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Abstract

This bachelor thesis has been executed with the product development process double diamond. The thesis has
been performed at Karlstad University in cooperation with Kongsberg Maritime in Sweden AB. The objective of
the thesis has been to develop a condition monitoring system for Kongsberg’s waterjet department.
Substantially it has to do with finding a system which could monitor wear and problematic trends in the
hydraulic oil and oil lubricated bearings. The wear is to be translated to an electrical signal which could be used

to alert and visualize the wear to the end user.

The literature study was divided into two parts. The first part of the literature study consisted of analyzing and
understanding wear and condition monitoring systems. The second part of the literature study instead consisted
of analyzing different kind of measurement methods which could be suitable for so-called online measurements.

The used references come from scientific articles and documents publicized by various classification societies.

The final solution consists of a system of different sensors and measurement methods. Due to the fact that the
system is to be installed on ships, the system needed to be considered with rules from various classification
societies. The rules which are relevant for the project was placed in an elimination matrix where concepts that
didn’t live up to the rules were scrapped. Further on, the sub concepts were evaluated and selected with a
relative matrix and a weighted Kesselring matrix, which gave the most suitable sub concepts. The sub concepts
were merged into a complete condition monitoring system at concept level. The final system solution could
measure solid particles in oil, humidity in oil, oil flow, torque, rotational speed of the shaft and vibrations. The
selected sensors also enabled the system to measure shaft power, oil conductivity and oil permittivity which

were not included in the task.
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Sammanfattning

Examensarbetet har genomforts med hjadlp av produktutvecklingsprocessen double diamond. Arbetet har
genomforts pa Karlstad Universitet i samarbete med Kongsberg Maritime in Sweden AB. Malet med arbetet har
varit att ta fram ett tillstdndsévervakningssystem till Kongsbergs vattenjet avdelning. | huvudsak har det handlat
om att hitta ett system som kan &vervaka slitage och problematik i hydraulikolja och oljesmorda lager. Slitaget
skall med hjalp av sensorer 6versattas till en elektrisk signal vilket kan programmeras till felmeddelanden som i

sin tur kan visualisera slitage till slutanvandaren.

Litteraturstudien till arbetet delades in i tva delar. Den forsta delen av litteraturstudien bestod av att analysera
och forsta slitage och tillstandsévervakningssystem. Den andra delen av litteraturstudien bestod av analysering
av olika matmetoder som kan vara lampliga for sa kallad on-line matning. Referenserna som anvandes kommer

fran vetenskapliga artiklar och dokument som blivit publicerade av diverse klassningsbolag.

Den slutgiltiga 16sningen bestar av ett system med olika sensorer och matmetoder. Med anledning av att
systemet skall anvandas pa fartyg sa behovde regelverk fran diverse klassningsbolag tas i beaktande. De regler
som kunde vara relevanta for projektet lades in i en elimineringsmatris dar koncept som inte foljde regelverket
sallades bort. Vidare sa genomfordes konceptutvarderingen med en relativ matris och en viktad Kesselring
matris vilket gav de mest lampade delsystemen. Delsystemen har sedan under designfasen satts ihop till ett
komplett tillstandsévervakningssystem pa konceptniva. Den framtagna losningen kan i huvudsak mata partiklar i
oljan, vatten i oljan, oljans fléde, vridmoment, rotationshastighet pa axel och vibration. Utéver de parametrar
som system var designat att méata har &dven flertalet andra parametrar tillkommit sasom effekt, oljans

konduktivitet och oljans permittivitet.



Content

ADSEIACT ... e e e e e e e s s i
Y- 102V 0T [0 =) 6 1 01 TS iv
i o A oo [ ]o1 4 o] o HU PP P OO PPPPPPPPPPPPRN 1
1.1 BACKEIrOUNG ..o 1
0 U T oY 1] PP PPPPPPPPPRRS 3
00 B C o - | KOTSRS P PP PP P OPPRRPP 3
O [0 V1 = o T o [ PP PPPPTPPPT 4
I oL - | I ol ] g Yo L1 o T 13RS 4

2 Method and Theo ...t 5
2 N o o [=To1 o o] F- [ 1SR 6
211 GANTT Chart @and WBS ......couiiiiiii e s sb e bbb bt nens 6

2.2 Requirement & Functional specification ..........cceeeiiii i 6
2.2.1 ReqUIremMENt SPECITICATION ...eiiiiiiie ettt e e et e e e st a e e e ettee e staeeeesabaeeeessaeesassaeeeassseeennnes 6
2.2.2 FUNCLIONAI SPECITICAION ..eiiitieiiii ettt st s bt e et e s be e e saee s beeesbeesbeeenneesane 6

2.3 Concept generation and SEIECTION .....cciviiii i et arre e s 7
231 (00T Lol =T o] ==Y 1T =L o] o F PP ST PPT PO PPRTOP 7
2.3.2 (@o] g Tol=T o Y= [=Tox d To o F U UURUUOt 8

2.4 SUSTAINADITITY c.eeeeee e e 11
2.5 Literature study Equipment Health Monitoring ........cocccviiiiiee e, 13
2.5.1 Theory of MecChaniCal FAilUre .........o.uiii ittt e et e e e et e e et e e e s eabae e e stbeeeeeataeseeasaaeesssenaans 13
252 Theory of CoNdition MONITOMING ...cc.ciciiiiiiiiiiie e et 19
253 Failure causes for waterjet apPPliCAtiONS ..........uiii it e et e et e e e e tr e e e eatee e eeasaeeeeareeaans 21
254 Benchmarking of Condition Monitoring SYSTEMS ........ccceviiiiiiiiiiinii s 21
2.5.5 Literature study on recommended PArameters .........coccuieeeiiiieieiiieeceieeeesteeessteeesseeeeesereeessnsaeesssaeessnsseeesns 22
256 Literature study on measurement Methods. .........cooiiiiiiiiiiiiiiie e 27

2.6 Protection cabinet for control Module ..o 35

I 00 o1 (=T 0 0 T=T o] =1 4 [0 o VU UUUPRPRN 36
3.1 GANTT Chart @nd WBS..... .ottt ettt et s e e et e s s e e saneeesanee s 36
3.11 GANTT CharT.ci bbb s s 36
3.1.2 WOrk breakdoWn STFUCTUIE (WBS) ....uieiiieiiiiieieee ettt ee e ee ettt e e e e eetbre e e e e e e senatareeeeeeesessssbeeeeeessenssnsseseeeesennes 37

3.2  Requirement & Functional SpecifiCation .........cccoiveiiiiiiiiciiiee e 38
3.21 2o [T =T 0 a1 O Ay o=l ot 1o o 1S 38
3.2.2 VT YotdTo] g ¥ | Iy o T=Tol 1 or- | A Lo o JPU USSR 39

3.3 CONCEPE BN A I ON . s 40

K N @ g Vol<Y o oY1 [=Yor o o FS U URUPPt 41
341 Control cabinet SElECTION .......oiciiiiii s 41



3.4.2 Solid particle MeasuremMENt SEIECTION .........uuiiiii i e e e e e e e e e sar e e e e e e e s e aaraeeeeaeeeanes 42
343 Humidity MmeasuremMent SEIECTION........coiii et e et e e e e e e e st r e e e e e e e e e nabaeeeeaeeeesnrsaaeeeans 43
3.44 Rotation speed MeasuremMent SEIECTION ..........iiiieiiii e e e e et e e st e e e eate e e eeasaeeeenreaeans 43
3.4.5 Torque MeasuremMENt SEIECTION .......cuiii e e rre e e st e e et e e seatr e e e staee e s ntaeeesanseeessseneans 44
3.4.6 Vibration MmeasuremMent SEIECTION ......cocuiiiiiiiiieeeee ettt s e st e st e s b e sbeesanee s 44
347 FIOW MEASUrEMENT SEIECTION . ...cciiiiitii ittt ettt sa e st esabe e e bt e sabeesabeesabeesanee s 45
3.4.38 SUMMACIZE OF the SEIECTION ..c.eieiieiiee ettt s s e sreesneereeaneene 45

B RESUIT e e e e e e e e e e e e e e e e e e aeeas 46
4.1  Cabinet function and coNfiGUIration .........cccuiiiiiiiiiie i s 46
4.2 Sensor function and coNfigUIatioN.........ciiiiiiiiiiiiee e 47
421 PaTICIE COUNTET ... ettt ettt et e st e b e st e et esabe e s bt e sabeeeabeesabeeeabeesabeesaseesabeesaneesn 47
4.2.2 FOITOMAGNETIC SENSON ..eiiiiitieteitee ettt ettt e et e s ettt e sse e e e s s b e e e s e st et e samba e e s sneeesenraeesannneessnneeeas 50
4.2.3 [ TUT 00T T 1Ay =Y o o ST 52
4.2.4 TOrQUE & RPIM SENSOT ...ttt ettt e et e s s b e e s e mr e e e sembr e e e snae e e snreeesennneessanaeeeeas 56
4.2.5 VAl Ta= 14T T IEY=] o T-T ] TP S PSSP U SV PORUPP PP 60
4.2.6 FLOW SENSON 1.ttt ettt et e at e s bt b e b et s et e s bt e sbeesb e e bt em st eme e ebeesb e et e eabeeabesaaesaeesbeenbeenbeenneans 61
4.3  Cabinet design, placement and [aYOUL..........ooeii it 62
43.1 CONEIOL CADTNET ..ttt bbbt e e s bt sb e s bt et e et e st e ebeeebe e b e e b e eabeeabesaeesaeenaee 62
4.4  Hydraulic sensors design, placement and [ayout ...........ceeeviiiiiiiiiiiee e 63
4.4.1 Existing hydraulic SYSTEM [QYOUL ........uiiiiiiee e e e e e e s e e s st a e e e e ntaeeesanaeeesnneeeens 63
4.4.2 PartICIE COUNTET ...ttt e sa et sr e bt et snesenesaeesreesneenneenneens 64
443 Humidity sensor & FErromMagnetic SENSON .......uuiiiiiiieiiiiieee e st e e e st e e e e e s e srbr e e e e e e seersbaaaeeeesessassaanneeens 66
4.4.4 FIOW SBINSON ..ttt ettt ettt e st e st e s e e e bt e s e b e e e bt e sab e e eab e e sab e e eabeesabeesaneesareesaneens 67
4.4.5 L AT = 1O 1ol YAy £ =T g I e V=T VT SR 68
4.4.6 e e VTR Lo Lo l 241V Y=Y o Yo oS PURR 70
4.4.7 VAL T L AT T =1 4 =T ] PP PSP UP PP PP 71
R 0 4 [0 =1 £ <To ol 1) 4R 72
Y U 1y - 110 F=1 1 1 62U 73
4.6.1 S oloTgYoYa Y Tor= LI X< Y X< ot f 7S 73
4.6.2 ENVIrONMENTAl PEISPECHIVE ..coiiueiiieieiie e e et e e e eee e e s e e e s s te e e senseeeesasteeeenntaeeeanseneessseeennn 73

5 DISCUSSION ..ttt ettt e ettt e e e ettt e e e et taa e e e e eaaa e e eeeana e eeeannaneaaeees 75
5.1 Desires that werent aChi@Ved .........ocuei i 75
5.1.1 Frequency domain @NalySiS. ... et e e e e s e e e e e e s e bt r e e e e e e sesabtaereeeeeeeannbaaaeaaeeeaanraaaeaaans 75
5.1.2 Salt AN IFON MEASUMEMENTS ..ecuiiiiiiieiteree sttt st st e r e a et me e r e e b r e neenesnesmeenee 75
5.1.3 Three axis aCCElEratioN SENSON.......ccuiiiiiiiirieree ettt s sre e et e et ee e esreenneeanees 75
5.2  Potential more parameters that could be measured ............coeeieiiiieecii e 76
5.3 Fulfilment of the project 0bJeCHIVES......ccuviiiiiie e 76
5.4  Potential economical savings by installing a Condition monitoring system..........ccccccevvvvveeennnns 77
54.1 DT =Tt ol 1oy Y= VAT =4 N 77



5.4.2 TaTe T g Tt oo 1 Y- 1V [ =4S SUPP 77

5.4.3 YU T 210 0T LTSN 77

5.5  Annual reports from the Condition Monitoring SyStem .........coeevciiiiiiiiiiie e 78
5.6  Fuel reports from the Condition Monitoring SySteM .........cccvieiiiiiiie e 78
5.7  Rental and subscription of a condition monitoring SystemM .........cccceeeveciieeieciieee e 78
5.7.1 2L 0} =] o] oY o KPS 78
5.7.2 0] o Yol T o4 o] g 1Ko o 4 e o USSR 78

o2 T A\ B [0 o1 (=T g T=T o =Y o o [PPSR 79

B CONCIUSION ettt e e e e e e ettt e e e e e e e e e s e anrraaeeeeeeens 80
T FURUIE WOTK ittt e e e e et e e e e e e e e e naeeeeeeeens 82
A (=T E= g oL PP 83
FAY o o X< Yo [ A PR 85
FAY 01T 0T Dl 2 U 87

vii



1 Introduction

1.1 Background

Humans’ behavior and their sights of the world have changed dramatically over the last decade. Countries and
humans have gone from a relative self-sufficient life to a life that is depending on trading with goods all over the
globe. Peoples transport habits have also changed from transporting with emigration in mind to transport and
traveling for entertainment and pleasure. The so-called globalization has led to millions of supplies passing the
country’s borders each day, either by ship, flights or by land with trucks or cars. One of the main reasons for the
quick globalization is the accelerated technical development. The globalization hasn’t just made it easier for
humans and supplies to pass country boarders it has also enabled increasing information trades between the
countries, which have aided an even faster technological advancement. For humans to be able to pass the
boarders in a safe manner, the requirements on the transport companies safety thoughts have increased
drastically. A breakdown which endangers humans’ life could potentially lead to an economical disaster for the
company who constructed the craft. To avoid failures the construction companies invest a huge amount of

money to develop several systems to decrease the risks of a so-called functional failure.

The vehicle industry, which are in the front edge of this development, is using measuring methods which can
visualize to the user that the brake pads are worn out or that the tire pressure is too low. The visualization
occurs with a fault code and a fault message on the instrument cluster which recommends the user to take

action to reduce the risk of an accident or a functional failure.

The ship industry has fallen a little bit behind on this development. Even though millions of people in one way or
another are depending on the ships operational reliability there are only a few methods or systems used to
measure equipment wear. The wear could potentially lead to a functional failure which could cause delays and
cancelations which in the end could cause huge economical and reputational damages to the shipping company.
By using Condition Monitoring (CM) systems the ship could be considerably more reliable. With an CM-system
the user could in an early stage understand that an abnormal wear has arisen and could therefore take quick
actions to avoid a functional failure which eventually could damage even more components or equipment on
the ship. A CM-system could also enable the shipping company to easier plan service visits once the ship is

docked or out of service for other reasons, which decreases indirect cost for the shipping company.

Kongsberg Maritime Sweden AB in Kristinehamn, could in their concern, deliver complete propulsion-systems
for ships. The products are mainly used for large scale applications such as commercial ferries, yachts and
tankers. Kongsberg primarily works with propellers, waterjets and control systems for those. The thesis will
primarily be aimed towards the waterjet department but also the control system department will be partially

involved.



Waterjets is a product which transfers rotation movement to a waterjet with an impeller and a nozzle, see figure
1. The waterjet creates a force aimed straight backwards in the ship’s direction and according to Newtons third
law, all forces acting in one direction must have a reaction force in the opposite direction. In waterjet

applications it is the reaction force that makes the ship move forwards.

Nozzle

Impeller

Figure 1, exploded view of the impeller housing.

The water which will later become a waterjet comes from the bottom of the ship’s hull through a so-called
intake. The rotational movement which drives the impeller comes from a rotational engine. The rotational
movement is being transmitted from the engine to the impeller with shafts, bearings and seals. Inside the
impeller housing there is pump bearing which is designed to distribute forces created by the waterjet. The pump
bearing is filled with pressurized hydraulic oil and together with a mechanical shaft seal it is supposed to keep

the water and oil separated.

To control the waterjet direction, a steering module is used, see figure 2. The waterjets also have a so-called
reversing bucket which covers the waterjet and turns its direction so that the force from the waterjet instead
acts in the opposite direction. The steering module and the reversing bucket are being controlled with hydraulic
cylinders which are part of a hydraulic system designed for the waterjet application. The hydraulic system could
be controlled with electrical signals from the control system which enables the captain to steer the ship from the

control bridge.

Reversing bucket
Intake

Steering module Engine
Figure 2, Overview of waterjet components



1.2 Purpose

Kongsberg waterjets uses a so-called MTBO (Mean Time Between Overhaulin’), which means that service is
being executed after a certain amount of driving time or after a certain number of years, depending on what
occurs first. During the service an extensive overhauling is being performed on components that are suspected
to be worn down, such as seals, bearings and other spare parts. Since some of the components are placed under
the water surface it could be difficult for the service crew onboard to perform a visual inspection of the parts
between the service intervals. The difficulties to visually inspect components under the water surface could
potentially lead to a functional failure. Even though most of the parts are placed so that they could be visually
inspected it could also be difficult to see if a component is worn out with the bare eyes. Due to this, Kongsberg
Maritime wants to investigate the possibilities to find a system which could measure wear in their equipment

and translate it to electrical signals which could be visualized to the user in their control system.

1.3 Goal

Kongsberg wishes to develop the mechanical part of a Condition Monitoring system with this thesis work. The
CM-system shall be able to translate vibrations, torque, rotations speed of the shaft, water quantity in hydraulic
oil and particles in hydraulic oil to electrical signals. The thesis works main focus is to develop methods and
concepts on how those measurements could be performed regarding different materials, placement and
different sizes on the products. The final solution must also consider IP-classes, heat generation and
electromagnetic disturbances. For the final solution to be applied on conventional ships the work also needs to
consider rules from classification societies. Below is a list of relevant classifications and their prioritization. DNV
classification are to be seen as mandatory while BV and ABS are to be seen as prioritized. The rest of the
classifications are to be seen as wished but not mandatory. A summary of the classification societies could be

seen in table 1.

Table 1, summary of classification societies in interest

Classification society | Classification name Short name | Requirement
DNV Rules for classification High-Speed and light craft RU-HSLC Mandatory
BV Rules for classification of steel ships NR 467 Prioritized
ABS ABS Rules for building and classing high speed craft None Prioritized
CCS Rules for construction and classification of sea-going None Wished

High-speed craft

RINA Rules for the classification of ships None Wished

Loyds Register Rules and regulations for the classifications of ships None Wished

Loyds Register Rules and regulations for the classification of Naval None Wished
ships




1.4 Limitations

The control box of the Condition monitoring system will be located inside the machinery space and will require a
cabinet in order to not be affected by surrounding environments. Design of the cabinet will be part of the thesis
work. In the task description there is a requirement that the developed system shall be compatible with the
existing control system which will need to be taken into consideration in the work. How the electrical signals will
be processed inside various control boxes, how the control boxes should be programmed and how further
communications should occur, will not be part of this thesis work. Figure 3 clarifies what will be part of the thesis
work and what should not be part of the thesis work. The thesis work will give answers on the questions why,

where and how. This bachelor thesis could be used as a background to further investigations and development.

4 N

Control box
for CM

CANBUS or similar
Sensor Signals Communication

017

Control system
for the Ship

N /

Figure 3, Overview of thesis limitations.

1.5 Special conditions
Kongsberg Maritime wishes to reserve the rights to exclude certain details in the final report. Those details could

for example be product names and critical details that could be of interest for competing companies.



2 Method and Theory

The project will be executed accordingly the double diamond process for product development. The name
double diamond comes from an idea of expanding and narrow down the perspectives twice which forms two
diamonds as could be seen in figure 4. The idea is that the process starts on the left side with a problem or a task
which needs to be solved. The two diamonds also represent a phase of research and a phase of design which

could be further divided into discovery, define, develop and deliver phases.

Discovery phase is supposed to give a deeper understanding of the problem, deeper research on topics related
to the problem and generally simplify the project. The mindset should be set to diverged thoughts which enables

expansion of the perspectives.

The mindset of the define phase should instead be convergent which means that the thoughts should be more
specific to the solution which means that the perspectives are narrowed down. At the end of the phase the

requirement specification defines the framework of the project.

The third phase is the develop phase where ideas come to life in so-called concepts, which could be seen as
potential solutions to the problem. The develop phase once again expands the perspectives where the concepts

diverge from each other.

The last phase is the deliver phase. In the deliver phase it is time to evaluate the created concepts against the
requirement specification. Once a suitable concept has been selected, the concept needs to be realized through

computer aided programs, prototypes or other suitable methods. [1]

o)
X @4.
<‘9\\?’ %,
°
Task A Solution
Rese ign _ ,
Requirement Concept
specification selection

Figure 4, Illustration of the double diamond processes.
The figure is recreated from the Design council [1].



2.1 Project plan

At the beginning of the project a project plan was created to define the given task. The purpose of the project
plan is to define the background, purpose, goal, limitations and conditions of the project in combination with
defining a timeframe and involved people of the project. The project plan is a great way for the project owner

and the project worker to confirm that their expectations of the project are equivalent. [2, p.35]

2.1.1 GANTT chart and WBS

The so-called GANTT chart is one of the most common methods for visualization of a project’s timeframe.
The timeframe of the project is illustrated on a horizontal axis while the phases or tasks are illustrated on rows
below the horizontal axis. The phases are thereafter visualized as blocks which length is depending on estimated
time. [2, p.33] The length of the phases which are to be decided in the GANTT chart could however be difficult to
estimate why a so-called work breakdown structure (WBS) could be suitable to perform. The principles of a WBS
are to hierarchically breakdown the product into all existing processes which enables a better understanding of

all the tasks that needs to be performed. [2, p.24]

2.2 Requirement & Functional specification

2.2.1 Requirement specification

One of the most important documents in a project is the requirement specification. The document consists of
several criteriums which are either a requirement or a desire on the product. The document also states if the
criterium is a function or a limitation. In certain cases the criteriums could also be weighted which enables a
better understanding of which criteriums that are important during the development. The weight could also

enable a more precise evaluation process during the concept selection. [3, p.150]

2.2.2 Functional specification

A function specification is a process where the product functions is divided into main functions, subfunctions
and supporting functions. The main function describes the main purpose of the product and could be seen as a
requirement which the product must fulfill. For the main function to be fulfilled there must be subfunctions
which also could be divided into supporting functions. The functional specification could be visualized with a

functional tree and it could also be used as a support to the requirement specification. [3]



2.3 Concept generation and selection

2.3.1 Concept generation

The starting point for concept generation is according to literature the criterions from the requirement
specification. The requirement specification will therefore serve as a framework to the concept generation.
Since the developed product in this specific project is a system, it could be a good idea to already in the concept
generation divide the system into sub concepts. This fact enables the possibility to pick the best sub concepts to
receive the most efficient end product. The concepts are to be generated with concept sketches, handwritten
and visualized in computer aided designs programs. The concept generation will mainly use the following
methods: [3]
o Benchmarking.

o |dea association.

o The catalogue method.

Benchmarking
Benchmarking is one of the most common methods used in product development. Benchmarking means that
the designer investigates the competitors’ products, not only to copy but also improve their own product.

Benchmarking will be performed in this project, both towards the shipping and wind turbine industry. [3, p.299]

Idea association
Idea association is a method where fantasy is used to achieve something constructive. The method is suitable for

individual projects and could be used to associate your own or others’ ideas. [3, p.171]

The catalogue method
One of the most rational methods is the so-called catalogue and literature method. It could be used to
systematically investigate how others have solved similar or familiar problems. The method could also be used

to find inspiration and ideas in a more unstructured manner. [3, p.173]



2.3.2 Concept selection
The concept selection process will be performed as described by Ulrich and Eppinger. The process consists of

three distinct steps.

1. Elimination of concepts which does not comply with the requirement specification.
2. Concept screening with relative decision matrix.

3. Concept scoring with a criteria weight matrix.

The process is illustrated in figure 5. Furthermore, it is important to determine which methods that needs to be

used to fulfill the three steps. [3, p.179-182]
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Figure 5, illustration of the evaluation process.
The figure is a recreation from [3].

Pahl and Beitz matrix
The Pahl and Beitz matrix is the first method used to evaluate the created concepts. The method is mainly used
to eliminate poorly created concepts. The matrix consists of seven criteriums which all needs to be fulfilled to

pass the first step of the process. The criteriums could the following:

o Does the solution solve the main problem?

o Does the solution fulfill all the requirements?

o Could the solution be realized?

o lIs the solution within the cost frame?

o Isthe solution advantageous in an environmental, safety and ergonomic perspective?
o Does the solution suit the company’s product program?

o Isthere enough information available for the solution?

If the concept passes the criterium, a positive symbol is added to that specific column and if the concept does
not pass the criterium a negative symbol is added and the concept is eliminated. If further information is needed
a question mark is added to the column and the evaluation continues. The same process applies to exclamation
mark which indicates that the requirement specification needs to be controlled. [3, p.182-183]

Figure 6 illustrates an example of the template used for the Pahl and Beitz matrix.



Page 1 Eliminationmatrix for: Eliminationcriteriums:

(+) Yes

(-) No

(?) More info required

(!) Control of requirement spec

Decision:

(+) Proceed solution

(-) Eliminate solution

(?) Seek more info

(!) Control requirement spec
Comment Decision

+

+ |Within costframe

+ [Safe and ergonomic
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+ [Enough information

+ |Realisable
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~|o || e w| =] Solution

Figure 6, Pahl and Beitz elimination matrix.
Recreated and translated from [3].

Pugh’s relative decision matrix

Pugh’s relative decision matrix is a method where the concepts are compared to a so-called reference solution.
The reference solution could be one of the created concepts, an existing solution or a competing solution.
Where the last two examples are most common. The matrix consists of criteriums from the requirement
specification where each criterium is evaluated against the reference product. If the evaluated concept fulfills
the criterium better than the reference solution it receives a positive symbol, if it’s not better than the reference
solution it receives a negative symbol and if the concept and the reference solution is equal it receives a zero

symbol. The symbols could thereafter be transferred to a quantified number according to the following:

o Positive symbol (+) is transferred to +1
o Zero symbol (0) is transferred to 0.

o Negative symbol (-) is transferred to -1.

If the result from each cell is summarized a result for that specific concept is found. If the result is negative the
concept is inferior to the reference solution and if the result is positive the concept is better than the reference
solution. Once all solution has been evaluated the concepts which has a lower result than zero could be
eliminated which indicates that the concepts are not better than the reference solution. [3, p.184-186]

Example of a relative decision matrix by the Pugh method is illustrated in figure 7.

Concepts
Criterium

1 [Ref] 2 3 4 5
Desire A 0 + -
Desire B + + + +
Desire C 0 0 - -
Requirement D 0 0 0
Desire F - + - -
cum + 1 3 1 1
Sum 0 3 ! 2 !
Sum - 1 1 2 3
Net worth 0 0 2 -1 -2
Ranking 2 2 1 4 5
Further development Yes Yes Yes No No

Figure 7, example of a Pugh relative decision matrix.
Recreated from [3].



Kesselring

The inputs to the Kesselring matrix are both evaluated criterions and their weights, which both comes from the
requirement specification. In the matrix the concepts are rated on how well they meet the criterions on a scale
one to three, where three is a total fulfillment and one is not fulfilled. The rating (R) is to be multiplied with the
criterions weight (W), which gives a quantified result (W x R). The results for each criterion are summarized to a
total score for the concept which could be compared to an ideal solution or to other concepts. [3, p.189-190]

Figure 8 shows a typical Kesselring matrix with weight, rating and quantified results.

Kesselring evaluation

issuea by: | Kangsberg Maritme Ideal Concept 1 Concept 2 Concept 3 Concept 4
Hampus Vinblad File: Concapt salaction Kessairing Description of concept 1 Description of concept 2 Description of concept 3 Description of concept 4 Description of concept §
Rating Rating Rating Rating Rating
Criteria: Weignt (%) ® ® ® ® ®)
Target 1.5 13| war comment [ 1....3| WxR comment 13| waR comment  [1...3| war comment |13 | wxr Comment

Criteria 1 15
Criteria2 5
riteria 3 6

15 0 [ ] [
15 0 o 0 0

riteria 4 2
riteria § 5
riteria & 15
riteria 7 15
iteria & 15
iteria § 15
Critaria 10 2
(Criteria 11 2
Criteris 12 15

[ 0

56 Good =l Good Good Good
Bad Bad Ba0 Bad Bad
No changed Mo changed No changed Mo changed o changed
% of % of fu 5% of ful % of ful % of ful

o] o] o] o] o] o ] wsf o] es] eof | @
|

Figure 8, typical Kesselring matrix for concept selection.
Inspiration taken from [3].
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2.4 Sustainability

Sustainable development has in the recent years become more important. The term sustainability is quite
complex and could be simplified by the thought of leaving the world a better place than it was yesterday. The
term could also be divided further into three aspects known as the triple Ps. The three aspect is people, planet
and profit. All of the aspects should be considered during sustainable development. [4] A so-called SWOT
analyse was performed to detect strengths, weaknesses, opportunities and threats to the product that is being

developed. The attributes were connected to the three P’s of sustainable development, which forms table 2.

Table 2, overview of the SWOT analyse.

People Planet Profit

Reduced risk of Reduced risk for an

Strength Increased personal safety. . . .
& P ¥ contaminations into the sea. | expensive breakdown.

Weaknesses Over believing in the system. Increased need of material. System price.
... Increased reliability and Functional failure could be Bigger understanding
Opportunities . . . .
decreased transportation prices. avoided. of the ship.
Threats The feeling of being watched with | The product is non- The product becomes
a monitoring system. sustainable. too expensive.
People

A CM-system is designed to indicate a potential functional failure before it occurs which is a strength that
enables an increased personal safety for the passengers and the crew on the ship. The system is however a
complement and shall not be used as a substitute to all other service and overhauling events that are supposed
to be done. If the system is seen as a substitute, it could become a weakness. If the system is used correctly, it
could indicate a risk of a potential functional failure and if correct actions are taken, the failure could be repaired
before it damages other components. This fact could be seen as an opportunity as it could lead to an increased
reliability which in the long run could decrease ticket and transportation prices. The CM-system could potentially
identify that a human mistake has occurred which could have devastating individual effects on the person who
made the mistake. It could lead to a situation where the owner of the ship keeps one person responsible for a
potential functional failure. The CM-system owner needs to keep this in mind when the data is analyzed and the

failure mechanism is to be presented to the owner of the ship.
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Planet

Many components included in the Waterjet system are located under the sea level which makes it difficult for
the ship crew to identify if any part of the system is leaking oil into the sea. The CM-system is therefore
considered as a strength with the planet in mind, as it could identify such events. Installation of a CM-system
requires additional components and could therefore be seen as a weakness from a planet perspective. More
components simply increase the ship CO2 footprint. Even though the footprint might be increased by
implementing a CM-system, in the long run it could be seen as an opportunity where the system decreases the
overall CO2 footprint, due to the fact that a system could lead to preventing a functional failure where several
components break down. The threat of the system is that implementation of the system has a higher CO2
footprint than a potential functional failure. This means that if a potential functional failure has the same impact
on the environment as implementation of a new system, it does not make any sense to install the system from a

planet point of view.

Profit

With an economical perspective there are massive advantages with a CM-system. A breakdown could not only
cause substantial expenses to the actual components it could also cause significant expenses in delays,
reschedules and missed departures. Except from direct expenses a breakdown could also lead to indirect
expenses in terms of a decrease in the shipping company’s reputation. The weaknesses that were identified
from an economical point of view is that the CM-system becomes too expensive. The price of the CM-system
should not exceed the price of a functional failure, if so, the customer might not see any advantages of buying
the product which could also be seen as a threat to the product. The CM-system could aid the shipowner to
understand why a failure occurs. If the failure were to be caused by incorrect or aggressive usage, the shipowner
could take suitable actions to improve the ship reliability. The system also allows the CM-system owner to
understand their product better and to develop components that receives an even higher reliability in the

future.

Conclusions

There are a few aspects which should have a high priority during the product development. The first aspect is
that the system shall not be more expensive than the components that it is designed to protect. If the system
becomes more expensive than the system its designed to monitor it could be difficult to sell the system. The

second aspect is that the system has a higher environmental impact than the system it is supposed to protect.
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2.5 Literature study Equipment Health Monitoring
Condition Monitoring (CM) or also known as Equipment Health Monitoring (EHM) is a system which collects
electrical signals and translates it to quantitative data. CM-systems are used widely around the world today both

in transportation industries, power plant industries and in manufacturing industries.

2.5.1 Theory of Mechanical Failure
Equipment failure is a condition where the equipment could not meet its intended objective. Failure could be

caused by several factors: [5, p.24]

o Design error.

o Faulty material.

o Improper manufacturing or construction.
o Incorrect installation.

o Inappropriate operation procedures.

o Insufficient maintenance.

o Maintenance inaccuracies.

Failure rate

Failure rate is defined as a frequency with which a developed system or component reaches functional failure,
this could also be explained in failure per unit of time. It could be difficult to determine the time until failure
occurs as it is depending on differences in the environment of the components. Therefore, it is based on
probabilities and the most common probability model is the so-called Conditional Probability failure rate (A)
which is derived from the failure distribution model. It is based on the probability that a failure occurs during the
next instant of time. The model could be interpreted into a graph where the horizontal axis represents the time

(t) and the vertical axis represents the conditional failure rate as a function of time, A(t). [5, p.24-25]
Furthermore, it is important to understand that failures could be divided into three different failure modes:

o Wear-in failure — Often related to manufacturing defects and installation/maintenance/startup errors.
o Random failure — Could be caused by human errors et cetera and the failure is not time depending.

o Wear-out failure — Most often related to equipment end of life issues.
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Failure pattern

The failure modes have different kind of failure patterns. Failure rates are traditionally used to determine when
maintenance is supposed to be done on the equipment, but it could also be used when data from a CM-system
is to be evaluated. For example, vibrations in a shaft might cause a bearing to functional failure and if vibration
data were available to investigate further, it could be determined whether the functional failure was caused by
wear-in failure, random failure or wear-out failure. This information is critical when determine a suitable
approach for handling the failure mode and it is necessary to understand both failure rates and failure
characteristics. The knowledge is essential to develop and improve the equipment’s reliability. An overview of

the failure characteristics is represented in figure 9. [5, p.25-27]

Infant

Useful Iif Y t
Mgr[a"[v setul lite i ear ou

Failure rate A(t)

T — Time
— -
Burn out i Wear out

Figure 9, Overview of failure characteristics.
Figure recreated from figure 1 [5, p.27].
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Wear in failure

A wear-in failure starts with a high probability of failure where the probability of failure decreases over time

until it reaches a constant failure rate. An example of the failure pattern could be seen in figure 10. [5, p.26]

At

(t)

Figure 10, example of a wear-in failure pattern.
Figure recreated from table 1, p.26 [5].

Random failure

Random failures are not time dependent which means that the probability remains the same during the whole

period of time. An example of a random failure could be seen in figure 11. [5, p.26]

Alt)

(t)
Figure 11, example of a random failure pattern.
Figure recreated from table 1, p.26 [5].
Wear-out failure
In a wear-out failure pattern, the conditional probability failure rate remains the same until the end of the

product life, where the probability of a failure increases dramatically. An example graph is provided in figure 12.
(5, p.26]

Alt)

_/

(t)

Figure 12, example of a wear-out failure pattern.
Figure recreated from table 1, p.26 [5].
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Potential failure diagram (P-F)
Almost every time a failure or a functional failure occurs, it could have been avoided by performing a specific
measurement for that specific condition. The measurements that could be performed within condition

monitoring could be categorized as following: [5, p.31]

o Temperature measurements.
o Dynamic monitoring.

o QOil analysis.

o Corrosion monitoring.

o Nondestructive testing.

o Electrical testing.

o Observation and surveillance.

This means that it is important to use the correct measurement technique depending on which failure the
system is designed to prevent. If the system is designed to prevent a bearing failure it could be of interest to
investigate the lubrication oil quality, vibrations or rotational speed etc. Once the measurements are selected it
is of importance to choose within which signal value the system shall normally perform and which value the

system shall indicate a fault.

With this information, establishment of a so-called P-F diagram could be accomplished. P-F diagram is a diagram
with time on the horizontal axis, equipment condition on the vertical axis and a line which indicates the
condition per time unit. If no faulty condition were to be found, the diagram would only show a straight line with
a constant condition but if a fault is present the line would first start to derive from its straight line where the
failure occurs and the line would form an exponential function where the condition rapidly gets worse until
functional failure occurs. At the line, three points could be added, one point where the failure begins, one point
(P) where the failure could be detected and one point where the failure caused a functional failure (F). The
interval between the point where the failure was able to be detected (P) and the point where functional failure

occurred (F) is called the P-F interval. A so-called P-F diagram is illustrated in figure 13. [5, p.30]

Task intervals

e

Point where
failure begins

Point where i
failure is able to Functional

be detected / failure point

‘ - (t)
>
P-F interval

Condition

Figure 13, Illustration of a P-F diagram.
Figure recreated from figure 1, p.30 [5].
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Monitoring task intervals

It is important to keep the P-F interval in mind when deciding the so-called task interval. The task interval is the
time between the measurements and if the task interval were to have a longer interval than the P-F interval it
could lead to a situation where the system never detected the failure. In general, the task interval should be set
to maximum half of the P-F interval to ensure that the failure always becomes detected before it turns to
functional failure. In the history it was of great importance to not use to much data as the memory cards was
relatively small but with recent improvements within the tech industry the task intervals could be reduced to get
more data, hence, more accurate investigations. The task interval should also be reduced for the following

conditions: [5, p.32]

o Ifthereis low confident in the expected P-F interval.
o If the failure mode has a higher risk.

o Ifthe time interval is too small to perform corrective actions.

Measuring parameters
Parameters are defined as a physical phenomenon that are of special interest for that specific application.
Parameter could for example be temperature, flow velocity, pressure or speed to mention a few. The parameter

could be grouped into two different categories: [5, p.28]

o Condition monitoring tasks: Parameters that increases or decreases their value at the point where a
failure begins. Example: Vibration levels or oil quality in a monitoring system for a bearing.

o Surveillance tasks: Parameters that does not react when a failure begins but could be convenience to
review for understanding the failure mechanism. Example: Rotations speeds and torque which does not

cause the failure and where the failure could not have been foreseen.

Task efficiency
To develop an effective equipment health monitoring system, the following factors should be considered: [5,

p.31-32]

o There should be some sort of measurable parameter that could detect that a failure is about to occur.
More specific, the beginning of a failure must be detectable.

o The P-Finterval should be carefully chosen so that actions aren’t taken prematurely nor too late.

o Practical intervals should be selected, in which monitoring tasks could be performed.

o The system should have appropriate warnings so that proper actions to prevent functional failure could
be accomplished.

o The task intervals should be performed so that the probability of a failure is on an acceptable risk level.

o The cost of the system should not be higher than the cost of the equipment it’s supposed to protect.
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Parameter threshold

A threshold is defined as an amount, level or limit. Once the threshold is reached, something is supposed to

happen or change elsewhere. In this specific application a threshold is used on the parameter and once the

threshold is reached the system shall set an alert or a fault message. The parameter threshold could either be an

upper limit, a lower limit or a combination of them both. The point where a failure could be detected in a P-F

diagram is a so-called threshold. Upper parameter thresholds should be used when a fault increases the value of

the measured parameter and lower parameter thresholds should be used when a fault instead decreases the

value. A combination of those could be used when the used parameter neither should increase or decrease their

value. Figures 14, 15 and 16 shows examples of different thresholds.

Parameter
value

Threshold —=

Parameter values
-~ outside threshold

Parameter
value

Threshold -

Time

Figure 14, example of an upper threshold

Parameter values

s outside threshold
l/ g

Parameter
value

Upper threshold g

Lower threshold —

Time

Figure 15, example of a lower threshold

= Parameter values

/ outside threshold

Figure 16, example of a combination of upper and lower threshold.
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2.5.2 Theory of Condition Monitoring
The fundamental process though of conditional monitoring could be compared to the widely known PDCA-cycle.

The process of conditional monitoring also has a four-step iterative process which is illustrated in figure 17.

Collect ‘ :@

Report Analyze

Act

Figure 17, conditional monitoring process.
Recreated from [5].

Collection of data

The main function of a condition monitoring system is to monitor interesting physical parameters. The physical
parameters could be pressure, flow, speed, forces acceleration or any other relevant units. The parameters
could be translated to electrical signals with so-called sensors. Different sensors use different measuring
techniques but their function remains the same, translate a physical phenomenon to a corresponded electrical
signal. The electrical signals are forwarded to an electrical control module where the signal is converted to data.

The electrical signal could also be used to set a visual alert to the user or to start other systems.

Analyze

During the conversion of the electrical signal to data the control module saves the signal together with a
timestamp in a so-called datalogger. The datalogger is basically just a memory card where the data afterwards
could be extracted either over the air or by inserting an ethernet cable. Since all the saved signals values now
has a timestamp, the data could be sorted and interpreted into a graph with time on the x-axis and signal value
at the y-axis. Figure 18 shows an example of how the data could be visualized. If more parameters were to be
measured it increases the understanding of the failure mechanism and the root cause of the failure could be

more precisely pin pointed.

Analyze of signal

o - o + o S o o = o

Figure 18, example of data visualization.

19



Act

An alert is a visual message to the user that a specific action is needed. The alert is based on thresholds which is
a value that the signal shall not exceed. If the signal exceeds the value an alert is to be set to the user. Alerts
could, but must not, be divided into low and high alerts. A low alert recommends the user to take certain actions
while a high alert orders the user to take certain action. Precise alerts and data could help the product owner or
the client to determine which action or repair that needs to be performed without physically inspect the

equipment which both reduces the repair time and the waiting time for parts to arrive.

Report
Furthermore the condition monitoring system data could be used to create reports which could indicate wear
which could assist the service team onboard to repair components at an early stage or during dry-docking. Once

the required repair has been performed the process starts over again. [5]
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2.5.3 Failure causes for waterjet applications
There are several potential causes which could lead to a function failure of the shaft bearing arrangements and

the hydraulic system. A lubricated roller bearing failure could appear due to following factors:

o Metallurgical factors and manufacture.

o Poor assembly, misalignment, dirt in lubrication.
o Fatigue, cracks and pits.

o Fretting and false brineling.

o Corrosion, contact staining, general attacks.

o Inadequate lubrication.

o Electrical discharge.

o Combination of the above.

Most of the failure causes are caused or worsened by either particle or water contaminations.
Depending on failure cause the failure pattern might look different. For example, an incorrect alignment might
have a high failure rate in the beginning which will flatten out once the equipment has been worn in. Another
example is corrosion caused by water particles in the hydraulic oil which has a low probability failure rate in the

beginning but where the probability failure rate increases with time, so-called wear out failure. [6, p.150]

2.5.4 Benchmarking of Condition Monitoring Systems

Condition monitoring has in recent years become an important system within certain industries. Even though
the usage of condition monitoring is limited within the shipping industry there are many companies who is
specialized in development of condition monitoring systems for wind turbines for example and the basic
fundamentals are the same. Both industries have an interest of measure the wear of rotating equipment from a
long distance in order to reduce the service costs. Many of the large hydraulic companies have developed their
own condition monitoring system designed to evaluate the hydraulic oil which was also benchmarked. Even
though several interesting parameters was identified in the project specification from Kongsberg, a so-called
benchmarking process was performed in order to confirm and potentially identify more parameters of interest.
During the benchmarking process it was found that the following parameters are usually measured in a

condition monitoring system:

o Solid particles in hydraulic oil [p/ml].
o Humidity in hydraulic oil [PPM].

o Vibration [Hz].

o Load (Torque on the shaft) [Nm].

o Bearing lubrication temperature [°C].
o Lubrication fluid flow [I/min].

o Rotation speed of the shaft [RPM].
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2.5.5 Literature study on recommended Parameters

2.5.5.1 Solid particle contamination parameter

A large portion of all hydraulic system breakdowns are caused by different kind of contaminations. [6]
The contaminations could be divided into two groups. The first group is the solid particle contamination. This
specific parameter will be used to measure solid particle contaminations. [7] The most common solid particle
contaminations are metal particles, seal particles or dust particles from manufacturing. Their presence could be

caused by following external or internal reasons: [6, 7]

o Filling with exposed hydraulic oil. (External reason).

o Insufficient cleaning of the system after manufacturing. (External reason).
o Defective breathing filters. (External reason).

o Defective seals and scrapers. (External reason).

o Carelessness during service. (External reason).

o Corrosion due to water ingress. (Internal reason).

o Cavitation damages due to water ingress. (Internal reason).

o Worn components. (Internal reason).

o Fatigue damages. (Internal reason).

Once the particles are introduced in the system, they generate damages to all components within the hydraulic
system which reduces the hydraulic systems reliability and could eventually cause a functional failure. The sizes
of the particles could be so small that they can’t be visually seen with an eye. The quantity of particles is in a way
proportional to the conditional probability failure rate.[6] The more particles present in the hydraulic system,
the more likely it is for the system to reach a functional failure. The quantity of particles is therefore a valid and
measurable parameter to ensure that functional failure does not occur. Since the parameter could be used to
identify a potential functional failure, it should be defined as a condition monitoring task parameter according to
Subsection 2.4.6. The cleanliness of hydraulic oil is generally measured according to ISO 4406:1999. The
standard is used to quantify particles into three size categories, particles which is 4um or larger, 6um or larger
and 14um and larger. The cleanliness code could for example be 19/17/15, where the numbers correspond to a

specific range presented in table 3 and the positions of the numbers is specified in figure 19. [8]

19/17/15
/ N

24pm >6um 214pm

Figure 19, ISO-code example.
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Table 3, ISO 4406:1999 cleanliness table.

More than [p/ml] Up to and including [p/ml] | I1SO Code
80.000 160.000 24
40.000 80.000 23
20.000 40.000 22
10.000 20.000 21
5.000 10.000 20
2.500 5.000 19
1.300 2.500 18
640 1.300 17
320 640 16
160 320 15
80 160 14
40 80 13
20 40 12
10 20 11
5 10 10
2.5 5 9
1.3 2.5 8
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2.5.5.2 Humidity contamination parameter

The other group of contaminations in a hydraulic system are the humidity contaminations. Humidity
contaminations could consist of any kind of liquid, but in this application water presence is especially interesting.
Water presence in the hydraulic system could cause corrosion, cavitation, oxidation, viscosity changes and other
damages to the hydraulic system. Presence of water inside the hydraulic system could be caused by following

reasons: [9]

o The system has been internally cleaned with pressurized water.
o Leaking components.
o Defective seals.

o Filling with oil that has been exposed to water.

The amount of water presence in the hydraulic oil is proportional to the conditional probability failure rate.
Which means that, the more amount of water that is present in the system the more likely it is for the system to
reach functional failure. This fact enables the parameter to be seen as a condition monitoring parameter which
could be measured and where thresholds could be set. There are generally two different methods to measure
humidity in oil. As per today, Kongsberg Maritime uses the so-called absolute humidity [PPM] to determine if the
hydraulic oil is contaminated by water. To receive absolute humidity, the so-called Karl Fischer method is
normally used in a controlled laboratory with a fixed oil temperature. The absolute humidity could be calculated
by multiplying the relative humidity (@) by the saturation limit of the hydraulic oil (py, max) and dividing the
values by 100%, which gives equation 1. Relative humidity (@) is a percentual ratio between the actual water
contained in the oil and the maximum possible amount of dissolved water at the saturation limit, which is shown
in equation 2. Somewhat simplified, the saturation limit (py, mayx) is the amount of water that specific oil could
absorb before the water creates emulsions or becomes free water. Due to the fact that hydraulic oils could
absorb more water with increasing temperature, the saturation limit becomes a variable which is depending on
the oil temperature. The saturation limit also variates with the oil type and the oil age. For example, if the
working temperature of the hydraulic system is 50°C the saturation limit will be higher than it was during start-
up, hence, the oil will be able to absorb more water. If the oil instead is sent to a laboratory the measurement
will be performed in 25°C and the saturation limit will become lower which will give a higher absolute humidity
then it was in the actual system. Due to the complexity of measuring absolute humidity there are no methods
available on the market which could measure the parameter on-line, instead oil samples need to be taken in the
system and sent to a laboratory for review. However, there are on-line methods available to measure the
parameter relative humidity which gives an output interval between 0-100%, where 100% indicates that the
water is either free or that emulsions are present. Another available parameter is water activity which basically
is relative humidity divided by 100. The difference is that relative humidity is in percent while water activity is

not.
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Equation 1:

Equation 2:

_ ©Xpwmax

Absolute humidity [p,,] 100%

Relative humidity [¢] = —Pw_ % 100%

Pwmax

The absolute humidity is traditionally the more used parameter to measure the contamination of water in oils

but measuring the relative humidity parameter gives a better picture of the oil condition, at least for on-line

measurements. The relative humidity gives a firmer indication of the risk for free water in the system. Relative

humidity is neither affected by fluctuation in the saturation limit which means that the output value could be

trusted even if the temperature change or if the oil changes its physical behavior. Finally, the relative humidity

parameter is also not affected by differences in saturation limits which could be caused by different oils. As

mentioned, the parameter is measured within an interval between 0 to 100%. A value lower than 40% indicates

that the hydraulic oil is not contaminated by water, a value between 40% to 60% indicates that the system could

have a water ingress and a value above 60% indicates that the system has a water ingress which could damage

the system and therefore action is required, a summarize could be found in table 4. [9]

Table 4, reference values for measure values.

0—-40%r.h.

No actions required (QOil is dry)

40-60 % r.h.

Control the oil and installation

60 —100 % r.h.

Hydraulic system has water ingress, action needed.

General condition
for reference values

Air temperature: 20-25°C
Air humidity (approx.): 20-70%
Oil temperature (approx.): 45°C
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2.5.5.3 Vibration parameter

The parameter and the measurement are going to be used on locations where vibrations are known to appear,
but the values are either unknown, uncertain or could be interfered by other vibrations which makes it
inefficient to use as a condition monitoring task parameter. Therefore, it is classified as a surveillance task
parameter which could aid to understand the failure mechanism. In the future, when data of the vibration levels
and frequencies has been properly investigated and a failure pattern and behavior could be identified, the
parameter could be changed to a condition monitoring task parameter [10, p.164]. The parameter is measured

in either Hertz [Hz], mm/s or mm/s?2.

2.5.5.4 Torque parameter
The torque parameter is also classified as a surveillance task parameter and could be beneficial to have when
analyzing the failure mechanism. The torque parameter could be interesting to investigate during a failure event

as it could indicate how much load the ship was exposed to. The parameter is measured in Newton meters [Nm].

2.5.5.5 Hydraulic flow parameter

The parameter is of interest since a too low flow could cause inadequate lubrication to the bearings which could
cause a functional fault. The hydraulic system is divided into a low-pressure system which is called the
lubrication system and a high-pressure system. The lubrication system has two tasks, to lubricate the impeller
bearing and the shaft bearing. If the flow would decrease for any reason, it would lead to a dried out bearing
which will allow heat production that could lead to a bearing breakdown. The flow has a lower limit which it
should not exceed, the parameter could therefore be seen as a condition monitoring parameter. The hydraulic

flow is measured in liter per minute [I/min].

2.5.5.6 Rotation speed parameter

The rotation speed parameter is a so-called surveillance task parameter. The rotation speed is not going to
indicate a functional failure, but a constant high rotation speed could have an impact on the failure, which could
be of interest to understand the failure mechanism. The parameter could also be used to monitor how long time
the ship has been operating and how many rotations the shaft have accomplished. The parameter is measured

in rotations per minute [RPM]. [10, p.135]
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2.5.6 Literature study on measurement methods

2.5.6.1 Solid particles contamination measuring methods

Ferromagnetic sensors

The ferromagnetic sensor is a so-called magnetic chip detector which attracts metal particles with an
electromagnet. Once the particles are stuck on the sensor lens, the oscillating frequency change depending on
the size of the particles. Once the measurement has been performed the electromagnetic is released which
forces the particles to continue their path inside the hydraulic system. Since the sensor uses electromagnetics to

collect the material, the method is not suitable for non-ferrous particles. [11]

Magnetic Field

Sensor Coil
BIT Coil

Wear debris

Magnetic Pole Piece

Magnet

Figure 20, example of a typical Ferromagnetic sensor
Recreated from [11].

Metal Debris Sensor

The metal debris sensor has an inlet and an outlet and could easily be mounted on a pipe, figure 21. It usually
consists of a sensor head with two stimulus coils and one sensor coil which are wound around an isolated part of
the pipe. When particles pass through the pipe, the field that has been created by the stimulus coils is disturbed
and recorded by the sensor coils. The method has a low chance of false indications and could be used to identify

both ferrous and non-ferrous particle sizes. [11,12]
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Non-Ferromagnetic Debris

Figure 21, example of a typical Metal Debris sensor
Recreated from [11].
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Light scattering particle counter

This method is more advanced but could also be used for on-line measurements. The sensor could be mounted

directly on hydraulic pipes. The method uses a laser light source and a photo diode, figure 22. If no particles pass

the laser beam, all lights are being reflected to the photo diode but if particles pass the laser beam, the beam is

going to be reflected and the photo diode could decide the size of the particle. The method has some

weaknesses though. The method could react to water contamination, air bubbles and fluid opacities and could

therefore result in inaccurate readings. The size determination is also influenced by which side of the particle the

laser hits, if the short side of a particle is struck it could result in inaccurate readings. The method could not

determine what chemical composition the particles have. [11,13]

Laser Gun

Figure 22, example of a typical Light scattering particle counter.
Recreated from [11].
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2.5.6.2 Humidity particle contamination measuring methods

Capacitive thin film sensor

The technology consists of functional thin films which is called layers. The thin-film polymer sensor absorbs and
releases water when the surrounding moisture level in the hydraulic oil changes. The absorbing and desorbing of
water molecules appear until a moisture equilibrium is reached between the polymer and the hydraulic oil.
Changes in the moisture level of the hydraulic oil quickly changes the dielectric properties of the polymer film,
which causes the capacitance of the sensor to change. The so-called upper layer of electrode prevents oil,
additives and particles from penetrating through the polymer which allows the sensor to only measure water
molecules which enables the functionality that the sensor is independent of the oil type. [14] The measurement

method could be installed on-line and measures relative humidity in percent [%].

Different kind of light source and reflection sensors
There are a few different kind of measurement methods that are based on a light source and a photo diode
technique which could identify water particles, but they also identify ferrous and non-ferrous materials.

Because the method also includes solid particles their suitability could be questioned. [5]

2.5.6.3 Rotation speed measuring methods

Magnetic field sensors

Magnetic field sensors are sensors that detects presence of magnetic fields. By adding a so-called reluctor ring to
the rotating shaft the sensor will react each time a tooth of the reluctor ring passes the sensor. The sensor
output will become either a pulse signal or sinus signal. The faster the shaft rotates the shorter the time of the
pulse or the wavelength will become. By analyzing the signal an output of the actual rotating speed could be

determined. The most common magnetic field sensors are called hall sensors and inductive sensors.

Photoelectric sensors

Photoelectric sensors use a light transmitter and a receiver in combination with a reflector. The transmitter
sends out a light which is reflected by the reflector and once the reflected light hits the receiver an electric
current is allowed. The reflector is installed on the shaft which allows an electrical signal each revolution the
shaft makes. The time between each signal could determine the rotational speed. If the reflector would pass the

light once each second the rotational speed would be 60 rotations per minute.
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2.5.6.4 Torque measuring methods
Strain gauge sensor
Torque is a measurement of an applied force ability to twist an object. In this specific case, the shaft and the

impeller. Once the torque is applied to the shaft it will cause the shaft material to deform and slightly twist.

If a metal wire were to be stretched out the length would increase but since the volume of the wire is fixed the
cross-section area would have to decrease the more the wire is stretched. A decrease in the cross-section affects
the electrical resistance, this phenomenon is called the piezoresistive effect. A so-called strain gauge sensor
applies the piezoresistive effect on a thin metal film and once the tension is added to the measured object the
resistance increases. The resistance of the thin film is also affected by temperature changes which could be fixed
by using a Wheatstone bridge. Wheatstone bridges are designed to determine an unknown resistance.
The bridge consists of four resistors and one measuring device, as described in figure 23. If R; and R3 has a
known resistance, then the resistance of R, could be adjusted until the voltage on the bridge reaches zero
voltage. Once an equilibrium has been reached, the unknown resistance of R, could be determined by

multiplying R, with the product of R; divided by R;, see equation 3.

Figure 23, Wheatstone bridge circuit diagram.

Equation3: R, =R, X %
1

In a strain gauge sensor, the Wheatstone bridge is not specifically used to determine unknown resistance, it is
rather the imbalance and the voltage output that occurs in the bridge that are of interest. To measure torque in
a shaft with this method, the resistors are placed at an angle of 45 degrees from the shaft axis as described in
figure 24. If torque, which causes shear strain, is applied to the shaft, the arrangement described above will
cause elongation in Ry and R; and compression in R, and R,. The elongation will cause increase in the
resistance for resistors Ry and R; and the compression will cause decrease in resistance for resistors R, and R,.
This results in an unbalanced Wheatstone bridge where the voltage output is proportional to the applied torque

and could therefore be used to determine the shaft torque. [15, p.164; 16, p.98]
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Figure 24, Strain gauge sensor installed on a shaft.
Figure recreated from [15, p.165].

Other options
There are a few other methods available on the market to measure torque, but they are either not designed for

a rotational shaft or their accuracy are not good enough.

2.5.6.5 Vibration measuring methods

The most common method to measure vibrations are the accelerometer. The general principles of an
accelerometer are fairly simple. The accelerometer consists of an enclosure which is fixed to the object where
the acceleration or vibration might appear, a free mass and some kind of sensor which is measuring the
displacement of the mass. Most of the accelerators are so-called three axis accelerometers. The three axis
accelerometers are designed as system of three separated accelerometers which measures the acceleration in X,
Y and Z direction of a cartesian coordinate system. The measurement methods which are normally used to

determine the displacement of the free mass is MEMS Capacitive, piezoresistive and piezoelectric. [16, p.150]

MEMS Capacitive accelerometers

The principle for a one-dimension MEMS capacitive accelerometer is illustrated in figure 25. The mass is installed
into the enclosure through springs and so-called anchor points. The mass has moving fingers installed on it while
the enclosure has fixed fingers, this is called comb structure. When a vibration or acceleration of the mass
appears the capacities between the fixed fingers and the moving fingers changes which could be used to
determine and translate the acceleration to an electrical signal. Between every moving finger there is two fixed
fingers which are supplied with different potential. The MEMS capacitive accelerometers are the cheapest of the
three types described in this document and their accuracy is lower for high amplitudes and frequencies.

[16, p.150-153]
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Figure 25, top view of a one-dimensional MEMS capacitive accelerometer.
Recreated from [17, p.152]

Piezoresistive accelerometers

The piezoresistive accelerometer consists of a proof mass which is attached to the supporting frame with beams
which is illustrated in figure 26. Once an acceleration appears, the mass will deflect due to its inertia and the
supporting frame will remain rigid in its enclosure, which will cause the connecting beams to deform.
The beam deformation could be measured using resistors, piezoresistive effect and a Wheatstone bridge.

The measurement method has a wide measuring range but a low sensibility. [15, p.211]

Enclosure ~ Beam Mass

/| :

Figure 26, illustration of a piezoresistive accelerometer.

Piezoelectric accelerometers

The Piezoelectric accelerometer consists of an enclosure, a mass and a piezoelectric material which is normally
called a crystal, see figure 27. When an acceleration appears, the mass and the enclosure want to separate from
each other but is impeded by the piezoelectric material. This results in a situation where the piezoelectric
material gets deformed which could be observed with a change of the electrostatic force or their voltage
potential. The output voltage is fairly low why some sort of amplifier is needed. The method has a higher
impedance and could be more difficult to produce than the other two alternatives. The piezoelectric

accelerometers are highly sensitive and accurate and could measure high frequencies. [15, p.208]
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Figure 27, layout of a piezoelectric accelerometer.

Analyse methods

All vibration and acceleration sensors output signals are so-called alternating current (AC]. The reason for this is
because they are able to sense a movement which is both positive and negative. All rotating parts has their own
vibration signature which is created by the combined individual parts. The amplitude of the signature varies
when the equipment experiences unusual behaviors, such as unbalance or abnormal bearing wear. Analyzing
the vibration signals could generally be done in two different ways. The first method is analyzing the overall
vibration of the machine by using the so-called time domain vibration analysis. The name comes from the
analyze which is presented in a graph with time on the x-axis and amplitude of the movement in the y-axis. The
second method isolates each amplitude to a specific frequency. This method is called frequency domain
vibration analysis. Time domain therefore monitors signal amplitude over time while frequency domain
monitors signal amplitude by frequency which could be visualized in figure 28. Both methods could be used in
condition monitoring but their strengths and weaknesses are different. The strengths of time domain analysis
are their simplicity and low price and the weaknesses is that time domain analysis detects a fault later and could

not pin-point the vibration as good as a frequency domain analysis could. [17,18]

Amplitude

Frequency

Time

Frequency domain analysis

Time domain analysis

Figure 28, visualization of the different perspectives of time domain and frequency domain analysis.
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Root mean square (RMS) value of velocity

One of the most important values to monitor when it comes to vibration is the so-called root mean square

(RMS) value of velocity. The importance comes from the fact that the RMS value is directly related to the energy

content of the vibration profile and the destructive capability of the vibration. The RMS value also take the time

history in to account since it is a mean value of the vibration peaks. The RMS velocity is measured in mm/s and is

further illustrated in figure 29. [18]

t Peak

RMS
Average l

!

Peak to peak

Figure 29, illustration of the time domain sinus wave.

ISO 10816-3- Mechanical vibration

The ISO 10816 standard is used for mechanical vibrations, more specific measurement and evaluation of

machine vibration. In part 3 of the standard, figure 30 is presented which recommends that a vibration velocity

(RMS) of 28mm/s is unacceptable for a so-called class 4 machine type. [19]

Frequency range for v-RMS
Machines calculation Technical standard
Rotating standard machines: |2-1000 Hz (for 600 > n > 120)
Motors, fans, shafts, 15O 10816-3
generators, pumps 10-1000 Hz (for n > 600)
Vibration level reference guide (Based on 150 10816-3)
Machine type: Class 1 Class 2 Class 3 Class 4
infs mm/s Small Machines Medium Machines Large machines Large machines
(20hp) (100hp) rigid foundation soft foundation
0,01 0,28
0,02 0,45 od

s 0,03 0,71 . d o

T 0,04 1,12

5 0,07 18

5 0,11 2,8

g 0,18 45

=2 0,28 7,1
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=z 0,7 18 ptab tab

1,1 28 ptab
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Figure 30, ISO 10816-3 chart of acceptable vibration velocities (RMS).

Recreated from [19]
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2.5.6.5 Hydraulic flow measurement methods

Magnetic-inductive sensors

The magnetic-inductive flow sensor is based on Faradays law. Faradays law states that the voltage induced in a
conductor which moves through a magnetic field is proportional to the velocity of that conductor. Since the area

of the sensor is known the flow could be decided by multiplying the area with the velocity. [20]

Vortex flow sensor
The vortex flow meter consists of a flow sensor which could sense pressure variations due to a vortex-shedding
phenomenon which is built-up by adding a so-called bluff that creates a passage. The pressure variation is

normally measured with either piezoelectric or capacitive type sensors. [21]

Mechanical flow sensor

There are a few different kind of mechanical flow sensors but the most common is the spring-loaded piston. If
no flow is present, the piston remains resting and once flow is introduced the piston starts to move due to the
forces that is acting on it. The movement of the piston could be measured and converted to an electrical signal

proportional to the flow.

2.6 Protection cabinet for control module

The control module that will be used to process the electrical signals has an IP20 protection classification which
is less than the required IP44 protection classification needed for machinery spaces according to the
classification societies. Therefore, the control module needs to be built into a cabinet which is protecting the
device from contaminations. The first option is to design a new cabinet which will require extensive work to
receive a classification of at least IP44 class and the second option is to buy an already classified cabinet and re-

build it for the control module.
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3 Implementation

3.1 GANTT chart and WBS
3.1.1 GANTT chart

The GANTT chart for the project was created in Microsoft Excel. The project was divided into distinct phases with
input from hard deadlines within the course, input from the WBS and with a double diamond approach. The
phases were the following:

e Planning.

e Research.

e Requirement specification.
e Report 1.

e Concept generation.

e Concept selection.

e Concept design.

e Report 2.

e Report 3.

Each phase was also divided into separated GANTT charts with more detailed information on which tasks that
needed to be performed during that phase. The GANTT chart could be found in figure 31.

Grind 1

Inlamning av projektplan
28-jan

Grind 2

Inlamning av metod del av rapport

21-mar

Grind 3

Rapport 3

inlamning utkast pa rapport
29-apr

Grind 5
Skriftlig opponering
27-ma

vz va Jv.s [v.e v.7 v v |v.10 Jv.11 [v.12 [v.13 [v.1a [v.1s |v.16 [v.17 [v.18 [v.19 [v.20 [v.21 [v.22 [v.23 [v.24 ]
Planering Grind 4
Research Inlimning av rapport fér opponering
Krav Specifikation 16-ma |
Rapport 1 Grind 6
Koncept generering | Inlimning av rapport fér examinering
Konceptval 03-jun
Koncept design v
Rapport 2 l
-

Figure 31, overview of the GANTT chart.

36




3.1.2 Work breakdown structure (WBS)

A CM-system could be roughly broken down into three layers:

o The first layer is the collection of sensors and transducers signals. Sensors and transducer signals.
o The second layer is receiving and manipulating the data. Data acquisition.

o The third layer where the data is analyzed and visualized. Data review and process.

This work will mainly focus on the sensor and transducer signal layer but since the task includes development of
a cabinet for the control box also the Data acquisition layer will be fairly affected. The sensor and transducer

signals layer could be further divided into subcategories which are the following:

o Solid particle measurements.

o Humidity measurements.

o Rotations speed measurements.
o Torque measurements.

o Vibration measurements.

o Flow measurements.

Furthermore, the subcategories have objectives that must be considered during the development. The project
specification requires that the sensors should be compatible with the existing CanMan Touch control system,
that the development should comply with the rules from the classification society, that IP-classes and

placements should be considered.

The control box category could also be divided into subcategories but for this thesis only one of the
subcategories are of interest. The subcategory of interest is the protection cabinet for the control box. The
protection cabinet also has objectives that needs to comply with rules from the classification society combined

with the demands of IP-class and component placement.

An overview of the work breakdown structure has been created to further visualize the system in figure 32.

Figure 32, overview of the WBS.
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3.2 Requirement & Functional specification

3.2.1 Requirement specification

One requirement specification was created for the cabinet and one requirement specification was created for all
sensors. Most of the requirements on the sensors are set by rules from the classification society which are the
same for all sensors but the sensors also have requirements and desires which is specific to that sensor. In order
to avoid creating requirement specification to each sensor the requirement specification was divided into the

following criterion categories:

Construction requirements from classification.

Placement requirements from classification.

Environmental requirements from classification.

Electrical requirements from classification.

General Requirements and desires from Kongsberg Maritime.
Requirements and desires specific for solid particle sensor.
Requirements and desires specific for humidity sensor.

Requirements and desires specific for rotations speed sensor.

O ® N U A W NP

Requirements and desires specific for torque sensor.
10. Requirements and desires specific for vibration sensor.

11. Requirements and desires specific for flow sensor.
The input to the requirement specification came from the following sources:

e Rules from the classification societies. (DNV, BV and ABS)
e Parameter values from Kongsberg internal documents.
e Input and meetings with Kongsberg representatives.

e Functional specification.

The requirement specifications as whole could be found in Appendix A.
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3.2.2 Functional specification

The main function of a Condition monitoring system is to examine physical phenomenon in order to avoid and
reduce the cost of a functional failure. This function could be further divided into subfunctions which is
measuring mechanical wear with sensors, converting the signals to data and analyzing the data. Since this thesis
is restricted to only process the mechanical part of a condition monitoring system the two last mentioned
functions will be skipped. The function measuring mechanical wear with sensors remains. The function could be
further divided into which subfunctions which defines what parameter the sensor should measure. Once the
parameters are concluded they could once again be divided into the following:

e  Which range should the sensor measure?
e  Which accuracy should the sensor have?
e  Which response time should the sensor have? Also known as P-F interval.

The result is summarized in table 5 and an overview of the functions is illustrated in figure 33.

Table 5, overview of parameters and their desired functions.

Parameter Sensor range Sensor accuracy | Sensor response time
Solid particles in oil Particles > 4um - 0-20.000 p/ml +5% 1 time / hour
Particles > 6um - 0-5000 p/ml
Particles > 14pum — 0-640 p/ml
Humidity in oil 0-20.000 PPM +5% 1 time / hour
Rotation speed 0-2.000 RPM (up to 5.000rpm) +1% 1time /10 ms
Torque 0-100.000Nm / 0-300.000Nm* +1% 1 time / second
Vibration 0-50 mm/sec +5% 1time /10 ms
Flow 0-20 I/min +5% 1 time / second

*For larger applications.

Condition Monitoring system

| Collect electrical signals |

| Analyze data | Measure mechanical wear |

Transfer physical phenomenons
to electrical signals

Sensors

| Solid particles Torque |

Humidity Rotation speed

Vibration |

Flow |

Measuring interval Measuring interval Measuring interval

Measuring interval
Measuring accuracy

Measuring accuracy Measuring accuracy Measuring accuracy

——| Response time Response time Response time

Measuring interval
Measuring accuracy
Response time

Measuring interval
— Measuring accuracy
—| Response time

Figure 33, overview of the function tree.
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3.3 Concept generation

The thesis work involves finding the most valuable Condition Monitoring system which complies with regulations
from the classification societies. Therefore, it was never an objective to investigate new measurement methods
but rather finding existing measurement methods and sensors. One of the used methods to find concepts was

the catalogue method.

The concepts are to be based on the requirements specification. The objective in the concept generation is that
every concept should comply and fulfill the requirement specification. As the CM-system consists of several

measurement methods the concept was also divided into the following sub concepts:

o Concept for a control cabinet.

o Concept for measuring solid particles in hydraulic oil.
o Concept for measuring humidity in hydraulic oil.

o Concept for measuring rotation speed of the shaft.

o Concept for measuring torque of the shaft.

o Concept for measuring vibrations.

o Concept for measuring hydraulic flow.

This approach enables a process where the best sub concepts could be picked to receive the most valuable and

reliable Condition Monitoring system.
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3.4 Concept selection

The concept selection was divided into three steps as described by Ulrich and Eppinger. The Pahl and Beitz
matrix eliminated all concepts that was not able to withstand the requirements from the classification society
and Kongsberg Maritime. Further on, the Pugh’s relative decision matrix was used to evaluate and rank the
desired criterions of the concepts which passed the elimination matrix. The concepts were evaluated with the
same weight on each criterion. As a last step a weighted Kesselring matrix was used which also evaluate and
rank the concepts based on their weight and importance. The weight was set from 1 which is lowest importance
to 5 which is considered a high importance. The weights of each criterion were set based on input from the
project owner, Kongsberg Maritime. The usage of two different evaluation tools enables a higher confidence in
the concepts. The result of the concept selection process is presented in corresponding heading below. All

concept selection matrixes could be found in appendix B.

3.4.1 Control cabinet selection

All of the concepts passed through the elimination matrix. The elimination matrix consisted of requirements
from the classification societies and a requirement of size to fit the control module from Kongsberg. The desires
of the cabinet were a combination of price, robustness, simplicity and the fact that the cabinet followed

Kongsberg color palette. A cabinet concept selection overview could be seen in table 6.

The chosen cabinet has a DNV-GL certificate which means that it is approved by the DNV classification society to
be used in marine application. The cabinet has the same color code as Kongsberg standard code which is RAL
7035. Furthermore the cabinet has a hinged and removable door with a three-point locking mechanism that
could be unlocked with a special key. The cabinet has a IP66 classification which ensures that the cabinet is
protected from total dust ingress and protected from high pressure water jets from any direction. The cabinet
also has a IK10 classification which proves that the cabinet could resist an impact energy of 20 joules according
to the standard. The dimension of the selected cabinet is 250x200x150mm and the requirement to fit the
control module is approximate 130x60x80mm, where the length could be extended, depending on how many
modules that is needed. The selected size also enables an easier assembly of the control module and electrical
cables inside the cabinet. Selected cabinet has a slightly higher price than the compared cabinets but since the
selected cabinet has the correct color code and a DNV GL certificate it will become cheaper than the other

concepts in the long run.

Table 6, overview of the evaluation process for the cabinet.

Cabinet Elimination | Relative matrix [Rank] | Kesselring matrix [Rank] Selected Concept
Concept 1 Passed 5 2
Concept 2 Passed 3 2
Concept 3 Passed 4 3
Concept4 | Passed 1 1 X
Concept 5 Passed 2 4
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3.4.2 Solid particle measurement selection

As could be seen in table 7, four concepts failed the elimination matrix due to environmental requirements. The
first requirement is that the components are to be able to withstand a temperature range of +0°C to 55°C where
concept 1 and concept 2 failed. The second requirement is that the equipment is to be able to withstand a
hundred percent humidity in all temperatures where concept 7 and concept 8 failed. The elimination matrix
consisted of requirements from the classification societies and requirements from Kongsberg Maritime. The
relative matrix and the Kesselring matrix consisted of the desires from Kongsberg Maritime in combination with
desires from the functional specification. The general desires for all sensors are a low price, small size, secure
and reliable supplier and that the sensor could measure more parameters. Specific desires for solid particle
measurement are that the accuracy should be less than 5%, that measurement values was not presented on
the sensor, sample frequency should be at least once in one hour and that the sensor could determine the

particles chemical composition.

After reviewing the concepts with relative and Kesselring matrixes, Concept 6 was selected. Concept 6 is less
expensive than concept 5. The selected concept is also produced by the same company as other selected
sensors. The measurement is illustrated in a sequence signal with ISO values where the accuracy is + 1 ISO-code.

The sensor does not have a LED screen which is presenting live values which was a desire from Kongsberg.

Table 7, overview of the evaluation process for the particle counters.

Solid Particles | Elimination | Relative matrix [Rank] | Kesselring matrix [Rank] Selected Concept
Concept 1 Failed -

Concept 2 Failed - -

Concept 3 Passed 3 4

Concept 4 Passed 2 3

Concept 5 Passed 2 1

Concept 6 Passed 1 2 X

Concept 7 Failed - -

Concept 8 Failed - -

The selected particle counter uses the laser light extension procedure which means that a laser and a photo
diode measures the sizes of the particles. One highly weighted desire from Kongsberg was that the sensor could
also measure the chemical composition of the particles, but none of the measuring methods which translates
particle size to ISO code could decide the chemical composition. Therefore a second measurement method were
added which further on will be called the material decision sensor. The concepts for the material decision sensor
also went through the elimination matrix, a relative matrix and a Kesselring matrix. The second concept failed

the elimination matrix due to its humidity range. The evaluation process is illustrated in table 8.

The selected concept is a ferromagnetic sensor which uses a magnet to attract ferrous material. It had a better
price, is smaller and has a simpler measuring method than concept 3. Its measuring accuracy is £ 5% which is

desired.
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Table 8, overview of the evaluation process for the material decision sensor.

Material decision | Elimination | Relative matrix [Rank] | Kesselring matrix [Rank] Selected Concept
Concept 1 Passed 1 1 X

Concept 2 Failed - -

Concept 3 Passed 2 2

3.4.3 Humidity measurement selection

The procedure for evaluation of humidity measurement is the same as previous concepts. All of the concepts
pass the elimination matrix and the selection is therefore based on how well the concept fulfills the desires. The
general desires for all sensors have been described in Subsection 3.4.2. The specific desires for humidity
measurements were that the measuring accuracy should be less than +5%, that the sample frequency should be
at least once in one hour, that the sensor is able to recalibrate itself and that the sensor is able to detect and
measure salt and iron levels. Concept 3 is based on a humidity sensor which is built into a particle counter which
was not selected due to a much higher price. The evaluation of concept 3 was therefore based on the fact that
this particle counter was selected. Concept 3 was therefore scrapped. The other concepts are separated sensors

where concept 4 and 5 scores equally which is illustrated in table 9.

Concept 4 and Concept 5 received the same scoring point in both evaluation matrixes. Concept 4 is a little bit
more expensive but it could also be used as an oil condition sensor which means that it could determine if the oil
has been changed or if it needs to be changed. This fact does not only give the system owner more data to
review at a potential failure analyze, but it could also be used to avoid changing oil that is in good condition. The

extra measurement is a good solution both with the environment and the shipowner in mind.

Table 9, overview of the evaluation process for the humidity sensor

Humidity | Elimination | Relative matrix [Rank] | Kesselring matrix [Rank] Selected Concept

Concept1l | Passed

Concept2 | Passed

Concept3 | Passed

Concept4 | Passed

Concept5 | Passed

N|R|R|R|D|w
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Concept 6 | Passed

3.4.4 Rotation speed measurement selection

Due to the fact that many users of torque sensors are both interested in torque and power, most of the so-called
torque measurement methods also have a built-in rotational speed sensor. Power could be calculated by
multiplying the Torque with the angular speed [rad/sec] which could easily be manipulated to rotational speed
[Revolutions/min]. Due to the fact that all Torque measurement concepts has a built-in rotation speed sensor,

no concepts on rotational speed were created.
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3.4.5 Torque measurement selection

Five different concepts for torque measurement were found in the concept generation process. The first
concept failed the elimination matrix as it could introduce a new weakest point of the shaft assembly and due to
the environmental working conditions could not be confirmed. The general desires remain the same as already
mentioned. The specific desires for the torque sensor are that the measurement accuracy should be +1%, that
the sample frequency should be at least once a second and that the assembly should be robust and safe. The

result of the evaluation process is illustrated in table 10.

Concept 2 was selected on the fact that it scored highest on both evaluation matrixes. The selected concept is a
strain gauge-based sensor built for marine applications. It has an output signal of 4-20mA and could be mounted
around an existing shaft which means that the shaft assembly is neither changed or that any new weak point is
introduced. It also has a built-in rotational speed sensor which pulse signal is translated to a 4-20mA current

signal in a control unit.

Table 10, overview of the evaluation process for the torque sensor

Torque Elimination Relative matrix [Rank] | Kesselring matrix [Rank] Selected Concept

Concept 1 Failed - -

Concept 2 Passed

Concept 3 Passed

Concept 4 Passed

N W|H |-
NP W

Concept 5 Passed

3.4.6 Vibration measurement selection

Six different concepts for measuring vibration were found. Concept 6 failed the elimination matrix as it did not
have any IP value specified. The general desires were once again used together with the specific desires. The
specific desires were that the accuracy should be £5%, sample frequency 10 ms and that the sensor could

measure acceleration in 3 axis. The result of the evaluation process is illustrated in table 11.

Concept 2 scored the highest points in the evaluation process. But the sensor could only be mounted vertically
and therefore vibration could only be measured vertically and not horizontal. Concept 4 has one sensor within
the same family which could measure vertically and one sensor which could measure horizontal. Choosing one
sensor manufacturer for vertical measurements and one other for horizontal measurements does not make any

sense. The selected sensor also has several connection options which makes it more adjustable.

Table 11, overview of the evaluation process for the vibration sensors.

Vibration | Elimination | Relative matrix [Rank] | Kesselring matrix [Rank] Selected Concept

Concept 1 Passed

Concept 2 Passed

Concept3 | Passed

Concept4 | Passed

NINIW[(F W
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Concept5 | Passed

Concept 6 | Failed - -

44



3.4.7 Flow measurement selection

The flow measurement concepts are the last concepts which were evaluated. Concept 4 and concept 9 failed the
elimination matrix. Concept 4 failed on its ability to withstand humidity and concept 9 because its measuring
interval was too low. The general desires remain the same as previous concept and the specific desires are that
the accuracy should be +5%, that the sample frequenze should be once a second and that the measuring interval

should be 0 to 20 liters per minute. The evaluation process is illustrated in table 12.

Concept 7 is a mechanical flow sensor which received the highest score in both the relative and Kesselring
matrix. It has a G % connection which enables it to be mounted directly on the pressure line. It has a relatively
low price even though the product comes from a well-known producer. The product will require some small
changes in the hydraulic system because some pressure drop will be introduced. It has a measuring interval of

0,5l/min to 25|/min.

Table 12, overview of the evaluation process for the flow sensor.

Flow Elimination Relative matrix [Rank] | Kesselring matrix [Rank] Selected Concept
Concept 1 Passed 3 4
Concept 2 Passed 2 3
Concept 3 Passed 2 4

Concept 4 Failed

Concept 5 Passed

Concept 6 Passed

Concept 7 Passed

N | BB
N[ |1

Concept 8 Passed

Concept 9 Failed - -

3.4.8 Summarize of the selection

The concept selection process has eliminated concepts which has not fulfilled the requirements from either the
classification societies or Kongsberg Maritime with the elimination matrix. The process has evaluated the desires
based on two matrixes to ensure that the correct decision has been made. The concepts are now part of a
system and will from this moment not be called concepts anymore. The selected concepts and their new name

have been summarized in table 13.

Table 13, overview of selected concepts and the corresponding name.

Measured parameter | Selected concept Corresponding name
Cabinet Concept 4 Protection cabinet
Particle concentration | Concept 6 Particle counter
Chemical composition | Concept 1 Ferromagnetic sensor
Humidity Concept 4 Humidity sensor
Torque Concept 8 Torque & RPM sensor
Vibration Concept 4 Vibration sensors
Flow Concept 7 Flow sensor
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4 Result

4.1 Cabinet function and configuration

The cabinet has a hinged and lockable door. It has a bottom plate where an electrical quick coupling will be
fitted to ease installation, see figure 34. The cabinet is painted in RAL 7035 which is Kongsberg standard color.
The size of the cabinet is somewhat larger than the control module which decreases the risk of overheating the
module. The cabinet is also produced in series which means that the same cabinet could be ordered which have
larger sizes, if for example more control modules are added, which could not fit in this specific cabinet. The
cabinet has an external DIN-rail installed inside which the control module easily could be mounted at. The
cabinet also has a certificate from DNV-GL which ensures that the cabinet could be used within marine

environments. The size of the cabinet is 250mm height, 200mm width and 150mm deep.

Figure 34, 3D visualisation of the control module mounted on a DIN rail inside the selected cabinet.
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4.2 Sensor function and configuration

4.2.1 Particle counter

The particle counter uses the light extension principle, it is a so-called light scattering particle counter. It consists

of a measuring cell (a), a laser beam (b) and a photo diode (c). Once a particle passes the laser beam the

intensity of light detected by the photo diode is reduced. The larger particle the more reduction in intensity. The

function is illustrated by figure 35.

(o

Solid Particle

Figure 35, illustration of the function of a particle counter.

During the measurement process the particle counter divides the counted particles into different size groups

according to ISO standard ISO 4406:1999. Once the measurement process is completed the particle counter

sends out a so-called sequential signal. Each sequence starts with a 20mA current pulse in four seconds which

could be used as a starting signal in the control module. The start pulse is thereafter followed up by another four

pulses between 4-20mA which are active for 2 seconds each. The first pulse represents particles per millilitre

which is larger than 4um, the second pulse represents particles larger than 6um, the third pulse represents

particles larger than 14um and the last pulse represents particles larger than 21um. The sequential signal is

illustrated in figure 36.

Start

20mA

Power

AmA

Apm

Bpm

14pm
21lpm

Start

Figure 36, sequential signal output.
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The four pulses represent four different intervals of particle sizes and the current output represents the amount
of particles per millilitre in that specific interval. The higher current value (mA) the more amount of particles is
present in the oil. The amount of particles per millilitre could be translated to a specific ISO-code. In order to
make the I1SO-code proportional to the output current a linear equation needs to be established. It is of interest
to find the 1SO-code based on the current value (mA). Equation 4 shows a typical linear equation in K-form. K is
the slope of the curve, m is a constant and x is the known value, in this case the current. The slope could be
calculated by using equation 5. It is known that the ISO-code goes from 0 to 26 which gives that the numerator is
26. It is also known that the current goes from 4 mA to 20mA which gives that the denominator is 16. By dividing
the values, it is given that the slope is 1,625. Since it is also known that ISO-code 0 is 4mA, it is possible to find
the constant m, which is found to be 6,5. Summarizing this gives equation 6, which could be reorganized to
establish equation 7. Equation 7 enables the possibility to summarize each 1SO-code to a specific current value,

which is shown in table 14.

Equation4: y=kx +m

Equation 5: Kk =2=2

X2—X1
Equation 6: 1SO — code = (1,625 X Current [mA]) — 6,5

. ISO—code + 6,5
Equation7: MA = ———
1,625
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Table 14, summarize of the corresponded current to each ISO-code.

ISO-code Current value [mA] More than [p/ml] Up to and including [p/ml]
0 4 0 1

1 4,62 1 2

2 5,23 2 4

3 5,85 4 8

4 6,46 8 16

5 7,08 16 32

6 7,69 32 64

7 8,31 64 130

8 8,92 130 250

9 9,54 250 500

10 10,15 500 1.000

11 10,77 1.000 2.000

12 11,38 2.000 4.000

13 12,00 4.000 8.000

14 12,62 8.000 16.000

15 13,23 16.000 32.000

16 13,85 32.000 64.000

17 14,46 64.000 130.000

18 15,08 130.000 250.000

19 15,69 250.000 500.000
20 16,31 500.000 1.000.000
21 16,92 1.000.000 2.000.000
22 17,54 2.000.000 4.000.000
23 18,15 4.000.000 8.000.000
24 18,77 8.000.000 16.000.000
25 19,38 16.000.000 32.000.000
26 20,00 32.000.000 64.000.000

This specific particle counter could measure from ISO-code 0 to 24 but it has a calibrated range between I1SO-

code 10 to 22 which is illustrated with a green background in table 14. Kongsberg Maritime defines two different

ISO cleanliness codes of interest. The first ISO-code will be used to send a so-called low alert which recommends

the customer to act, it will be set when the oil cleanliness reaches 19/16/13. The second 1SO-code will be a high

alert which prompts the user to act immediately and will be set when the oil cleanliness reaches 21/19/16. It is

now known which I1SO-codes that are of interest and by using table 14, the ISO-codes could be translated to a

current which could be used as a threshold. The ISO-codes of interest and their corresponding current is

summarized in table 15.

Table 15, summarize of the thresholds.

Low alert High alert
ISO-code 19 16 13 21 19 16
Current threshold [mA] 15,69 13,85 12,0 16,92 15,69 13,85

Required action

Check hydraulic oil and hydraulic system

Contact Kongsberg Maritime
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4.2.2 Ferromagnetic sensor

The sensor uses a magnet to attract ferromagnetic particles to the sensor lens. Once the lens is filled with
particles the magnet releases the particles into the system again. The more particles present in the system the
quicker the lens will be filled. The fact that the sensor only attracts ferromagnetic particles enables the
possibility to evaluate if the system contamination is ferrous on non-ferrous materials. The interest of the
measurement lies in the amount of time it takes to fill the lens rather than the fact that the lens is filled.
Measuring the parameter without time perspective does not provide any useful information. The function of the

sensor is explained in figure 37.

Magnetic Field

Sensor Coil
BIT Coil

Wear debris

Magnetic Pole Piece

Magnet

Figure 37, function description of the ferromagnetic sensor.

The sensor output is a 4-20mA current which is proportional to how much of the sensor lens that is filled with
particles in an interval between 0% to 100%. The quicker the sensor lens is filled, the more ferrous particles are
present in the system. The left-hand graph in figure 38 illustrates signal data where the lens is slowly filled while
the right-hand graph in figure 38 shows signal data where the lens is more quickly filled. Looking at the examples
in figure 38 it becomes clear that the slope of the curves could potentially be used as a condition monitoring
task, but as per now, the expected values of the slope are unknown which disables this opportunity. However, it
could be worth investigating further after this thesis to receive a more understandable and well-defined

parameter which could be defined as filling percent per second and equation 8 shows an example.

100
Curve end time [s] — Curve start time [s]

Equation 8:  Filling percent per second [%/sek] =

Percentfilled lens Percentfilled lens

2021-12-3123:31
202201-0100:00
2022010100028
22201010057
220101012
2022-01-010155
22201-0102:24
2201010252
2021-12-31 23:31
2022.01-01 00:00
2022.01-0100:28
2022.01-0100:57
202201010126
2022.01-010155
2022.01-0102:24
2022.01-010252

Figure 38, the left-hand graph shows a slowly filled lens while the right-hand side shows a quickly filled lens.
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Using the same method as described for the particle counter, a linear equation could be established, equation 9.
Reorganizing equation 9, gives equation 10 which could be used to find the corresponding current for each
percent. The equation could be used to find the rough values illustrated in the graph in figure 39. As described
earlier in this section the signal must be classified as a surveillance task until further testing has been performed,

which is why no thresholds are calculated.

Equation 9:  Percent [%] = (6,25 X Current [mA]) — 25

Percent [%] + 25

Equation 10: mA = 625

Percentfilled lens [%]

Figure 39, graph of the ferromagnetic signal values.
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4.2.3 Humidity sensor

Typically, a humidity sensor only measures the relative humidity and the temperature but the selected sensor

enables more parameters to be measured. Except the temperature and the amount of water in the oil the

sensor could also communicate the conductivity and the permittivity of the oil. The parameters could be used to

understand the condition of the hydraulic oil. The sensor output is a sequential 4-20mA output. The sequential

starts with a four second starting signal followed by eight two second pulses where the current is proportional to

the parameter it measures. The sequential output is illustrated in figure 40 and the shorting’s are explained in

table 16.

Start character

Start character

20mA

AmA

Rel.H

Log(C)

Log(C40)
P40

Figure 40, the sequential output signal of the humidity and oil condition sensor.

-—> o
4sec  2sec

Table 16, overview of the shorting for figure 38.

Shorting Description

T Temperature

Rel. H Relative humidity [%]

P Permittivity

C Conductivity

P40 Relative permittivity at 40 °C
Cc40 Conductivity at 40 °C

AP Aging process

L Filling level (Not applicable)
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Humidity

The selected sensor is a capacitive humidity sensor which measures the parameter relative humidity (o).
Relative humidity is a parameter which is known as the percentual ratio between the actual water contained in
the oil and the maximum possible amount of dissolved water at the saturation limit. While absolute humidity is
variable depending on both oil producer and temperature, the relative humidity parameter remains reliable no
matter what kind of oil it measures or which temperature it measures in. The sensor provides a current pulse
which is included in the sequence signal described earlier. The pulse current is proportional to the measuring
interval which in this case is 0% to 100%. Since both the current and the parameter intervals are known it could
be placed in a linear equation as shown in equation 11. Equation 11 could be reorganized and forms equation 12

which could be used to illustrate the curve of figure 41.

Equation 11: Relative humidity [%] = (6,25 X Current [mA]) — 25

Percent [%] + 25

Equation 12: mA =
6,25

Percent of water [%]

120

100

SENGARZEIRIZENASRENAEIERNME
= ernre o g0 Y SNy YgR

Figure 41, graph of the relative humidity vs. mA current.

Going back to the theory, it was found that the output interval could be further divided into three intervals with
three different working conditions which enables to set thresholds for alarm. The threshold for low alarm could
therefore be set at 40% and the threshold for high alert could be set at 60%, according to table 4. Using equation
11 the thresholds could now be interpreted to a corresponding current threshold, which is summarized in table
17. The result is that a low alert is set if the sensor current exceeds 10,4mA and a high alert is to be set if the

sensor current exceeds 13,6maA.

Table 17, overview thresholds for humidity in oil and potential alerts.

Low alert High alert
Relative humidity [%] 40 60
Current threshold [mA] 10,4 13,6
Required action Check oil and hydraulic installations | Contact Kongsberg Maritime
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The fact that oil could absorb less water in low temperatures could potentially lead to severe number of
misleading alerts for the end user. Therefore it might be a good idea to integrate the temperature to the alert
aswell. This could be done by using a so-called “AND-function” within programming. This means that in order to
set an alert on relative humidity also the temperature of the oil needs to be above a certain temperature.

For example, in order to set a high or low alert regarding humidity also the signal from the temperature sensor
must exceed a certain current. The amount of water in the oil during start-up could be an interesting parameter,
but it could also lead to huge number of misleading alerts since the oil yet not have been circulated and that the

oil hasn’t reach its working temperature yet.

Temperature

The temperature of the hydraulic oil is used to calculate the relative humidity which also enables the possibility
to include it in the condition monitoring system. The signal is represented as the first pulse of the sequential
signal. It is proportional to its measuring interval which is -20°C to +85°C. The linear equation for the
temperature could be found at equation 13. Equation 13 could as always be reorganized to equation 14 if the
mA is unknown. Equation 14 could be used to find the current which is corresponding to each temperature, a

summarize is visualized figure 42.

Equation 13: Temperature [°C] = (6,5625 X Current [mA]) — 46,25

Temperature [°C] + 46,25
6,5625

Equation 14: mA =

Temperature [*C]

Figure 42, illustration of temperature vs. mA current.
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Conductivity and permittivity

The selected humidity sensor could also measure conductivity and permittivity which were not an objective in
this thesis and will therefore only be mentioned shortly. Both the conductivity and the permittivity could be
used to determine if the hydraulic oil needs to be replaced, if it has been mixed with other oils or if the oil has
been replaced. It could be a good feature to have if Kongsberg Maritime for example wants to provide an annual
report for the ships which are enrolled for condition monitoring. Such report could lead to reduced waste of
good oil which in the long run is good for the environment. Linear equations for the parameters are established

in equation 15 and 16. The parameters are the third and the fourth pulses on the sequential signal.
Equation 15: Conductivity [pS/m] = (49993,75 X Current [mA]) — 199975
Equation 16: Permittivity = (0,4375 X Current [mA]) — 1,75

Conductivity

Electric conductivity is a measurement of how well the liquids electrostatic chargeability is. The conductivity is
variates with different oils and with different batches, which means that oil changes, oil mixtures and
contaminations could be seen as, either a decrease or increase in the conductivity. The conductivity could also
be increased if salt, acids or bases are found in the oil. Due to mentioned perks and features it could be a good
idea to have the data available in a failure analysis. If the shipowner for example fills the hydraulic system with
oil that has already been contaminated with water, the sensor could see that the conductivity changes at the

same time as the humidity level increases.

Permittivity

Relative permittivity of an oil is an indicator for its polarity. Oils often changes their polarity during an aging
process which is why this parameter could be used to identify if the oil needs to be replaced. However, both of
those parameters are highly temperature dependent which is why it has own pulses in the sequential signal that
is converged to a temperature of 40°C. Checking the parameters over time should therefore be done with pulse
five and six. As mentioned earlier, those parameter has not been an objective of this thesis and therefore it

hasn’t been further investigated.
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4.2.4 Torque & RPM sensor

The selected system uses the strain gauge method to determine applied torque on the shaft. The signal from the
strain gauge sensor is transferred to a Wi-Fi transmitter which forwards the signal to a control unit. The Wi-Fi
transmitter and the strain gauge sensor is powered by an inductive rotor and stator which enables electrical
power to be transmitted without any mechanical connection. Inside the rotor there is also a magnet which
presence is accumulated by the stator to determine the rotational speed. The system is further visualized in

figure 43.

Wi-Fi transmitter

Rotorband

\

Control unit

Figure 43, simplified example of the function for the torque sensor assembly.

The relationship between the applied torque and the output current could be found using the same method as
previous, but since the torque interval is different for different applications as a first step the interval needs to
be divided. The first interval is for products which has an applied torque below 100kNm, the second interval is
for products which has an applied torque below 200kNm and the last interval is for products which has an
applied interval below 300kNm. This will also give three different linear equations. Equation 17 represents the
first interval, equation 18 represents the second interval and equation 19 represents the last interval. Equation

17, 18 and 19, gives equation 20, 21 and 22 which could be used to establish the graph shown in figure 44.
Equation 17: Applied Torque [kNm] = (6,25 X Current [mA]) - 25 « Products below 100kNm.
Equation 18: Applied Torque [kNm] = (12,5 X Current [mA]) - 50 « Products below 200kNm.

Equation 19: Applied Torque [kNm] = (18,75 X Current [mA]) - 75 « Products below 300kNm.

Applied Torque [kNm] + 25
6,25

Equation 20: mA =
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Applied Torque [kNm] + 50
12,5

Equation 21: mA =

Applied Torque [kNm] + 75
18,75

Equation 22: mA =

Torque vs. mA

150
cn
0,00 5,00 10,00 15,00 20,00 25,00
— Applied Torque 100 [kMNm] Applied Torque 200 [kNm]

=Tae

Applied Torque 300 [kNm]

Figure 44 graph of applied torque vs. mA.

This means that if no torque is applied the readings of the output current will be 4mA for all intervals. If the
applied torque would be 10kNm the readings of the first interval would be 5,6mA, the readings of the second
interval would be 4,8mA and the readings of the last interval would be 4,53mA. The interval needs to be chosen
carefully due to the fact that a large interval could affect the accuracy of the system. Intervals could also be set
for each and every application to receive the most efficient and accurate system. This could be done by creating

a linear equation specific for that interval, equation 23.

Maximum torque [kNm]
16

Maximum torque [kNm]

o ) * 4)

Equation 23: Applied torque [kNm] = ( ) X Current[mA] - ((
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Rotational speed

The sensor system also has a built-in rotational speed sensor. The sensor creates a pulse once the magnet inside
the rotor passes the sensor. The time between each pulse could be used to determinate the rotational speed of
the shaft. The control unit then converts the rotational speed to a 4-20mA signal which could be used in
programming to determine the speed. To do so, once again a linear equation needs to be established, equation
24. It is known that the rotational speed of the shaft is maximum 2.000RPM. Reorganizing equation 24, gives

equation 25 which could be used to create the curve shown in figure 45.

Equation 24: Rotational speed [RPM] = (125 X Current [mA]) - 500

Rotational speed [RPM] + 500

Equation 25: mA =

125
Speed [RPM]
2500
2000
1500
1000
500
4]
T R R EEEE R E R R N R ]
ER R R EE -G E R - =
qqnLnu:>a"r-«mmmE:‘jn‘g‘fv‘:{'ujc‘g‘rjx‘ﬂfg

Figure 45, Rotational speed vs. mA current.
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Power

The last parameter which will converted to a 4-20mA output signal is the power of the shaft. The power output
on the shaft is a little more complicated since it has to do with both rotational speed and torque. Equation 26
shows the formula to calculate the power based on torque and angular speed while equation 27 shows a

formula based on shaft speed in RPM.
Equation 26: Power [kW] = Torque [kNm] X Angual speed [rad/s]
Equation 27: Power [kW] = Torque [kNm] X Shaft speed [RPM] X 3—7:)

Shaft speed is known to be maximal 2000RPM while the torque once again could be divided into three intervals.

The fact that torque is divided into three intervals also gives three power intervals which are illustrated in table

18.
Table 18, summarize of the maximum power for each torque interval.
0-100 kNm interval 0-200 kNm interval 0-300 kNm interval
Power = 21.000kW = 42.000kW = 63.000kW

Once the interval is known the linear equation for the power current output could be established. Equation 28,
29 and 30 are used based on the torque interval. If the power is known current could be found using equation

31,32 and 33. Figure 46 summarizes the three power intervals with three curves on a graph.
Equation 28: Applied Power [kW] = (1312,5 X Current [mA]) - 5250 « Products below 100kNm.
Equation 29: Applied Power [kW] = (2625 X Current [mA]) - 10500 « Products below 200kNm.

Equation 30: Applied Power [kW] = (3937,5 X Current [mA]) - 15750 « Products below 300kNm.

. Applied Power [kW] + 5250
Equation 31: mA = bp kW]

13125
__ Applied Power [KW] + 10500
- 2625

Equation 32: mA

__ Applied Power [kW] + 15750
- 3937,5

Equation 33: mA

Powervs. mA

— A nplied Power 21000 [KW] Applied Power 42000 [KW]

Applied Power 63000 [kKW]

Figure 46, Applied power intervals vs. current mA.
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4.2.5 Vibration sensor

The vibration sensor is to be used in order to measure vibrations at the bearing housing. Vibrations at the
bearing housing could indicate a potential wear which could develop into a functional failure. The vibration
sensor is a so-called velocity transmitter which means that the sensor automatically translates the vibration to a
normalized signal. In this case a 4-20mA current which is proportional to the RMS velocity (mm/s).
The sensor could measure velocities in an interval from Omm per second to 100mm per second. A linear
equation could therefore be established, see equation 34. Reorganizing equation 34, gives equation 35 which
could be used to create the curve illustrated in figure 47. The allowed vibration level is highly affected by the
placement and since there is no data available no thresholds could be set, but according to figure 30 and the I1SO

10816 standard the velocity should not exceed 28mm/s for machines with a soft foundation.

Equation 34: Vibration [mm/s] = (6,25 X Current [mA]) — 25

Vibration [mm/s] + 25
6,25

Equation 35: mA =

Velocity [mm/s] vs. mA

ELNnRAEnYARIEIEMAERENARIERAE
FEMmmLErPEo S g DS 330555889 R

Figure 47, Velocity in mm/s vs. current mA
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4.2.6 Flow sensor

The flow sensor consists of a spring-loaded piston and a potentiometer. The basic principle is that once flow is
introduced, it will create a force which will act on the piston. The force from the fluid will compress the spring
which will allow the piston to move and once the flow reduces the spring force will become larger than the force
of the fluid which will force the piston to move back again. The movement of the piston could be measured with
a potentiometer which enables the opportunity to manipulate the current based on the pistons location, hence,
the flow rate. The measuring interval of the sensor is 0,5|/min to 25|/min. The linear equation for the flow
sensor is established in equation 36. Reorganizing equation 36, gives equation 37 which could be used to find

the current for specific flows which is illustrated with a curve in figure 48.

Equation 36: Flow [l/min] = (1,53125 X Current [mA]) — 5,625

Flow [l/min] + 5,625
1,53125

Equation 37: mA =

Flow [I/min] vs. mA

SN RARR " REIBEMEEAENARIERMS
ST R = = S O -

Figure 48, flow interval vs. current mA

The flow sensor will be installed on a lubrication system which provides hydraulic oil to bearings, this means that
if the flow is reduced the bearing will not be enough lubricated and the oil temperature will increase. Kongsberg
Maritime therefore has a desire of a lower flow threshold at 2|/min. If the flow goes below 2l/min an alert
should be set. The lower threshold could be calculated by using equation 37 and is visualized in table 19. This

means that if the current goes below 4,98mA and alert should be sent to the user to act.

Table 19, Threshold of the flow sensor.

High alert
Flow [I/min] 2
Current [mA] 4,98
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4.3 Cabinet design, placement and layout
One of the objectives in this thesis is to investigate the placement of the components and the sensors. The
placement is decided by either regulations from the classification societies, by the parameter the sensor is going

to measure or by the existing systems.

4.3.1 Control cabinet

Most of the waterjet systems are designed for ships where the engine room layout is already decided. This
means that the cabinet must be somewhat portable. It needs to have an ability to be placed where the customer
has a free spot for it. However, the cabinet has some rules and requirements from the classification society
which has to be fulfilled. One of the rules is that the cabinet should be placed so that exposure of water, oil and
steam is reduced as much as possible and that the cabinet is placed so that it is not likely to be stepped on. The
cabinet is also a wall mounted cabinet which means that it should be mounted towards a wall in order to keep
its protection degree. Also, in order to not reduce the protection degree, the electrical connector in the cabinets
bottom needs to have a protection degree which is not lower than the cabinet degree. In order to ease
installation the connectors need to be of quick type which allows pre-assembly of both control cabinet and the
electrical harness. The cabinet will require a so-called DIN-rail where the control units could easily be installed.

Figure 49 shows a section view of the cabinet where the structure of the DIN-rail could be seen.

DIN-rail
/

P

Figure 49, Section view of the cabinet with a so-called DIN rail.
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4.4 Hydraulic sensors design, placement and layout

4.4.1 Existing hydraulic system layout

In order to understand the placement it is important to also understand the function and layout of the existing
hydraulic system. The hydraulic system could be divided into one high-pressure system and one lubrication
system. The high-pressure system is used to control the hydraulic cylinders which is designed to maneuvering
the waterjet and the lubrication system is primarily used to lubricate bearings. The two systems share the same
hydraulic tank which means that if one of the systems is contaminated by solid particles or water ingress, the
other system will also become contaminated. This does not apply for the largest applications which has
separated tanks and systems. The hydraulic pressure and flow for the lubrication system is produced by a
separated lubrication pump. After the lubrication pump the oil is being cleaned in a filter before it enters a G %"
sized pressure line to the bearings. Once the oil has passed the bearings, it goes through a G 1” sized returning
line to a pressure maintaining valve. The function of the pressure maintaining valve is to avoid pressure drop

over the bearing. A simplified circuit of the system is shown in figure 50.

Filter

G 1/2"

Pump

Bearings

Pressure maintaining valve

G1”

Hydraulic tank

Figure 50, simplified overview of the existing hydraulic circuit.
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4.4.2 Particle counter

The placement of the particle counter is pretty straight forward. The reason for measuring solid particles is to
monitor the bearing, which means that a measurement before the bearing would not be suitable. The particle
counter needs to be mounted after the bearing. The particle sensor has two main restrictions. The first
restriction is that the particle counter is designed to measure in a flow between 50 to 400ml/min and the flow of
the existing system lies within an interval between 6l/min to 17|/min. Due to the fact that the hydraulic pipe
diameter is increased after the bearing from G%” to G1” the flow is somewhat reduced but not enough. The
second restriction is the hydraulic connections sizes of the particle counter. The hydraulic connections of the
selected particle counter are G%” which means installing the particle counter directly on the returning line
increases the flow even further. Those restrictions make it clear that some kind of parallel and flow-controlled
circuit is needed. To establish this the returning line needs to be divided with a three-way manifold. After the
three-way manifold a so-called flow restriction valve is needed on both three-way manifold outlets in order to
control the hydraulic flow. Due to the fact that it is a parallel circuit the circuit needs to be routed back to the
returning line and to avoid the flow to go the opposite direction a check valve is installed to ensure the flow

direction.

Three-way manifold

In order to create a parallel circuit two so-called three-way manifolds are needed. Both manifolds need to have
one G 1” connection, one G %" connection and one G %" connection as described in figure 51. This could be
accomplished either by buying a manifold which has the right sizes or by using a manifold which has three G 1”
connections where the outgoing dimension could be decreased with adapters, figure 51 is illustrated with

adapters. Figure 52 shows a rendered 3D-model of such manifold.

Figure 51, section of an example for a three-way manifold.
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Figure 52, 3D rendering of a three-way manifold.

Flow restriction valves

The flow restriction valves have two different sizes. The first size would be G %“ which is placed on the outgoing
returning line of the three-way manifold. The second size is G %4“ which is placed on the outgoing parallel line. In
combination the restriction valves could decrease and increase the flow in the parallel line to receive desired
flow for the particle counter. Normal ball valves which could be manually adjusted could be used, figure 53

shows an example.

Figure 53, example of ball valves which could be used to restrict the flow.
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Check valve
The check valve is installed as the last component of the parallel circuit to avoid that the flow goes in the

opposite direction than it’s desired to do. An example of a check valve is illustrated in figure 54.

Figure 54, example of a check valve.

4.4.3 Humidity sensor & Ferromagnetic sensor

The restrictions of the humidity and the ferromagnetic sensor is that the pressure shall not exceed 20 bar. Since
the lubrication system has a pressure relief valve which opens up at 6 bar it is unlikely that the pressure exceeds
this. Another important aspect is that the ferromagnetic sensor can’t be installed before the particle counter in
the flow direction. If that would have been the case it could result in inaccurate readings. Due to the sensor
length, both sensors need to be installed in some kind of manifold as illustrated the section view of figure 55.
The sizes of the sensors are G %“ and G 1” which means that the manifold will need to be at least G1” sized with

one input, one output and two ports. Figure 56 shows a 3D rendering of the manifold.

Ferro magnetic sensor

Humidity sensor

Figure 55, section view of a manifold example.
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Figure 56, 3D rendering of a manifold example.

4.4.4 Flow sensor

The mindset of the flow sensor is somewhat different than the mindset of the oil analysis sensors. Instead of
measuring after the bearings it is of interest to measure the flow before the bearings to ensure that enough flow
is provided to the bearings to reduce the wear. Therefore, the flow sensor is placed on the pressure line before

the bearing in contrast to all other hydraulic sensors. A 3D-model of the selected sensor is visualized in figure 57.

Figure 57, example of a 3D rendered flow sensor.
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4.4.5 Hydraulic system overview
A summarize of the selected components and an idea of their placement is needed to create a hydraulic diagram
which then could be used as a reference during the 3D design. An example of how the components could be

placed in a hydraulic diagram is illustrated in figure 58.

Flow sensor
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1 Pump
Bearings R
Pressure maintaining valve
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| |
G1” G 3/4" G384 g | AQ | j
} t
B | O/\‘/\/ R |

Gi/ar Flow restriction valve

K—\ Hydraulic tank

Particle Counter d) é

Humidity sensor Ferro magnetic sensor

Flow restriction valve

Figure 58, example hydraulic diagram of how components could be placed.

To be able to easily retrofit the condition monitoring system to an existing application the suggested 3D
designed is created with pre-assemble and ease installation in mind. All the components but the flow sensor
could be mounted on the same board before entering the ship, figure 59. The board is prepared with holes that
fits the tank and could therefore be easily and quickly mounted on the tank. An installed board is visualized in
figure 59. New 1” hoses might be needed if rerouting the existing hoses becomes difficult. The numbers in figure

60 are translated with table 20.

G1”Inlet ——

G 1” Outlet «——+—

Figure 59, example of a component layout.
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Table 20, numbers and explanation for figure 46.

Number | Component
Three-way valve

Flow restriction valve
Particle Counter
Humidity sensor
Sensor manifold
Ferromagnetic sensor
Check valve

N R W IN e

Figure 60, hydraulic power pack and the measuring board.
As for the analysing sensors which already has been described, the flow sensor is placed to ease installation. By

using an elbow nipple, the sensor could be installed directly at the tank and the pressure line. The placement is

described further in the rendering in figure 61. In figure 61, also the returning line of the tank is illustrated.

Flow sensor

Returning line

Figure 61, location of flow sensor and returning line.
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4.4.6 Torque and RPM sensor

Since all components of the torque sensor is bolted on the existing shaft the sensor could be placed where there
is a free spot. Due to the fact that different ships have different shaft lines it could be very difficult to have a
specific requirement. However, the torque sensor requires at least 225mm of the shaft in order for the
components to be installed and some extra footprint for the stator post. The design of the torque sensor is

illustrated without a shaft in figure 62 and with a shaft in figure 63.

Figure 62, Torque and RPM sensor with shaft hidden.

Figure 63, Torque and RPM sensor with a visible shaft.
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4.4.7 Vibration sensor

In order to receive the most efficient vibration analysis from a so-called RMS velocity sensor there should be a
top mounted and a side mounted sensor. The top mounted sensor reacts to vertical movements while the side
mounted sensor reacts to horizontal movements. Figure 64 illustrates a look into a bearing with an axial point of
view. However, the number of sensors needed varies with applications. If the shaft lines are long, more bearings
might be needed and more bearings means a higher risk of potential functional failures which is why more

sensors are needed.

Figure 64, example of vibration sensor placement.
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4.5 Estimated costs

The cost estimate is based only on the required components which means that laboured time and costs are not
included. The cost will also be based on one component purchase which generally gives a higher price estimate.
Discounts could be introduced if the components are bought in bulk which will reduce the price estimate of the
system. Also, to be mentioned, is that the torque sensor itself is more expensive than the rest of the system,
therefore it is logical to divide the system into two options. The price estimate in table 21 are based on those
two options. The first option excludes the torque sensor and the second option includes the torque sensor. The
company who offers the selected torque sensor uses a complicated quote where the price is calculated only on
real requests. The company could not provide a price estimate for this thesis and therefore the price rather
based on experience from other torque sensors price interval, therefore the price estimate should be considered

uncertain, it could be less it could be more, most likely less.

Table 21, summarize of the price estimate.

Component Price per each Pieces Total price
Cabinet = 750 SEK 1 = 750 SEK
Particle counter = 18 500 SEK 1 = 18 500 SEK
Ferromagnetic sensor = 7 500 SEK 1 = 7 500 SEK
Humidity sensor = 10 500 SEK 1 = 10 500 SEK
Flow sensor = 3 500 SEK 1 = 3 500 SEK
Vibration sensor = 3 200 SEK 4 = 12 800 SEK
Flow restriction valve = 750 SEK 2 = 1 500 SEK
Elbow nipples = 100 SEK 4 = 400 SEK
Three-way manifold = 1 500 SEK 2 = 3 000 SEK
Hydraulic manifold = 1 500 SEK 1 = 1 500 SEK
Straight nipples = 100 SEK 5 = 500 SEK
Check valve = 500 SEK 1 = 500 SEK
Reducing nipple = 100 SEK 4 = 400 SEK
3mm stainless steel plate 350x350mm = 750 SEK 1 = 750 SEK
Bolts, nuts and miscellaneous =~ 1 500 SEK 1 =~ 1500 SEK
Torque & RPM sensor = 175 000 SEK 1 = 175 000 SEK
Total price excl. torque sensor = 63 600 SEK
Total price inc. torque sensor = 238 600 SEK

The estimated price is based on the known components, but some labour needs to be performed to assemble
the system. Example of this is the hydraulic board, the electronics in the cabinet and the electronic wires, to
mention a few time-consuming operations that needs to be performed. The system will also require further R&D
work, for example programming, construction and verification which also should be added to the final estimate.
However, by multiplying the total price excl. the torque sensor by a factor of 2 should give a more realistic price.
Even after adding the factor the price estimate is still just an indication and a rough estimate which is illustrated

in table 22.
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Table 22, summarize of the price estimate including a factor of 2.

Component Price per each Pieces Total price
Total price excl. torque sensor * 2 = 127 200 SEK
(Total price excl. torque sensor * 2) + Price of torque sensor =302 200 SEK

4.6 Sustainability

4.6.1 Economical perspective

Due to the fact that the developed condition monitoring system is to be seen as an option to the waterjet
systems it is critical that the system is price efficient. For example if the price of the optional system is more
expensive than the system its designed to monitor, it does not make any sense for the customer to buy the
system, instead they could buy a completely new waterjet system cheaper. Setting the price just below the price
of the waterjet system does not make any sense either. The price of the system must be set in correlation to the
price of the waterjet system. How much extra percent the customer is prepared to invest to receive a more safe
and reliable ship is highly individual. In general, the higher the percent the less potential buyers. As a worst-case
example the cheapest waterjet system is selected with the most expensive condition monitoring system. By
dividing the price of the most expensive condition monitoring system with the price of the cheapest waterjet a
worst-case percent of approximately 13% is received which means that a condition monitoring system with a
torque sensor costs 13% of the waterjet system. By instead using a condition monitoring system without the
torque sensor a percent of approximately 5% is received. Even though 13% is a worst-case scenario it should be
considered to be acceptable. If the percent would have been 25-50% the number of potential buyers would have
been drastically less. Considering the objectives that was found in Section 2.4, this result should be considered
acceptable. Even though the condition monitoring system is an investment it will quickly be repaid and this is

important for the potential customer to understand.

4.6.2 Environmental perspective

The second objective from Section 2.4 were that the developed condition monitoring system shall not have a
larger impact on the environment than the system its designed to monitor. The CO2 footprint [kg/kg] could be
found in the software EduPack for most materials. In this thesis most of the materials are either stainless steel or
aluminium in combination with small amount of plastic or other materials which either are either not specified
or poorly specified. To produce 1 kilogram of stainless steel approximately 5,2kg CO2 is released and to produce
1 kilogram of aluminium approximately 12,4kg CO2 is released. By multiplying the weight of the components
with its CO2 footprint, a summarize of the condition monitoring systems total CO2 footprint could be calculated.
The weight of all sensors but the torque sensor could be found in corresponding datasheet. To find the weight of
the torque sensor the CAD drawings of the stator pole are used to find a volume for the stator pole. The volume
is then multiplied with the density of stainless steel which gives a weight of approximately 6kg. This does not
include the stator itself, the rotor or the torque cabinet which is why an estimated weight of 15 kg is used. Table

23 states the components and their contribution to the CO2 footprint.
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Table 23, overview of weights and contribution to CO2 footprint.

Component Weight [kg] Material CO2 footprint [kg/kg] | CO2 contribution [kg]
Cabinet 2,822 Steel 2,26 6,37

Particle counter 0,72 Stainless steel 5,4 3,88

Ferro magnetic sensor | 0,19 Aluminium 12,4 2,35

Humidity sensor 0,14 Aluminium 12,4 1,73

Vibration sensors 0,6 Stainless steel 5,4 3,24

Flow sensor 0,75 Stainless steel 5,4 4,05

Hydraulic board 2,76 Stainless steel 5,4 14,904

Torque sensor 15 Stainless steel 5,4 81

Miscellaneous 5 Stainless steel 5,4 27

To produce the materials which are needed for the condition monitoring system approximately 150kg of CO2
are released into the atmosphere. This amount does not include processing the material, distribution and
packaging materials for the products etcetera. If the manufacturing processes were known, also a total footprint
could be calculated. However, now that the total weight of released CO2 is known it could be compared to the
components it designed to monitor. For example, if water enters the hydraulic system it could lead to cavitation
and corrosion which could damage both the hydraulic pump and the cylinders, such fault could lead to
replacement of components with an overall weight of at least 300 kg. Let’s say that those components are made
of stainless steel and that they need to be replaced during service, this would lead to 10 times higher release of
CO2 than the production of a Condition monitoring system itself. Therefore, it could be proven that even though
the Condition monitoring system leads to an increased CO2 footprint it could potentially lead to an decrease in
CO2 footprint due to the fact that it could indicate a fault before it leads to a functional failure where

components need to be replaced.
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5 Discussion

5.1 Desires that weren’t achieved

5.1.1 Frequency domain analysis

There have been unofficial desires from Kongsberg to have frequency domain vibration analysis as a part of the
condition monitoring system but in the end a time domain vibration analysis was selected. The main reason for
this is the fact that only 4-20mA signal were to be used. A frequency domain analysis can’t be done with 4-20mA
signal, other communication and signal protocols could be used but then the work goes beyond the information
that was given in the task. The selected method measures tons of data which is analyzed and calculated to an
average vibration level that could be communicated with a 4-20mA signal. Frequency domain vibration analysis
also measures a ton of data but the data from such sensor is not analyzed or calculated which is why some kind
of analyzing controller is needed. The analyzing controller could thereafter communicate the analyzed values to
a control unit but due to the amount of data this can’t be done with a traditional 4-20mA signal. Also, the
amount of data needs to be saved somehow and by performing frequency domain analysis continuously the
memory card will be filled fairly quick. However, the selected sensor could be used to start such analysis as an
individual system. For example, if the selected sensor reaches a specific average vibration level it gives a start
input to an external vibration system where the data could be stored in another control unit. The differences
between the methods are that time domain vibration analysis could only communicate that there is a vibration
while frequency domain vibration analysis could be used to verify what the vibration comes from, hence, it could
be used to understand the vibration further and eventually repair the issue faster. But as stated above, those
kind of analysis can’t be communicated with a 4-20mA signal, which were an objective of this thesis and

therefore it was not further investigated.

5.1.2 Saltand iron measurements

Kongsberg had a desire that the humidity sensor could also measure salt and iron levels in the measured water.
The desire had a low prioritization and due to the fact that none of the found sensors could measure salt and
iron levels directly this desire was not prioritized neither in the work or the concept selection. However, salt
could change the conductivity of the oil, which means that a raising conductivity in the selected sensor could
potentially indicate a raising salt level. On the other hand, in order for salt to contaminate the system also water
needs to contaminate the system which is also affecting the conductivity, which means that it could be very

difficult to verify that the change of conductivity is caused by a raising salt level.

5.1.3 Three axis acceleration sensor

A highly prioritized desire from Kongsberg was that the vibration sensor could measure acceleration in three
axis. Such sensors give a so-called sinus wave output signal, which must be analyzed in some kind of control box
and translated to a 4-20mA signal which is very difficult or probably impossible to realize. However, as
mentioned in Subsection 6.1.1, such sensors could be used in a separated system, which could be activated by

the sensor presented in this thesis once a specific average vibration level is reached.
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5.2 Potential more parameters that could be measured

One parameters that might be of interest in the future might be oil temperature before and after the bearing
and hydraulic pressure before and after the bearing. In general the temperature of a worn bearing increases in
the end of its failure and therefore both the vibration and the solid particle parameter should be able to detect
the bearing fault before a potential temperature parameter would, but it could still be a good parameter to
measure in order to receive a more complete picture of a fault. Also the hydraulic pressure could be interesting
to measure before and after the bearing. The designed system only measures the hydraulic flow but the system
could provide a flow with a low pressure which could lead to water ingress in the bearing since the bearings are

surrounded by water.

5.3 Fulfilment of the project objectives
The main task of this thesis was to develop a conceptional condition monitoring system which could measure a

number of different parameters. The project task could be roughly divided into three distinct objectives:

o Define component and system requirements.
e Evaluate and select suitable components.

e Describe and mechanically design a condition monitoring system.

Furthermore, Kongsberg Maritime wanted the thesis to answer the questions why, how and where for each used

measuring method.

A so-called requirement specification was used in the thesis to define component and system requirements,
which is described in Section 3.2. The concept and the components were evaluated with a so-called Ulrich and
Eppinger concept selection process, which is described in Section 3.4. A description of the selected concepts and
their location in the system is described in Chapter 4. The question why is answered in Subsection 2.5.5. The
qguestion how is answered in Subsection 2.5.6. The last question where is answered in Chapter 4. Considering
that all of those objectives has been accomplished and documented, it should also be considered that the

project has been executed successfully and that all objectives of the project has been fulfilled.
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5.4 Potential economical savings by installing a Condition monitoring system

Even though it is an investment to buy a condition monitoring system it could quickly become a huge money
saver. The costs could be divided into direct and indirect costs and will be more explained in their own
subsection.

5.4.1 Direct costs savings

Condition based maintenance

As per today Kongsberg Maritime uses so-called MTBO (Mean Time Between Overhaulin’) which means that for
example a bearing is replaced after a certain amount of time or years no matter if the condition of the bearing is
good or bad. The positive aspects of a MTBO process are that the repairs could be precisely planned during a
drydock for example, but the negative aspects are that components could be replaced even though the
condition of the component are good. Service and replacing components of good condition introduces a risks
that either the new component is defective or that the new component is incorrectly installed. By instead
replacing components based on condition monitoring the components could receive a longer life which is good

from an economical perspective and an environmental perspective.

Repairing components before functional failure

By installing a condition monitoring system a failure could be identified and repaired before it reaches a
functional failure. Without a monitoring system such faults could be difficult to identify which eventually could
lead to a breakdown that could be very expensive. For example, a lubricated bearing fault could lead to
contaminations of the oil in the hydraulic system which could cause faults and breakdowns also in the hydraulic
system if not addressed immediately. A bearing fault could also cause further mechanical issues which could
involve the shaft and other bearings. One fault could therefore lead to several faults which could result in lost
income and very expensive repairs, therefore using a condition monitoring system to identify and immediately
repair faults could be a huge money saver. It could also lead to a situation where the services could be more
carefully planned in comparison with a ship without condition monitoring where a functional failure could come

without warnings in the middle of the sea.

5.4.2 Indirect costs savings
A functional failure at sea could not only lead to an expensive repair it could also lead to unsatisfied customers
which potentially could lead to a bad reputation. The bad reputation could result in customers to choose

another transportation method or another transportation company which will lead to a so-called indirect cost.

5.4.3 Summary
The issues above are hypothetical but they could become very real. All industries are moving towards both a
more sustainable and reliable operations due to the fact that there are a lot of money to save by incorporate

systems that could evaluate and indicate a functional failure.
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5.5 Annual reports from the Condition Monitoring system

Due to the fact that the data is available it could be used as a selling argument. For example, the customer could
receive an annual report of the signals with its thresholds. If the signals tend to go towards the threshold, the
service team could investigate the reason further during a dry-dock for example. This could lead to a situation
where pro-active repairs are done even before the thresholds are exceeded which means that planning service

becomes easier and that unplanned services becomes less.

5.6 Fuel reports from the Condition Monitoring system

Another feature that the Condition Monitoring system enables is some kind of fuel saving reports. The feature
requires that a torque sensor is used and that a flow sensor is placed on the fuel line. It could lead to a higher
understanding of the fuel consumption for the ship owner which could be used to educate the captains to

achieve a more fuel-efficient ship. This feature requires more investigations but should be fairly simple to apply.

5.7 Rental and subscription of a condition monitoring system

5.7.1 Rental option

It is understandable that investing in a fairly expensive condition monitoring system could be difficult therefore
some kind of rental option might be of interest for the customers. The total cost of the simpler condition
monitoring system is 127 200 SEK and the warranty period is 5 years. Dividing the cost by the amount of months
gives a monthly fee of approximately 2 100 SEK or an annual fee of 25 500 SEK. The rental option could also
allow a more aggressive price setting. For example, if the monthly fee were to be raised to 2 500 SEK the total
price would instead be 150 000 SEK which means a larger profit. A selling point could be that the monthly fee is
a lot lower than one crew member. This kind of selling method becomes more and more attractive and
normalized. The negative part of those kind of selling techniques is that Kongsberg have to bind capital into the
condition monitoring systems that they rent and they will need some kind of contract over five years to ensure
that the system could be paid. The positive part is when those five years have passed, they receive a passive
income where all the income is profit. Let’s say that 20 of those systems are still active after 5 years it would

lead to a passive income of 50 000 SEK per month.

5.7.2 Subscription option

The subscription option is a combination of the rental option and the annual report. Customer rents the
equipment and once a year they receive an annual report of the measured parameters. The report could be
used to evaluate if components are to be replaced or if the ship could continue for another year. It could include
recommendations from Kongsberg. With this option the monthly fee could be increased to for example 3 000

SEK which gives a total income of 180 000 SEK over 5 years.
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5.8 Al implementations

Writing so-called annual reports could become very time consuming for Kongsberg Maritime. Therefore
implementation of some kind of Al could be an interesting objective. The Al could collect data from a number of
ships and estimate when a potential wear might appear on that specific ship. To do so, the Al first needs to learn
how driving behaviors, rotational speed and torque contributes to the wear which means that the Al must
analyse data from a ship where an actual wear appeared. Further on, the feedback from the Al could be used
directly into the annual report. For example, if it's known that the torque contributes to a raising wear and that
specific ship has a higher overall torque than the rest of the fleet it could be a good idea to let the ship owner
know that they have a higher applied torque than the rest of the fleet with the same sized waterjet. This
information could however be normal due to the specific task that the ship has or due to other reasons, but
even the less it could potentially be used to reduce the wear and fuel consumption which is good both from an
economical and environmental point of view. The Al could therefore be explained as a comparator between the
specific ship and the rest of the fleet and at the same time it could see how certain patterns affects certain

parameters.
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6 Conclusion
The outcome from the thesis project is a condition monitoring system which could measure a large number of
parameters and translate them to a 4-20mA current signal. The signal could be saved with a specific timestamp
which enables the possibility to evaluate the parameter over time, with a graph for example. The developed
concept system is able to measure the following parameters:

o Shaft torque [kNm].

o Shaft rotational speed [RPM].

o Shaft power [kW].

o Vibration velocity [mm/s].

o Solid particles [p/ml].

o Ferro magnetic particles [s].

o Relative humidity [%].

o Hydraulic oil temperature [°C].

o Hydraulic oil conductivity [pS/m].

o Hydraulic oil relative permittivity [-].

o Lubrication oil flow [I/min].

The layout of the system could depend on which ship it is installed on. The system is designed with so-called
retrofit ability in mind, which means that the system could also be installed on existing ships without substantial
rebuilds of the ships. Figure 65 shows a typical example of how the system could be installed. Figure 66 show an
example of a signal interpreted on a graph in relation to time where all dots are a specific value at a specific

time, also known as data.

Particle counter
Ferromagnetic sensor

Humidity sensor
Torque & RPM sensor

Vibration sensors

Cabinet

Figure 65, example of a typical system layout.
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Figure 66, example of an increasing humidity signal over time.

81



7 Future work

The objective of this thesis was to develop the mechanical part of a condition monitoring system. The thesis
should be seen as a concept and therefore it will require further design, verification and testing. In order to
receive a functioning condition monitoring system huge amount of programming needs to be accomplished.
Programming is critical to translate the selected signal into data and convert the signals into visualized alerts. If
the desire to perform frequency domain analysis remains a separated system for this needs to be researched,

developed and designed.
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Appendix A

Requirement Specification Cabinet

[ cen | [ Requirement / Desire [ | Rule reference Kongiherg reference | timitation / Function | Classification requirement | Elimination matrix | Relatre matrix | Kesselring matrix | Weight for Kesseiring (1-5) | Comment
i
[Cabiner are o be mare of adequate strenght and rigic I o Fancion Vs %
[Enclosure are generally to be made of meeal Classificat Liritation o, X % £
Cable ot ta impair the degree of grotection Function Fes
[La Screws and nuts inside the cabinet are to be effectively locked. Classification society Function Tes
[The hawe an 1PAA class society Function Yes
[If rion-aluminium materials are mounted on sluminium, suitable provisions are to be made to grevent i carmosion. | i [= society Lirnitation e
[17 ight meeal all als sisch a8 aluminium are to be ided el |EEM! society Lirnitation o X| x 2|1
[The cati have a hinged doar l&eq.imu Classification society Function Ter ]
|The cabi hawe a easily operated handle i society Function Yes X
2 Placement
Eleclrical equipment are 10 be placed 3o that expasure of wates, steam and ol is reduced_ [Cesire [i117) [ |Lirnitation [ o [ [ I 3|
13 If an it placed where it is ikely to be stepped on, it should withstand a the weight of & man. |Requirement |[FE) | |Function | Yes | | | | |
a
31 [Components are to be a range of +I°C to +557C [ Kongsberg Maritime. 137] Limnitation No. E |a=
32 |Components sce to be selected with a humidity range of 100% in all ranges |Requi Kangsberg Ma 147 Linnitation [ X 5
33 s are to be made of flame retardant and maisture-resistant materials [Requi c society 157 Limitation Tes X
34 nstallations chall be suitable for mar i [Requirement Classification society 167 Limitation Fes X
4 Dimension
[a1 [The cabi fit th ith the dimensians 1Hx63*x76mm. | i [Kangeberg Maritime | | [FEd) [Lirnitation | [ | S
5 General requirements
1 & price of the cabinet should be &5 low 85 passible Jesire |Kangsherg Maritime Lirnitation [Me
2 he cabi hi i doar and locking mekanism esire |Kangsberg Maritirme Function |Me
E} e be robusst from vibrations, Tesire Kongsberg Maritime. Function Mo
A e installation flexible and simple esire Kangsberg Maritime Function o
[ The cati be robust from shocks esire | kangsterg Maritime Function | Mo
[ The calar of the cabinet shauld follow Kongsberg calar patterns Jesire Kangsberg Maritime. Function No
LED Screen with lve values fram the EHM-system esire Kangsherg Maritime Function Mo
i be prepared tobe a “Plug N Play” system esire |Kongsherg Maritime Function |mo




Requirement Specification Sensors

[ cen Criterion I | Dosire | Rule raference | usmitation / Function | CL | Weigha for Kewselring [1-5) |
1 Construction criterions from
1.1 Th should hawve a ngid metal enclogure fo avoid personsl injury if there is a risk g [ siciaty (1) Fanction Vs
12 Companenis are be o nof cawse inpury when handied in narmal manner [Bequirement £ society [E§] Function Vs
1.3 Companents are o be constructed so that its function will not be affectsd by distoration, vibrations and movements from the ship. Ry rsvant [ sl aty 3"} Function Vs
1.4 If non-aluminium materials ars mounted on aluminium, suitable provisions are 1o be made ko prevent galvanic cormosion. i FETRE Classificartion sod aty [4*) Function Va5
15 In cawse of a failurs n a component the probability that the faikie causs further failures 1o ciher companents should be: low. | Requirement [ society (5] Function Vs
m Equipment shall not cause clion, induction or radiation ion of | i society [ Function Vs
1.7 Companents shall have enough mechanical sirenghl to withstand the simins it ikely 1o be exposed o when insalied [Feaqui resraint Classification sociaty (&) Function =
1.8 Enclosures are to be: made of skeel or other flame retardant materials | Raqui resnent Classification sod ety (] Limitation Vs
1s Asbeslos maleraks |Fequi resvant [ socaty ") Limitation Yes.
1.10 ) b are to be for an P44 of [ Faqui reavant Classification sodiaty (£ Function Vs
2 P from
2.1 o & to be placad so that s poasile and gy | Recjidi resveinIt L sod aty [11%) Fanetion Va5
2.2 T e 1o be pliced i far 3 practical so hat it & fol exposed 10 water, il Ui P CL sed ety [12*) Function Y5
2.3 are b0 be mounted 10 ot Cuse OF Jteast reduce alicn R Ry remainiE [T S0 aty [13%) Funetion s
2.2 If & anclusure is placed whrs it i likely to b stepged on, it shoukd tha waight of @ man. [Raquiremant [ sociaty [25°) Function Yz
3 from
3.1 COMPOnEnts 3 1o be seactid with 3 Jmikent temgarature range of +0°C 1o +55°C | Rl resvedniL Kangiherg Maritima 14°] Limitaticn Mo
3.2 Components ane to be seecied with a bumidity range of 100% in all temperature ranges | Raqui resnent Kongsherg Maritime 15| Limitation Mo
3.3 are to be made of lame retardant and moishure-res ktant materals Ihthrmnl [ sod aty 16°| Limitation Yas.
3.4 Blactical installations shall b suitable 107 Maring i rofermint. R resvenit Classification sodaty a7 Limitaticn =
4 from classification
[ [The sensor supply power shauld be 24V | [Kangsbarg Maritime Traz= [Limitaticn [Ha [ ]
2.2 The sensor curent should be 4-20ma i reTeE | Kangsberg Maritime 1 | Limitaticn |Ho | |
£E] The sensor cument should be proportional to the parameter s designed 1o measure. Fequiremant |Kangberg Maritime | | Limitation | | 1
] Ganaral and desires from
5.1 The cost estmaie shall nod exceed 150,000 SEK | Desine Kongsherg Maritime Limitation Ho ]
5.2 Standard sizes on connections. (ON LPP / HPP) | Desin Kongsharg Maritime Function Mo 4
5.3 The sensor could measure more parameters Desina Kongsherg Maritime Function Ho 2
5.4 Size of the sensor should be as small as possible [Desine Kangberg Maritime Funciion [ 4
5.5 'Well known | Desing Kongsherg Maritime Limitation Ho 4
5.6 Same distrubutor as other sensors [Desia Kongsharg Maritime Limitation Mo 1
& and desires specific for Solid Particle Sensor
6.1 Interval for small partices > 4um showld atieast be 0-20.000 piml i rement Kongsharg Maritime Function Mo
& 2 inbervai for medium particles > fum should ati east be 0= 8000 pimi [Requirement Kongsberg Maritime Function Mo
5.3 Int=rval for large pamticles = 14um should atieast be 0540 pim| [Fiequiremant Kangsharg Maritime Function Mo
6.4 Measurement accurancy should be + 8% Diesire Kongsharg Maritime Limiation Mo E]
) mﬁlﬁﬁs_.ﬂ?md‘ ndicales [50-Values. Iﬁe Kongsberg Maritime Funchion_ Ho 4
6.6 Partide analysis (Which lind of material) non-fereous or fereus. | Desire: Kongsharg Maritime Function Ho B
&.7 Sampie frequence should be atisast once an hour. Desire Kongbarg Maritime Function Mo 1
7 [Roguirements and desires specific for Humidity Sonsor
(A Inberval should be alieast 0-20000 PPM [Requirement Kangzberg Maritime Funclion Ho
72 accurancy should be + 8% Desie Kongsherg Maritime Limitation Ho 4
LE] Sampie frequence should be atisast once an hour. (Desire Kongsharg Maritime Function Mo 1
74 The sensor should be recalibratable Desire Ko rg Maritime Limitation Mo 4
T The sensor could measure salt and fon e Kongsbarg Mariime Funciion Ho 1
& quirements and desires specific for Speed Sensor
8.1 Int=rval should be atissst 0-2000 RPM jup to S000rpm) [Riequiremant Kongsharg Maritime Function Mo
az accurancy shoud be + 1% e Kangberg Maritime Limfation Ho 3
8.3 Sample frequence should be 10 ms |Desire. Kongsherg Maritime Funclion Ho 5
8.4 The sensor asssmbly showld be robust and safe Desire Kongsharg haritime Function Mo [
] Reoguirements and desires specific for Torgue Sensar
8.1 inberval showid be O 3000NM for sines f600 [Fequirement Kongshorg karitime Function Mo
2 Inbesval showld be 0- 1 2000Mm for sizes S 125 [Riequirement Kongsherg Maritime Funclion Ho
E} Measurement accurancy should be + 1% Desre Kongsharg Maritime Limratian Mo 4
4 Sam) ence should be onoe a second Diesire Kongsharg Maritime Limitation Mo 2
L] sensor assambly should be robust 3 re Kongsharg Maritime Function Ho ]
0 and desires specific for Vibration Sonsor
10.1__[Inberval should be 80 mm | sek [Requirement Kangberg Maritime Funclion Ho
10.3 Measuremant accurancy should be + 8% (7] Desire Kongsharg Maritime Function Mo £l
104 |Sampie frequence should be 10 ms e Kangzberg Maritime LimRabion Ho 4
10.6__|The sensor should measure mavement in ihree axles Desie Kangberg Maritime Funclion [ 4
1 Regquirements and dosires spacific for Flow sonsor
[11.1_ Jinberval showld be atieast 0-20 Limin [Requirement [Kongsberg Maritime | [Function | | ]
11.2 Measuremant accurancy should be + 8% re | Kongsharg Maritime | | Limirationi | | 4]
[11.3  |[Sampie frequence should be once a second Desie [ Kangsberg Maritime | | Limnation | | ]
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Cabinet

Criterium [Ref]. Concept 1 Concept 2 Concept 3 Concept 4 Concept 5

1|Light metal alloys are avoided 0 0 0 0 0
2|Enclosure to be made of metal 0 0 0 0 0
3|The price should be as low as possible 0 0 0 0 0
4|The door is easily maneuvered 0 + + + +
5|The door has a locking mecanism 0 + 0 + +
6|The cabinet is robust against vibrations 0 0 0 + 0
7|The cabinet is simple and easily installed 0 + + + +
8|The cabinet is robust against shocks 0 0 0 + 0
9|The color of the cabinet follows Kongsberg color palette 0 0 0 + +
10| The cabinet is prepared to have a LED screen 0 - - - -
11|The cabinet is designed for "Plug N Play" installation 0 0 0 0 0
Sum + 0 3 2 6 4
Sum 0 11 7 8 4 6
Sum - 0 1 1 1 1
Net worth 2 1 3
Ranking 2 3 2
Further development Yes Yes Yes Yes Yes

o Solid particle measurement

Criterium
3. [Ref] Concept 3 |Concept 4 [Concept 5 [Concept 6 [Concept 7

The cost should be as low as possible 0 0 + + +
Connection should be standard sizes 0 0 0 0 0
The sensor could measure more parameters 0 + + 0 +
Size of the sensor should be as small as possible 0 0 0 0 0
Well known distrubutor 0 0 - 0 0
Same distrubutor as other sensors 0 0 - + +
Measurement accurancy should be +- 5% 0 0 0 0 0
Sensor should not have a display which indicates 1SO-Values. 0 0 0 0 -
Particle analysis (Which kind of material) non-fereous or fereus. 0 0 0 0 0
Sample frequence should be atleast once an hour. 0 0 + 0 0
Sum + 0 1 3 2 3
Sum 0 10 9 5 8 6
Sum - 0 0 2 0 1

Net worth 1 1

Ranking 2 2

Further investigation
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Criterium

Material measurement

1 [Ref]Concept 1

Concept 3

The cost should be as low as possible

Met worth

Ranking

Further investigations

0
Connection should be standard sizes 0 Y] |
The sensor could measure more parameters 0 o}
Size of the sensor should be as small as possible 0 -
Well known distrubutor 0 ] |
Same distrubutor as other sensors 0 ﬂl
Measurement accurancy should be +- 5% 0 Elll
Sum + 0 o}
SumO 7 5
sum - 0 2

Criterium

Moisture measurement

1 [Ref] Concept 1 [Concept 2

[Concept3  |Concept 4

[Concept 5

Concept 6
I

The cost should be as low as possible

Connection should be standard sizes

The sensor could measure more parameters

Size of the sensor should be as small as possible

Well known distrubutor

Same distrubutor as other sensors

Measurement accurancy should be +- 5%

Sample frequence should be atleast once an hour.

The sensor should be recalibratable

The sensor could measure salt and iron

+

o

o o
1]
+ + O+ O +

+ + o+ o +

o+ O + O +

sum +

Sum 0

Sum -

ojoc o0 OO OO oo

[
=]

Net worth

Ranking

Further development
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Vibration measurement

Criterium 1 [Ref] Concept 1 Concept 2 Concept 3 Concept 4 Concept 5
The cost should be as low as possible 0 + - 0 0
Connection should be standard sizes 0 - 0 0
The sensor could measure more parameters 0 0 0 0 0
Size of the sensor should be as small as possible 0 0 - + +
Well known distrubutor 0 0 0 0 0
Same distrubutor as other sensors 0 + + 0 0
Measurement accurancy should be + 5% 0 + + 0 0
Sample frequence should be 10ms 0 0 0 0 0
The sensor could measure in three axles 0 v} + 0 0
Sum + 0 3 3 1 1
Sum 0 9 5 3 8 8
Sum - 0 1 3 0 0
Net worth 1 1
Ranking 2 2
Further development
. Relative matrix Torque concepts
Criterium
2. [Ref.] Concept 2 Concept 3 Concept 4 Concept 5

The cost should be as low as possible 0 0 0 0
Connection should be standard sizes 0 - - +
The sensor could measure more parameters 0 0 0 0
Size of the sensor should be as small as possible 0 - - 0
Well known distrubutor 0 0 0 0
Same distrubutor as other sensors 0 0 0 0
Measurement accurancy should be +- 1% 0 - - -
Sample frequence should be atleast once a second. 0 - 0 0
The sensor assembly should be robust and safe 0 0 0 -
Sum + 0 0 0 1
Sum 0 9 5 6 6
Sum - 0 4 3 2
Net worth -3 -1
Ranking 3 2

Further development
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. Flow measurement
Criterium
1 [Ref] Concept 1 Concept 2 Concept 3 Concept 5 Concept 6 Concept 7  Concept 8

The cost should be as low as possible 0 - 0 - - 0 0
Connection should be standard sizes 0 0 0 0 0 + 0
The sensor could measure more parameters 0 0 0 - - 0 0
Size of the sensor should be as small as possible 0 0 0 0 0 0 0
Well known distrubutor 0 0 - 0 0 0 0
Same distrubutor as other sensors 0 0 - 0 0 0 0
Measurement accurancy should be +- 5% 0 0 + 0 0 - -
Sample frequence should be atleast once a second 0 + + - - + +
Interval should be atleast 0-20 L/min 0 + + 0 0 + +
Sum + 0 2 3 0 0 3 2
Sum 0 9 6 4 6 6 5 6
Sum - 0 1 2 3 3 1 1
Net worth 0 1 1 2 1
Ranking 3 2 2 1 2
Further development




Kesselring Cabinet

lssued by: | ps pear Kangsberg Maritime Ideal Concept 1 [ pt2 [+ pt3 C pt4 o] pt 5
Hampus Vinbiad File: Concept selection Kesselring Description of concept 1
Rating Rating Rating
Criteria: Weight (W) ®) Rating (R) ®) Rating (R) ®)
Target L— 1.3 | WxR Comment 1 8 WxR Comment 1...3| WxR Comment 1....3 | WxR Comment WxR Comment WxR Comment
Light metal alloys are svoided 0 F 3 6 s 6 |Stesl 3] 6 |Metsl casing 3 6 [Stesl 3| 6 |Metalcasing 3] & |Metalcasing
Enclasure to be made of metal 12 4 3 3| 12 |Steal 3] 12 |Metsl casing 3 12 |Steel 3] 12 |Metalcasing 3] 12 [Metalcasing
The price shauld be as low as possible 15 5 3 3| 15  |708SEK ncliax 3] 15  |8128EKincltax 3] 15 |957SEK inc tax 3] 15 |o408EKincl tax 2| 10 [o008EK inc tex.
The door is easily & 2 3 2 4 bolis 3] & |Hinges 3| & |Hinges 3] & |Hinges 3] & |Hinges
The door has a locking mecanism [ 2 3 2 4 Eolls 3| & |wey 3] 6 |key 6 3| &
The cabi robust against vibrations 12 4 3 2 8 |Diffcult 1o verify 2| & |Difficult o venfy 2| & |Diffcultio verify 12| Approved by DNV-GL 2| 8 |Difficultto venty
The cabinet is simple and easily installed 12 4 3 12 3] 12 |includes screws eic 2] & 8 | No, installaion details indluded 2| &8 [lage
The cabinet is robust against shocks [ 2 3 4 |Difficult 1o verify 2] 4 |Difficult toverdy 2| 4 |Diffcultto verfy 6 ___|Approved by DNV-GL 2| 4 |Dificuitio
The color of the cabinet follows Kongsberg color palette 6 2 3 4 |Sand color 2] 4 [Grey butnal RALTO35 2| 4 |Sand color 6 |RAL 7035 3] & [RaL7oas
The cabinet is prepared to have a LED screen 6 2 3 6 |See through door 1] 2 [Could be prepared if needed 1] 2 |Coukd be prepared if needed 4 |Has a glazed version where a display could be mounied on il 2 |Couldbe prepared f needed
The cabinet is designed for *Plug N Play” ] 3 3 3 ] 3] o |Coudbe 3| o |Coudbe 3] o |Couldbe 3] o [coudbe
(3] Good Good Good Good Gead
Bad Bad Bad Bad
B4 Mo changed 24[No changed 80 [No changea o changed No ehanged
87,5% | % of full 87,5%|% of | a3 5 ot fun 5% of full 5% of full
Comments [concept 1 Comment: [concept 2 Comments. [concept3 Comments [concept & Comments [concepts
Serious distrubutor. Serious distrubutor.
Hole in door for  potential display
. . .
Kesselring evaluation for particle sensor
tsued by: l;«_‘ Kongsharg Maritime Ideal C t3 Ci 4 Ci 5 C t 6 Concept 7
Hampus Vinblad File: Concept sslection Kesssiring Description of cancept 1
Rating Rating Rating Rating Rating
Criteria: Weight (W) ") (R ") ") ") ")
Target 1—6 1.3 | wxr Comment 13| wxR Comment 13| WxR Comment 13| war Comment 13| WxR Commant 13| WxR ‘Comment
Th should T bl 15 5 3 15 10 31831 SEK 2 10 35,673 SEK 18 Apgrox. 20.000 SEK 3 18 18 437TSEX or 12360 if more than 80 per year 3 18
| Connection 12 4 3 12 EO 24 cone end 2 L] [EC 24 cone end 12 M16°2 | 147 BEP J THE" UNF 2 L] M16°2( G14° BEP 2 ] M16°2
The sensor & 2 E) [ a & Hurmickty B Enmmymﬂ'non‘ 1 2 Maone: 1 2 Mone
|S|un{ﬂum§nuld [ 12 4 3 12 114*260° 110mm 2 L] 114°260*110mm -] 1021426 8mem 3 12 B AR S2mm a 12 #3-TE51 Smm
| Wiell knawn distnsbutar 12 4 3 12 12 3 12 ] 3 12 3 12
| Same distrubutor as other sensors :!l 1 3 3 3 3 3 1 1 3 3 3 3 Flow meter
[easurement accurancy showd Be + 5% E] El 3 5 [] +1 150 code Fl 3 +1 150 code: 3 ) +172 50 code. F [3 +1 150 code 2 [3 +1 150 code
enso chauld not hiave 3 c=play which mdicates [50-Valses. 1# 4 E) 12 12 a 12 a 12 |Couid be ordensd win display 3 12 |Wie i—l 4
|Farticle anafysis 18 [ 3| s [ 1 [ 1 B 1 5 | s
|Sample frequence should be atieast ance an hour. 3| 1 E] 3 a a a 3 a 3 3 a 3
] Good Good E= Good Good Good
Bax Bad (Bad Bax Bad Bac
Mo changed No changed F!LD Changed Mo changed Mo changea Mo changed
% of full % of ful 'ﬂ.)!‘l% full % of full % of full % of full
Comments [Cancept 1 Comments Jconcep: 2 Comments Jconcept 3 Comments Jconcept 4 Comments [concept 5
i wpen thenthe |inchuded moesture sensor where the guality I and flow sensar. Fl measures Hars a swedish office which enables. mare ease further investigations and | COULD NOT HAMDLE 100% HUMIDITY.
rest af the products. particle speed and converts it. development Could handle 95% aparax.
distrubutar Experts in filtration. But there |5 an Interest since the comany
has many product avaitale.
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- - -
Kesselring evaluation for material sensor
Dale- Kongsberg Mariti
lesued by: [om29.04.14 9 Maritime Ideal Concept 1 Concept 3
Hampus Vinblad File: Concept selection Kesssling Description of concept 1
Rating Rating Rating
Criteria: Weight (W) (R) (R) (R)
Target b [ 5 h [— 3 WxR Comment b [ | WxR Comment ) [ 3 WxR Comment
The cost should be as low as possible 15 5 3 15 3 15 7.587 SEK or 6180 SEK if 50 or more per year 1 5 148100 SEK
Connection should be standard sizes 12 4 3 12 2 ] Fairly standard > B Fairly standard
The sensor could measure more parameters L 2 3 [} i 2 Nope 1 2 Nope
Size of the sensor should be as small as possible 12 4 3 12 3 12 B8 B35 2 a 150*132*G0mm
Well known distrubutor 12 4 3 12 3 12 Yes 3 12 Yes
Same distrubutaor as other sensors 3 1 3 3 3 3 Yes 3 3 Potentially
Measurement accurancy should be + 5% 12 4 3 12 3 12 +5% 1 4 Dioes not state
T2 Good Good Good
Bad Bad Bad
Mo changed Mo changed Mo changed
% of full % of full % of ful
Comments |-Eonoep‘t 1 Comments [Cunr.\ept 3
More compact and understandable values. Measures the time it takes  |Super expensive sensor which gives unclear values.
for the sensor to attract 100% ferreous particles on the lence.
Kesselring evaluation for moisture sensor
[ = Korhtrg Mamime Ideal Concept 1 Concept 2 Concept 4 Concept § Concept 6
Hampus Vinblad File: Concept selection Kesselring Description of concept 1
Criteria: Waigiht (W) = E:g:v w E:::v R
Targat L 5 3| wxR Commant 13| WxR Commant 1.3 | WaxR Commant 1.3 1| wuR ‘Comamant
| The cost should b as low a5 possitie 15 5 3 15 2 10 [12.700 SEK z o Appros. 30.000 SEX a 3 3 15 8.720 SEX
[=f 12 4 3 12 2 -] NPT 172" 2 B NPT 102" 2 2 2 B (=19
| Tha sansor paramaters & 2 3 B 3 & | Temy 3 B Temp 3 3 3 -] Tem;
[Size of the sersor should be a5 small as possible 12 4 3 12 2 L] (127233 z L] TTHBE"R33 2 2 2 L] 123'2323
| Wial| knoemn distrubuton 12 4 3 12 2 L] 3 12 3 3 3 12
| Sama distrubator 25 other Sensors 3 1 3 3 1 1 | 1 1 3 3 1 1 No more concepts
Measuremant accurancy should be + 5% 12 4 3 12 3 12 +0,02/0,03 % 3 12 002 /0.03% 2 2 2 B 3%
|Sampde fraquence should b atkast onc e an hour 3 1 3 3 3 3 3 =3 3 3 3 3 Ok
The sensor showld 12 4 3 12 2 2 L] 2 2 z -]
[ The sensor and iron K] 1 3 3 1 1 1 1 1 1 1
a0 Good Good Good
Bad Bad Bad Bad
Mo chi 88| No changed Mo chi 72 |No changed 70| Mo changed
% of full ?'mv— % of wll B0,0% % of l Tn'mq_
Comments [Concept 1 f—— Jconceptz Comment [Concept 3 Comments Jconcept 2 Comments [concept = Comments Jconcept &
Frofiessional comnpany which want to assist in the Product DNV-type approved. Could be ordered w/o display. | Included in particke counter but the producer is | Enabiles further analyses, for examiple ofl aging. contamination with foregn Relathely chaap product. Difficult to recehe 3 price estimate.
chaual cpmasnt large and serious. fiuids, o change, odl refrashmant and ol mising.
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Kesselring evaluation for vibration sensor

[
bssued by 3o 3 Kongsberg Maritime Ideal Concept 1 Concept 2 Concept 3 Concept 4 Concept 5
Hampus Vinblad Fie: Cancept selecton : B of concept 1
Rating Rating Rating Rating
Criteria: R} (L] R} R}
Target 13| waR Comment WixR Gommaent 1...3| WxR | Comment | 41.._.3| WxR Comment WxR Commant 13| WaR Comment
The cost should be as low as passible 15) B 3| 15 3 15 3282 SEK 3 15 2.738 SEK 1 & 9.407 SEK 3 16 3.200 SEK 3 15 miost around 4k
Carmection shauld be standard sizes 12 4 3 12 3 12 Several options awvailabie 2 ] 1i4 UNF 2 ] 1/4 UNF 3| 12 Seweral oplicns avaiable 3 12 14"2BLINF ! M8 = 1.25
The sensar could measure more parameters: L:] 2 i [:] 1 2 1 2 1 2 1 2 1 2
Size of the sencor should be as smalll as possible 12 4 3 12 2 B 68.58 x @28mm 2 ] 83 x B2 Imm 1 4 46 x B18mm + Cmodule 3| 12 43 x @2Tmm 3 12 50 x @ X2men
‘el konoven disErubutar 12 4 3 12 2 B E 12 3 12 3| 12 2 B
Same distrubutor as other sensors 3 i 3 3 i 3 3 1 i i
Measurement accurancy shauld be = 5% 4| 3 E 3 |eit% 8 |e3% (= 3 |Does na staie %. 2| 6 |a%
Sample frequence should be 10ms 12| 4 ] 12 02 ms 12 ims 12 [0,ims 12 ims 3 12 [ims
The sensar could measure in three axles: 12| 4 3 1 4 1 4 a 12 [With alot of wark, yes. 1 4 1 4
o3 (Good Good Good Good
Bad Bad Bad Bad
Mo changed Mo charged Ma changed 72| Ma changed
% af ful % of full % of full T7,4% | % of full
Comments ]Cm:EEl 1 [Comments ||’.nn:§l 2 Comiments J!’.m:i 3 Comments ILMb::E 4 Camments annneES
. . f
Kesselring evaluation for torgue sensor
isuec by [ 1010 Kongabarg Maritima. Ideal Concept 2 c pt 3 [ pt4 Concept 5
Hampus Winblad Filer Concept selection Kesseking Description of conoept 1
Rating Fating Fating Rating
Criteria: Wisight (W) (] ") (L] (L] R
Targat | — 3 —-3| WxR Comment 1. 3[WxR Commend 1__3| WxR Comment 1.3 | WxR Comment 13| WaxR Comment
The cost should be as low as possible 18 5 al s 1] 5 [Price unknown Buit on request 1] & |Prce unknown. Buit on reguest 1] & |Price wknown. Buiton rmquest 1| & |Prioe unknown. Buit on request
|Cannection shouwld be standard sizes 12 4 E] 12 3] 12 |70 adeast 1000mm, around shaft. 2 a Simes Lnsure, but could most N EXDENSHE. 2 [ Sizes unsure. Mo informaton found 2 B 100.... 1000mm, but speed must be below 1000mpm
| The sensor could mi & 2 E] B 3] & |Speed. power and torgue a & Speed, power and lomue 3 [ Speed, power and tonque: 3 & Speed, power and borgue
Size of the sensor should be as smal as possible 12 4 al 12 2[ & 2| & 2] & 2] 8
#iel| known distnsbutar 1 4 a| 1z 2] 8 a 2 8 2 B
1 3 3 il 1 1 1 1 ] 1
i 4 3] 12 al 12 Joaw 12 [+0.28% FSD 2 8 | Unzure, most|ikely £ 0.25% 2| 12 |s028%FSD
2 al ® a6 |10 times per second 4 |Ursure, miost likely atisast cnce a second 2] 4 |Umsure. most liksty aieast once a second 2] 4 [Unsure most likety adeast once a sseond
18 5 al s al 18 al 18 3l s al 18
a3 G (Good Good Good Good
Bad Bad Bad Bad Bl
Mo changed Mo changed 57 | Mo changed Mo changed &7 | Mo changed
% of full % of full 72,00 [ % of ful % of full 72,0% % of full
Camments [concept 3 Comments [Eancept 5 Camments [Cancept & Comments [Concept 7
Strain gauge method Strain gauge method Strain gauge method Optical methad
Could nat handle shaft speeds higher than 1.000 REM
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Kesselring evaluation for flow sensor
[ Kongsberg Maritm Ideal Concept 1 Concept 2 Concept 3 Concept § Concept 6 Concept 7 Concept 8
Hampus Vinblad File: Concept selection Kesselring Description of cancopt |
X Fating Fating Fating Fating Fating Fating Rating Raing
Criteria; Waight (W) " ] " " ] L]
Targat 1.5 1—..3| wWxg | Comment 3| wxr Comment 3| war Comment 3| wxr Comment 13| war Commant 1 WxE Comment 1od | WaR Comment 16| wim Comment
oe cost shoukd be a5 low o possible [0 5 18 3| s |assssex 2| w1 |esmsex 3| s |amsesex A 5 [inaesex i & |aasreex 3l 1 |asmssEk 15 |amersen
houdE ard 12 a 12 3] 12 |G 12 same as pressure e 2] & |em t 4 Jwe 2| 8 Jow 2] 8 Jew 3| 12 |6 112 same o pressurs e R CET)
h i 2| & 4 Jlemp 1 2 |Ncpe Eithertemp ar flow 2 4 liemp 2 |Nope 1 2 |Nope 2 4 ltemp 4 temp
ze of the senscr showd be 12 a 12 & |1107Z48mm 2] & |10osiom 2] & |u41toamm & |11rBermm 2] & [ursomm 3] 8 |1euaresmm & |nearesimn
Well kncwn distnubesor ] a 12 12 3 i a 12 3[ 1 3 12
Same Sensor a 1 3 3 3 3 1 1 3 3 3 3 3 3
should be + 5% 12 a 1z B |a7% 2| B aw 3| 1z Jsomw PR [ & e A a e 1 4 |am
0 3 s 13 [1se 3 o lcoimem 3 e Jcoasis A 3 [um i a 3l s lois 3l 5 loas
12| ] 1z 14 |zatimm 3] 1z [oz.sooumm 3| 1201 25kmmn 2| 8 |12 200 tmin Z[ & iz mokmn 3l 1z Jos_zaime a1z o5 _zhimn
@ Good Good Good Good Goed Good Good Good
Bad Bad Bad Bad Bad Bad Ead Bad
o changed 48| o changed 72| o changed 68| Mo changed o changed N changed N changed No changed
Yool an 30,29 % of hat F7.0% % ol ot 7a.2%| % of hat % of hal e of frl. o ot tul 5ot
Comments [Concegts Comments [conceat 2 Comments [concegts Comments I concegta Comments [Concegts Comments [concegte Comments [cancep: 7
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