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Abstract 
On Scania trucks of today a flexible exhaust hose is used to decouple the motions of components in 

the exhaust system. This flexible hose section experiences premature and unpredictable failures. To 

gain control over the situation a lifetime assessment is required, in which the ultimate verification is 

to be confirmed in a test rig. In order to build this rig and perform adequate tests, background 

information is needed. This report is aimed at collecting and analysing information on the underlying 

problem, such as material characteristics, working conditions and failure modes for the flexible hose. 

This is done by a literature study, measurements and investigations and an FE-model. The results 

show that the major failure mechanism is wear. The wear is concentrated to a small portion of the 

hose due to the unstable nature of the construction, aggravating the working conditions for the 

material. In addition, heating to working temperature seems to bring with it much increased wear 

rates and a significant increased friction coefficient for the interaction between the metal sheets 

constituting the hose. Because of the working mode of the hose, the material used should be 

replaced with a more suitable alternative. To start out, a change from the current EN 1.4301 (AISI 

304) to the, from the manufacturer instantly available, EN 1.4571 (AISI 316 Ti) should be made. There 

are other material alternatives offered as direct replacements, these should be evaluated along with 

suitable surface treatments. 

Sammanfattning 
På dagens Scania-bilar används en flexibel avgasslang för att separera rörelser hos olika 

komponenter i avgassystemet. Denna typ av avgasslang uppvisar för tidiga och oförutsägbara 

haverier. För att kunna garantera komponentens kvalitet behöver livstiden för avgasslangen 

undersökas. Den slutgiltiga konfirmationen av livslängden är tänkt att göras i en skakrigg. För att 

kunna bygga denna skakrigg och utforma relevanta tester behövs bakgrundsinformation om 

situationen. Denna rapport är ämnad åt insamlingen och analysen av kunskap om det föreliggande 

problemet, så som materialegenskaper, miljöförutsättningar och felmoder hos slangen. Detta görs 

med hjälp av en litteraturstudie, mätningar och undersökningar samt skapandet av en FEM-modell. 

Resultaten pekar på att den slutgiltiga anledningen till slangbrotten är nötningsskador. Denna 

nötning blir koncentrerad till en liten del av slangen på grund av dess instabila uppförande vid 

användning, vilket försvårar nötningsproblemen. I addition till detta uppvisar materialet vid 

uppvärmning till arbetstemperatur stor ökning av nötningshastighet och friktionskoefficient för 

interaktionen mellan de metallytor som bildas genom slangens konstruktion. På grund av slangens 

sätt att arbeta och det använda materialets nötningsegenskaper bör det senare bytas ut till ett mer 

passande alternativ. Som en första åtgärd bör det befintliga EN 1.4301 (AISI 304) bytas mot EN 

1.4571 (AISI 316 Ti) som även det tillhandahålls som standardalternativ av leverantören. 

Leverantören erbjuder även andra materialalternativ som bör undersökas tillsammans med lämpliga 

ytbehandlingar. 
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Key to abbreviations and words 
EGR – Exhaust Gas Recirculation, a system for recirculation of exhaust gases into the cylinders in 

order to reduce the amount of nitrogen oxides produced in the combustion. 

Euro 6 – Designation of the, at the time of writing, latest European emission standard.  

FH – Flexible Hose, an exhaust hose that can be bent, elongated and shortened. 

FQ – Field Quality (number), a number used to summon faults occurring in the field. The number is 

component- and failure mode specific. 

HCS – Hose Coordinate System, a coordinate system defined by the position of the flexible hose (FH). 

Lumasense – A manufacturer of infrared thermometers. 

MCS – Main Coordinate System, a coordinate system from which all other subsystems on a Scania 

truck are defined. 

Room temperature – 21 °C, the temperature in the room where the hot friction measurement was 

performed. 

SEM – Scanning Electron Microscope. 

Westfalia – Westfalia Metal Hoses, member of the Heitkamp and Thumann group, manufacturer and 

supplier of flexible hoses to Scania. 

  ,   ,    – Rotational degrees of freedom for  ,   and   respectively.
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1 Introduction 

1.1 The problem giving rise to the thesis work 
Flexible hoses are used on all of the trucks manufactured by Scania. They provide the important 

function of allowing the engine and silencer to move individually with respect to the chassis to a 

certain degree; an essential feature in vibration and noise depression. During the lifetime of the 

flexible hose it encounters numerous different environmental factors, some of them being high and 

quickly changing temperatures and dirt. In combination these factors cause the hose to stiffen, thus 

leading to excessive amplitudes of movement in a small section of the FH. The combined situation 

has proved to result in premature and repeated failure of the flexible hoses. In the lab where only 

the vibrations are present without the dirt, chemicals and other factors to affect the hose, no failures 

have occurred. 

1.2 Inlet pipe 
An inlet pipe is a composition of flexible sections and pipes, whose task is to lead the exhaust gases 

from the engine to the silencer. The flexible sections are welded to the pipes as can be seen in Figure 

1. In the middle the support bracket mounted on the truck frame is seen. To support the Flexible 

Hose (FH) at the ends, a support ring is fitted on the outside of the hose. In magnification the weld 

joining pipe, FH and support ring is shown. The installation length is the length of the flexible hose 

where it has equal amount of retraction and elongination available. 

 

 

1.3 Which are the benefits of solving this problem? 
Changing failing components on vehicles cost money. In addition, when the customer has a sudden 

failure of a component on the vehicle it adds to the negative account of Scania as a brand. To prevent 

this from happening, knowledge of component lifetime is crucial. If the lifetime of a component is 

known, the opportunity of changing it during service arises and the customer never experiences an 

unnecessary failure. If for example the exhaust hose between engine and silencer breaks, it does not 

only become evident to the driver by the increase in noise generation. 

Figure 1. Inlet pipe. 
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It may also damage components situated in the nearby environment, and also increases emission of 

uncatalyzed exhaust gases. 

1.4 Scope of the report 
This report is intended to present the work and progress towards a foundation on which a test 

procedure that reveals the lifetime of the flexible hose can be built. The most important derivatives 

of the report are knowledge about working conditions, hose geometry and its reactions to 

movements via a finite element model, failure modes and areas for further work. 

2 Today’s flexible hose 
Before any work can begin when facing a complicated problem including widely varying, as well as 

uncertain, environmental conditions, possible material compatibility issues and a complex 

construction, the current situation regarding design, material and failure modes has to be reviewed. 

In this section the resulting material from this investigation is presented. 

2.1 Manufacturer 
The manufacturer of the hoses investigated in this report is Westfalia Metal Hoses, member of the 

German Heitkamp and Thumann group, later referred to as Westfalia. 

2.2 Location on the vehicle 
On existing vehicles the exhaust system contains several flexible sections, both before and after the 

silencer. Figure 2 shows a representative case of a broken hose. Failures seem to occur at all 

locations where the FH is used, however there are three positions where the failures are most 

numerous: 

1. Between exhaust turbine outlet and the silencer 

2. Between the silencer and left hand outlet 

3. At the silencer connection for vertical exhaust pipes 

 

 

 

 

 

 

 

 

 

Figure 2. Typical breakage of a hose near the exhaust 
turbine. 
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To delimit the investigations the first of the before mentioned cases of failure was selected as the 

area of interest. This is where the hose will encounter the highest temperatures, which results in the 

roughest working environment for the material. 

2.3 Material 
The material used in the flexible hoses for Scania trucks is the stainless steel EN 1.4301 (AISI 304). 

This is a very common austenitic stainless steel type, used in many different industries as well as in 

kitchen supplies and for architectural purposes. The corrosion resistance is generally good. 

Weaknesses are its limited resistance to non oxidizing acids, the susceptibility to stress corrosion 

cracking, especially in the presence of chlorides (Outokumpu (2009)). Presence of chlorides also 

increases the risk of pitting corrosion (Olofsson (2012)). 

The alloying elements are presented in Table 1. The low percentage of nickel and the absence of 

expensive additions such as manganese and titanium make it a competitive contestant in the choice 

of material because of the price. 

Table 1. The alloying elements of EN 1.4301 stainless steel (Outokumpu, 2009). 

EN Fe wt-% C wt-% Cr wt-% Ni wt-% 

1.4301 Balance Max 0,07 18,1 8,2 

 

At the time of writing, Westfalia delivers the flexible hoses in four different materials: EN 1.4301 (AISI 

304) (currently used), EN 1.4539 (AISI 904L), EN 1.4571 (AISI 316 Ti) and EN 1.4828 (AISI 309). 

2.4 Design 
There exist three different thicknesses of the FH. The geometrical difference between the three is 

presented in Figure 3. All of them are designed in ways that result in the sliding of stainless steel 

against itself. Between engine and silencer the most gas tight of the flexible hoses called DSS is used, 

see Westfalia (2014)(1) for a public data sheet. Westfalia could not share the dimensions of the FH 

cross section because of commercial reasons; therefore the geometric measurements had to be 

retrieved manually by measurement in a microscope. A metal strip from a cut open DSS FH used for 

geometrical measurements is shown in Figure 4. 

 

 

 

 

 

 

 

 

Figure 3. The three thicknesses of FH:s (Westfalia (2014)(1)(2)(3)).  
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The strips are made from sheet material that is roll formed to shape and then wounded into a hose. 

The resulting composition for a DSS hose is presented in Figure 5. For a measured drawing see 

Appendix A. 

 

2.5 Failure mode 
Investigation of three broken FH: s indicated the same failure mode. At every point where one lap of 

the cross section ends, it slides against the preceding or subsequent lap. The arrows in Figure 5 

indicate these areas. The surfaces that the ends slide against seems to be where the most severe 

wear takes place, eventually resulting in the hose breaking when the material gets too thin. The 

section in Figure 6 was situated directly adjoining a fracture and clearly show the deterioration 

where the next lap sets off, the thickness is only half of the original. Studying Figure 5, it can be seen 

that this is the only link attaching the adjacent laps. Because of this, there is a high risk of leakage 

and the hose breaking open in case of a failure. 

 

Figure 6. Cross section with typical wear near fracture area. 

Figure 4. Metal strip profile used for geometrical measurements. 

Figure 5. The assembled hose cross section. 
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3 Documentary Research 
In order to gather relevant information relating to the problem at hand a literature study was 

performed. By implementation of the literature study in an early stage of the work unnecessary 

investigations could be avoided, while others could be greatly scaled down. The design, material and 

failure mode of the FH lead to the documentary research being aimed towards finding information 

about wear, friction and the impact of temperature, as well as chemicals encountered in the exhaust 

diesel fumes, on the stainless steel 1.4301. 

3.1 Wear of stainless steel 1.4301 
There are different aspects to how austenitic stainless steels wear during sliding contact. The 

austenitic grades are known for having generally poor sliding properties (Hsu, Ahn and Rigney, 1980). 

Yang, Naylor and Rigney (1985) suggests that one problem may be α’ martensite formation due to 

material deformation near the contact surface. This martensite has a hardness of 900-1140 HK, 

compared with the hardness of non deformed 1.4301 stainless steel of around 240 HK. Material 

stuck on the hardened surface contributes to micro cutting of the opposite material. According to 

Farias et al. (2007), the wear mechanism can be divided into three different regions, occurring 

depending on the severity of the conditions applied to the sliding surfaces. Both increased pressure 

and increased sliding velocity increases the wear rate, up to a certain point. In the first region the 

debris from the sliding surfaces oxidize between them. When the conditions aggravate, the debris 

change from oxides to oxides and metallic particles mixed. In this region the maximum wear rate is 

found. If the load and sliding speed increase more, the sliding surfaces will experience plastic 

deformation and hence martensitic transformation. When this happens the wear rate might 

decrease somewhat. 

3.2 Environment caused by exhaust gases 
The environment at both the in- and outside of the exhaust hose is harsh. There is no exact 

information on the stresses that the material in the hose is exposed to. Olofsson (2012) investigates 

the corrosion resistance of materials commonly used for Exhaust Gas Recirculation (EGR) systems. 

The EGR is exposed to the uncatalyzed exhaust gases exiting the engine, as is the exhaust hose 

between engine and silencer. The big difference between the two applications is the temperature. 

The exhaust gas passes a cooler before entering the rest of the EGR- and intake system causing a 

lower operating temperature than that for the exhaust hose. The low temperature, in Olofsson 

(2012) chosen as 60 ° C, causes corrosive exhaust condensates to form. This is far below the 

operating temperatures encountered in the measurement of temperatures of hot end exhaust 

system parts, however this temperature is passed at every cool down and heat up cycle, exposing the 

inlet hose to the same condensates. The main content in this condensate is sulphuric and nitric acid 

and chlorides. Olofsson does not mention if the chlorides originates from the exhaust gases or from 

road pollutions. Potgieter,  Sephton and Nkosi (2007) on the other hand mentions hot salt tests as a 

common procedure on hot end exhaust parts for external corrosion evaluation, indicating that the 

chlorides to a great part originates from external pollution of the exhaust parts. 
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3.3 Mechanical properties for Stainless steel 1.4301 at elevated 

temperatures 
The mechanical properties of metals are generally not constant with changing temperatures. 

Equation 2 in Chen and Young (2005) describes the behaviour of stainless steels at elevated 

temperatures. It is a conservative estimate with respect to a couple of different frequently used 

stainless steel, hence the values obtained can be used for a basic investigation of other alloys of 

stainless steel type. Table 2 presents the resulting Young’s modulus for room temperature and 

500 °C. 

Table 2. Young’s modulus according to equation 2 in Chen and Young (2005). 

 
Young's modulus [GPa] 

Room temperature 186.5 

500 °C 87.5 

4 Statistics 
The expectation on the statistical investigation was to reveal if there are any obvious links between 

certain equipment, country of use or size of the truck and the FH problems.  

 

The problems with the flexible hoses occur at different vehicles from different years of production 

and with different engine configurations. The wide spread use over models, years and placement in 

the exhaust system make the acquisition of statistics regarding the failures difficult. Therefore a 

choice had to be made about what information to look at. 

 

When a customer has a failure on a truck the service shop reports the failure as an event in an 

internal data base. If there is a known problem regarding the failing part the event is sorted under a 

number called field quality number, FQ-number, connected to the part and failure mode. There exist 

several such numbers with flexible hoses involved. The number judged most suitable and extensive 

of these was FQ36742. It concerns exhaust hoses of type DSS, with an inner diameter of 115 mm, 

mounted between the turbine and silencer on vehicles with a 6 cylinder inline engine, put in traffic 

between 2002 and 2011. This collection of failures was selected for the statistical investigation, 

resulting in a total of 99 occurrences available for analysis. The article numbers that are included in 

FQ36742 are displayed in Figure 7. 
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Due to limitations in time and resources the statistical research was narrowed down to investigation 

of the total number of failures with respect to different potentially interesting options and countries 

of use. The numbers do not include the sales statistics for the chosen options. An example of this is 

Figure 7, where hose number 1 seems to be particularly beset by failures. This can depend on 

circumstances related to the specific component, such as what trucks, or what engine it is mounted 

on. It can also depend on the possibility that these trucks were sold in a much larger quantity than 

those for which the other part numbers are used. Because of this the results have to be handled 

carefully. To get more reliable numbers the sales statistics should be incorporated with the current 

numbers so that e.g. the amount of faults per sold truck is obtained. 

There were five countries that stuck out in the statistics. What is worth noticing is that three of them 

are countries with a generally high road standard, while the remaining two are considered to  have a 

less developed infrastructure with lower standard regarding road surface, meaning a more harsh 

environment with larger movements for all of the parts on the truck, including the FH. All the 

countries are included in Scanias largest markets, and that explains why they are well represented in 

the statistics. The interesting part is that both countries with good and countries with poor road 

standard are approximately equally represented. 

A number that is not affected by the sales statistics is the mileage after which the hoses needed 

replacement. Table 3 presents the average and median in km before failure. 
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Figure 7. Number of occurrences per hose included in FQ36742. 
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Table 3. Average and median number of kilometres before failure. 

  

km before 
replacement 

Average 159867 

Median 137808 

 

There were some trucks that had a very high mileage, that probably had their hoses changed one or 

more times. This is not taken into consideration in the data base and therefore these numbers 

corrupt the average value somehow, making the median a more reliable number. The median value, 

which is the best estimate of the expected lifetime today, can be expressed in round numbers as 

138 000 km. 

5 Analysis of hose movements 
The analysis of the hose movements was based on an existing report available internally at Scania; 

Oh (2011). The measured and presented values are valid for the truck/engine configuration 

described in Oh (2011), application of the results on in other cases calls for consideration concerning 

e.g. engine mounting, type and weight, truck type and configuration and the geometry of the exhaust 

outlet system. 

5.1 Position of the hose 
In the construction of Scania trucks a Cartesian coordinate system is used. The origin of the system is 

placed 2000 mm ahead of the theoretical centre of the front wheel axle, positive X pointing 

backwards, centered sideways with Y positive to the passenger side. The positive direction of the Z 

axis is upwards, starting 1000 mm underneath the uppermost edge of the chassis beams. This is 

called the Main Coordinate System (MCS) and Figure 8 shows a visualization of it. 

When studying the hose and the range of motion it experiences, it is much easier to perceive how 

large this range is if the motions are presented in a coordinate system placed according to the hose 

geometry. For this reason a new coordinate system called Hose Coordinate system (HCS) was 

introduced, where the X axis is placed parallel to the longitudinal direction of the hose.  

Figure 8. The coordinate system describing all positions on a Scania truck.  
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For 6 cylinder inline engines the direction of the axes of this system is defined by two angles seen in 

Figure 9. αxy is the angle between the direction of the exhaust outlet and the X axis, projected on the 

X-Y plane. αyz is in the same way the angle between the direction of the exhaust outlet and the Y axis, 

projected on the Y-Z plane. These angles are different depending on which engine and surrounding 

configurations that are used on a truck. In Oh (2011) the movements for a 6 cylinder inline engine 

“Evelina” is described. The chassis designation is R420 LA4x2MNB. From this can be read that 

“Evelina” is a truck with two axles, or four wheels, driven on the rear pair. This configuration is the 

most common among the trucks in the FQ number chosen and the values from this truck was 

therefore used in the further analysis. In Table 4 the values for the exhaust pipe angles on the 6 

cylinder inline engine DC1215 mounted in “Evelina” is presented. 

 

 

 

 

 

 

 

Table 4. Angles for exhaust outlet. 

Engine type αxy αyz 

NGS DC/DT12 15.5° 35.8° 

 

The resulting axis directions in HCS compared to the MCS are shown in Figure 10. The origin of the 

Hose Coordinate System (HCS) is located at the beginning of the first FH after the exhaust turbine. 

See Figure 11 where the blue draw wire sensors are placed at the origin of the HCS, and Figure 12 

that show the position of the HCS origin in comparison to the engine. 

  

Figure 9.  Geometry of the exhaust outlet for a 6 cylinder inline engine. 
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Figure 10. The hose coordinate system. 

Figure 11. Mounting of measurement equipment on test truck Evelina (Oh (2011), p.7). 
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5.2 Engine motions 
The described amplitudes in Oh (2011) for the inline 6 cylinder engine in “Evelina” are measured 
during operation in various conditions, both on test track and on public road. The largest engine 
amplitudes was found during operation on a test track designed to give rise to vertical accelerations 
and axle forces corresponding to the maximum values encountered in normal real life use. The 
maximum and minimum amplitudes are presented in Table 5. 

Table 5. Maximum engine amplitudes in MCS. 

 Xmax Xmin Ymax Ymin Zmax Zmin 

Amplitude [mm] 7,4 -5,7 14,7 -9,5 11 -11,8 

 

 

To get a number on how large the hose movements are, the numbers in Table 5 were projected onto 

the HCS. If assumed that the positive or negative extreme value for all three degrees of freedom can 

occur independently of the others while driving, the maximum parallel displacement of the FH is 

approximately 19 mm, at the same time as the axial displacement of the hose is -2,7 mm, meaning 

that the hose needs to extend longitudinally. The coordinates for the engine when this occurs in MCS 

are presented in Table 6. 

Table 6. Engine amplitudes in MCS that give rise to maximum parallel hose displacements. 

 X Y Z 

Amplitude [mm] -5,7 14,7 11 

 

5.3 Manufacturer recommendation on hose displacement 
Westfalia Group (2004) states the recommendations and limitations regarding hose movement. Since 

the measurements in Oh (2011) only include displacements in three directions but no rotations, it 

was decided that the travel in MCS and HCS is to be regarded as parallel displacements. 

Westfalia Group (2004) specifies the maximum possible parallel displacement as a formula 

dependent on hose length. When this maximum displacement is reached, no further movement is 

Figure 12. Placement of the FH in comparison to the engine, and the FH connection that defines the origin of the HCS 

(marked with red). 
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possible without damaging the hose. If there are any other movements that have to occur at the 

same time, the allowable parallel displacement is restricted to 20 % of the maximum value. In Table 7 

the lengths and allowed parallel displacements for the DSS hoses included in FQ36742 are compared 

with the actual movements of the engine. 

 
Table 7. Length and subsequent amplitude check for DSS hoses in FQ36742. 

 

This comparison shows that a majority of the hoses involved in FQ36742 were made too short for the 

intended use, according to manufacturer guidelines. As a result the hoses have been exposed to 

stresses not accounted for in the design. 

  

Hose number 
 

1 
 

2 
 

3  

(engine side) 

4 (1) 5 (2) 6 
 

Installation length 
[mm] 

306 262 329 478 508 226 

Maximum parallel 
displacement [mm] 

58 43 67 139 156 32 

20 % of maximum 
displacement [mm] 

12 9 13 28 31 6 

Engine max. parallel 
displacement [mm] 

19 19 19 19 19 19 

Long enough: NO NO NO YES YES NO 
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6 Investigations 

6.1 Exhaust hose and gas temperature 
For engines of today it is important to monitor the temperature of the gases entering the silencer, 

since it includes particle filters and catalysers that will be damaged from too high temperatures. 

Because of this there are numerous measurement points of exhaust gas temperatures available in 

test cells for Scania engines, however for exhaust system material in general and the FH in particular, 

there are no reports or documented investigations with applicable results available for use in this 

report. Therefore a measurement of the FH temperature had to be performed as a part of the work. 

Since the FH consists of several thin plates of metal, it might show a larger difference in temperature 

between its inner and outer material than what a regular pipe would. Therefore a comparative 

measurement was made on the pipe that connects the FH with the turbine outlet. The aim of the 

investigation was to retrieve readings of material temperature at the surface of the FH, and to match 

these temperatures with those of the exhaust gas before and after the FH. In this way, the 

environment in terms of working temperature for the FH can be defined for this particular engine, 

but also estimated from exhaust gas temperatures for other engines. 

6.1.1 Measurement of FH surface temperatures 

A wireless infrared thermometer, Raytek Raynger MX (Scania Nr. 34120014), was used to measure 

the temperature on the FH, and an emissivity value of 0.63 was used in the measurements. The 

engine used in the test was a Euro 5, 6 cylinder inline engine; DC13146.The test was performed in 

test cell FL3 at Scania CV in Södertälje. The thermometer was mounted 78 cm from the flexible hose, 

measuring 50 mm from the beginning of the FH section. Figure 13 shows the test setup measuring 

temperature at the FH, while the comparative measurement on the pipe prior to the FH can be seen 

in Figure 14. 

 

Figure 13. Test setup for measuring the temperature on the flexible hose. 
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Figure 14. Reference measurement on the pipe prior to the FH. 

There were two gas temperature probes mounted at suitable positions for this investigation. One 

right after the turbine outlet, called TG50, and one called TG21 situated after the FH at the inlet to 

the silencer, both visible in Figure 13. The values from these probes where recorded to show the 

connection between gas and hose temperature. Hose and both gas temperatures for engine speed 

1000 rpm can be seen in Figure 15. 1000 rpm is the rotational speed where the highest gas 

temperatures are encountered for the particular engine. The measurement on the reference pipe in 

Figure 14 resulted in 10 ° C warmer readings than those for the FH. This was expected due to the 

heat transition between the metal sheets and the insulating cavities in the FH. 
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Figure 15. Measurement results for engine speed 1000 rpm. 
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6.1.2 Emissivity of 304 Stainless steel 

The function of the infrared thermometer is based on the amount of thermal radiation emitted as 

function of the temperature of the object of interest. It is a material specific number called the 

material emissivity and it is needed for correct readings from the thermometer. 

An emissivity value of 0.63 was used in the measurements. According to Deheng et al. (2014) the 

emissivity value of stainless steel AISI 304 is settling to about 0.63 at temperatures of about 550 °C. 

Since the exhaust gases tangent these temperatures this value was used. Considering the large gap 

between exhaust gas temperature and material temperature, the choice of emissivity value was 

reviewed further. 

As a manufacturer of the Raynger MX, Raytek provides a basic list of emissivity values, see Raytek 

(2015). However the values for stainless steel vary between 0.1 and 0.9, with no reference to what 

temperature corresponds to what value. Because of this Raytek’s list can not be used. Lumasense is 

also a manufacturer of, among other instruments, infrared thermometers. According to Lumasense 

(2014) the emissivity of stainless steel can vary between 0.36 and 0.73. Considering that the inlet 

pipe used had been mounted on the engine during several turbo tests, it is reasonable to assume 

that the FH qualify to the condition “heated to 527 °C for 42 h” (Lumasense, 2014, p. 12). The dark 

brown colour of the surface also supports this assumption. For mentioned condition Lumasense 

prescribes an emissivity value of 0.62 to 0.73. Figure 16 shows the values for the FH temperature 

from the original measurement, and for comparison also the corresponding values in case the 

emissivity would be set to 0.6 and 0.73. The change in temperature due to changed emissivity is not 

big enough to imply that the difference in temperature between exhaust gases and outside material 

surface of the FH is too large, at least not because of a faulty emissivity value.  

What should be noted is that during the test the area that was used for the measurement was 

situated in an air stream from the engine cooling fan. The fan was turned off, but the propulsion 

system still provided a small amount of torque to it, making it spin at 500 rpm. However this situation 

is not dissimilar to the conditions in a real truck where both speed and fan provide wind around the 

engine. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 16. Temperature reading with emissivity altered. 
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6.2 SEM investigation of fractured edge 
As mentioned earlier the failure mode of the hoses seems to be fretting until a section of the FH 

bursts open. A fracture leaves a surface that can tell if any abnormal or unwanted material change 

has taken place. Examples of unfavorable changes are embrittlement and cracking, which can be 

caused by strain, high or varying temperatures and chemicals. The SEM investigation was performed 

in order to make sure there are no evident material issues regarding these two problems. The use of 

a SEM microscope also provides the possibility to perform analyses of the chemical composition in 

the part of interest. 

The test specimens were cleaned several times. At disassembly from a complete FH they were 

rubbed with cloths with white spirit, ethanol, and acetone. After cutting to size, and just before the 

investigation they were once again cleaned with acetone, then put in ethanol and run in an ultrasonic 

bath for two minutes. 

6.2.1 Results 

The chemical composition presented in Table 8 corresponds well to that of defined 1.4301 steel 

described in Table 1. 

Table 8. The chemical composition of the steel used by Westfalia for the exhaust hose. 

Element Atomic % 

Iron 66.87 

Chromium 18.99 

Nickel 6.95 

Zinc 0.38 

Manganese 1.59 

Phosphorus 0.87 

Sulfur 1.43 

Calcium 1.13 

Silicon 1.79 
 

In Figure 17 a fracture surface is pictured. There are distinct marks in the form of fretting lines and 

material that has been smeared and abraded to flat surfaces. This indicates that the FH has been in 

use for a while after cracking, giving the movements and vibrations from the engine time to distort 

the fracture surface.  Figure 18 shows a surface that is not free from but significantly less affected by 

abrasion against adjacent surfaces and edges and it does not show any evident signs of brittle 

fracture. This was also the surface used for the chemical composition analysis. 
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Some pictures of the flat surfaces marked in Figure 5, where the most wear takes place, was also 

taken, see Figure 19. The surface to the left seems to not have been in contact with its opposite 

surface, or there has been no relative movement. This has enabled the buildup of deposits. With 

these deposits still present after the cleaning procedure of the test specimens it is concluded that 

they are hard and adhere well to the metal, properties that are undesirable in combination with 

pressure and relative motion. The surface to the right is heavily worn by contact ant relative motion. 

At the right end of the worn section there are deposits that are partly smeared into the contact 

Figure 17. Heavily worn fracture surface. 

Figure 18. Fractured edge with less abrasion and fretting. 
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surface. This indicates that the deposits are built up at free surfaces and then drawn into contact 

surfaces. 

 

Figure 19. Deposits and wear on two surfaces in contact with other surfaces within the FH cross section. 
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6.3 Longitudinal expansion force 
The stiffening of the FH during ageing is considered to be one of the contributing causes to the 

premature failures. In order to examine the effect of stiffening on the hose and to get a reference 

value for the FE-model, a comparison of the force needed to expand the FH longitudinally was 

performed. One new inlet pipe and one used with a fractured FH was used. The unused inlet pipe 

was treated in 500°C for 8 hours to remove the lubrication oil from the manufacturing process. 

6.3.1 Experimental setup 

To measure the force an Alexen load cell of type PZ-0,5-KA5 (Scania nr. 11410115) was used, and the 

values was processed and presented by a  bridge amplifier of model 21M1 (Scania nr. 21100200). In 

Figure 20 the equipment used can be seen. The load cell was attached to a v-band clamp to enable 

attachment on the end of the inlet pipes. On the other side a handle was attached. The inlet pipes 

were fixed in a vise and the measurement was carried out by hand force, see Figure 21. 

6.3.2 Results 

In the results for the used and unused FH respectively two values were observed. When pulling the 

handle with a low force at first nothing happened. When the force got big enough small movements 

occurred at a few spots at different places on the FH, this is the “First movement” value. The 

“Maximum stretch” value corresponds to the threshold where the whole FH was stretched out. The 

values can be seen in Table 9 and Table 10. The force needed to extend the hose is elevated by a 

factor of 2.3 for the used hose which supports the theory of the hoses stiffening, and also indicates 

the severity of the wear, corrosion and pollution conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Test equipment used for longitudinal force measurement. 



21 
 

Table 9. Longitudinal forces for the unused inlet pipe in room temperature. 

Try 
First movement 
[N] 

Maximum stretch 
[N] 

1 90 120 

2 70 110 

3 100 120 

4 70 90 

5 100 120 

6 90 115 

Mean: 86 111 

 

 

Table 10. Longitudinal forces for the used inlet pipe in room temperature. 

Try 
First movement 
[N] 

Maximum stretch 
[N] 

2 80 310 

3 100 260 

4 150 280 

5 160 230 

6 160 215 

Mean: 130 259 

 

 

 

 

 

 

 

 

  

Figure 21. Measurement of the longitudinal expansion force. 
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6.4 Hot friction measurement 
The literature study revealed that the 1.4301 stainless steel has sliding properties making them 

unsuitable in applications involving sliding as their major function. These properties concern the 

wear of the material rather than the friction coefficient which is not mentioned. In the FE-model the 

friction coefficient is crucial knowledge to recreate the proper conditions for the FH. To retrieve 

values for the friction coefficient at for the FH existent temperatures a comparative test at room 

temperature and 500° C was performed. 

6.4.1 Experimental setup 

The material specimens for the experiment was chosen as 40 mm long, 25 mm square cross section 

pieces as sliding bodies. As base plates 5.2 mm thick, 60 mm wide and 140 mm long plates were 

used. See Figure 22 where the sliding bodies are situated at the top and the base plate pieces at the 

bottom. The test pieces were delivered with a surface condition according to EN 10278. Before the 

test the sliding bodies was lightly machine grinded with a 240 grit paper. The base plates were 

grinded by hand with 240 grit paper, and at last all contact surfaces was grinded with 320 grit paper. 

The specimens were then ultrasonically cleaned in acetone, and rinsed with ethanol. 

 

 

To measure the coefficient of friction a device specially designed for this purpose was used. The 

device consisted of two load cells, one measuring the vertical and one the horizontal force that arose 

when the sliding body was pressed against the base plate and dragged along it. The sliding body was 

held with a pliers wrench, one hand pushing it gently downwards and one pushing it forward to 

establish an even as possible test condition. The resulting vertical force varied from 10 to 30 N during 

the tests. 

The hot condition was simulated by heating of the test pieces in an oven at a temperature of 600° C. 

This way the cooling that occurred from when they were taken out of the oven until the plates were 

placed on the test device was accounted for so that the test temperature was about 500° C. The 

actual temperature on the surface of the base plate was registered with an infrared thermometer 

Raytek Raynger 3i (Scania nr. 34120009) just before the sliding begun.  

Figure 22. The test specimens used for friction measurement. 
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According to earlier discussion on emissivity, a value of 0.63 was used. 

The specimens were heated different periods of time, hence the different colours in Figure 22. The 

time of heating for the different specimen pairs was: 

1. 5 minutes 

2. 9 minutes 

3. 12 minutes 

4. 2 hours 

The reason for this was to see if the different states of development of the oxide layers would show 

varying friction values. 

6.4.2 Results 

The friction coefficient changed drastically at temperatures around 500° C in comparison with room 

temperature. It did not change with increased heating time up to the two hours tested. The friction 

for both temperatures is presented in Table 11. In Appendix D the measurement data is presented in 

graphs for the different heating time periods. 

Table 11. Final friction coefficients. 

Temperature [° C] Coefficient of friction 

21 0.45 

500 1.1 
 

At room temperature the contact surfaces of the test specimens showed no sign of visible damage 

after the friction test. After the hot test, the surfaces exhibited substantial grooves where there had 

been contact. At the end of the grooves there were distinct chips of metal peeled off from the top 

layer on both sliding bodies and base plates, see example of groove and metal ship in Figure 23. 

Microscope photographs of grooves and metal chips are presented in Appendix E. This in 

combination with a construction that relies on surfaces sliding against each other makes a bad 

composition and it greatly reduces the advantages of the FH. It is likely that this material behavior is 

one of the contributing causes for the wear causing the failures on the FH.  

Figure 23. One of the metal chips peeled off of a base plate. 
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7 FE model 
In order to understand the conditions set on the material and causing it to fail, an FE model of the 

hose was made. With help from the FE model, the expectation was to retrieve contact pressures, 

their location and if they correspond to the wear seen in reality. Especially the areas marked in Figure 

5 are of interest for this work. Another aspect of interest was to compare the contact pressures 

between when the FH is bent and simply elongated. 

The model was created in several steps. The geometric model was created in CATIA and then 

exported to HYPERMESH. In HYPERMESH the mesh and all input variables were defined. Finally the 

model was analyzed in ABAQUS. For input parameters such as mechanical and physical variables, as 

well as important solution settings see Appendix B. 

7.1 Presumptions and simplifications 
The flexible DSS hose is, in the perspective of finite element modeling, a complex problem to solve. 

The geometry of the cross section is not very complex in itself, the challenge in modeling the FH lies 

in the many contact surfaces that emerge at assembly of just a few laps of the cross section. The 

number of laps introduced was therefore set to three in this report. Because if this, the ends of the 

model do not represent how the hose ends in reality. To compare the difference between model and 

reality, Figure 3 and Figure 5 can be used. In Figure 3, the thickness of the DSS section is constant 

from end to end. The intersection makes it is possible to see that many of the laps of the cross 

section reach the cut off ends. For the model only one lap of the cross section reach the ends. 

Due to computational restrictions and the desire to solve the model in a reasonable amount of time, 

further limitations in terms of size was applied. This included mesh restrictions and that the 

geometry was created using a surface, employing shell elements of type S4 with 5 integration points. 

The increased temperature was simulated by altering of the Young’s modulus and friction coefficient. 

In FE-modeling it is common to take advantage of symmetric geometries. This is illustrated in Figure 

24 where the geometry to the left has mirror symmetry around  , and hence the model can be 

reduced by half. The geometry to the right has mirror symmetry around both   and  , making it 

possible to reduce it to a quarter of the original geometry. The neglected parts are replaced by 

suitable boundary conditions; see the Boundary conditions section below. The latter case is also true 

for the FH, making this simplification applicable to the FE-model which greatly reduces calculation 

time. 
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7.2 Geometry 
The surface geometry was created by extrusion of the contour line defined by the points in Appendix 

A along a helix, see Figure 26. This creates a surface corresponding to either the inside or the outside 

of the hose depending on how the contour line is placed. The extrusion was made so that the cross 

section was perpendicular to the tangent of the helix line at every point. With a rise rate of 8 mm per 

lap, the FH is placed in its middle position, with equal amount of length available to extend and 

retract. This is the prescribed mounting position, or the installation length (see Figure 1). The 

thickness of 0.23 mm was then simulated by the shell elements. 

After the creation of a FH section with aid of the helix, three quarters of the model was cut away to 

achieve the quarter model intended. The result is seen in Figure 27. In Figure 25 the section 

numbering used in the report and reference nodes for sliding analysis are shown. 

 

 

 

 

 

 

Figure 24. Symmetry makes it possible to reduce model size. 

Figure 25. Sections of the model and reference nodes used in the analysis. 
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Figure 26. Helix with 3 laps, rise rate of 8 mm and a diameter of 115 mm. 

Figure 27. The resulting model with triad for axis definition. 
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7.3 Mesh 
The mesh was made as small as possible, still maintaining the set time frame for the calculation. The 

elements on flat surfaces had a size of 0.42 mm in length. In the bends the size was reduced to 0.1 

mm, except for the tight bends marked with red in Figure 28 where the size was set to 0.02 mm. 

 

 

 

 

 

7.4 Boundary conditions 
In FE modeling, neighboring structures that are not of interest for the solution are often replaced by 

boundary conditions. A boundary condition is usually a forced value that is set on one or more of the 

6 degrees of freedom. Following headings account for boundary conditions used in the FE model. 

7.4.1 Weld (fastening) 

The beginning of the FH that is welded to a pipe can in the FE model be seen as fixed, meaning all 

degrees of freedom are set to zero. Because of the ring that is used in the welding of the FH to the 

inlet pipe, nodes spread over a surface were selected rather than only the ones situated on the edge. 

The affected nodes are viewed in red in Figure 29. 

 

 

 

 

 

 

 

  

Figure 28. Overview of the mesh used on all sections. 

Figure 29. Fixed nodes, all degrees of freedom set to zero. 
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7.4.2 Front end/load application 

To apply the load to the model the nodes in the front of section 3 was used, highlighted in Figure 30. 

 

 

 

 

 

 

 

A node in the center point of the arc that the sections constitute was created, marked with a red dot. 

A kinematic coupling to the nodes on the outer edge of section 3 from the center node was also 

made. The load application nodes are marked in Figure 30. In this way the load could be applied on 

the center node instead of on each of the nodes on the edge. 

7.4.3 Symmetry planes 

The symmetry planes are situated where the hose is cut, one at     and one at    , as 

illustrated in Figure 31. 

When extending the hose longitudinally both of the symmetry planes were subject to symmetry 

boundary conditions. That means for     that  ,     and    are set to zero. For     the same 

applies to degrees  ,    and   . 

The bending of the hose was done around the  -axis. For this motion the symmetry boundary 

conditions remains for the plane    . For the plane     the conditions change to a case of anti 

symmetry. The conditions used were     and     . 

7.4.4 Loads 

When mounted on a truck, the FH is connected to the engine and the silencer. Both of these 

components are, in comparison to the FH, heavy objects. The forces produced when accelerating 

these components are considerably higher than those needed to change the shape of the FH,  

Figure 30. Nodes for load application and center node shown in red. 

Figure 31.Symmetry planes. 
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and therefore the deformation of the hose is governed by displacements. To reach convergence in 

the solution of the FE-model the application of loads instead of displacements showed to be a better 

alternative. Because of mentioned relationship between FH stiffness and engine/frame mass, the 

amplitude of the load applied in the FE model is of minor importance. The applied load can be 

increased, within reason, to levels that generate suitable amount of movement between the model 

sections. 

There were two types of load modes applied to the model. One was a single force in positive  -

direction. This load was applied to the center node, and ramped from   to 32 N at room 

temperature, and from 0 to 50 N at 500 °C. This load mode gives rise to longitudinal extension. 

When bending the hose two loads were used. One shear force and one moment was applied, in 

similarity with the internal loads acting when bending a beam. The ratio between the two was set by 

beam analysis, using a beam length of 375 mm. The maximum shear force was set to 50 N and the 

moment to 19 Nm, both acting on the center node. 

7.5 Help pressure 
To get the model to converge, a pressure was added on the surfaces visible in Figure 32. The arrows 

show the positive pressure direction. This pressure makes sure that the internal surfaces  attain 

contact with each other, which is important for the solver to find an equilibrium solution. The 

winding of the metal strip to a hose will in reality mean a bending of an asymmetric cross section, 

which will introduce skewing of the strip. At the same time the strip is held straight by the adjacent 

laps in the hose, resulting in the surfaces inside the hose being pushed against each other in a similar 

way as they will be by the help pressure. 

 

The magnitude of the help pressure was used to tune the axial force needed to initiate sliding 

between the sections in room temperature. With a higher help pressure the axial force needed to 

extend the FH in length was increased. According to the “Maximum extension” force in Table 9 the 

desired extension force was 111 N in total or 27.75 N for a quarter of the hose (as in the FE model). 

Figure 32. Help pressure, areas where it was applied and directions. 
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To check when the model started to extend, the relative displacement in  -direction for the 

reference points in Figure 25 was used. With a help pressure of 0.032 N the relative displacements in 

Figure 33 were retrieved. The desired sliding threshold of 27.75 N is marked with a red vertical line, 

and the relative motion has a sharp change of slope in the region inside the circle. 

 

 

 

 

 

 

 

 

 

The results in Figure 33 show that the sliding starts below 30 N, and hence by comparing the results 

with those in Table 9 the help pressure of 0.032 MPa was used. 

 

 

 

 

 

 

 

 

 

 

Figure 34. Total motions of the center node at 500 °C  and room temperature. 

Execution of the model with defined variables at room temperature and at 500 °C yields the result 

for center node displacement in Figure 34. In the region where the longitudinal force is low the 

solutions for center node displacement show a semi-linear shape. By visual inspection the derivative 

for the displacement at 500 °C in this region is twice as high as for room temperature. This can be 

linked to the reduction of Young’s modulus of about half when increasing the temperature from 

21 °C to 500 °C.  

Figure 33. Relative motion for model sections at help pressure 0.032 MPa in room temperature. 
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7.6 Results 
The results are generated for both room temperature and 500 °C.  

7.6.1 Hot extension force 

With the parameters set for an extension test at 500 °C the results for relative displacements were as 

seen in Figure 35. 

 

 

 

 

 

 

 

 

The sliding sets off at a longitudinal force of 44 N, which is almost 60 % higher than at room 

temperature. For the whole FH (4 quarters) the value would be 176 N. This result would be valid for a 

new hose. A summary of extension forces is presented in Table 12. The hot friction measurement 

shows that at 500 °C the material surface quickly degenerates. After only a few cycles of extensions 

and contractions the surface will be damaged. 

Table 12. Summary of extension forces. 

FH state Extension force [N] 

New, room temperature 111 

New, 500 °C (model) 176 

Worn out, room temperature 259 

 

  

Figure 35. Relative motion for model sections at help pressure 0.032 MPa at 500 °C temperature. 



32 
 

7.6.2 Contact pressure between hose sections at room temperature and 500 °C for longitudinal 

extension 

In Figure 36 the contact pressure for room- and hot temperature at longitudinal extension is 

displayed. In Figure 38 a close-up of the marked areas in Figure 37 is shown. Figure 39 to Figure 40 

present the contact pressure for the region where failure occurs (pointed out in Figure 5). The values 

belong to the nodes of the elements that are highlighted in red. 

 

Figure 36. Global pressure distribution on FH for room temperature and 500 °C. Pressure in MPa. 

 

Figure 37. Model is cut, red rings mark the areas shown in Figure 38. Pressure in MPa. 
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Figure 38. Pressure distribution in the intersection between section 1, 2 and 3. Pressure in MPa. 

 

 

Figure 39. Graph presentation of nodal contact pressure for room temperature condition. 
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Figure 40.Graph presentation of nodal contact pressure for hot temperature condition. 

For the room temperature condition the last increment of the solution shows discontinuity and is 

omitted in the results as it occurs outside of the intended displacement range. Values varying 

between 0.15 and 0.35 MPa can be seen for the nodes exposed to the highest contact pressures. For 

the hot condition the values are higher, the worst cases ranging from 0.3 to 0.5 MPa.  
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7.6.3 Contact pressure between hose sections, room temperature and 500 °C, bending 

As seen in chapter 5, the major movement of the FH is parallel displacement. The parallel 

displacement give rise to bends on the FH, see Figure 41.  The red markings show the area that is 

simulated in the FE-calculation for bending. 

 

 

 

 

 

 

 

 

Figure 42. The model in its original position to the left and bent condition to the right. 

Since this is the main working mode for the hose, the contact pressures resulting from this mode are 

important for understanding the mechanisms of the FH failures. 

In Figure 43 and Figure 44 the bent model with contact pressures in MPa is shown. In Figure 45 

section 2 is shown alone. The areas pointed out in Figure 5 show a concentration of contact 

pressure, which supports the theory that this is where the hoses break. A presentation of the 

pressures occurring in these areas is shown in Figure 46 and Figure 47. For room temperature the 

pressure varies between 3 and 5.5 MPa and for the hot condition between 1.5 and 3 MPa. 

Figure 41. Two bends occurring from parallel displacement. 
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Figure 43. Bent model with contact pressure in MPa. 

 

Figure 44. Zoom of bent model with contact pressure in MPa. 

 

Figure 45. Section 2 of bent model with contact pressure in MPa. 
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Figure 46. Section 2 bent in room temperature condition with contact pressure for nodes of marked elements. 

 

 

Figure 47. Section 2 bent in hot condition with contact pressure for nodes of marked elements. 

7.6.4 FE model contact pressure summary 

A summary of the contact pressures occurring for room temperature and at 500 °C for both 

longitudinal extension and bending of the FH is presented in Table 13. 

Table 13.Summary of contact pressures. 

Longitudinal extension Pressure [MPa] 

Room temperature 0.15-0.35 

500 °C 0.3-0.5 

Bending   

Room temperature 3-5.5 

500 °C 1.5-3 
 

The behaviour of the contact pressures might seem non consistent although it is not. For 

elongination of the FH the contact pressure increases with increased temperature and elongination. 

For the bending mode the contact pressure is typically lower at 500 °C than at room temperature. 

The explanation for these observations is the large difference in friction coefficient between room 

temperature and 500 °C in combination with the geometry of the hose sections. 
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When extending the hose longitudinally each section wants to twist, in similarity with a coil spring. 

The twisting is however prohibited by adjacent laps, resulting in increased contact pressure. This 

behaviour will persist irrespective of high or low friction coefficient (i.e. high/low temperature). 

For the bending mode the deflection forces the sections to twist and each section will have a slightly 

larger angle than the preceding section. When the friction is low (room temperature), sliding 

between the sections occurs easy. This allows the bending deflection to occur mainly by sliding. The 

sliding results in angular differences between the sections, increasing the contact pressure. With a 

significant increase in friction (500 °C) the surfaces stick to each other, which in combination with a 

lower Young’s modulus results in higher strains and more geometrical deformation in the sections, 

i.e.  less sliding between the sections for the same global deflection. The strain in  the  global  -

direction is shown in Figure 48 at both room temperature and at 500 °C. Notice the equal setting of 

the legend and that the strain is higher at 500 °C. Figure 49 shows the relative motions between 

sections for both temperature cases. The relative motions at 500 °C is smaller than at room 

temperature. 

  



39 
 

 

Figure 48. Strain component E11 for bending in room temperature and at 500 °C. 

 

Figure 49. Relative motions between sections for bending in room temperature and at 500 °C as function of center node 
rotation. 
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8 Discussion and conclusions 

8.1 Wear situation 
The results from the friction measurements show that the material currently used in the FH is very 

sensitive to mechanical wear, and at 500 °C the situation is severe. The pressure in the hot friction 

measurement was only 0.03 MPa, still severe chipping of the oxide layer and scratching of the 

surfaces occurred instantly at contact between test specimens. With a substantially higher contact 

pressure the wear situation in the FH during operation is worse than for the hot friction 

measurement. This shows that the wear and friction characteristics of the current material are 

unsuitable for the intended use, and to achieve a longer life the choice of material is one of the main 

issues. 

The fastening of the hose forces the outmost laps in the FH to act as a stiff boundary. At the same 

time, since the main working mode is parallel displacement (bending), the maximum moment is 

concentrated to the ends of the FH. This aggravates the wear situation towards the ends of the FH 

and almost all the hoses in FQ36742 have failed within the first couple of laps of winding. 

The hose shows a stiffening behaviour, mainly depending on wear, oxidisation and deposits from the 

exhaust fumes. The movement is more and more concentrated to fewer and fewer of the winded 

laps, and because of the distribution of bending moment also towards the ends. In this way, sooner 

or later most of the hose will act as a stiff pipe while the movement amplitude is very high in the part 

that still moves. This behaviour is due to the fact that the FH is passive in the sense that if it is bent or 

in other ways affected by external forces it keeps the shape resulting from this external impact. To 

distribute the movement more evenly along the hose, a dynamic behaviour such as resulting from 

springs mounted between the winded laps or outside on the hose would be desirable. 

8.2 Material alternatives 
To reach a quick improvement regarding the failures of the FH, a change of alloy to one of the 

standard alternatives available from Westfalia is desirable. Both Farias et al. (2007) and Hsu, Ahn and 

Rigney (1980) present results supporting AISI 316 grade stainless steel to have better wear 

characteristics than those of 1.4301 steel. From Westfalia the EN 1.4571 (AISI 316 Ti) alloy would be 

the corresponding alternative. The 1.4539 and 1.4828 grades should be investigated further, for 

example beginning with a hot friction measurement that would provide a comparison to the result 

for 1.4301 steel. A wear rate investigation at 500 °C involving all four alloy alternatives would offer 

the possibility to compare the materials. 

8.3 Surface treatments 
An alternative or complement to changing the material is to apply a surface treatment to the metal 

sheets in the FH. There are different methods available for improving the wear characteristics of 

stainless steels by surface altering. Two of them are carburisation and nitriding. The downside of 

surface treatments, except cost, is that even if the FH lifetime is increased the surface will eventually 

wear down exposing the original material hence causing the same problems as for the untreated 

surfaces. Also since these treatments are based on diffusion, and because of the high operating 

temperatures of the FH, there is a risk of process reversing. 
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8.3.1 Nitriding 

When nitriding a surface nitrogen is diffused into the surface of the treated material. This creates a 

surface hardening that provides better wear characteristics. In Fernandes et al. (2010) the wear rate 

of a superaustenitic stainless steel treated with plasma nitriding is investigated. Depending on 

treatment temperature the results differ, but all treatment temperatures show lower wear rates 

than for the untreated condition. Ebrahimi (2010) states treatment temperatures of up to 630 °C. 

With a treatment temperature exceeding the maximum service temperature of the FH, the method 

could be suitable. 

8.3.2 Carburisation 

Carburisation is also a diffusion process, where carbon is introduced in the surface layer. Rey and 

Jacquot (2002) presents wear characteristics for 1.4401 and 1.4301 steel treated with carburisation. 

The wear reduction is considerable. Carburisation seems to have a limited temperature interval 

usage. Rey and Jacquot (2002) state a limit of 300 °C, which would be too low, while Wägner (2006) 

states a value of 500 °C. Depending on how sensitive the carburised surface is to elevated 

temperatures the method could be an alternative. Wägner (2006) also mentions a combination of 

carburisation and nitriding as a possible treatment. 

8.4 Alternative designs 
Since the stainless steels in general have poor wear properties, one way of solving the issues with the 

FH would be to eliminate all contacts where stainless steel is in contact with itself. This would include 

another material in the design, providing the opportunity to choose a material combination tailored 

for the specific use. 

8.4.1 Double material layers 

One way to accomplish this is to add a second material layer on top of the current stainless sheet. 

This would mean a thicker material in the cross section and a change in the wall thickness of the 

hose. A benefit of this design is that the new material can be chosen according to best wear 

characteristics, since the steel is taking the structural load. Possible downsides of this design are, 

except for the more complicated manufacturing, that it introduces the risk of crevice corrosion 

between the metal sheets. 

8.4.2 Different material every other lap 

A second way of separating the stainless surfaces is to roll the hose with double rise rate, using two 

cross section strips made of different materials. An illustration of the winding is shown in Figure 50  

(to be compared with Figure 26). The distance between adjacent strips is still 8 mm, making it 

possible to use the same cross section geometry. This way, the cross section strips can be formed in 

the same way as before. Also all connection parts such as the support ring seen in Figure 1 can be 

used without further geometrical modification. However, the possibility to weld the second material 

needs to be accounted for. Along with the welding issue in fastening the FH, the material choice is 

confined by the fact that it needs to carry the structural loads applied on the hose. 
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Figure 50. Two helices with a rise rate of 16 mm per lap each. The cross section distance of 8 mm is maintained.  
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8.5 Conclusions 
 EN 1.4301 (AISI 304) stainless steel is an unsuitable material choice for the FH regarding wear 

characteristics. As a first step the material in the FH should be changed to EN 1.4571 (AISI 

316 Ti). 

 

 Maximum parallel displacement for the FH mounted on a DC/DT12 engine is 19 mm, along 

with an elongination of 2.7 mm. 

 

 A majority of the failing hoses included in FQ36742 are shorter than what the manufacturer 

recommends for the deflections occurring. 

 

 The ultimate reason for the hose failures is wear. The wear is aggravated by the hose 

stiffening, concentrating the wear to a small portion of the FH. 

 

 The contact pressures between cross sections are 0.3 to 0.5 MPa for longitudinal extension 

and 3-5 MPa for bending at working conditions. Therefore the mounting of the hose should 

be designed so that the bending/parallel displacement is minimised. 
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9 Further work 
There are different aspects on how to carry on the work regarding the flexible hose. One is the 

originally intended task of revealing the true lifetime of the current design. The second is to develop 

the design and construction of the hose to improve the lifetime. With the first mentioned focus, the 

immediate problem of costumers experiencing failures in their truck can be eliminated by changing 

the hose in time. The latter alternative is a more long-term solution where money can be saved by 

components that last longer. However the knowledge about how to decide the lifetime is essential 

also for a new design. 

9.1 Statistics 
The statistics for FQ36742 does in its current state not include sales statistics from the period of time 

affected. To really be able to take advantage of the numbers the sales statistics should be 

incorporated so that nothing of importance concerning the FH use and mounting is omitted. For 

example the mounting geometry and dirt shielding of the flexible hoses most prone to failure could 

be assessed and avoided in future mounting, but also used in the test rig to reach a failure. 

9.2 Test rig 
The work of specifying and ordering a test rig has been started and the process and current state is 

presented in Appendix F.  When a test rig is available the situation with the stiffened hoses can be 

evaluated. A possible way to do this is to use hoses that have been in service on a truck and gotten 

stiff. The results from these tests can then be compared with tests carried out with hoses that have 

been artificially corroded by e.g. immersion in aggressive solutions, heat cycled and polluted with 

abrasives. By comparing the results from tests like these, a standard test preparation procedure for 

lifetime testing can be developed. 

9.3 Extended material wear and friction measurement 
The four materials available as manufacturing alternatives from Westfalia should be tested for wear 

and friction properties, especially in hot condition meaning a temperature of 500 °C. This will provide 

a direct decision basis for what material to use. It might also show that none of the materials are 

durable enough, meaning further material options need to be evaluated. 

9.4 Surface treatments 
In any design that involves sliding of surfaces against each other improved wear characteristics are 

beneficial. Both nitriding and carburisation show good results concerning improved sliding wear 

performance, but the treatment temperatures for both methods are close or the same as the 

exhaust gas temperatures that will be encountered in the FH during high engine load. The durability 

with respect to temperature of the finished treatments has to be investigated. The incorporation of 

these surface treatments in the material wear test would give a direct answer whether they are 

durable enough, and if they are, which material-treatment combination is most favourable.  
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http://www.ht-ac.com/fileadmin/templates/automotives/Westfalia_Metal_Hose_Group/pdf/pdf_DS_Automotive_e/DB-SSS_S60e_Rev05_140122.pdf
http://www.ht-ac.com/fileadmin/templates/automotives/Westfalia_Metal_Hose_Group/pdf/pdf_DS_Automotive_e/DB-ASS_S39e_Rev08_140217.pdf
http://www.ht-ac.com/fileadmin/templates/automotives/Westfalia_Metal_Hose_Group/pdf/pdf_DS_Automotive_e/DB-ASS_S39e_Rev08_140217.pdf
http://www.ht-ac.com/fileadmin/templates/automotives/Westfalia_Metal_Hose_Group/pdf/pdf_DS_Automotive_e/DB-ASS_S39e_Rev08_140217.pdf
http://www.sciencedirect.com/


48 
 

Appendix A Measured Drawing of DSS hose cross section 
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Appendix B Input variables and Abaqus options for FE model 

 

Input variables: 

 

Table B - 1. Input variables for FE-model 

 

 

 

 

 

 

 

Abaqus options not mentioned in the report, code from input file: 

*SURFACE INTERACTION, NAME = Surface_interaction_prop1 

*SURFACE BEHAVIOR, PRESSURE-OVERCLOSURE = HARD, PENALTY = LINEAR 

0.0        ,0.0        ,0.01       

*CONTACT 

*CONTACT INCLUSIONS, ALL EXTERIOR 

*STEP, AMPLITUDE = RAMP 

*STATIC 

0.05      ,          ,1.0000E-04      ,0.05 

*CONTACT CONTROLS, STABILIZE=0.1, TANGENT FRACTION = 0.1

Designation Value Unit 

Friction coefficient 20° C 0.45 - 

Friction coefficient 500° 
C 1.1 - 

Poisson ratio 0.3 - 

Young’s modulus 20° C 186.5 GPa 

Young’s modulus 500° C 87.5 GPa 
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Appendix C MATLAB code for hose movements 

The code in this appendix is used to compute the maximum parallel displacement of the FH, with 

engine maximum positive and negative movements for X, Y and Z in MCS as input. Code 

”Parallellmax” calls “projrak6_max_parallell_neg”, so the will have to be situated in the same map. 

The angles of the turbine outlet, αxy and αyz are set at lines 23 and 25 in 

“projrak6_max_parallell_neg”. 

“Parallellmax”: 

% Hitta maximal parallellförskjutning av slangen i dess y-z-plan inom givna 

motormaxrörelser. Dvs 
% maximera längden av den vektor som slangrörelsens y-z komponenter 
% spänner upp 

  
clc 
clear all 
close all 

  
%>>>----------------- VÄLJ KÖRNING -------------------<<< 
%1. Worst case, skakbana 5, 50 km/h 
%2. Local road driving 
%3. Norrlandsgupp 1, 60 km/h 
%Välj körningsnummer: 

  
nummer = 1;  
x0 = [1; 1 ; 1]; %Startgissning [mm], kan behöva testas olika!  

  
%>>>----------------- VÄLJ KÖRNING -------------------<<< 
%Maximala rörelser [mm], olika körning, 4x2 "EVELINA" 
%rad 1. Worst case, skakbana 5, 50 km/h 
%rad 2. Local road driving 
%rad 3. Norrlandsgupp 1, 60 km/h 
%Kolumner: [xmax xmin ymax ymin zmax zmin] 
ror = [7.4 -5.7  14.7 -9.5 11  -11.8 
       2.2 -1.9  5.3  -2.9 3.3  -5.6 
       1.3 -1.7  1.7  -2.7 1.8   -3 ]; 

    
motorvec = ror(nummer,:); %Motorns max/min-rörelser för val av fall i 

"nummer" 

  
lb = [motorvec(2); motorvec(4); motorvec(6)]; %Maximal negativ rörelse för 

motorn 

  
ub = [motorvec(1); motorvec(3); motorvec(5)]; %Maximal positiv rörelse för 

motorn 

  

[x,fval] = fmincon(@projrak6_max_parallell_neg,x0,[],[],[],[],lb,ub); 

  
disp(['Maximal parallellförskjutning är: ' num2str(-fval) ' mm']) 
disp('Motorförskjutningar vid maximal parallellförskjutning:') 
disp(['X: ' num2str(x(1)) ' mm']) 
disp(['Y: ' num2str(x(2)) ' mm']) 
disp(['Z: ' num2str(x(3)) ' mm']) 
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r = projrak6(x(1),x(2),x(3)); % Beräkna separata x-y-z-rörelser för 

resulterande motorrörelser 

  
xmax_slang = sum(r(1,:)); % Resulterande x-rörelse för de motorrörelser som 

ger max parallellförsjutning 

  

disp(['Vid max parallellförskjutning är slangens längsgående rörelse: ' 

num2str(xmax_slang) ' mm']) 

 

“projrak6_max_parallell_neg”: 

function projiceradrorelse = projrak6_max_parallell_neg(rorelse) 
%projrak6(rörelse) =  -absolutbeloppet av vektorn som rörelsen i y-z-led 

skapar tillsammans (slangens maximala parallellförflyttning, med negativt 

tecken)    
% 
%rörelse = [rörelse_x; rörelse_y; rörelse_z] 
% 
%Ger den resulterande rörelsen i det roterade slang-koordinatsystemet från 
%en angiven rörelse i ursprungssystemt för en RAK 6:a. 

  
%Plocka ut rörelser 
rorelse_x = rorelse(1); 
rorelse_y = rorelse(2); 
rorelse_z = rorelse(3); 

  
%% Beräkna enhetsvektorer i avgasslangens koordinatsystem 

  

  
%Basvektorer i ursprungssystem, längd 1 och ortogonala! 
x = [0 1; 0 0; 0 0]; 
y = [0 0; 0 1; 0 0]; 
z = [0 0; 0 0; 0 1]; 

  

%Rotationsvinklar [grader] 
thetax = -35.8;   %Rotation runt x 
thetay = 0;         %Rotation runt y 
thetaz = 15.5;  %Rotation runt z 

  
%Rotationsvinklar till radianer 
thetax = thetax*pi/180; 
thetay = thetay*pi/180; 
thetaz = thetaz*pi/180; 

  

%Rotationsmatriser 
RX = [1 0 0; 0 cos(thetax) -sin(thetax); 0 sin(thetax) cos(thetax)]; %För 

att rotera vinkel thetax runt x 

  
RY = [cos(thetay) 0 sin(thetay); 0 1 0; -sin(thetay) 0 cos(thetay)]; %För 

att rotera vinkel thetay runt y 

  
RZ = [cos(thetaz) -sin(thetaz) 0; sin(thetaz) cos(thetaz) 0; 0 0 1]; %För 

att rotera vinkel thetaz runt z 

  
%Plotta det oroterade systemet 
% plot3(x(1,:),x(2,:),x(3,:),y(1,:),y(2,:),y(3,:),z(1,:),z(2,:),z(3,:),... 
%     'Linewidth',2) 
% xlabel('X') 
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% ylabel('Y') 
% zlabel('Z') 
% title('Originalsystem och roterat system') 
% hold on 

  
% Rotera vektorer runt först Z sedan X-axeln. 
xr1 = RZ*x; 
xr = RX*xr1; 

  
yr1 = RZ*y; 
yr = RX*yr1; 

  
zr1 = RZ*z; 
zr = RX*zr1; 

  

%Plotta de roterade vektorerna i samma plot 
% plot3(xr(1,:),xr(2,:),xr(3,:),'--d',yr(1,:),yr(2,:),yr(3,:),'--

d',zr(1,:),zr(2,:),zr(3,:),'--d',... 
%     'Linewidth',2) 
% grid on 
% legend('x','y','z','x_r_o_t','y_r_o_t','z_r_o_t') 

  
%Kontrollera att alla roterade vektorer har längd 1 
lengthxr = norm(xr(:,2)); 
lengthyr = norm(yr(:,2)); 
lengthzr = norm(zr(:,2)); 

  
% Kontrollera att vinkeln mellan de roterade vektorerna är 90 grader 
anglexy = acos(dot(xr(:,2),yr(:,2)))*180/pi; 
anglexz = acos(dot(xr(:,2),zr(:,2)))*180/pi; 
anglezy = acos(dot(zr(:,2),yr(:,2)))*180/pi; 

  
% disp(['Längd roterad x: ' num2str(lengthxr)]) 
% disp(['Längd roterad y: ' num2str(lengthyr)]) 
% disp(['Längd roterad z: ' num2str(lengthzr)]) 
% disp(['Vinkel xroterad-yroterad: ' num2str(anglexy)]) 
% disp(['Vinkel xroterad-zroterad: ' num2str(anglexz)]) 
% disp(['Vinkel zroterad-yroterad: ' num2str(anglezy)]) 

  

  
%% Projicera valfri rörelse till slangens koordinatsystem 

  
%------------------ INPUT -------------------------- 
vec = [rorelse_x; rorelse_y; rorelse_z]; % [x y z] Rörelse som skall 

transformeras till slangens koordinatsystem 
%------------------ INPUT -------------------------- 

  

  
%Vektorer för plottning av ursprunglig rörelse i komponenter 
vecx = [0 vec(1); 0 0; 0 0]; 
vecy = [0 0; 0 vec(2); 0 0]; 
vecz = [0 0; 0 0; 0 vec(3)]; 

  
%Plotta rörelser i ursprungssystem 
% figure(2) 
% plot3(vecx(1,:),vecx(2,:),vecx(3,:),'--

*',vecy(1,:),vecy(2,:),vecy(3,:),'--*',vecz(1,:),vecz(2,:),vecz(3,:),'--*') 
% xlabel('X') 
% ylabel('Y') 
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% zlabel('Z') 
% title('Rörelse i URSPRUNGLIGT system') 
% legend('x','y','z') 
% grid on 
% hold on 

  

  
%Projicera rörelserna på de roterade vektorerna, separat bidrag från 
%x-y- respektive z-led 
vecxr = [dot([vec(1) 0 0],xr(:,2)); dot([vec(1) 0 0],yr(:,2)); dot([vec(1) 

0 0],zr(:,2))]; %Bidrag till x,y,z från rörelse i x-led 
vecyr = [dot([0 vec(2) 0],xr(:,2)); dot([0 vec(2) 0],yr(:,2)); dot([0 

vec(2) 0],zr(:,2))]; %Bidrag till x,y,z från rörelse i y-led 
veczr = [dot([0 0 vec(3)],xr(:,2)); dot([0 0 vec(3)],yr(:,2)); dot([0 0 

vec(3)],zr(:,2))]; %Bidrag till x,y,z från rörelse i z-led 

  

% Total resulterande rörelse i roterat system 

  
vecr = vecxr + vecyr + veczr; % Roterad rörelse 

  

%Vektorer för plottning av roterad rörelse i komponenter 
vecxrp = [0 vecr(1); 0 0; 0 0]; 
vecyrp = [0 0; 0 vecr(2); 0 0]; 
veczrp = [0 0; 0 0; 0 vecr(3)]; 

  

% figure(3) 
% plot3(vecxrp(1,:),vecxrp(2,:),vecxrp(3,:),'--

*',vecyrp(1,:),vecyrp(2,:),vecyrp(3,:),'--

*',veczrp(1,:),veczrp(2,:),veczrp(3,:),'--*') 
% xlabel('X_r_o_t') 
% ylabel('Y_r_o_t') 
% zlabel('Z_r_o_t') 
% title('Resulterande rörelse i ROTERAT system') 
% legend('x_r_o_t','y_r_o_t','z_r_o_t') 
% grid on 

  
%Kontroll, längd av sammanlagd rörelse lika i ursprungssystem och roterat 
%system 

  
l_ursprung = norm(vec); 
l_rot = norm(vecr); 

  
% if l_rot ~= l_ursprung 
%      
%     error('FEL I ROTATION/PROJICERING: Total roterad rörelse inte lika 

lång som ursprunglig rörelse') 
%  
% end 

  

  

  
projiceradrorelse = -norm([vecr(2) vecr(3)]); % Bidrag från bidrag från 
%x-y- respektive z-led på de tre roterade vektorerna
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Appendix D Graphs from friction coefficient measurements 

 

Figure D -  1. Friction measurement, unheated condition. 

 

 

Figure D -  2. Friction measurement, 5 minutes heating. 

 

 

Figure D -  3. Friction measurement, 9 minutes heating. 
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Figure D -  4. Friction measurement, 12 minutes heating. 

 

 

Figure D -  5. Friction measurement, 2 hours heating.
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Appendix E Pictures from hot friction measurement 

Camera pictures of grooves and metal chips on used specimens: 

 

Figure E - 1. Metal ships on test specimens. 

Microscope pictures of grooves and metal chips on used specimens: 
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Figure E - 2. Grooves and metal ships on test specimens. 
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Appendix F Test rig 

In the work of finding the lifetime of the flexible hose several methods and analyses has been 

employed. To verify the outcome of the work, a physical test in a test rig is desired.  Included in this 

master thesis was the task of investigating the possibilities at Scania CV Södertälje to build and 

operate a test rig for the flexible hoses. The main scope for the test rig would be to test flexible hoses 

to develop a test method that exposes the true lifetime of a component that contains a flexible hose. 

In addition, wishes have been presented that the test rig should be designed in such a way that 

flexible rubber- and silicone bellows for the air intake system can also be tested. 

Location, power source and outer dimensions 

In the premises of RTRS and RTRD connections to the local hydraulic system is available for powering 

of the unit. However, the resources in means of floor space are very limited, especially at RTRD. 

Therefore the test rig should be designed in a way that makes it possible to move it around, placing it 

where there is space available for the time being. To achieve this it was decided that the rig will be 

moved using a pallet jack. The dimensions should be guided by those of one to two EU-pallets, 

alternatively those of the red engine carts used in engine test cells. 

Suggested specifications 

The suggested specifications in Error! Reference source not found. are set by aid of Scania standards 

or calculation and testing, and the results on hose movements extracted from Oh (2011). 

Table F -  1. Specifications for the test rig. 

Acceleration [m/s
2
] 

X 98,2 (10g) 

Y 147,3 (15g) 

Z 147,3 (15g) 

Travel X,Y,Z [mm] 

Minimum ± 50 

Preferred  ± 90 

Hose length [mm] 

Minimum 600 

Preferred  1000 

Frequency range [Hz] 

  0 - 200 

 

The travel in directions X,Y and Z is to be translations, or movements possible to approximate to 

such. From one end of the hose there must be a possibility to connect a source of hot air, and the 

test rig should stand an air temperature of at least 500 ° C, preferably up to 600 ° C flowing through 

the FH. 
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Present status of test rig project 

At the time of writing the test rig project is submitted to UTTP, and a preparation (Asp, 2014) for a 

pilot study has been made. 

 


