steel plates together. Firstly reduces production cost as the parts can 
be purchased from a subcontractor who produce them at large scale. This large scale production is 
also likely to provide better tolerances. Finally it means the parts can be obtained more locally as the 
standards often cross national borders. 

The most limiting factor for the beams and pipes is the material in this case. There are very few 
different profiles available for chosen types of stainless steel (see appendix F details). According to 
Balssen (2015c) the most reasonable profiles to use are square and round pipes. Other profiles (such 
as L, U and I) are hard to obtain. Balssen also recommends the measurements described by table 3-
4, as these are common: 
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Table 3-4. Available standard components  

Type Measurement [mm] Wall thickness [mm] 

Square pipe 100 4 

Square pipe 50 4 

Round pipe ∅ 50.8 4 

Round pipe ∅ 76.4 4 

 

The material used also puts limits on the sheet metal, more precisely its thickness. Not all variants 
are necessarily available in stainless steel of the chosen type. According to Loman (2015) a good 
thickness to use would be 4 or 6 mm. These are available and are commonly used by Xylem. 
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4 Design process 
The process of designing the heat exchanger unit is described in this chapter. The methods and resulting ideas are 
described in a chronological order, following the actual process of reaching the finished concept. The work done in this 
phase is based upon that of the previous chapters; however, some parts were added to those as need for further 
information arose while designing. In other words, the process is not entirely chronological between the chapters.   

4.1 Early stages 
In the early stages of the design process work was concentrated about creating ideas. The methods 
to do this included brainstorming, sketching and group discussion. It also contained search of 
inspiration. 

The inspiration for the design comes from several different areas. The main method was to look at 
the current solution and identifying areas of possible improvement. It also comes from the design of 
a crane currently under development by Xylem. That crane is to be used in similar application as the 
heat exchanger. Several other Xylem products were looked at for additional inspiration. The 
products of other companies in the same or bordering branches also provided inspiration. 

During the course of the project, ideas have come from the project group but also from the original 
designer, the mentors and from other employees at Xylem. The brainstorming continued 
throughout the whole design process to create as many ideas as possible. 

To document the ideas, to describe them and to feed the creativity of the group many sketches were 
made. A selection of the sketches produces can be found in appendix I. These sketches described 
the different ideas and lay as foundation for discussion.   

Every idea was discussed and evaluated, mainly within the project group though also with the 
supervisor and other employees at Xylem.  

4.2 Organizing and screening ideas 
As of yet the ideas were many but hard to survey. To make that easier several ideas were identified 
as inferior and sorted out. These ideas were each discarded on different basis but some of the 
reasons were that they were considered too complex, too expensive or simply not functioning.  

To further organize the ideas a morphological matrix was produced. Into this the best ideas were 
broken down and sorted into different categories separated from each other. Each category 
represented an area of the heat exchanger unit where the new ideas revolved. Some were easily 
defined while other on occasion flowed into each other. Figure 4.1 presents the full morphological 
matrix produced. 

A benefit of the matrix is that the different categories can be evaluated separately. This means that 
the good solution for each problem can be found more easily. The number of solutions in each 
category can also be reduced more easily than when all the ideas are part of full concepts. 

Another use of the matrix is to identify relations between solutions in different categories. The 
overview makes it easier to see which ideas work well with each other. Using this, more solutions in 
each category could be ruled out if they do not work well with good solutions in other categories. 
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A total of nine categories were identified – A to I – all of which are described below. The main 
functions to be fulfilled in each category are stated and the alternative solutions are discussed in 
short. 

A Base shape:  
The base shape has mainly two functions. The first is to have something to fix the other 
components to and the second is to give stability when the unit rests at the bottom of the digester. 
The different base shapes have advantages over each other in both these areas. For example: if the 
shape is of the same width as the tube the supports holding the tube in place are easier to design. 
Regarding stability the goals are both to prevent wobbling and the risk of it falling over. A shape 

 

Figure 4.1 The morphological matrix 
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with three contact points is generally less prone to wobbling, especially on uneven ground. The 
triangle shape thus has an advantage here. To prevent it from falling over a bigger surface is better, 
which speaks against the triangle shape. Forces that can induce this falling included the ones caused 
by the flow of the fluid and roll forces from the mixer.  

A method to reduce the risk of wobbling is to give the design some sort of feet that in some way can 
adjust to the surface. Feet with soft rubber at the bottom can achieve this by compressing the 
corners where the forces are bigger. Using feet also lifts the frame off the ground which reduces the 
risk of sediments forming around the base. Another benefit is that is can reduce the risk of sliding 
across the bottom (see section 3.4.1). 

B Lifting Frame/chassis:  
The lifting frame is essentially a crossbeam that stretches over the other components and to which 
the lifting arms (se below) are attached. This is not something that was included in the original 
design but it opens up for more options for the lifting arms.  

The function of the lifting frame is to provide a place where it is easy to attach the lifting arms that 
is above the centre of gravity while not being in the way of the flow. Another factor to consider 
when designing this part is the accessibility to the mixer, if it would ever need to be removed.  
Having the crossbeam over the mixer, especially over the mixers own lifting point, reduces the 
accessibility. 

C Hot water supply:  
The warm water pipes only function is to transport hot water to the heat exchanger tube and 
transport it back out again. The goals with doing changes to the pipes mostly include saving material 
and assembly cost.  

Two main ideas were formed for the water supply. The first was to replace them with rubber hoses 
thus allowing greater flexibility when assembling and lower demand on tolerance and fitting. The 
problem is their durability; an appropriate rubber that can resist the harsh environment has to be 
found. A way to avoid this problem partially is to hide the hoses inside U- or L-beams, protecting 
them from the worst flow of the bio fluid. The lifting arms are a perfect example of beams where 
the hoses could be hidden for their way upwards, bordering on the second option described below.  

The second was to integrate the hot water supply in the lifting arms. If the lifting arms were made 
from pipes it should be possible to lead the water through them, saving material from the additional 
pipes. The downside is that this puts higher demands on the lifting arms and makes their attachment 
even more problematic.   

D and E Tube support front and rear:  
The tube has to be suspended in a fixed position relative to the mixer. The demands here is to have 
a stable design but as cost optimized as possible. The stability includes both being able to support 
the weight of the tube and to not flex and bend when exposed to the flow or vibrations. Both the 
tube and the supports should be possible to assemble and disassemble (using bolted joints for 
example) to make transportation easy.  

The two main options looked at both consisted of a steel structure joined with bolts to the tube with 
one end and the base shape with the other. The first where to use standard pipes with plates welded 
at both ends for bolt attachment and the second to use sheet metal parts to avoid these welds. With 
sheet metal it is also easier to have the supports in angles other than 90° from the base shape, which 
makes some base shapes more viable. 
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Another option is to attach the supports to the lifting frame rather than the base shape. This is only 
possible with a few of the supports, exactly which depend on the lifting frame used. The benefits 
here are the added stability of the much more rigid lifting frame and of course material saved. The 
downside is that it puts greater demand on tolerance as the tolerance chain gets longer.  

Regardless of which options chosen, extra supports and crossbeams could be needed to ensure 
stability. 

F Lifting arms: 
The main parts to consider when designing the lifting arms were their stability and how easy they 
would be to attach. It was early concluded that the lifting arms should be designed in such a way that 
they were made from standardized pipes or beams that could be bought locally at the application site 
and attached. This is beneficial as these long, cumbersome beams will not have to be transported 
long distances, which reduce cost. Another benefit is the customizability to digesters of different 
heights.  

To achieve stability the main consideration is the bending stress in the crossbeams. Both the 
crossbeam part of the lifting frame and the crossbeam at the top are considered. Moving the arms 
closer together (or by having only one arm precisely over the centre of gravity) reduce the stress in 
the top bar but increase it in the lower one.  

For the beam attachments the main options are welding and bolting. What’s important is to have 
strength without demanding modifications to the beams themselves.   

G Top crossbar 

This bar is the top of the lifting frame. The options here regard how it is to be attached to both the 
rest of the lifting frame and the lifting arms. The solutions are either bolted joints or welds.  

H Hook: 
The most important part of the lifting point, other than it being able to support the weight, is to be 
over the centre of gravity. The main idea to solve this is to have a few different lifting points (H2) or 
an adjustable lifting point (H1). Another benefit is the adjustability possible if the centre of gravity 
was to move, as a result of another mixer being installed or there being water in the heat pipe 
system.  

Another function required of the lifting point is that the hook used to lift is easily attached, since the 
lifting point will be a good way out from the edge of the digester. This could be achieved using a 
large lifting eye (H1) or through lifting in a permanently attached chain or wire that can be 
connected to the edge of the digester when it is not lifted.   

I Mixer fixture:  
It is beneficial to use the standard fixture that is already tested and is applied in the other mixer 
applications. This also follows the cohesiveness that is wanted for the design. What’s important is to 
have a fixture than can support the weight. 

General ideas:  
Another idea is to let the customer buy standard components on site to reduce the cost of 
transportation. That could be square pipes or L-profiled beams. What we don’t want is for the buyer 
to have to weld on site. Since the classification of the weld is very important and the quality of the 
weld determines the safety of the lifting, it is much more consistent if these parts are joined by 
screws, which are standard and can be dimensioned with a factor of safety in consideration.  



Design optimization of a steel chassis used in biogas applications 

29 

Chain of tolerance; if different component in the design is attached to each other a chain of 
tolerances occur. This causes the tolerances to be lower and the cost to increase. Therefore it is 
important for the different components to be as free as possible in the design. 

When using bent plates in the design, it is important to make sure the design is strong. Bending out 
sides makes the design stronger. 

4.2.1 Preliminary CAD-models 
To further help visualise the different ideas preliminary CAD-models were created. These were in 
every aspect to be considered 3D-modelled sketches. Besides visualising the ideas these sketches 
help to define the morphological matrix and to expand it with both solutions and categories. They 
were also used to sort out ideas as features could be seen in the 3D-models that had not been 
thought of previously.  

In the end a total of three complete models for the heat exchanger unit were created, each 
containing different solutions picked from the morphological matrix. Images of these early CAD-
models can be seen in figure 4.2. 

4.3 Contact with contractor 
In accordance with the specification of requirements the contractor of the project – Eilert Balssen – 
was seen as the ultimate judge of the concept. A final concept could not be chosen until he was 
satisfied with it. Therefore contact was established and in two meetings the final concept was 
decided.  

4.3.1 First meeting 
The goal of the first meeting (Balssen 2015b) was to decide which combination of solutions would 
make up the final concept. The solutions, summarized in the morphological matrix, were presented 
along with the project group’s general opinions on them. The CAD-models were used to ensure 
mutual understanding of the different ideas. This provided a base of discussion.  

The discussions eventually lead to a specific combination of solutions being agreed upon as the 
concept to move on with. Most of the solutions were picked from the morphological matrix but 
some were created during the meeting,  

 

Figure 4.2 The lower half of the early CAD-models using the following ideas from the morphologic matrix:  
A) A5, B4, D1, E1, F3  
B) A4, B1, D4, E3, F3  
C) A1, B1, D2, E3, F3 
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Following the meeting, the morphological matrix was updated. The last ideas, formed during the 
meeting, were added (the matrix seen above in figure 4.1 is the result of this). Furthermore, another 
CAD-model was made, one that incorporated all the chosen solutions.  

4.3.2 Second meeting 
The goal of the second meeting (Balssen & Rosiak 2015) was to ensure that the project group’s 
interpretations of the chosen concept truly fitted with the views of the contractor. The importance 
of the decision demanded that no confusion remained. 

The latest CAD-model was scrutinized and all its functions evaluated. Each of the different 
solutions was checked as well as the concept as a whole. 

 

Figure 4.3 The morphological matrix with the chosen solutions marked in green. 
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It was determined that the interpretation of the concept was correct and the process could move on.  

In figure 4.2, is the final morphological matrix presented again, this time with the chosen solution 
marked with greed. Following is also a list that motivates each choice: 

A. Base shape number 4 was chosen because: it is a stable base, it is easier to attach different 
components to the frame and the lifting frame will not be in the flow or interface with the 
propeller blades. There are also no unnecessary welds. 

B. Lifting frame 1 was chosen since it can be easily fixed to the base shape and requires less 
material. 

C. Rubber hoses are chosen for the warm water pipes since they are flexible and reduce the 
need of precision in the tolerances. They are also cheaper than stainless steel pipes which 
also need to be bent. 

D. Because of the weight of the tube downwards it is a good thing to meet that force as vertical 
as possible. Therefore number 1 or 4 are considered the best alternatives and the choice 
between them depends of whether 4 can withstand the force. One bent plate is means no 
welding and fewer parts. 

E. Bent steel plates, number 3 are chosen for the front tube support. By attaching the tube to 
the lifting frame, more stability is accomplished and the plate can be attached without 
welding and creates stability in and less moment of stress in the joint with the lifting frame. 

F. The lifting arms need to be bolted for the buyer to be able to assemble the design on site in a 
secure way. By placing the arms closer to each other the moment of stress is reduced in the 
joints. 

G. Again, bolts are needed for the safe assembling. 
H. The lifting point needs to be rethought. Eilert Balssen would like a three pointed lifting 

where a chain or a wire can be attached. This chain or wire will be attached by the side of the 
biogas tank so that the operator can put it in a hook manually.  

I. The mixer support 2 is chosen since the support bar can be attached to the existing frame 
and there is no need to elongate the bottom shape or put an extra bar behind it. 

4.4 Confirming function 
With a concept chosen it was time to confirm the functions of the last few details. The two main 
things that remained undecided were if rubber hoses would be able to endure the environment and 
what kind of profiles to use for the beams. The chosen concept was easy to adjust whatever the 
outcome of these two. If rubber hoses would not work they would be replaced with steel pipes and 
changing the beam profile would only change the exact joining method used to assemble them. 

4.4.1 Hot water supply 
After a meeting with Per Hedmark(2015) it was realised that rubber in biogas tanks could be 
complicated. A complicating factor is the temperature of the hot water. While the biomass will be 
only around 40 °C, the water in the hoses, and therefore the hoses themselves, are at around 80 °C. 
As mentioned in section 2.5 Biogas production, the environment differs between the gas above 
surface and the biogas liquid. These two environments put different demands on the material, 
making it hard to find a single rubber that could endure both. A solution here would be to use 
different materials in the hose above and below the surface. The part above surface could also be 
replaced with steel pipes while rubber is used underneath.  

An email conversation was initiated with Erwin Köberle (2015) to further investigate if rubber could 
be used at all. According to him NBR and EPDM should be able to withstand the fluids if the hoses 
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are fixed properly to the design. The final solution chosen for the water supply where thus the NBR 
rubber hoses beneath the surface and stainless steel above it.  

4.4.2 Beam profiles 
In the various CAD-models produced a wide range of different beam profiles has been used. 
Including L-, U- and I-beams, as well as square pipes.  

Through contact with Eilert Balssen (2015c) it was established that many of these are hard to obtain 
in standardized shapes. There are simply fewer profiles available when working with stainless steel of 
the chosen types suitable for bio gas applications (see appendix F for more details). The ones that 
are available are described in collected data.  

Following this, it was decided to use mainly square pipes with either 100 or 50 mm sides, with a wall 
thickness of 4 mm. The design was also adjusted in its joints to allow this change.  

4.4.3 Vibrations 
Using FEM-analysis in Creo Simulate the natural frequencies of the design where assessed. These 
were compared to the vibrations likely cause by the mixer (see above in 3.4.2 Material Strength) to 
find out if it was likely that any oscillations would occur. To recapitulate, the two different sizes of 
mixer each caused two different vibrations. For the smaller these were: 1.15 and 3.45 Hz. For the 
larger mixer they were: 1.33 and 3.99 Hz. In all cases only the four first modes of natural frequencies 
were determined, after that they became so high they were very unlikely to cause any trouble.   

Assisting the FEM-analysis were Gert Hallgren (2015), he help to improve the quality of the 
simulations and to analyse the data. He also provided advice on how to change the design to better 
withstand the vibrations. One early such advice was to add angled supports to both the lifting frame 
and the mixer, making sure both had more than two points connecting them to the base shape.  

A complete representation of the heat exchanger unit was made using mostly beam idealizations. All 
the pipes were idealized, as were the supports holding the heat exchanger tube (these were 
represented by 50x50 mm square pipes). The heat exchanger tube itself was idealized as a shell, its 
thickness adjusted until its mass represented the mass of the tube. The mixer was represented 
similarly by a solid steel rod. 

The design was constrained fully in the two corners of the base shape closest to the mixer. All the 
pipes in the base shape were constrained to prevent movement up and down. Ideally it would only 
be movement down that is prevented as this constraint represents the ground. Since the base shape 
is as small as it is compared to the height of the model, and that the lower parts has a very stiff 
design compare to the upper parts this should not make a very big difference according to Hallgren.  

Several options were tested in the simulations. Different dimensions of the square pipes in the base 
shape and the lifting arms were tested. Every full meter of different height of the unit between 6 and 
10 m were also tested for each combination. The different combinations and the resulting natural 
frequencies are presented in table 4-1. Images describing the results can be found in Appendix D. 

In the analysis of the vibration simulations a 30% margin between natural frequency and induced 
frequency was put as the preferred limit (Hallgren). If the natural frequencies of the design in not 
within 30% of any of the induced frequencies it is considered that no significant oscillations will 
occur. In table 4-1 this is represented of the format of the text. Normal text means the natural 
frequency is not within 30% of any of the induced frequencies. If the text is underlined it means the 
frequency is with the 30% margin of a vibration caused by the larger mixer. Bold text means it is 
within the margin of a vibration caused by the smaller mixer. When a frequency is within the margin 
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of vibrations caused by both mixer sizes the text is coloured red in addition to being both 
underlined and bold.  

The background colour of the natural frequencies in table 4-1 explains the type of motion occurring 
in the heat exchanger unit. The importance of these background colours is that the different 
motions are not considered equal in danger. This is caused by the source of the vibrations. If the 
forces causing vibrations were coming from an external source and were affecting the entire unit the 
type of motion would not matter much. This is not the case however since it is the mixer that causes 
the vibrations. This means that the longer the motions are from the mixer the less likely they are to 
suffer the vibrations.  

Table 4-1. Different configurations of the square pipes in the unit and the four first natural frequencies of each one.  

# Base shape pipes Lifting arm pipes 
Height 
[m] 

Mode 1 
[Hz] 

Mode 2 
[Hz] 

Mode 3 
[Hz] 

Mode 4 
[Hz] 

1 50x50 100x100 6 4.109 5.513 9.851 10.77 

2 50x50 100x100 7 2.835 4.849 8.032 9.851 

3 50x50 100x100 8 2.081 3.923 6.938 9.851 

4 50x50 100x100 9 1.595 3.078 6.483 9.851 

5 50x50 100x100 10 1.264 2.435 6.208 8.721 

6 100x100 100x100 6 4.122 7.622 12.46 14.72 

7 100x100 100x100 7 2.843 5.717 10.79 14.72 

8 100x100 100x100 8 2.086 4.216 10.14 14.72 

9 100x100 100x100 9 1.599 3.191 9.675 11.19 

10 100x100 100x100 10 1.267 2.488 8.731 9.205 

11 50x50 50x50 6 2.672 4.534 7.023 9.851 

12 50x50 50x50 7 1.776 3.068 6.701 9.851 

13 50x50 50x50 8 1.266 2.177 6.546 8.207 

14 50x50 50x50 9 0.949 1.620 6.113 6.362 

15 50x50 50x50 10 0.738 1.251 4.731 4.990 

16 100x100 50x50 6 2.674 4.725 10.77 14.72 

17 100x100 50x50 7 1.777 3.107 10.47 11.28 

18 100x100 50x50 8 1.267 2.191 8.211 8.340 

19 100x100 50x50 9 0.949 1.626 6.115 6.363 

20 100x100 50x50 10 0.738 1.254 4.733 4.990 

 

        Oscillates with the small mixer   Lifting arms swing 

 Oscillates with the large mixer   Tube swing by >10% of maximum swing 

 Oscillates with both mixers   Mixer swings 
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Purple background means that it is the mixer (and only the mixer) that is in motion upon its 
supports (see figure 4.3 a) ). This is very likely to cause oscillation if those natural frequencies 
correspond with the ones cause by the mixer. It would therefore be very bad if this was the case.  

Blue background means that the whole unit is in motion (see figure 4.3 b) ). The lifting arms are 
swinging and the heat exchanger tube is moving more than 10% of the maximum motion found in 
the unit. As can be seen in Appendix D the majority of these cases have motion in the tube 
significantly above this limit (i.e. the lower parts are worse than blue hues). This is a motion that also 
lies close to the mixer so correspondence with the included frequencies is preferably avoided.  

White background means it is only the lifting arms that are in motion (see figure 4.3 c) ). To be 
classified here the parts below the lifting arms are allowed very little movement, less than 10% of the 
maximum motion found in the unit. For the lifting arms to be exposed to vibrations those have to 
make it all the way from the mixer to the base and up the lifting frame or its supports. Since those 
parts are oscillating very little in the frequencies that cause the lifting arms to move those vibrations 
are unlikely to be very strong, meaning even if they do oscillate the amplitudes will be small. White 
background natural frequencies are thus not as bad even if they correspond with the induced 
frequencies.  

This all mean that in table 4-1 the most dangerous combinations of text and background colour is 
red text on purple background. Both yellow and red are preferably avoided altogether but if that is 

 

Figure 4.4 Example of four different simulations made in Creo Simulate. a) 100x100 Base shape, 100x100 
Lifting arms, 8m, mode 4; b) 50x50 Base shape, 50x50 Lifting arms, 6m, mode 3; c) 100x100 Base shape, 
50x50 Lifting arms, 9m, mode 1; d) 50x50 Base shape, 100x100 Lifting arms, 7m mode 2 
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not possible then it is better if they are found on grey backgrounds. 

The purpose of the simulations was to determine if the dimensions of the square pipes could be 
lowered and if so which pipes. When comparing the frequencies of the different dimensions it can 
be seen that overall they are quite similar. All have a few of each colour and the yellow and red 
numbers are with only one except found on grey backgrounds.  

When looking closer at the numbers one can see that the two sizes in lifting arms produce vastly 
different number in frequencies. The smaller dimension yields much lower natural frequencies. The 
smaller dimensions in the lifting arms also produce more fields with grey background, meaning it is 
the arms that do the majority of the motion. While this may appear good at first glance it is 
important to remember that the smaller dimension not only affects the frequency but also the 
amplitude. Each force causing movement in the pipes would cause more motion in the weaker ones. 
With the long arms this extra motion could cause very large displacement at the top of the structure, 
which might cause problems.  

When comparing the different dimensions in the base shape the results are much more similar to 
each other. Using a smaller dimension gives lower frequencies but the difference is not very large. 
The biggest differences are seen in the ones with blue and purple background, though even with the 
smaller dimensions the frequencies are not in any danger zone.  

The only value of particular concern in the two is mode 2 and the smaller dimension in the base 
shape (this combination is seen in figure 4.3 d)). This is the only value in the whole table 4-1 that has 
a correspondence with the induced frequencies and is on a blue field. This means the vibrations 
might cause oscillations in a larger part of the unit here, and not just the lifting arms. However, 
looking closer on the data the frequency is still 21.5% higher than the dangerous level of the larger 
mixer. Looking at figure 4.3 d) it can also been seen that the motion in the lower parts of the unit is 
still small (compared to that of figure 4.3 b) for example). In other words, the case is at the better 
ends of the intervals in both frequency and movement.  

Despite the risk of oscillations being greater when the smaller dimension was used in the base shape, 
these were selected for the design. The amount of material saved by the reduction made up for the 
increased risk. Reducing the dimension of the lifting arms was deemed to cause a too big risk of 
large amplitudes however. The result was therefore using 50x50 mm square pipes in the base shape 
and 100x100 mm square pipes in the lifting arms.  

Further results and complications of the vibrations are discussed in section 6.1.3, where the new 
concept is also compared to the previous prototype.  

4.4.4 Strength 
There were a lot of components in the design in need of testing regarding their material strength. 
This includes stress and displacement in the base shape when the unit is lifted and stress and 
displacement in the different supports in the unit. The stress and displacement in the plate used for 
lifting the design was also of interest. In the analyses it was mainly the von Mises stress that was 
looked at, this is also the stress seen in all tables and images refereeing to the FEM found in this 
report. The comparison stress used for reference was the yield stress of the steel types chosen; this is 
around 200 MPa (see Appendix F for more exact numbers).  
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Figure 4.6 Comparison of the front supports of the tube, before and after changers were made: a) 
stress before (only top shown), b) displacement before, c) stress after (only top shown), d) displacement 
after  

 

Figure 4.5 Comparison of the rear supports of the tube, before and after changers were made: a) stress before, 
b) displacement before, c) stress after, d) displacement after.  
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Figure 4.8 The sheet metal part connecting among others the lifting arms to the lifting frame, exposed to 500kg, 
showing a) stress and b) displacement 

 

Figure 4.7 The sheet metal part used for lifting at the top of the design, showing a) stress, b) magnitude of total 
displacement, c) displacement along the x-axis and d) displacement along the y-axis 
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The tests were made using FEM-analysis in Creo Simulate. Following the simulations, minor 
changes were made to the design to help it endure the force it is exposed to. In some places the 
dimensions and sizes were even reduced in order to save material as the stress in those parts were 
minor. 

All of the sheet metal parts bearing large loads were tested individually. Changes were made to 
several of the parts as a result of this. One early conclusion was that the 6 mm thick plate would be 
needed in most parts to withstand the forces. 

The supports for the heat exchanger tube were tested in simulation. Each was constrained in its 
bolting holes and assumed to take a quarter of the load from the tube, around 660 N. Following 
these tests the design was changed of both the front and rear supports. Figure 4.4 shows results of 
the simulation of the front supports, before and after the changes were made. Figure 4.5 shows the 
same for the rear supports.  

In several places small sheet metal parts were used to connect two orthogonal square pipes to each 
other using bolts. These parts were tested with the maximum load to be found on them. This load 
would be around 5000 N, found at the connection of the lifting arm. It was assumed that each of the 
two arms hold half the load. The part was constrained in its bolting holes and the load was applied 
to its bottom surfaces. Figure 4.6 shows the displacement and the stress of the sheet metal part.  

The sheet metal plate found at the top of the structure was tested. It was constrained in its bolting 
holes and on the top half of the lifting holes a 10000 N load was applied, representing the weight of 
the entire unit. The constraints allowed the bolting holes on one side free movement along the x-
axis, meaning it could be pulled closer to the other bolting holes. Additional constraints were added 
to represent the handle bar preventing the plate from clamping together. The plate was found to 
hold these forces without too much stress developing in the design; figure 4.7 shows the stress and 
displacement of the top plate. 

The base shape was also tested to determine if it would withstand lifting. The same idealized stricter 
used in the vibrations simulations was used here. The whole lifting frame was constrained to prevent 
any motion higher up, as it was only the base shape that was to be tested. Gravity was applied as the 
load. Both 100x100 and 50x50 mm dimensions of the square pipes in the base shape were tested. 
While the stress and the displacement found in the design with the smaller dimensions were 
significantly higher than that of the other it was still deemed strong enough to warrant their used.  

Along with the results of the vibration analyses it was therefore determined to use the 50x50 mm 
square pipes in the base shape. Figure 4.8 shows a comparison of the stress and displacement in the 
two dimensions options. 
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4.4.5 Tilting 
To prevent the unit from tilting when being lifted it was important that the lifting point was located 
as directly over the centre of gravity as possible. This was ensured by measuring the centre of gravity 
in Creo and adjusting the placement of the lifting frame, and therefore also the lifting point, 
accordingly.  

In these measurements the heat exchanger tube was set to represent both its weight when filled with 
water and when without in two different tests. The placement of the lifting point was chosen as a 
halfway between the two calculated centres of gravities in an attempt to make the tilting as harmless 
as possible not matter the case. Print screens take of the centre of gravity measurements can be 
found in appendix G.   

The actual tilt for the two cases was calculated to make sure it was not too large. This was done by 
assuming the tilt is equal to the angle at the top of a right triangle drawn is a side view of the unit 
with its catheti equal to the distances between the lifting point and the centre of gravity. The lowest 
height of the unit was used as this would give the largest tilt. The longer cathetus was set to 5 m to 
represent this. The short cathetus was equal to 18 mm when the heat exchanger tube was filled with 
water and 10.4 mm (in the opposite direction) when it was not. This gave tilt angles of 0.17° and 
0.099° respectively, both far from the limit of 20° set in the specification of requirements.  

 

Figure 4.9 Comparison of different dimensions in the base shape, showing a) stress in 100x100 mm, b) 
displacement in 100x100 mm, c) stress in 50x50 mm and d) displacement in 50x50 mm 
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4.4.6 Production cost comparison  
A part of the specification of requirements is to have a 10% reduction of cost with regards to only 
length of weld and material used. The chassis weighed 460 kg in the prototype. By measuring the 
mass in Creo it was found that the new concept of the chassis weighs 380 kg. This means a total 
reduction of 17%. The length of weld in the prototype was assessed as part of section 3.1 Existing 
design, and was found to be around 15000 mm. To assess the length of weld in the new concept the 
CAD-model was used again. All the lengths that were going to be welded were measured and added 
together, the complete calculations can be found in appendix C. The results were that the length of 
weld in the new concept was around 4700 mm, meaning a reduction of 63%. 

Since the reduction in both the areas regarded was greater than 10% it was concluded that the total 
cost reduction was also greater than 10%. It was therefore not investigated how much a millimetre 
of weld costs compared to a kilogram of steel. 
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5 Results 
This chapter shows rendered pictures of the final design and the different parts of the solution. Also included are 
descriptions of the design and its function as well as a summation of its mechanical data.  

5.1 The finished heat exchanger concept 
Below are a few rendered images of the CAD-model, representing the finished heat exchanger 
concept. 

The chassis in the heat exchanger unit is made mainly from square pipes in stainless steel. These are 
of either 100x100 mm or 50x50 mm in dimensions (with one exception), both with a wall thickness 
of 4 mm. 

 

Figure 5.1 The finished (6 m tall) concept from two different angles. a) With the mixer and the heat exchanger 
tube shown as transparent, b) without the mixer and the heat exchanger tube. 
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The unit rests upon the ground on a rectangular base shape with a crossbeam, made from five of the 
smaller of the pipes. Crossing over the rectangle near its middle is a rectangular arc made from three 
of the larger pipes, forming the lifting frame. The lifting frame is supported by two of the smaller 
pipes, running from its corner to the corners of the base shape. On the opposite side of the lifting 
frame the heat exchanger tube is place in four supports made from sheet metal. Two of these 
connect to the lifting frame and the other two to the base shape. Opposite of the tube is the mixer, 
which is suspended by three supporting pipes, one large at its back and two small underneath it. All 
of these connect to the base shape.  

On the top of the arc two of the larger pipes are connected vertically, forming the lifting arms. 
These are of variable height to make sure they penetrated the surface of the bio fluid. From their top 
a horizontal pipe of the dimension 35x35 mm wall thickness 3 mm is connected, starching out over 
the mixer. 

The heat exchanger tube is supplied with warm water through a series of pipes and hoses. The water 
enters at the top, near the end of the horizontal pipe, and flows via a stainless steel pipe towards the 
lifting arms. The pipe makes a turn by the lifting arms and follows them down into the bio fluid. 
Not far beneath the surface the pipe is replaced by a rubber hose. The rubber hose runs down the 
length of the lifting arms, down the lifting frame and around the base shape towards the heat 
exchanger tube. Before the final turn the hose is replaced by stainless steel pipes again. Exiting the 
heat exchanger is done through its top via stainless steel pipe. Also here the pipes are replaced by a 
rubber hose, shortly after exiting. The rubber hose runs up and switches back to a steel pipe shortly 
before breaking the surface. From there is goes out of the digester near the same place it came in. 

5.1.1 Sheet metal details 
Pieces of bent sheet metal are used in many places of the concept, filling various functions. A total 
of nine different parts are used although two are mirrored copies of other parts. All the seven parts 
that are not mirrored are shown in figure 5.2. The parts are all made from stainless steel plates. The 
parts X), Y) and (in figure 5.2) are made with a thickness of 4 mm, all the other parts have a 
thickness of 6 mm. To manufacture the parts they are supposed to be cut from the sheet using 
automated cutting before being bent to shape.  

 

Figure 5.2 A) Top of the unit seen from above, B) top of the unit seen from below, C) bottom of the unit without 
the mixer and heat exchanger tube attached. 
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Below is a description of each part, their letter is referring to those in figure 5.2: 

A) The top plate with incorporated lifting point and several other functions. The plate is bolted 
to the two lifting arms using the holes found at the far right and the far left. These holes 
have the same functions as the ones on part E) and are placed on both of the two main walls 
found on the part. 

On one of the main walls, the one facing the mixer, there are bends and cuts intended to 
allow the attaching of both the hot water pipes. 

In the middle of the part there is a square hole where a horizontal square pipe (dimensions 
35x35 mm) is welded. The hole is found on both sides and is intended to be welded on both. 
The pipe leads out to towards the wall of the digester and connects to part B). It also 
prevents the walls of the part from being pushed together when the unit is lifted. 

The very top of the part is a long 60° corner in the sheet metal, stretching from one end to 
the other. On both sides of this corner, in the middle of the part, the lifting point is cut.  

B) The horizontal pipe connected to part A) also connects to this part. It faces the digester wall 
and its purpose is to make it easier to install the unit. It holds the ends of the pipes where 
the external water source is connected and also holds the handle (part C) ) used for placing 
the unit correctly. On this part the product brand is also written, cut out of the sheet metal. 

 

Figure 5.3 The seven different sheet metal parts. 
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C) Called the “handle”. It is a very simple part with only one bend. It is connected to part B) 
using bolts and can be fitted to either side of it. At the end not bolted there is a bend and 
shape intended to visualise it being a handle. The handle also has a hole where a wire can be 
attached; see more about this in the next section. 

D) Called the “small bar connector”. A smaller and simpler version of part E). It is used to 
attach support pipes (dimensions 50x50 mm). The part is welded in place and the support 
pipe is bolted using the holes and a bolt going straight through the pipe. The part can be 
plug welded in place using the oval hole in its centre.  

E) Called the “large bar connector”. It is used to attach two square pipes to each other in a 90° 
angle where one is welded in place and the other is bolted. In the design the part is always 
welded to a horizontal square pipe and a vertical pipe (with the dimensions 100x100 mm) is 
bolted to it straight up. The end that is welded is designed with small “wings” to give it a 
corner which can be placed over a corner of the pipe. On each wing is a small oval hole 
intended for plug welding. The other end of the part embraces the vertical pipe from two 
opposite sides and the bolts squeeze it together. The bolting holes in the part are cut an 
extra-large diameter to allow inaccuracy in the bending. 

F) Used to support the end of the heat exchanger tube closest to the mixer, often called “tube 
support rear”. It attaches to the lifting frame and the tube using bolts. All the bots are fitted 
through slots, allowing the part’s final position to be adjusted in order to achieve a more 
perfect fit.  

G) Used to support the end of the heat exchanger tube further away from the mixer, often 
called “tube support front”. It is bolted to the tube and the bases shape, using slots in the 
same way as part F) to allow exact positioning. 

5.1.2 Functions 
The concept for the heat exchanger chassis contains all the necessary function that the previous 
prototype contained. It supports the heat exchanger tube and the mixer so that those can fulfil the 
functions of heating and propelling the bio fluid. It can be lifted out of the digester via its top by the 
use of a lifting point located above the fluid surface. The water for the heat exchanging process is 
supplied by an external source and led down to the heat exchanger through the top of the digester. 
All of these are unchanged by the new concept. 

In addition to those the concept also contains a few other functions. Two of these are completely 
new and the others are improvements to previous functions. 

One of the new functions is a handle added to the top of chassis. This allows the heat exchanger 
unit to be place correctly in the tank during installation. Using the handle the operator can push, 
drag and rotate the unit just before it is lowered the final distance. The handle is also aligned with a 
corner of the base shape, meaning it can be used as an indicator of its position. Which corner it is 
aligned with can be changed since it is attached with bolts. This can be useful if the flow in the 
digester is reversed.   

The other entirely new function is modularised lifting arms. The square pipes used to reach the 
surface are made from standardized products meant to be possible to acquire locally to the 
installation site. The pipes are cut to the length and assembled on site. The length can be adjusted to 
the height of the digester and the only assembly needed is drilling holes and attaching bolts.  
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A function that has been improved is the accessibility of the mixer. The design is opted to leave the 
area around and above the mixer free of obstruction. This is to make it easier to give service to the 
mixer. It also makes it possible to remove the mixer with relative ease if necessary. Where the 
previous prototype had pipe work almost encasing the mixer the new concept only has the space 
above it free of any obstruction except at the very top of the unit.  

The lifting point is an area incorporated with several functions both in the new and the old design. 
Foremost it is of course the means to make it possible to lift out the unit. An important part of this 
is that the lifting point is placed on top of the centre of gravity in order to stop the unit from tilting. 
This has been ensured in the new concept as described in section 4.4.6 Tilting.  

A bordering function in is the short wire permanently attached to the lifting point. The other end of 
this wire is connected but detachable from the handle (see above). When the unit is to be lifted the 
wire is detached from the handle and attached to the hook of the crane. This makes the cable of the 
crane used for lifting is easy to attach since the attachment point is located close to the digester wall 
when the unit is in place. 

The last function regarding the lifting point is an improvement of its visibility. The design is made to 
make it clearer where the hook is to be attached to minimize the risk of incorrect usage.  

5.1.3 Screws and bolts 
The screw and bolts used in the design are all standard components. The different types of screws 
used are reduced to as few as it is considered possible without being unbeneficial to the design. Two 
different lengths of M16 screws are used making it possible to use the same nut and washer. 

This means fewer types of components are needed and that makes assembling easier and more likely 
to be done correctly. Another way to insure that it is done the right way is that the screws are made 
in as different sizes as possible to make it easier to tell them apart. 

The side on which the bolt and screw should be placed depends on whether the assembler is right or 
left handed. In some places the screw is underneath the design and the bold is placed from above 
since the design could be in the way in trying to screw the nut from underneath. 

5.2 Mechanical data 
Table 5-1 contain mechanical data on the steel chassis concept, regarding material strength; natural 
frequencies; cost comparison; materials; bolts, nuts and washer; and standard pipes. 

Table 5-1. A summation of data regarding the new concept.  

Material strength 
    Part Max stress [MPa] (von Mises) Max displacement [mm] 

Base shape (when lifting) 52.9 5.98 

Top plate (fig. 5.3 A)) 119 0.0807 

Tube support rear 111 0.678 

Tube support front 53.3 0.810 

Bar connector (fig. 5.3 E)) 49.2 0.0887 
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Natural frequencies 
    Height Mode 1 [Hz] Mode 2  [Hz] Height Mode 1 [Hz] 

6 m 4.11 5.51 6 m 4.11 

7 m 2.84 4.85 7 m 2.84 

8 m 2.08 3.92 8 m 2.08 

9 m 1.60 3.08 9 m 1.60 

10 m 1.26 2.44 10 m 1.26 

     Cost comparison 
    Measurement Quantity Reduction 

  Mass of chassis [kg] 380  17%  
  Length of Weld [mm] 4900 64% 
  

     Materials 
    Part First choice Second choice 

Pipes Stainless steel M0344.2343.02 Stainless steel M0344.2333.02 

Sheet metal parts Stainless steel M0344.2343.02 Stainless steel M0344.2333.02 

Hoses NBR (Nitrile Rubber) EPDM (Ethylene Propylene Rubber) 
  

Bolts, nuts and washers 

Component   Dimension [mm] No amount 

Bolt M16 150 814946 18 

Bolt M16 40 814181 8 

Bolt M16 80 814939 10 

Nut M16   822337 36 

Washer     823578 52 

Bolt M8 30 814857 10 

Bolt M8   822357 10 
  

Standard pipes 

Pipe Dimensions [mm] Length [mm] 

Square pipe 50 x 50 x 4 15004 

Square pipe 35 x 35 x 2 1167 

Square pipe 100 x 100 x 4 7204 

Adjustable square pipe 100 x 100 x 4 3700-7700 

Round pipe 88.9 x 4 470 
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6 Discussion and conclusions 
This chapter will discuss the method, the result compared to the previous design and if the goals of the project – 
specifically the specification of requirement – are for filled. 

6.1 Comparing new to old 
The whole purpose of this project was to improve an existing prototype and make it more suited for 
production. The main goal was to reduce the production cost of the heat exchanger unit but its 
functionality could also be improved. 

6.1.1 Production cost 
As stated in the Specification of Requirements the method used to measure the change in 
production cost was to look solely at length of weld and amount of material used. This was chosen 
over more thorough cost analyses for its simplicity. The purpose was to give a rough understanding 
of the cost reduction and a goal that was easy to measure, rather than an accurate estimate of the 
final cost. 

The results of this were, as stated in the Results chapter, a 17% reduction of material used and a 
63% reduction of length of weld.  

The main method used to reduce material has been to make the design more compact and to use 
more narrow dimensions that can still fulfil the strength demands. An example of the former is the 
removal of the vertical support bar directly behind the mixer, removing it made the whole base 
shape smaller. An example of the later are the considerably smaller square pipes used in the base 
shape. These smaller pipes are still strong enough but considerably less material is used in them.  

A source of error in the direct comparison of materials used is that it takes no consideration of how 
it has been produced or what material is used. A solid chunk of steel would be equal to a fine steel 
sheet as long as they weigh as much as each other. In the actual comparison this puts bent steel 
plates used in the new design as equal to standardized pipes. This is not true as they are produced in 
different ways but the difference is seen as less significant as both are produced using fairly 
automated methods. Another problem is the rubber hoses used, as these are seen equal to steel. 
Since the weight of both the hoses and the pipes they replace is so small compared to the weight of 
the unit the impact should not be very big in the end.  

Reduction of length of weld has been achieved mainly through the use of sheet metal parts and 
again making the design more compact and simple. The bent steel plates have been used in several 
places to replace welds. Where the old design often had a steel plate welded to each of two square 
pipes that were to be joined together using bolts, the new design has only one plate that is instead 
welded to one plate and bolted to the other directly.  

A source of error for the length of weld estimates is that the cost of what replaces the weld is not 
included. Where welds are removed completely and not replaced this is not relevant but in places 
where another method is used to create the same shape the number can be misleading. Such is the 
case with the sheet metal parts used in the design. While the cost of welding is removed the cost of 
cutting and bending steel to shape is added. However, cutting and bending steel is a largely 
automated process that requires very little manual labour to be made. It is therefore still a net profit 
in the end, albeit a little smaller. 
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The same can be said about bolted joints. By replacing welds with bolts the length of weld is also 
reduced. This has not been done specifically in this project, the new design contain about as many 
bolted joints as the old one and their purpose in both is mainly to make disassembly for 
transportation easier. Bolted joints have different strength qualities than welds, at least when 
compared to the difference between welds and bent steel. This makes replacing them completely less 
efficient, despite bolts demanding less manual labour.  

While the cost reduction from material used and length of weld might not be entirely accurate and 
probably a bit optimistic, there are other aspects in which cost has likely been reduced.   

First and foremost of these is the transportation cost. The new design is smaller and more compact 
than the old and largely disassembles into neat packages. This makes transporting the unit to the 
customer cheaper. Another reduction comes from the modularisation of the lifting arms. They have 
been designed to be made from standardized pipes that are very much unmodified. These can be 
bought locally to remove the need of transporting such long pieces of steel that are produced all 
over the world to standardized shapes. That they are unmodified means that they can be assembled 
on site without any complex equipment needed and without the need of any welding. All that is 
required is the drilling of a few bolting holes.  

Another benefit of the modularisation is the unit's adjustability to different sized biogas digesters. 
These digesters come in different heights but all that is needed for the heat exchanger unit to fit in 
them is to adjust the length of the lifting arms and the rubber hoses. This means a greater ability to 
meet customer demands without having to redo the design. 

Further reduction of the production cost might come from the assembly process, which is made 
easier in the new heat exchanger unit. An important factor in this is the reduction of the effects of 
the tolerance chain. This chain regards the effect of several smaller parts fitting together as links in a 
long chain. Even if each part has few imprecisions there add up along the chain, meaning the last 
part could be off its intended position. If this part were to connect to another part found before it in 
the chain the fitting between the two could be very bad. An example of this problem in the design is 
the heat exchanger tube. It is supported on two legs connected to the base shape. On the base shape 
the lifting frame is attached and the second pair of supports for the tube is attached to the lifting 
frame. If the lifting frame is attached incorrectly this means that the tube might be impossible to 
attach. This problem is solved through the use of slotted bolting holes which allow distortions 
between the two parts. The result of this is less demand of high precision in the tolerances. 

The main contributor to the tolerance chain in the old design is likely caused by the steel piping for 
the hot water. These have to fit together very well and are attached to several different components 
in the design. This problem is avoided altogether through the use of rubber hoses instead of steel 
pipes. The rubber hoses are flexible and can be attached with much more ease. 

Another factor that makes assembling easier is the design of some of the sheet metal parts. For 
example the parts connecting the lifting frame to the base shape. These are made so that their 
position has to be measured in one direction only when they are attached to the base shape. This is 
along the length of the square pipe in the base shape; its position in the two other directions (up and 
sideways) is determined by the shape itself. A corner in the sheet metal part aligns with the shape of 
the square pipe.  

All in all, this means that there are fewer measurements to be made when assembling and that the 
importance of getting these measurements exact is reduced. This means less manual labour and 
therefore less production cost.  
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6.1.2 Vibrations 
The FEM analysis made on vibrations, described in section 4.4.3, do not have the most promising 
results. The natural frequencies are generally very low and to a quite large degree they are 
corresponding with the frequencies of the motor and the propeller blades. There are however a few 
migrating factors. 

The first of these were discussed in section 4.4.3, being the distance between the oscillating parts 
and the source of the vibrations. When the frequencies correspond the oscillation is in most cases 
occurring in the arms running up to the surface. Meaning the vibrations from the mixer must travel 
a long way and most likely be reduced in severity, resulting in much lower amplitudes in the 
oscillation than would otherwise be the case. 

Another factor that most likely reduces the severity of the vibrations is the bio fluid the unit is 
submerged in. In different viscosities the natural frequencies and the dampening of the oscillations 
could be very different, something which has not been included in the FEM-analysis. One report 
(Nowak & Zieliński 2012) shows that the frequencies of simple plates can be reduced by as much as 
70% when they are submerged in water compared to air. Such a reduction could change the outlook 
of the natural frequencies substantially. With all the frequencies lowered the lower modes would be 
less of a problem while the higher modes could suddenly be a problem.  

The dampening effect of the fluid is quite easy to imagine. Since the resistance of pushing something 
through water than it is through air the same should be applicable to the amplitudes of the 
vibrations. If the vibrations for example cause the lifting arms to swing back and forth, the 
resistance of the fluid could very well act against it, reducing the amplitudes of each swing and 
making the oscillation harmless. If this is the case a way to amplify the effects is to put a plate at the 
top of the lifting arms but still submerged in the fluid, acting as a paddle. The paddle would add 
more stopping force because of its area. 

This considered; the problems with the vibrations might not be as severe as they appear. Further 
amplifying this point is that the previous prototypes have shown no signs of having troubles with 
oscillations (Balssen 2015b). While the new design is different from the previous there are 
similarities. To make a comparison between the two, an idealized version of the previous design was 
modelled up in Creo and tested for natural frequencies. The results of this can be found in appendix 
E with both print screens from the simulations and a table similar to table 4-1. When comparing 
those results with that of the new design (and its different alternatives in section 4.4.3) it can be seen 
that the differences are not significant. The previous design has different modes and some different 
oscillation but all in all it shows very similar attributes. So if the prototype had no trouble with 
vibrations it is likely that the same applies for the new design. The prototype might even have bigger 
problems since one of its lifting arms is connected almost directly to the mixer, the source of the 
vibrations. 

A complicating factor is the height of the unit. In the analysis a total of five different heights were 
tested, covering every whole metre between 6 and 10. These resulted in different natural frequencies 
meaning some heights are to be especially avoided with a specific mixer. In some cases the different 
heights also yielded very different oscillations in the same mode. The question rising from this is at 
exactly which height the switch is found.  

The conclusion here is that there are a lot of variables possibly affecting the vibrations. This makes it 
hard to draw an exact conclusion on whether it is a problem or not. Both the new design and the 
previous could suffer but most likely to about the same degree. Further tests in future work is 

http://pl.wikipedia.org/wiki/%C5%83
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needed to achieve certainty, with regard given to a more accurately split height spectrum and the 
effects of the fluid.  

6.1.3 Material strength 
The new design has made use of several smaller dimensions when compared to the previous 
prototype. The purpose was of course to save weight and therefore reduce cost. The result is also 
however and reduction of the strength, meaning more stress in the material and larger 
displacements.  

The perhaps biggest change is that of the square pipes in the base shape. These were reduced from 
100x100 mm to 50x50 mm. In section 4.4.4 the different sizes were compared when both used in 
the new design, and while the stress and displacement was significantly higher in the smaller pipes is 
was deemed to be small enough to still warrant their use.  

According to the FEM-analysis the stress in them is around 53 MPa, which is a long way from the 
yield stress of around 200 MPa for the material. More concerning is the displacement which is 
around 6 mm. The displacement means changes in the way weights are distributed, which might 
cause parts to receive more than they were meant for.  However, the structure will be exposed to 
these forces for very long periods of time and not very often, meaning the marginal don’t have to be 
as large.  

If the strength of the pipes does prove to be a problem their size can be increased. Most likely this 
will only be needed in the two longer pipes and not in the crossbeams. Another solutions could be 
add supporting pipes between the tube’s side of the base shape and the lifting frame, much like 
those seen at the mixer’s side.  

6.1.4 Hoses 
In the new design of the concept a large portion of the steel piping has been replaced with rubber 
hoses. The purpose of this change is, as stated previously, is to reduce the importance of exact 
tolerances by reducing the tolerance chain. It does however bring with it a few considerations. 

The choice of material in the rubber hoses (NBR) is based on the assumption that they will not be 
held in the gaseous part of the digester content for longer periods of time. The material can 
withstand the fluid without much problem but the gas puts very different demands. Therefore only 
steel piping is used above surface. These stretch down a bit into the fluid before they are replaced by 
the hoses. This distance is however not tested and might have to be increased. The surface height in 
digesters is unlikely constant so the distance has to be enough to keep the hoses beneath the surface 
even when the fluid content is low.  

Another important part to consider with the hoses is their attachment to the rest of the design. For 
them to remain strong they must be tightly secured and now allowed to move around. The hoses 
therefor need to be secured to the framework of the design. To do this simple hose ties could 
probably be used, either made from plastic or from metal. Important is that they can be attached to 
the lifting arms without too complex assembly. Since the lifting arms are bought locally and 
assembled on site there should not be any complex assembly such as welding involved.  

6.2 Discussion of method 
The discussion of the method will be done in the order of the phases in which the project was 
structured. General thoughts on the project as a whole, is that a higher safety factor on time 
consumption should have been taken into account. Since the project group are small and in case of 
illness or family matters the time reduces. The greatest lesson learned by the project group is that, 
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applied to all phases, more questions should have been asked to field specialists. This since the 
project turned out more complex than expected. 

To ensure the satisfaction of the contractor, several meetings were held to approve the concept 
along the way. 

6.2.1 Phase 1: Introduction 
The time put into the introduction have been beneficial. It has with high probability saved both time 
and helped raised the standard of the result. The specification of Requirement, that was rewritten 
several times, could also with benefit been discussed further. Preferably with specialist in mechanics 
with focus on vibration and fatigue since this area turned out more complex and time consuming 
than expected. 

To combine yEd with the time plan was considered a success. It did not only help the project group 
but did also help the mentor and contractor to get a clear image on the plan. 

6.2.2 Phase 2: Frame of Reference and Collected Data 
The phase could with benefit included data on standard beams in the different steel suggested by the 
contractor. It turned out not being possible to purchase L- and U-profiled beams, in the selected 
material. This would have saved time and effort during the idea generation. 

More studies on vibration and the effect of the combination of the motor and rotation of propeller 
blades should have been conducted. This could have resulted in the conclusions of the complexity 
earlier and the Specification of Requirements could either been altered or an external specialist could 
have been brought into the project. 

6.2.3 Phase 3: Idea Generation 
The phase included several ideas and by continuous meetings with contractor and mentors the ideas 
was quickly evaluated. More time should 

In this stage it would have been beneficial to have brought in a specialist in mechanics to by stand 
the project group and help pointing out possible problem areas. 

The continuous documentation of this phase ensured that no ideas where lost along the way. 

Effort was put into convey the design of other Xylem products. Like the crane currently under 
development. This did in some cases make go wasted. It would be an idea to look into conveying 
the design at a later stage or just not to make it too much of a struggle. 

Although the time put into analysing current design also meant that the group looked into another 
product for biogas application and got to see the struggles it encountered. This made sure that the 
same mistake was not made in this design. It also gave ideas for assembling later in the process. 

The morphological matrix turned out to have more benefits then just to provide structure for 
further testing. It was very good to use during presentations and discussion with the contractor and 
saved time. 

6.2.4 Phase 4: Designing  
This phase would have benefited from field specialist input at an early stage. It would have saved 
time and energy. 
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The usage of FEM-analyses turned out to be crucial in the detection of vibration as a risk. It also 
helped in when determine dimensions on beams and other components. As well as increasing 
rounds in the bent plates. 

If the rubber hoses had been looked at and decided in an earlier phase as well as if the information 
about the standard components had been checked. The phase would have gone smother and with 
less changes during the process. 

6.2.5 Phase 5: Reporting 
By continually writing text for the final report, lack of knowledge and ideas for further content was 
detected in early stages. It also saved time to do the documentation when the knowledge was fresh. 

6.3 Environmental impact 
The Biogas industry is a good way to gain energy from sources that both are renewable, but also 
needs to be taken care of whether it is in biogas or not. Developing products for application in 
biogas, making them more cost effective for the customer, does therefor contribute to this industry. 

By using no more steel then needed, there is less waste done. Since this heat exchanging method is 
revolutionary on the market, with no current competitors, the likeliness that it will be produced in 
many units is great. Therefore reducing the amount of steel does not only have a great impact by the 
company and the customer financially. The lowered weight also puts less strain on the environment, 
with regards to both producing and transporting the product. 

None of the materials used in the design are on Xylems Black and Grey list. The list contains of 
material that can harm either the environment or people.  

The rest product of biogas production is used as a fertilizer (Petersson & Wallinger 2014). This 
increases the need for the design not to release poisons or harmful material that can get into food, 
drinking water or harm animals or nature. 

The design consists of one type of stainless and the screws and bolts can all be separated from the 
design ones it is time for recycling. 

6.4 Risk assessment 
A risk assessment on the new design was made to show where the risk of the new design most likely 
will be. The risk assessment can be found in appendix A. And what is yet to be done with it is to 
determine the risk and how severe it would be if it did occur. 

6.5 Conclusion 
The conclusions drawn by the project group is that developing the chassis is a complex process with 
many parameters that needs to be taken into account. The help of field specialist have been crucial. 

The vibration aspect on the design needs further attention and this should be done before increasing 
the length of the lifting arms. The prototype ran without problem (Balssen 2015b) at the lowest 
height but the risks increase with longer arms. 

The goal of lowering the cost by 10 % is achieved. 

Delimitations should have included vibrations as these proved to be too complicated to fit the time 
frame.
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7 Future work 
This chapter is meant both to help the design reach the market, but also to give suggestion on how to further improve 
the heat exchanger unit in the future. 

7.1 To reach production and the market 
To take the design into production, tolerances need to be decided on and a sketch for the 
production is needed. A further developed instruction for the assembling, and information on the 
standard beams to be bought on site, need to be added to the documentation. 

Attachment for the rubber hoses needs to be decided upon and a choice for the hose itself needs to 
be done. This is best done in co-operation with a company providing hoses for aggressive 
environments. 

The electrical cord that provides the mixer needs to be attached in a suitable way.  

Look through the risk analyses and determine the risks and their severity. 

Real life testing on the risk of sliding and what kind of ballast that then could be necessary. 

Calculations are needed on the total cost, including manufacturing and transportation to provide 
complete cost documentation. 

Evaluate assembling, dissembling and services ability. 

Preform strength tests.  

7.2 Further development 
The design can surely be further optimized then the current design. Ideas that have not been used in 
the design are for example using the hot water pipes as lifting pipes, instead of using rubber hoses. 

The vibrations in the design need to be further tested and the impact on the design should be 
documented. Since this is a product to be used for several years. 

Start a dialog with a supplier to further optimize the assembling. 
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       Area Step Step Step Numbers Sum 
 Base shape 

      Corners   141,4214 482,8427 4 1931,371 
 Crossbar   100 400 2 800 
 Mixer plate   100 400 1 400 
 Front tube   100 200 2 400 
 Rear tube 200 315 830 1 830 
 Mixer Support 

      Bottom 150 100 900 1 900 
 Crossbar   100 400 2 800 
 Resting rod 3,141593 88,9 279,2876 1 279,2876 
 Support rod 3,141593 42,4 133,2035 2 266,4071 
 Tube Supports 

      Front rods   50 400 2 800 
 Rear Frame           
    Corners   141,4214 482,8427 2 965,6854 
    Bottom   100 400 2 800 
    Corner Supports 200 150 350 4 1400 
    Tube Holders 500 141,4214 641,4214 2 1282,843 
    Bottom Crossbar 50 60 520 1 520 
 Upper parts 

      Lifting pipe   50 400 1 400 
 Top Crossbar   50 400 1 400 
 

       

    
SUM: 13176 mm 

     
13.176 m  

 

These are assessments based on analysing the provided drawings of the previous prototype. The 
drawings have been compared to designs found at Xylem to get an idea of how these are welded. 
The assessments are made conservative in an attempt to not exaggerate the amount of welding used.    
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Appendix C:  Length of weld in new concept 

       Area Step Step Step Numbers Sum 
 Base shape 

      Crossbars 50 200 400 3 1200 
 Bar connectors 45 50 190 3 570 
 Small Supports   50 100 4 400 
 Mixer 

Support 
      Resting rod 3,141593 88,9 279,2876 1 279,2876 

 Underneath sup     200 2 400 
 Tube 

Supports 
      Front     40 2 80 

 Rear     160 2 320 
 Lifting frame 

         Supports   50 100 2 200 
    Corners   100 400 2 800 
    Bar connectors 45 50 190 2 380 
 Upper parts 

      Horizontal bar   35 280 1 280 
 

       

    
SUM: 4909 mm 

     
4.909 m  

 

These assessments are based on the CAD-model produced in the project. The welds are assumed to 
have been conducted in a similar matter to that of the previous prototype in all the places where no 
extra considerations had been put into the weld. Examples of these places are the pot welds used on 
the ‘bar connectors’. These are new to the design and their main purpose is to make the welding 
easier. For these calculations the length of weld used for them is assumed equal to the circumference 
of the hole.   
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Figure D-2. #1-5  in table 4-1 mode 1 

Figure D-1. #1-5 in table 4-1 mode 2 
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Figure D-3. #1-5 in table 4-1 mode 3 

Figure D-4. #1-5 in table 4-1 mode 4 
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  Figure D-5. #6-10 in table 4-1 mode 1 

Figure D-6. #6-10 in table 4-1 mode 2 
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Figure D-7. #6-10 in table 4-1 mode 3 

Figure D-8. #6-10 in table 4-1 mode 4 
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Figure D-9. #11-15 in table 4-1 mode 1 

Figure D-10. #11-16 in table 4-1 mode 2 
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Figure D-11. #11-15 in table 4-1 mode 3 

Figure D-12. #11-15 in table 4-1 mode 4 
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Figure D-13. #16-20 in table 4-1 mode 1 

Figure D-14. #16-20 in table 4-1 mode 2 
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Figure D-15. #16-20 in table 4-1 mode 3 

Figure D-16. # 16-20 in table 4-1 mode 4 
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# Heigth [m] Mode 1 [Hz] Mode 2 [Hz] Mode 3 [Hz] Mode 4 [Hz] 

21 6 3.495 4.561 6.950 8.786 
22 7 2.547 3.431 6.113 7.517 
23 8 1.924 2.657 5.023 7.229 
24 9 1.500 2.112 4.194 7.048 
25 10 1.201 1.717 3.578 6.503 

 

  

  

  

 

  

  

Figure E-1. #21-25 mode 1 

Figure E-2. #21-25 mode 1  
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Figure E-3. #21-25 mode 1 

Figure E-4. #21-25 mode 1 
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Appendix G:  Centre of gravity placement 
The figure G-1 below shows a top view of the finished concept: 

 

Figure G-1. Top view of the unit. 
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Figure G-2 shows the placement of the centre of gravity from a top view with the weight of the heat 

exchanger tube set to be without water. 

Figure G-3 shows the placement of the centre of gravity from a top view with the weight of the heat 
exchanger tube set to include the weight of the water. 

  

 

Figure G-2. The centre of gravity with water in the tube. 

 

Figure G-3. The centre of gravity without water in the tube. 
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