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Detta examensprojekt har utförts i samarbete med Endress+Hauser Flowtec AG i Schweiz. 

Projektet har varit en del av ett större inledande projekt kring en virvelflödesmätare under 

avdelningen för forskning och utveckling hos Endress+Hauser. Prowirl(virvel)flödesmätare 

används ofta för mätning av volymflöde i ångapplikationer och tekniken bygger på 

sensorregistrering av fenomenet virvelbildning som uppstår nedströms hinder i ett flöde.  

Målet med projektet var att utveckla och testa en ny virvelflödesmätare för 

högtrycksapplikationer (ledningstryck upp till 250 bar). Sensorn som Endress+Hauser redan 

hade för sådan applikation var föråldrad och inte kompatibel med nyare generationer av sensorer. 

Två koncept har tagits fram, ett med och ett utan temperatursensor. 

Koncepten har modellerats och verifierats genom FEM och analytiska beräkningar enligt 

relevanta standarder (ASME Boiler and Pressure Vessel Code och EN 13445), efter vilket 

prototyperna tillverkats och testats. De utförda testerna överensstämde väl med simulationerna 

och bevisade att koncepten fungerade. Mer utförliga tester efter detta examensprojekt är 

nödvändigt för att med koncepten som utgångspunkt skapa en klar produkt. Men det har visats 

att dessa koncept har väsentliga fördelar över den befintliga högtryckssensorn. Bland dem 

kostnadsreducering, möjlighet för integrering av temperatursensor och breddat tryckspann 

jämfört mot den existerande designen. 
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Abstract 

 

Keywords: Vortex, Flow meter, Sensor, Water hammer 

 

This master thesis project has been carried out in cooperation with the Endress+Hauser Flowtec 

AG in Switzerland. The project was part of a bigger predevelopment project for a vortex flow 

meter in the research and development department of Endress+Hauser. Prowirl (vortex) flow 

meters are often used for measuring the volume flow in steam applications. This measurement 

method is based on the phenomena of vortices occurring behind obstacles in a stream which are 

registered by a sensor. 

Aim of the project was to develop and test a new vortex flow transducer concept for highest 

pressure applications (line pressure of 250 bars). Endress+Hauser already had a sensor for such 

applications which was outdated and not compatible to the newer generation of sensors. Two 

concepts with and without a temperature sensor option have been generated. 

The concepts have been modeled and verified via FE-analysis and analytical calculations 

according to the relevant standards (ASME Boiler and Pressure Vessel Code and EN 13445). 

After the calculations prototypes have been manufactured and tested. The conducted tests 

matched the simulations well and proved that the concept worked. More detailed tests after this 

thesis project are necessary to transfer the concept into a final product. However, it has been 

shown that the new concept has significant advantages over the existing highest pressure sensor. 

These are a bigger pressure range, the option of integrating a temperature sensor and a cost 

reduction for the flow meters compared to the existing design. 
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NOMENCLATURE 

Notations 

Symbol Description 

A Area (m²) 

d Diameter (m) 

DN Diameter Nominal 

E Young´s modulus 

k Stiffness (N/m) 

m Mass (kg) 

p pressure (Pa) 

r Radius (m) 

T Time (s) 

x x-direction (m) 

Pm Membrane stress (MPa) 

Pb Bending Stress (MPa) 
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PW Prowirl 

Temp Temperature 

CL Pressure class 

L Liter 
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 1 INTRODUCTION 

1.1 Company Profile 

Endress+Hauser is a Switzerland based family company and a global leader in measurement 

instrumentation and process solutions for a wide range of industries. The company employs over 

10,000 people worldwide and generated net sales in 2012 of around 1.7 billion euros. 100 

companies in 44 countries [Endress+Hauser, 2014] belong to the group, 12 of those are 

production facilities which produce a variety of different measurement and documentation 

devices in the area of level, flow, pressure, temperature, liquid and gas analysis. The devices are 

sold into different markets like chemicals and petrochemicals, food and beverages, oil and gas, 

etc. The headquarters and biggest production facility for Flowmeters are based in Reinach 

(Switzerland). The flow meters are based on five different measurement principles [Flowtec, 

2003]: 

 Magnetic – inductive (Promag) 

 Coriolis (Promass) 

 Ultrasonic (Prosonic) 

 Thermal (Proline t-mass) 

 Vortex (Prowirl) 

This master-thesis was carried out at Endress+Hauser Flowtec in Reinach. The department was a 

R&D department for vortex flow meters, a closer description of the device (Prowirl) and the 

involved sensors can be found in chapter 2. 

1.2 Task description 

Based on the master-thesis proposal by Andreas Strub the title of this thesis and the following 

description was generated: 

As a first step towards a new transducer generation of the Endress + Hauser Prowirl Vortex Flow 

meter a functional demonstrator has been designed. First tests in low pressure applications were 

promising. The application range should now be extended to high pressure applications. 

The targets of the master thesis are to: 

 Extend the application range to high pressures (ASME B16.5 Cl.1500, Gr.1.1 materials 

and EN1092 Pressure Nominal (PN)250 bars) by modifying the geometry and/or the 

material of construction 

 Perform pressure design calculations acc. to ASME Boiler and Pressure Vessel Codes 

and an applicable European harmonized standard for pressure equipment (e.g. EN 13480, 

EN 13445) 

 Develop a manufacturing concept (Welding options, locations, etc.) 

 Build and test a functional sample (especially regarding condensation induced water 

hammers) 
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 Estimated production cost for the new design should be at the same level as the existing 

on, but may be 10% above if there are reasonable advantages. 

This means that the two major sensor designs of the Prowirl devices should be extended to 

withstand highest pressure applications. An older sensor design which is used at the moment for 

such applications should then not be necessary anymore. 

1.3 Limitations 

The project work is limited in several ways to guarantee that the scope is not too wide for the 

given time frame but also to grant a minimum outcome. The following list states those 

limitations: 

 Two Prowirl (PW) versions: 

There should be a version with (PW 73) and one without a temperature sensor (PW 72). 

 Same sensing principle (Capacitive) 

 Optional goals: 

If possible the sensor should be mount-able/weld-able to the meter body without a gasket, 

but it is not necessary if the project shows that it is not possible or doesn’t make sense for 

the customer. 

 If necessary separate sensor for highest pressure applications allowed: 

The geometry should be the same for all pressure ranges but if necessary a different one for 

highest pressure versions (above PN160) is possible. 

 No special weld-in stations around the globe: 

The sensor mounting/welding procedure to the meter body may not require additional 

welding stations in the production centers (e.g. electron-beam welding). 

1.4 Methods 

The present master thesis will be outlined according to the product development process of 

Ulrich and Eppinger [Ulrich 2008]. The authors describe a systematic approach to product 

development where planning and organizing are crucial for a successful project. The main 

process structure can be seen in Figure 1, which is separated in 5 phases. The concept 

development (phase 1) and evaluation is of great importance which is why evaluation tools like 

the Pugh matrix will be used. The described process will be following by only one exception 

which concerns the production ramp up (level 5). Since the developed sensor was not produced 

directly after this project only the possible manufacturing and production concept was evaluated. 
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Figure 1: Product Design and Development process [Ulrich 2008] 

1.4.1 Software tools 

Various software tools which are available at Endress+Hauser Flowtec were used for this thesis. 

For documentation and simple calculations Microsoft Office 2010 was available of which 

WORD and EXCEL were mainly used but PROJECT did find it´s usage for the project 

planning as well. More advanced analytical calculations will be carried out in MATLAB 

R2013B, was also used for data acquisition and signal processing. 3D-models were generated in 

ProEngineer Wildfire 4, the models were imported to ANSYS Workbench V14. 

1.5 Risk assessment 

A risk analysis was carried to identify risks in the master thesis project. The likelihood and 

consequence were rated on a scale from 1-9 where 9 is the worst. Two tables showing the rated 

risks and the actions following the risks in case they occur can be found in the appendix B. A 

chart showing the risk ratings is shown in Figure 2, where the risks are separated into 3 sectors. 

As an example the three risks and the following actions in the critical red sector are shown 

below: 

 Non-disclosure agreement (NDA) is not accepted by all partners 

 Write separate reports 

 No Ansys license available 

 Check for student license before concept phase 

 Reporting takes longer than expected 

 Work during the weekends 
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Figure 2: Analysis of risk chart 

The only risks that actually occurred in reality were risk 2 (NDA is not accepted by all partners) 

and 10 (No appropriate test for water hammers). For risk 2 the planned action was defined and 

communicated with both partners with the result those two separate reports were written.  A 

dynamic calculation was considered but was found to be too complex because accurate results 

were necessary. 

1.6 Project plan 

One of the first parts of this project was the creation of a project plan which considered the 

design process of Ulrich and Eppinger described in a previous chapter. The whole thesis was 

conducted in 22 weeks and was split up in 8 main sequences as it can be seen in Table 1. 

Microsoft Project was used as the planning software which also generated a Gant chart that can 

be found in appendix A, shown is the latest version of the project plan. It was developed and 

slightly modified during the project before the final version 3 was finished. The main 

modifications were due to delivery delays of a supplier. 
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Table 1: Project plan structure 

Sequence name Duration Start Finish 

Master thesis Christian Lais 108 dys Mon 13.01.14 Thu 12.06.14 

   Prestudy/Planning 21 dys Mon 13.01.14 Mon 10.02.14 

   Concept phase 14 dys Wed 12.02.14 Tue 04.03.14 

   System design 6 dys Tue 04.03.14 Wed 12.03.14 

   Create production concept 21 dys Tue 04.03.14 Wed 02.04.14 

   Detailed design 6 dys Fri 14.03.14 Mon 24.03.14 

   Testing and refinement 51 dys Mon 24.03.14 Tue 03.06.14 

   Reporting 108 dys Mon 13.01.14 Thu 12.06.14 

   Presentation in Stockholm 1 dy Wed 11.06.14 Thu 12.06.14 
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 2  FRAME OF REFERENCE 

2.1  Vortex flow meter 

A vortex flow meter is based on the physical phenomena of vortices that occur after obstacles in 

a flow. This can be observed at bridge pillars in a stream where a vortex street can be seen 

downstream after the pillar (see Figure 3). The frequency of the vortex shedding on both sides of 

the obstacle (bluff body) is proportional to the flow speed and therefore to the volumetric flow. 

Early sketches of Leonardo da Vinci already show such vortices after pillars but the first 

scientific approach was done by Vincent Strouhal in 1878. The Czech physicist came up with the 

dimensionless Strouhal number (St) which describes the relation between the vortex shedding 

frequency f, the stream velocity v and the  and the diameter d (see Figure 4): 

 

    
   

 
 (2.1) 

 

Figure 3: Left: Vortex street after a bridge pillar [Endress+Hauser 2003] 

Right: Satellite picture of a vortex street in clouds after a volcano peak [NASA] 

With a known tube size each vortex can be assigned to a defined volume. This means that the 

task of a vortex flow meter is to measure the frequency of vortices and calculate a volume flow 

with this information
1
. 

 

The challenge is to sense all vortices under a wide variety of process conditions (pressure, 

temperature, flow speed, etc.). Endress+Hauser vortex flow meters sense the vortices by means 

of a sensor behind the bluff buddy. It has a paddle shaped end (paddle) inserted to the fluid (see 

Figure 4). Each vortex passing the paddle creates a high pressure area which deflects the sensor 

paddle. This deflection is then transformed into an electrical signal via a dual capacity sensor 

element (DSC) (see Figure 5). A vortex can then be registered by a changing capacity of the two 

capacities. 

                                                 
1
 If the fluid’s pressure and temperature are known and are fed to the flow meter, the mass flow can be measured as 

well. 
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The Prowirl flow meter is mainly used in applications with extreme parameters like high 

pressures (up to 250bar) and/or high and low temperatures (-40 to 400°C). A typical application 

is the measurement of steam, but liquids or gases can be measured, too. [Endress+Hauser 2003] 

 

 

Figure 4: Measurement principle of a vortex flow meter. f = vortex frequency, v = stream velocity, L = longitudinal 

distance between the vortices [Endress+Hauser 2003] 

 

Figure 5: DSC-sensor design by Endress+Hauser. a = sensor paddle, b = membrane, 

 c = mid electrode, d = outer electrode [Endress+Hauser 2003] 

 

  

Sensor paddle 



8 

 

The following figure shows a Prowirl flow meter from Endress+Hauser with marks on the most 

relevant components: 

 

Figure 6: Prowirl flow measuring device, wafer option from Endress+Hauser (2011) 

2.1.1 Vortex pressure 

The dynamic pressure generated by a vortex which causes the deflection of the sensor paddle is 

an important parameter when designing new sensor geometries. The sensor has to be sensitive 

enough to sense, low pressure changes during minimum flow with gases as well as maximum 

flow rates with liquids. In general the total pressure of a streaming fluid can be separated into 

three different parts: static, dynamic and hydrostatic pressure. With the energy conservation it 

can be concluded that the total pressure p0 in an isentropic stream stays constant. This is 

summarized in the Bernoulli-equation (2.2). 

 

Bernoulli-equation [Hering, 2007, p. 140]: 

 

     
  

 
              (2.2) 

 

 

 

Electronics housing 

Housing post 

Meter body 

Sensor 

Bluff body 

Total line pressure 

Stat. 

pressure 

dyn. 

pressure 

hydr. 

pressure 
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Since the static and hydrostatic pressures are not generating any vortex signal, only the dynamic 

pressure has to be considered for the sensitivity of the paddle. Due to the reduced cross sectional 

area at the bluff-body the vortex velocity increases by a factor x. This value is hard to determine 

exactly which is why at Endress+Hauser it is used as an empirical parameter. It has been 

concluded from various experiments and simulations to be ~2.2 [Kumar 2014]. This then 

delivers the following equation for the dynamic vortex pressure: 

 

           
      

 
 (2.3) 

 

In the “Technical information” from Endress+Hauser on the Prowirl 72/73 [Endress+Hauser 

2011] is the minimum flow speed defined as: 

 

      
 

    
 (2.4) 

 

And the maximum for liquids: 

 

      
 

 
          

 

where the smaller absolute of the two values has to be chosen. For gases and steam the upper 

speed limit is dependent on the line size and the highest is 120 m/s (for DN50 to DN 300). 

 

For three typical fluids which represent the extreme (low and high vortex pressure) the following 

table has been generated. It shows the resulting vortex pressures at minimum and maximum flow 

speed. It can be seen that the values are largely different. This means that the sensor has to be 

able to detect vortices with 8.71E-04 bars dynamic pressure for air but also have to be robust 

enough to withstand 2.96 bars while measuring mercury.  

Table 2: Typical fluids and resulting vortex pressures 

  Air Water mercury 

Density* [kg/m³] 1.204 1000 13545.9 

min speed [m/s] 5.47 0.19 0.05 

max speed [m/s] 120 9 3.01 

        

min vortex 

pressure [bar] 

8.71E-04 8.71E-04 8.71E-04 

max vortex 

pressure [bar] 

0.4200 1.9600 2.9600 

*at 20°C    
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2.2 Problem analysis 

Today Endress+Hauser Flowtec uses basically two different sensors in their Prowirl flow meters. 

A simple version that is just detecting the vortices generated by the bluff body, called Prowirl 72, 

and a more complicated and expensive version called Prowirl 73 that can also measure the fluid 

temperature. Depending on the temperature and pressure of the determined process minor 

modifications of the cable duct length (see Table 3), the flange geometry and the membrane 

material are necessary. This applies up to a process pressure of PN160. Above an older sensor 

has to be used which can withstand the higher forces. This sensor has a completely different 

shape and manufacturing process than the other sensors.  

 

The following table shows the different sensors and the application range: 
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Prowirl 72 

 

Table 3: Prowirl 72 versions and their specifications 

Name Prowirl 72 standard 

Pictures 

                            

Specifications Temperature: -40 to +260°C 

Pressure ratings: up to PN 40 

 

Name Prowirl 72 high temperature 

Pictures 

 

Specifications Temperature: -200 to +400°C 

Pressure ratings: up to PN 40 

 

Name Prowirl 72 high pressure 

Pictures 

                 

Specifications Temperature: -200 – 400°C 

Pressure ratings: up to PN 160 

 

Name Prowirl 72 highest pressures 

Pictures 

                 

Specifications Temperature: -200 – 400°C 

Pressure ratings: up to PN 250 

Cable duct 
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Prowirl 73 

Table 4: Prowirl 73 versions and their specifications 

Name Prowirl 73 high temperature 

Pictures 

                 

Specifications Temperature: -200 – 400°C 

Pressure ratings: up to PN 40 

 

Name Prowirl 73 high pressure 

Pictures 

                 

Specifications Temperature: -200 – 400°C 

Pressure ratings: up to PN 160 

 

As it can be seen in the tables above the “Prowirl 72 highest pressures” is an exception and has 

nearly nothing in common with the other sensor portfolio. In addition to that it cannot measure 

the fluid’s temperature, which means for the customer that he has to buy a separate temperature 

sensor and hence has a higher installation effort. Despite the disadvantage for the customer there 

are several drawbacks for Endress+Hauser regarding manufacturing and cost. Since all parts of 

the sensor are different of the regular ones for lower pressures it means a bigger logistical effort 

which causes more cost for e.g. storage space. Aside the logistic issues there are some technical 

ones, of which the most critical is the failure rate of the sensor assembly process. The tolerances 

for internal fittings are very small and cause a failure rate up to 10%
2
. All these are for 

Endress+Hauser to replace the sensor for highest pressures by increasing the pressure limit of the 

standard sensors to PN 250. 

 

So why not just using the other sensors for a higher pressure level? 

The sensor membranes of the PW 72 and 73 cannot withstand such high pressure levels 

otherwise Endress+Hauser would use the same sensor. 

Currently the Prowirl 72 and 73 design is only authorized for meters up to a pressure rating 

according to PN 160 / Class 600
3
 for the materials of the used meter bodies but the highest 

                                                 
2
 Source: Endress+Hauser Technical data base for whole production in 2013 

3
 Class is the nominal pressure range according to the ASME standards. 
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pressure ratings (PN 250 and Class 1500) are much higher as it can be seen in the following 

figure: 

 

Figure 7: p/t ratings acc. to ASME B16.5 and EN 1092 

 

2.3 Condensation induced water hammer 

Since the Prowirl flow meters can be used at high process temperatures of up to 450°C 

[Endress+Hauser, 2011] they are often sold into steam applications. Problems in steam 

applications can occur if customers have a wrong system set-up that causes condensation 

induced water hammers (CIWH). Usually this phenomenon occurs in horizontal pipes and often 

in combination with startup procedures of steam applications. What is happening in such cases 

can be seen in Figure 8 and is divided into four main steps: 

1. Steam enters the pipe and hits captured sub cooled-condensate, the heat transfer from the 

steam towards the condensate and the wall causes more condensate and fresh steam to 

flow in. The Bernoulli Effect then draws up a wave. 

2. The wave closes up the pipe and steam gets trapped in the condensate. 

3. If the heat transfer from the steam to the surrounding is fast enough the bubble collapses 

and sucks the water seal into the void. The resulting wave accelerates to a speed faster 

than the speed of sound. 

4. When the two walls of the void hit each other a high pressure wave is generated. 
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These CIWHs can destroy massive structures made out of steel [Kirsner, 2014] as it can be seen 

in Figure 9. Sensors used by Endress+Hauser can be destroyed by such phenomena since the 

peaks of the dynamic pressure result in too high stress in the membranes and deform it 

plastically. Therefore, the new sensor should be less sensitive to plastic deformation when 

exposed to a CIWH. 

 

Figure 8: Sketch on condensation induced water hammer (Source: Kirsner Consulting Engineering
4
) 

 

Figure 9: Broken Valve as a result of a CIWH (Source: Source: Kirsner Consulting Engineering
5
) 

  

                                                 
4
 Found on http://www.kirsner.org/, accessed: 20.05.2014 

5
 Found on http://www.kirsner.org/, accessed: 20.05.2014 

http://www.kirsner.org/
http://www.kirsner.org/
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2.4 Theoretical CIWH impact model 

To understand at what conditions the sensor membrane fails and plastic deformation occurs an 

analytical model of the membrane has been set up. In this context membrane means the plate 

which is sealing the process and is excluding the paddle and the center electrode. The model 

shows the behavior under the shock load of a CIWH, it has been constructed in cooperation with 

Dr. Oliver Popp – the head of the department at Endress+Hauser. 

2.4.1 Membrane – behavior under shock load 

 

The membrane can be modeled as an oscillator of second order without dampening [Hering, 

2007]: 

    ̈             (2.5) 

Where:  m = mass of the system 

  x = deflection 

  k =  membrane stiffness 

  p = pressure 

  A = area of membrane 

 

  ̈  
 

 
        

 

 
 (2.6) 

 

Where:    
 

 
            

   

      
 (2.7) 

 

This differential equation can be solved by applying a Laplace transformation: 

   
       

     
 

 

 
 (2.8) 

 

For p(t):         ̂                  (2.9) 

                                    (2.10) 

 

After the reverse transformation we get the maximum deflection: 

 

      
   ̂   

 
          

 

      
  (2.11) 

 

The static deflection at a membrane pressure of    ̂  would then be: 
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   ̂   

 
 (2.12) 

Which gives a “load factor” of: 

   
    
       

          
 

      
  (2.13) 

 

This means that starting with a load time of   
 

 
         the dynamic deflection is double as 

big as the static deformation. 

2.4.2 Estimation on the membrane deformation 

 

Energy entry caused by the peak pressure: 

The Energy which is transporter into the system by the shock can be calculated: 

 

           ̂       (2.14) 

 

Where V(T) is the deformation-volume at the end of the residence time T. For the estimate we 

assume that the volume V(t) scales with x(t): 

 

      ∫     

 

 

               (2.15) 

 

Where f(r) is a dimensionless deformation characteristic and x(t) the deformation in the middle 

of the membrane. 

 

           ∫     

 

 

          (2.16) 

              (2.17) 

              (2.18) 

      
   ̂   

 
              (2.19) 

        
   ̂   

 
        

 

      
  (2.20) 
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           ̂    
   ̂   

 
     (  

 

      
) (2.21) 

    
    ̂  

  

 
     (  

 

      
)     (2.22) 

 

At the peak of the first deflection this energy is completely transformed into mechanical energy. 

The mechanical energy in dependence of the deflection x can be determined by using existing 

experimentally determined data: 

       ∫    

 

 

    (2.23) 

 

Where p is the pressure which causes the overall deformation x. The relationship p(x) has been 

experimentally determined. 

          (2.24) 

 

          ∫    

 

 

    (2.25) 

 

               (2.26) 

 

The deformation x is the unknown variable which we are searching, it can now be determined by 

equating Eshock and Emech. 

              (2.27) 

 

   
    ̂  

  

 
     (  

 

      
)             (2.28) 

 

The problem can only be solved numerically since P(x) is the numerical integral of the 

experimental pressure-deformation characteristic. But if x is known the shock level can be 

determined from this equation in dependence of  
 

      
. 

2.4.3 Visualization and interpretation 

With the analytical model and some experimental data it can be shown at which shock pressures 

plastic deformation of the membrane occurs. The experimental data was gathered by applying a 
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line pressure with a water pump and measuring the deformation while the pressure is on the 

membrane and afterwards. The following figure shows the experimental data for the membrane 

deformation which can be used in (2.23): 

 

Figure 10: Experimental data of membrane deformation caused by static line pressure 

It can be seen that plastic deformation starts at 150 bars line pressure. Formula (2.28) reveals that 

the plastic membrane deformation caused by a shock wave is depending on T_eigen and the time 

the pressure wave lasts on the membrane (T). T_eigen is the time the membrane needs for one 

oscillation at it´s natural frequency. The natural frequency of a PW72 standard membrane is 

14165 Hz (determined by a modal FE-analysis) this means T_eigen is 7,06E-05 s. The pressure 

level the membrane has to cope with is double the height of the pressure waves peak pressure 

since it is reflected and the membrane acts as “wall” or reflector. Using the experimental data it 

would mean that the smallest shock wave causing plastic deformation would be 150 bars (equals 

300 bar dynamic pressure at the membrane). This is visualized
6
 in Figure 11, which also educes 

the conclusion that T has to be about 5,65 µs in this case. 

 

The conclusion that can be drawn of the analytical model is that plastic deformation of the 

membrane occurs if the shock wave generated by a CIWH has a pressure of at least 150 bars. 

Additionally it is depending on the time the shock wave lasts on the membrane and the 

membranes natural frequency. The frequency should be as low as possible since the value of the 

                                                 
6
 Using the analytical model´s formulas in combination with the experimentally and FE-calculated values derives 

the displayed curves. 
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relation 
 

      
 will get smaller and the necessary shock pressure will be higher. This explains 

why the vortex sensor is in most cases the only defective part in a vortex flow meter which has 

been opposed to one or several CIWH. The meter body and the tubes have a much bigger mass 

and therefore a much lower natural frequency. 

 

Figure 11: Membrane shock load at first static plastic deformation (150 bars) 

2.5 CIWH detection setup for customer applications 

Currently, the amplitude of real CIWH in customer applications is unknown. However, this 

information is crucial to validate a new sensor design regarding robustness against CIWH. The 

best possible way to increase knowledge on CIWH would be to measure the shock waves on site 

in customer applications which caused a defective sensor. For the development department 

accurate measurements at the position of the sensor would be necessary and the customer would 

want the smallest possible impact to the installation. An adapter for two small and fast 

piezoelectric pressure sensors (Kistler type 6005, data sheet see appendix G) was therefore 

modeled and manufactured. It fits into the mounting holes of the meter body for the vortex 

sensor (see Figure 12). To register the pressure peaks two charge amplifiers from the same 

supplier (Kistler type 5018, datasheet in appendix G) have been connected to the pressure 

sensors and an oscilloscope. All necessary measuring equipment is summarized in Table 5. The 

same mounting material like gasket and bolts which would be used for a standard sensor can be 

used to mount the adapter. A not functioning paddle was modeled on the adapter to simulate a 

realistic situation inside a flow meter, it allows the pressure measurement on each side of the 

paddle to validate whether the shock waves occur symmetrically or not. To register the 
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measurements the same hardware that had been used for the internal tests (see previous chapter) 

can be used (see Figure 13). 

 

 

Figure 12: CIWH detection sensor adapter 

 

Table 5: Measuring equipment for CIWH detection setup 

Equipment type Product name Function 

Pressure Sensor Kistler 6005 Measuring Pressure peaks generated by a 

CIWH 

Charge Amplifier Kistler 5018 Process sensor signal, transform signal into a 

voltage, providing a low pass filter at 100 kHz 

Oscilloscope LeCroy 

WaveSurfer 424 

Register and display voltage signal from 

amplifiers 
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Figure 13 Test setup for CIWH detection in customer applications 

For the CIWH detection setup a possible customer had been found by the marketing department 

of Endress+Hauser Flowtec which has most likely a process where CIWHs occur on regular 

bases. However a measurement at the customer´s site was not setup until the end of this thesis 

project but will hopefully be possible in the future. 

2.6 CIWH Test setups 

Since measurements at customer plants are difficult to find and organize it would be helpful to 

have a realistic experimental setup which can produce CIWHs in the Endress+Hauser 

laboratories. Therefore two test setups for a small steam generator were designed and tested. A 

small steam generator was available in Endress+Hauser´s laboratories as well as 2 fast pressure 

sensors from Kistler (see previous chapter) for the data sheets of the measuring equipment see 

the appendix G.  

2.6.1 Experimental setup1 

To generate such a water hammer it was necessary to trap a bubble of steam in cold water which 

was realized in a first attempt by dipping a test section of tubes which were connected to the 

running steam generator into a bucket of cold water. The idea was that the steam cools down 

rapidly which would create a low pressure inside the tube and suck water in it. But since steam is 

still flowing into the tube and the water it will get trapped and cause a water hammer. Ensure that 

the water hammer will occur close to a mounted test sensor an orifice plate was installed at the 

steam entrance point. For the measurement of the actual pressure peak the two pressure sensors 

were connected close to the sensor. Despite the pressure sensors a vortex sensor was mounted to 
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the test section to provoke a plastic deformation of the sensor membrane or paddle. A 3D-model 

(Figure 14) can be found below this text passage a sketch with the most important measurements 

can be found in the appendix H. 

 

 

 

Figure 14: 3D model of CIWH test section 1 

2.6.2 Experimental setup 2 

Setup 2 should provide a more controllable experiment by controlling the speed of water 

entrance into the steam filled pipe. The concept was realized by adding a valve through which 

tap water can be filled into the pipe. Furthermore a water reservoir downstream (direction of 

steam flow) was added which should fill up slowly and help defining the point where the water 

seals up the pipe.  

Figure 15 shows the changed part of the setup and a sketch with the basic dimensions can be 

found in the appendix. 

 

 

 

Figure 15: 3D-model of test section 2 

2.6.3 Experimental parameters and results 

Both setups were using the same steam temperature with the same settings of the steam 

generator. The water temperature was always as cold as possible but could not get colder than 

the room temperature for setup 1 due to the fact that it was standing in a bucket at room 

temperature and hot steam was blown into it. A parameter that was varied between the test runs 

Steam inlet and orifice plate 
Pressure sensors; 

P1 to the left 

Steam outlet and 

point of water entry 

Mounting area for vortex sensor 

Water inlet 

Water reservoir 

connection 

Steam outlet 
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was the angle of the whole test section in order to change the point of the bubble collapse. 

Negative angles in this context mean that the steam entrance point was lowered and vice versa 

for the positive angles. All parameters can be found the following table: 

Table 6: Experiment parameters 

 Steam temp. Water temp. Angle of test 

section 

Inner pipe 

diameter 

Setup 1 110 °C Room temp. -5 to +5 ° 28,5 mm 

Setup 2 110 °C 14 °C -15 to 15 ° 28,5 mm 

 

With both experiments it was possible to provoke CIWHs inside the pipe with different pressure 

peaks. Setup1 delivered repeatable pressures shocks (same pressure level +/- 5 bars) but the 

pressure level never got over approximately 70 bars. The best results in regard of the pressure 

level were reached by adjusting the angle of the test section to approximately +5°. A typical 

pressure curve can be seen in Figure 16, the maximum pressures reached with this setup were 

just below 100 bars. The graph shows besides the height of the pressure shock the point where 

the CIWH happened. It can be seen, that pressure sensor 1 (P1) registers the shock wave earlier 

than pressure sensor 2 (see Figure 16), this means that the starting point was closer to P1. The 

wave gets reflected at the orifice plate where increases it’s pressure and is registered by P1 

stronger. It verifies the theoretical assumption in chapter 2.4 that shock waves double the 

amplitude when it is reflected on a wall. The shock wave has a pressure of about 48 bars and the 

reflection is at approximately 85 bars, since the orifice plate has a hole in the center not the 

whole shock wave is reflected which explains why the reflection is not exactly double as high as 

original shock wave. 

 

Figure 16: Typical pressure shock with CIWH test setup 1 

Shock wave 

Shock wave 

reflection 
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It was assumed that setup 2 would be much more controllable than setup 1 in regards of the 

CIWHs. But it got clear that a slight change of the water inlet valve caused big differences as 

well as the angle of the test section. The area of the steam bubble implosion could be placed 

close to the pressure sensors by pitching the test section to about -15 ° but the pressure level was 

surprisingly low with maximum shocks of about 50 bars (detailed example graph can be found in 

the appendix H). 

 

With both setups it was not possible to plastically deform the vortex sensor (tested on PW72 std) 

in anyway which is a logic result of the theoretical model of CIWH impacts. Due to the too low 

level of pressure peaks the membrane stresses were still in the elastic area. This means that no 

useful data for the validation of the vortex sensor´s robustness against CIWHs was gathered from 

these experiments. 

2.7 Former performed research 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report. 

 

To ensure the knowledge about the actual membrane design of the Prowirl sensor the former 

performed development and predevelopment have been checked for relevant information. Two 

different projects that have reasonably be performed (2013) have been found to be relevant for 

this master thesis project and are shown in the following two subchapters. 

2.7.1 Special product for phosgene applications 

For a technical special product a new membrane and fitting system to the meter body was 

designed and manufactured in the end of the year 2013. The customer wanted a weld-in solution 

for a phosgene application to ensure the tightness of the flow meter. As it can be seen the 

following two figures not only the flange of the sensor has been redesigned but also the shape of 

the paddle. The flange geometry had to be changed to enable a repeatable welding process and 

the paddle geometry had been designed by the author of this thesis in 2011 to reduce the peak 

stress values in the membrane. This was reached by keeping the sensitivity and natural frequency 

of the membrane and reducing the stress level by 67% [Lais, 2011]. The new sensor membrane 

was designed and strength calculations according to the TÜV regulations carried out which 

showed that the new membrane has a low enough stress level [Strub, 2013]. Both design ideas 

(weld-in and paddle design) are an interesting solution for the membrane and have to be 

considered in the concept phase. 
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Figure 17: Phosgene sensor fitted to meter body in a section view 

          

Figure 18: Phosgene sensor membrane geometry 

2.7.2  Double membrane sensor 

Some competitors of Endress+Hauser offer vortex flow meters where the sensor element can be 

changed (Emerson, 2012, p. 84) while the process in the pipe is running. Endress+Hauser cannot 

offer this option until today but a patent application has been handed in in 2013 addressing this 

issue (Witkowski 2013). A double membrane design has been generated […] to the mechanical-

electrical converter (capacitive sensor) (see Figure 19 and Figure 20). This means the standard 

DSC- Sensor has been divided into two separate parts. A prototype of the sensor has been 

Weld-in area 



26 

 

manufactured and tested on the calibration rigs at Endress+Hauser Flowtec, the results were 

promising and as expected after the FEM-simulations. This idea should as well be further 

considered in conceptual phase of this thesis project. 

                                 

Figure 19: The two main components of the double membrane sensor  

 

 

 

Figure 20: Double membrane sensor mounted to the meter body in a section view 
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 3 Implementation 

3.1 Conceptual membrane design 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report. 

 

As it has been shown in chapter 2.3 CIWHs are an important factor in designing a new sensor for 

high pressure applications which is why all possible concepts have to be checked for their 

advantages by taking in consideration whether the sensor would resist a CIWH or not. In general 

it can be said that if a sensor can resist any CIWHs there is no need to make it changeable but if 

there is a risk for the destruction of the sensor it has to be replaceable in some way. For those 

two options a six new sensor concepts have been generated which are: 

 Metal gasket + changeable  

 Metal gasket + DSC changeable 

 Welded in – nothing changeable 

 Welded in + DSC changeable 

 Gasket + changeable 

 Gasket + DSC changeable 

Changeable in this context means that the complete sensor is changeable as it is in the current 

solution. If it is only stated as “DSC changeable” only the DSC sensor element is changeable but 

the membrane is in some way fixed to the meter body. All these concepts including the current 

solution have been evaluated and weighted in a Pugh decision matrix (Table 7) with different 

criteria by the head of department, the company internal supervisor and the author. This method 

is very useful in the concept phase of a project and has been used as describe in James William 

Martins project management book „Operational Excellence[…]” (William, 2007). The possible 

scores were 1-4 where 4 is the best. 
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Table 7: Pugh decision matrix on design concepts 

 

By taking a closer look at the Pugh matrix results it gets clear that a changeable sensor without a 

separate gasket (metal gasket + changeable) delivers the best ratings weighted and unweighted 

independent of the fact whether it can resist a CIWH or not. Second best got the concept of a 

sensor with a separate gasket and which is changeable, so basically the same design as the 

current solution but more robust against shocks. The direction for designing a new sensor had 

therefore been clarified and determined to focus on those two main concepts. 

 

With the result of the Pugh matrix and earlier performed studies [Strub, 2013] [Lais, 2011] it got 

clear that there are a few design aspects that give a better performance of the membrane 

regarding maximum process pressure and natural frequency. The most efficient ones are: 

 A cylindrical connection of the paddle to the membrane  

 Lower stress peaks 

 Radii of the connection from paddle and center electrode towards the membrane  

 […] 

 Membrane thickness and diameter 

 […] 

 Weight balance between center electrode and paddle  

 […] 

 […] 

With those design aspects in mind a brainstorming session delivered the following 5 concepts 

which have then been modeled in ProEngineer and simulated in ANSYS Workbench to evaluate 

their performance. The focus for the development was set on the PW72 sensors without a 

temperature sensor since these are easier and cheaper to manufacture. Furthermore only about 

30% of all produced flow meters are PW73 devices. When the best design for a PW72 is found a 

model for a PW73 will be generated, but prototypes and tests within the time frame of this thesis 

were only made for PW72 sensors. 
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3.1.1 Phosgene design 

This concept is the same design as the existing special phosgene design described in chapter 

2.7.1. The reason to consider it in the conceptual design process is to verify it’s capability to 

extend the maximum line pressure for this design. It is not considered as a weld-in solution at 

this stage but rather as a geometrical concept for withstanding highest pressure applications. 

3.1.2 DESIGN 1 (modified title) 

A membrane which has not the shape of […] which could be used to adjust the sensitivity of the 

sensor (see Figure 21). 

         

Figure 21: 3D model of the DESIGN 1 geometry taken from ProEngineer 

3.1.3 DESIGN 2 (modified title) 

As the […] over the diameter. In comparison to DESIGN 1 this membrane could be 

manufactured conventionally due to the more simple geometry (see Figure 22). 
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Figure 22: 3D model of the DESIGN 2 geometry taken from ProEngineer 

3.1.4 DESIGN1/DESIGN2 negative orientation (title modified) 

Two further concepts have been generated that are basically the same design as describe in the 

two previous subchapters but have the same orientation of the membrane as the double 

membrane design described in 2.7.2 which means that […]. 

3.2 FE-analysis setup 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report. 

 

For the evaluation of each concept and design of the membrane a FE-analysis in ANSYS 

Workbench V14.0 has been setup and run. The following figures and short descriptions shall 

explain how the analysis was run. Each model was checked with a modal and a static structural 

analysis to calculate the natural frequency and the stresses. The material specifications entered 

into the system can be found in appendix L. 

 

Symmetry 

To reduce calculation time all simulations have been carried out with a half model of the 

membrane. A symmetry region has been defined in the middle as it can be seen in Figure 23 at 

the reference sensor PW 72HD. 
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Figure 23: PW72HD half model with symmetry region (red) in ANSYS 

 

Mesh for modal analysis and constraints 

The first step in each simulation process was to calculate the natural frequency of the 

membranes. For this task a rough mesh is adequate since the necessary precision for this value is 

low. A “hex-dominant” mesh with an element size of 1mm was chosen as it can be seen in 

Figure 24. 

 

Figure 24: PW72HD meshed half model in ANSYS 
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The support of the membrane was set the same way for modal- and stress- analyses. […] (Figure 

25). 

 

Figure 25: PW72HD half model with fixed support (blue) in ANSYS 

Mesh refinement 

For the stress and deformation analysis the mesh has been changed to the automatic triangle 

surface mesh method with an element size of 1mm. […] (see Figure 26) with an element size of 

0,25mm to get a more accurate result for the critical area but save calculation time by […]. 

       

Figure 26: Mesh refinement on a PW72HD half model 

Load case 

The membrane has two different pressures that have to be considered. The first one is the 

nominal line pressure which has to be applied to all the areas of the membrane that is in contact 
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with the fluid (see left side in Figure 27). It is 250 bars at room temperature according to 

EN1092 PN250. During the stress analysis a pressure 1,5 times the nominal pressure is applied 

which results in 375 bars. The second load on the membrane is the pressure generated by the 

vortices, it had been chosen at […]. However it is a lot smaller than the smallest calculated 

vortex pressure (see chapter 2.1.1).    

               

Figure 27: Pressure loads on paddle of PW72HD half model in ANSYS 

Sensitivity and stress results 

The sensitivity of the membrane can be calculated relatively to the PW72HD membrane by 

checking […] (see Figure 28). For the stress level the von Mises stress was considered in a first 

attempt which needed to be below the guaranteed Rp0.2 of the used material […]. Official 

calculations which would allow the sensor to be sold will of course be more detailed and 

according to the ASME and EN standards (see chapter 3.4.1). Former performed calculations 

showed that if the VonMises stresses are below the yield strength of the material it will pass the 

ASME- and EN-standard calculations. 

 

Figure 28: PW72HD half sensor model with local deformation probe on […] 
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3.3 Membrane concept evaluation 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report. 

 

The first 3D model of each concept has been simulated in ANSYS workbench with the setup 

described in the previous chapter. For the sensitivity […] the vortex pressure and inner line 

pressure has been considered. Table 8 shows the qualitative results of each concept in relation to 

the PW72HD where a + means better, 0 is equal and – is worse. 

Table 8: Concept results qualitatively compared to PW72HD 

Concept Phosgene DESIGN 1 DESIGN 1 

negative 

DESIGN 2 DESIGN 2 

negative 

Von Mises stress @ 

375bar [Mpa] 
+ + ++ + ++ 

Natural frequency 

[Hz] 
+ 0 + 0 + 

Sensitivity -- 0 - 0 - 

It became apparent, that it is challenging to combine the low stress levels needed at maximum 

line pressure with the wanted sensitivity. The phosgene design had the worst sensitivity of all 

concepts and it was decided to not consider this design concept any further. Interesting results 

can be seen by comparing the standard DESIGN to the negative concepts. Even though the 

negative concepts had the lowest stress levels their sensitivity was too low whereas the DESIGN 

1 ones reach the same sensitivity level as the existing PW72HD. It is assumed that this behavior 

is caused by the line pressure and the resulting membrane deformation. Where the negative 

concepts get even more negative by applying the line pressure the standard design models tend to 

be more planar and a plane membrane has the greatest sensitivity. Due to this reasons only the 

DESIGN 1 concepts were developed in more detail. 

3.4 Concept improvements and detailed calculations 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report. 

 

In the conceptual phase only PW72 membranes without temperature measurement have been 

modeled. The designs were assessed using FEA to decide whether it is worth spending more 

time on designing more detailed models or not. The goal of the project was to develop a new 

sensor for highest pressure applications with the option of having a temperature measurement 

integrated. Therefore a detailed design of the membrane which would withstand the high line 

pressure and have the option of integrating a temperature sensor was required. The following list 

and the pictures will explain the new design of the PW72 DESIGN 2 concept. The description is 
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limited to this concept since this model delivered the best overall design and will be proposed as 

the successor of the existing highest pressure sensor. Detailed drawings of the concept and the 

other mentioned concepts of this chapter can be found in appendix E (removed in public version) 

 

Changes made to reach the new concept: 

A. The Membrane is not […] anymore but is […] to the meter body 

B. The membrane […] varies with the diameter and is […] to provide more sensitivity 

C. The transition from the membrane to the paddle is cylindrical as the one on the PW73HD 

D. The Paddle shape is close to the one used on the “Phosgene special product” 

E. There is a small ring attached to the gasket surface to prevent the gasket from yielding 

into the meter body 

F. The radii for the transition from membrane to paddle and membrane to electrode have 

been adapted to provide a better […]. 

 

 

Figure 29: Final design of PW72 DESIGN 2 concept 

3.4.1 Stress analysis and standardized calculations  

A detailed stress analysis for each simulated concept has been carried out according to EN13445 

and ASME VIII, Div. 2 as it has been demanded in the task description. The calculations are 

based on previous approval calculations drafts for existing sensors and the FEM model was setup 

as described in chapter 3.2. The calculations and figures in this section are based on the final 

PW72 DESIGN 2 concept but are similar for each concept. For both calculation standards a path 

has been place through the area of the highest stresses (compare Figure 31 and Figure 32) and 

the linearized von Mises stresses (membrane- and bending-stresses) have been compared to the 

calculated maximum values according to the relevant standards. 

A 

B 

C 

D 

E 

F 
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Figure 30: FEM model of PW72 DESIGN 2 concept showing von Mises stresses under test pressure and vortex 

pressure load 

 

Figure 31: FEM model of PW72 DESIGN 2 concept showing a path through the area of highest stress levels 

Calculations on the new design following the EN 13445 have been carried out by following the 

instructions given in the AD2000 guide lines (vdTÜV, 2000). The calculations are the same but 

the guidance through the calculation process and the parameter description is written in a more 

comprehendible style. The necessary parameters have been calculated and listed in Table 9 

where only the relevant
7
 and the highest temperature cases are shown. 

                                                 
7
 The factor (PS)*S/K defines which cases have to be calculated by choosing the highest value. For this material –

pressure rating case 1,2,3 and the test case are relevant, but since they have the same value each of them can be used 

for the final consideration. 
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Table 9: AD2000 S4 calculations for Inconel 718 at PN250/Class 1500 line pressure; critical load cases in yellow; 

irrelevant cases excluded; Values modified due to confidentiality 

Operational case BF1.i 
i 1 2 3 11 

Test 

case PF 

Temperature TS  
[°C] -29 20 50 450 20 

Static pressure PS  
[bar] 255.3 255.3 250.6 156.5 375 

Material coefficient  K 
[N/mm²] XXX XXX XXX XXX XXX 

Factor of safety S (AD2000 B0 

Table 2) 
[ - ] 1.5 1.5 1.5 1.5 1.05 

(PS)*S/K 
[bar/N*mm²] 0.5 0.5 0.5 0.3 0.5 

Allowable calculation stresses f=K/S 
[N/mm²] 

533.3 
533.3 525.0 446.6 788.0 

Allowable primary global membrane 

equivalent stresses P_m ≤ f 
[N/mm²] 533.3 533.3 525.0 446.6 761.9 

Allowable primary local membrane 

equivalent stresses  P_l ≤ 1.5f 
[N/mm²] 800.0 800.0 787.5 669.9 1182.0 

Primary: P_m+P_b ≤  1.5f (bending 

equivalent stress) or P_l+P_b ≤ 1.5f  
[N/mm²] 800.0 800.0 787.5 669.9 1142.9 

Allowable primary  restrain stress 

P_e ≤ 1.5f 
[N/mm²] 800.0 800.0 787.5 669.9 1142.9 

Secondary r: P_m+P_b+Q  ≤ 3f 

(secondary stresses)  
[N/mm²] 1600.0 1600.0 1575.0 1339.7 2364.0 

Allowable secondary restrain stress 

P_e ≤ 3f  
[N/mm²] 1600.0 1600.0 1575.0 1339.7 2285.7 

 

The following ASME standard calculations are based on the draft evaluations for the PW73 HD 

carried out by BONT ENGINEERING AG in 2009 (Bont. 2009) which can be found in appendix 

F (removed due to confidentiality) . The comparison of the allowable stresses to the stresses in 

the defined path through the membrane shows, that the sensor is sufficiently dimensioned for the 

given load cases at Class 1500 line pressures. 

 

Material Data of Alloy 718: 

 

At 20°C: Yield strength Sy = XXX MPa 

At 200°C: Yield strength Sy = -XXX MPa 

Tensile strength ST = XXX MPa 

 

 Stress S at 20°C,   S = min{ ST/3; (2/3)*Sy} = XXX MPa (3.1) 

 Stress S at 200°C, S = min{ ST/3; (2/3)*Sy} = XXX MPa (3.2) 
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Stress evaluation: 

Design pressure (255.3 bar): 

 

 
Primary membrane stress:          

                   
(3.3) 

 
Primary membrane+bending Pm+Pb≤ 1,5S:  

                      
(3.4) 

 

Test pressure (383 bar): 

 

Membrane stress:   

        (
   

   
)                           (3.5) 

 

Membrane + bending stress:  

 

           (
   

   
)                            (3.6) 

 

Hence, the design is considered as sufficient. 

 

The same simulation and calculation setup was used for a low pressure version of the new 

membrane design. For this variant only the material was changed to stainless steel (1.4435). It 

would allow the usage of the membrane design for standard applications which were covering 

the low pressure applications up to PN40 for the existing PW72/73 sensors. The FE-calculations 

showed that the new design was able to cope with line pressures up to PN63 which would mean 

an extension of the low pressure range. On the other end of the pressure range a membrane a 

slightly thickened design (+0.1mm) was successfully calculated for the pressure rate PN400. It 

showed an increased natural frequency due to the higher stiffness and a lowered sensitivity. 

Therefore an extreme high pressure option of the membrane is conceivable.  

3.4.2 Analysis of natural frequency 

The natural frequency of each model has been calculated in Ansys to make sure that the new 

concept has the same upper flow limit as the existing sensors. The results are listed in Table 10 

and show that all new concepts have a natural frequency of over XXXX Hz and have a higher 

value than the existing sensors (PW72hd and PW73hd V19). For the PW 73 models it has to be 

kept in mind that the membranes have been modeled without the temperature sensor. The 

additional mass of the temperature elements would add additional mass and therefore reduce the 

natural frequency.  
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Table 10: Natural frequencies of simulated concepts (values removed due to confidentiality) 

Sensor 72hd 73hd 

V19 

PW72 

DESIGN 2 

negative 

PW73 DESIGN 

1 negative 

PW72 design 2 

cl2500  

PW72 design 1 

final 

Natural 

frequency [Hz] 3657 3956 4119 4084 4317 4231 

 

3.4.3 Sensitivity analysis 

As it has been described in chapter 3.2 the sensitivity of each model has been analyzed in 

ANSYS by loading the paddle with a defined pressure and checking the local deflection of the 

center electrode. For a more detailed analysis the modeled membranes have been examined for a 

relation between pressure load and deflection of the electrode by increasing the vortex pressure 

or the line pressure. Figure 32 and Figure 33 show the electrode deflection for the different final 

designs of each concept and two reference models to compare with. The first two standard 

sensors “Pw72 HD” and “73hd V19” are existing sensors and should show on which sensitivity 

level the current sensors are. Both are the high pressure versions which are admitted up to 

PN160/Class 900. All mentioned models are the final versions of each concept and had been 

remodeled and improved intensively. It gets clear that all simulated models besides the “PW72 

DESIGN 2 cl2500 final” and the “PW72 DESIGN 2 proto” are in between the sensitivity levels 

of the existing PW72 and PW73 models. Therefore the sensitivity requirements are fulfilled.  

 

The design proved to be less sensitive against shock waves on the paddle. A FE-analysis was 

carried out with rising pressure on the paddle area only and showed that the yield strength was 

reached at a paddle pressure of 16 bars. The same setup was used on a model of the standard PW 

sensor where plastic deformation occurred at about 13 bars paddle pressure. Therefore the new 

design is sturdier against shockwaves caused by a CIWH. 

 

Figure 32: Centre electrode deflection @0,05 MPa vortex pressure and rising line pressure 
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Figure 33: Centre electrode deflection @nominal line pressure and rising vortex pressure 

3.4.4 CIWH protection (title modified) 

To overcome the problem of a […] due to a CIWH impact and the possible resulting malfunction 

of the sensor the concept of an […] has been generated. As it can be seen in Figure 34 […] and 

will therefore prevent a plastic deformation. 

                

Figure 34: […] (green) for Prowirl sensors 
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3.5 Conceptual meter body interface 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report. 

 

The interface between the Sensor and the meter body is one of the most crucial areas of the flow 

meter since it closes the process against the environment. This means the interface is a safety 

relevant component. The requirements for the interface are to seal the process up to the 

maximum pressure and temperature which is in this case including the factor of safety, 375 bars 

(1,5x250bar) and 400°C. In general there are four different concepts of how to realize those 

requirements which are described in the following subchapters. 

 

3.5.1 Standard gasket  

At the moment all sensors up to a pressure level of PN160 are available with gaskets made out of 

four different materials depending on the fluids characteristic. The dimensions of the 

uncompressed gaskets are 25x20x1mm (see drawing in the appendix) the only exception of this 

is the gasket for the highest pressure sensor (up to PN250). As it can be seen in chapter 2.1.1 this 

sensor has a completely different shape than all the other sensors, therefore the gasket has a 

different design as well. The prototypes of the new sensor have the same shape as the previous 

high pressure sensors (see Figure 13, gasket red) for compatibility reasons. However this design 

is only approved up to a line pressure of PN160, which means it might be necessary to redesign 

it for highest pressure applications. 

 

Figure 35: Section view of a vortex flow-meter assembly with new membrane design 

3.5.2 Wider gasket 

[…] the Prowirl gasket have shown that a maximum surface pressure of 100 N/mm
2 

can be 

reached by taking the bolt loads and the manufacturing tolerances in account. The following 

figure is taken from “Handbuch Dichtungs Praxis” by Wolfgang Tietze [Tietze 1998], the 

reference is specialized on gaskets and suggests a wh-ratio of 3,75 for the application in 

New membrane 

Sensor gasket 
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discussion (gasket no.2 and 100 N/mm
2
 surface pressure). For the given geometry this would 

mean that the outer diameter had to be increased up to 27,5 mm since the inner diameter of 20 

cannot be changed. But a change of the sensor diameter would also cause a change in the meter 

body geometry which would require a redesign of all meter bodies. Because of that tests should 

be made to clarify if a new gasket geometry is really necessary. 

 

Figure 36: Surface pressure to width-to-height ratio for flat gaskets [Tietze 1998, p.60] 

3.5.3 Gasket […] sealing (title modified) 

[…] Those have been estimated with a flange calculation programmed in Microsoft Excel which 

is following the calculation rules of the “ASME Code VIII, Div. 1, Mandatory Appendix 2” 

standard. The whole calculation sheet can be seen in the appendix D and a drawing showing the 

main dimensions in appendix E (removed due to confidentiality). 
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Figure 37: Section view of a gasket […] sensor interface concept on a test assembly 

A FEM model has been setup in ANSYS Workbench V14.0 to check for the bolt loads, the stress 

inside the sensor membrane and the contact between the sensor dummy and the meter-body 

dummy. The simulation was setup according to the bolt-load setup described Christoph 

Gebhardts book “Praxisbuch FEM mit ANSYS Workbench” chapter 8.6 [Gebhardt 2011]. Figure 

38 shows all the contact areas in the model, the contacts between the bolt heads and the flange as 

well as the threaded part are modelled as bonded contacts using the MPC method as a solver 

which is specialised on bonded contacts but therefore does not allow any relative movement of 

the parts. The contact zones between the flange and the sensor and meter-body are defined as 

frictional contacts and a friction coefficient of μ = 0,3 for dry metal contacts has been assumed. 

The “gasket” interface treatment had to be set to “Adjust to touch” to make the model solvable 

for ANSYS. The whole simulation was then run in two Steps of which the first one was only to 

apply the bolt pretension which was locked in the second step but an internal pressure of 250 bar 

was applied (see Figure 39). 

 

Membrane 

dummy 

Meter-body 

dummy 

Sensor flange 

Bolts 
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Figure 38: Contact areas in ANSYS of the gasket […] sensor interface concept 

 

Figure 39: Bolt and pressure loads in ANSYS on the gasket […] concept dummy 
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The following three figures show the equivalent (von-Mises) stress of the model which occurred 

under the bolt load and in the third figure under bolt and line pressure load. […]. The FEA 

cannot show how the leakage rate of the system will be, which is why a prototype for tests and 

more detailed analysis and design is required. 

 

 

Figure 40: Von-Mises stress in ANSYS for 45° interface with only bolt load, stress in membrane marked red 

 

Figure 41: Von-Mises stress in ANSYS for 35° interface with only bolt load, stress in sensor ring marked red 
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Figure 42: Von-Mises stress in ANSYS for 35° interface with bolt and pressure load, stress in meter-body marked 

red 

A prototype of the simulated model has been machined (see Figure 43) and checked for its 

applicability regarding maximum fluid pressure and possibilities for the assembly. While 

assembling the prototype it became apparent that a sort of guidance around the membrane like a 

cylinder with a defined amount of clearance would be necessary. It took a long time to tighten 

the bolts equally and keep the flange horizontal to make sure that the membrane dummy was 

straight. A hydraulic high pressure pump was connected via an adapter to the prototype and the 

pressure has increased stepwise by 50 bars. After each pressure level was reached the pressure 

gauge has been checked to see whether the pressure remained on that level or not. A leakage 

would cause a quick drop of the pressure. The following Table 11 shows at which tightening 

torques of the bolts the prototype kept leak-proof. The calculations indicated that a torque of 5 

Nm should be sufficient for 250 bars but as the test showed 10 Nm would be necessary to seal 

the process. 15 – 20 Nm would be enough to ensure a seal at the test pressure of 375 bars. A 

consequence of the higher tightening torque is the stress generated inside the membrane due to 

higher bolt loads. A further analysis is required especially a helium leakage test but was not 

possible within the given time frame. 
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Figure 43: Gasket […] prototype assembly 

Table 11: Tightening torques and Leakage-proofness for gasket […] prototype 

 

3.5.4 Weld-in design 

A welded-in design like the one realized on the phosgene special product (description in chapter 

2.7.1) could also be realized with the newly designed membrane by adding a comparable 

geometry to the outer ring of the membrane. As the Pugh-matrix in the conceptual design phase 

Pressure [bars] Leakage-proof Pressure [bars] Leakage-proof

50  50 

100  100 

150  150 

200  200 

250  250 

300  300 

350  350 

400  400 

Pressure [bars] Leakage-proof Pressure [bars] Leakage-proof

50  50 

100  100 

150  150 

200  200 

250  250 

300  300 

350  350 

400  400 

Tightening 

torque         

6 Nm

Tightening 

torque         

10 Nm

Tightening  

torque         

15 Nm

Tightening 

torque         

20 Nm
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showed it is only the third best option and could only be considered if it can be made sure that a 

sensor would withstand the strongest thinkable CIWH. 

3.6 Manufacturing and production concept 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report. 

 

Since all interfaces of the new membrane are the same as those on the existing one, the existing 

manufacturing process can be used for the new membrane. It consists of 8 steps [Strub 2009] of 

which only the mechanical manufacturing of the single components as well as the storage is not 

taking place in Endress+Hauser´s sensor manufacturing department. The process for the PW72 

sensors can be seen in Figure 44 where the blue boxes represent steps in the sensor 

manufacturing department and green external ones. 

 

[…]. For the design update only the supplier of the membrane needs to change his production by 

updating the machining process. The same supplier manufactures the electrodes and welds the 

membrane to the electrode if the membrane is made of Inconel 718 (mat. no. 2.4668). In this 

case the laser welding process at Endress+Hauser is not sufficient but the supplier uses an […] 

welding station to merge the two parts. For the PW73 the process is the same as the existing one 

as well and will therefore not be displayed in this thesis.  

Figure 44: PW72 manufacturing concept 

Manufacture  

single 

components 

Mount the sensor 
Mount and weld 

cable duct 

Fill sensor with 

Krypton and 

weld feedthrough 

Weld electrode 
Test electrode´s 

tightness 

Test sensor in test 

rig 

Send boxed 

sensors to storage 
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3.7 Cost analysis 

By the time this thesis was finished no final offer for the new membrane on a bases of the yearly 

production was available. Therefore no precise cost analysis was possible but it can be assumed 

that the new membrane will be some percent more expensive than the existing one due to the 

more complex geometry. However the whole concept should be cheaper overall for a couple of 

reasons. First of all is the possibility of changing the highest pressure sensor concept to the same 

as the standard and high pressure designs. This allows the usage of  less components, a reduction 

of suppliers and only one standardized process for manufacturing sensors. The highest pressure 

sensor should be cheaper due to the cheaper material (Inconel instead of Titanium or Monel). 

Another factor is that the sensor for PN63 applications can be manufactured of standard stainless 

steel with the new design instead of Inconel. This results in a reduction of up to 90 CHF per 

sensor.  
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 4 Prototype tests and Validation 

4.1 Prototypes 

The DESIGN 2 concept membrane prototypes arrived from the external supplier in two different 

materials. For the low pressure sensors (up to PN63) four membranes made from stainless steel 

(1.4435) and for the high pressure option four membranes made of Inconel 718 (2.4668) have 

been delivered (sample in Figure 45). Two low and two high pressure sensors have been 

manufactured for testing and validation reasons. One membrane was delivered separately from 

the sensor flange to make a check of tolerances possible. It did not show any major deviations 

from the drawing. However it was not possible to measure the membrane thickness precisely due 

to it´s complex shape. 

 

Figure 45: Prototype membrane 



51 

 

        

Figure 46: Assembled sensors with prototype membrane; Left: Low pressure stainless steel membrane; Right: High 

pressure Inconel membrane 

4.2 Testing 

This chapter has been modified for the public version due to confidentiality reasons. It may 

contain less or modified information than the internal report 

 

Old sensor development projects from the research and development department have been 

screened to check which tests are necessary to validate new sensors. The latest project was the 

development of the Prowirl 73HD vortex sensor; this is a sensor with integrated temperature 

measurement for high pressure applications and can be seen in chapter 1.2. This project can be 

seen as a reference for the necessary tests for prototype sensors. All performed tests can be seen 

in the following table: 

Table 12: Test overview development project PW73HD (Source: Project folder E+H Flowtec) 

 

 

Since the manufactured prototype has the same sealing geometry as the PW73HD test no. 5 is 

not necessary as well as test no. 4 because the prototype does not contain any temperature 

measurement. The shown tests were conducted for a development project, but since this project 

Test no. Test Tester Result Datum

1 Burst Test P. Germann/ D. Scaar/  Strub Passed 05.03.2010

2 High & Low Temperature Long Time Test Stru Passed 19.04.2010

3 Test Report Temperature Shock Test Stru Passed 30.04.2010

4 Test Report Temperature Calibration and Time Response LAC Passed 30.04.2010

5 Helium Leackage Test PW73HD LAC Passed 01.03.2010

6 Test Report Calibration & Min Flow Water Rig Stru Passed 30.04.2010

7 Test Report Overspeeding DSC Sensor Stru Passed 30.04.2010

8 Burst Test Swiss TS P. Germann/ D. Scaar/  Strub Passed 05.03.2010
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is classified as a predevelopment project and time is limited there will not be any external tests, 

which is why test no. 8 will not be considered. 

 

4.2.1 Burst test 

To check whether the prototypes are withstanding the calculated pressures or not a pressure test 

with the specified test pressures
8
 has been carried out. Therefore both types of membranes were 

mounted on a test block and connected to a high pressure water pump. A caliper was mounted 

and positioned on top of the electrode with a fitting insert (see Figure 47). The test procedure 

was to raise the pressure in steps and check for any deflection of the membrane with inner 

pressure and after releasing it.  

 

Figure 47: Burst test setup with PW72 prototype made from 1.4435 

The results are listed in Table 13 and show that both membranes withstand the test pressures 

without any plastic deformation. Administrational tests as they are required for legally selling 

such sensors should therefore be conductible without problems. Due to the limited amount of 

prototypes the maximum line pressure at which plastic deformation occurs was not determined to 

not destroy any prototype. However this should be considered before the membranes are made in 

                                                 
8
 Stainless steel (1.4435) membrane for PN63 has a test pressure of 95 bars and the inconel (2.4668) membrane for 

PN250 has a test pressure of 375 bars. 
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mass production. Hence the test showed that the new concept fulfills the required pressure 

ratings. 

Table 13: Deflection of prototype membranes caused rising line pressure 

1
.4

4
3
5
 

m
em

b
ra

n
e
 

Pressure [bar] Deflection [mm] Deflection after 

pressure release [mm] 

50 0 0 

63 0,01 0 

95 0,011 0 

2
.4

6
6
8
 

m
em

b
ra

n
e
 

100 0,01 0 

200 0,025 0 

250 0,032 0 

300 0,042 0 

375 0,055 0 

 

4.2.2 Natural frequency 

The natural frequency is a crucial characteristic of each sensor as it has been described in 

previous chapters. It had been determined in the FE-analysis but has to be validated in reality by 

conducting tests. The used method for these prototypes was the measurement on a vortex sensor 

test rig which was specially designed to measure the natural frequency and the sensitivity of 

vortex sensors. The test-rig has been used with a reference sensor (standard PW72) and two 

prototypes (one high- and one low-pressure membrane). The results can be seen in the following 

table: 

Table 14: Measured and calculated natural frequencies for reference and prototype sensors 

Sensor type and no. Measured natural 

frequency [Hz] 

Calculated nat. 

frequency [Hz] 

Deviation from 

FE-analysis [%] 

Reference PW72std 

(1105AA07896L) 
xxx xxx -0,9% 

Prototype PW72std 

(1405AA11155M) 
xxx xxx -8,9 

Prototype PW72HD 

(1405CA11159K) 
xxx xxx -6,1 

It can be seen, that the measured natural frequency matches the simulated value very precisely. 

The aim of keeping or increasing the upper flow limit (and therefore the natural frequency) with 

the new concept has been reached. 

4.2.3 Sensitivity 

To validate the determined sensitivity of the FE-calculations two different tests have been run 

with the same reference and prototype sensors as for the natural frequency test. The first test was 

the measurement on the vortex sensor test rig. The test rig applies a defined force (25N) on the 
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paddle and measures the change gap voltage
9
 of the sensor. The results (see Table 15 ) show that 

the new sensor for low pressure applications is 16% and the high pressure version 7% more 

sensitive. Since the sensitivity of the sensors is defined as a deflection per applied force (m/N) it 

is inverse proportional to the stiffness of the membrane (can be seen as a spring: N/m) and 

therefore the natural frequency. This then matches the results gathered in the natural frequency 

test and the FE-calculations. The calculations showed that the sensitivity of the new concepts is 

lower than the one of the existing sensors and the natural frequency is higher. Now that the 

frequencies were lower than expected and nearly on the same level as the existing sensors the 

sensitivity rose and was higher for the prototypes.  

Table 15: Sensitivity of reference and prototype sensor measured on test rig 

Sensor Average gap voltage 

change [V] 

Sensitivity in relation 

to ref. sensor [%] 

Reference PW72std 

(1105AA07896L) 
0,XXX 100 

Prototype PW72std 

(1405AA11155M) 
0,XXX 116 

Prototype PW72HD 

(1405CA11159K) 
0,XXX 107 

 

The second test that has been conducted to verify the sensitivity of the new concept was a low 

flow test on a water testing rig in Endress+Hauser´s laboratories. A so called dual-sense vortex 

flow meter (DN80 DIN) which has two vortex sensors and electronics opposing each other has 

been mounted in the EK33 development water rig (see Figure 48). On the one side of the device 

the PW72 reference sensor and on the other side the low pressure prototype has been mounted. 

With this test the high pressure sensor could not be tested due to no fitting dual-sense meter 

body. The two Prowirl 72 electronics and the data acquisition setup have been used in the 

research and development department for signal analysis heavily. It measures the sensor gap 

voltage for an adjustable time (500 s in this case) at a set sampling rate (20.000 Hz). With this 

setup it was possible to acquire the signal of the reference and the prototype the same time at the 

same flow conditions. Therefore comparability of the two signals is granted. 

 

                                                 
9
 The Prowirl electronic transforms […]. 
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Figure 48: EK33 water flow rig test setup with dual-sense vortex flow meter and Data acquisition 

On the EK33 the flow speed and the pressure of the water were adjustable. For the sensitivity of 

the sensors low flow speeds are more interesting due to the lower vortex pressure. Therefore two 

different low flow setups have been chosen. The first set flow speed was 2 L/s at 2 bar absolute 

pressure, the second setup was at 5 L/s and 5 bar pressure. After the parameters have been set 

and before the data acquisition setup has been started 5 minutes for getting steady flow 

conditions have been granted. The acquired raw data had to be processed to visualise and 

evaluate the two signals. This job was carried out by writing a Matlab code which used 

predefined functions from the vortex department (see appendix K). The following Figure 49 

shows an excerpt of the gathered signal at 5 L/s, it can be seen that the amplitude of the 

prototype is in average slightly higher than the one of the standard sensor. An amplitude 

difference has been calculated by comparing the standard deviations of each signal and showed 

that the prototype has about 20 % higher amplitude. The same phenomenon was observed at the 

lower flow speed (18 %), which shows that the prototype is more sensitive than the reference 

sensor. 

EK33 water test rig 

Prototype sensor 

Reference 

Sensor 

Data acquisition 
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Figure 49: Part of the acquired signal at 5 L/s flow; Green is standard sensor 

As for the natural frequency the reason for the sensitivity deviation from it´s calculated values to 

the real ones is assumed to be caused by manufacturing tolerances. The membrane thickness was 

most likely thinner than intended. However the goal of keeping the sensitivity for the new 

concept on the same level was reached and even extended. 
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 5  Conclusion and Discussion 

5.1 Conclusion 

The main goals of the thesis project have been reached or extended with the presented 

developments. A new vortex sensor membrane has been modeled, simulated and tested. The new 

membrane can replace all existing ones for all line pressures and can even extend the range to 

PN400. Calculations following the European and the American standards on the stress levels 

showed that a usage in the market should be possible. The membrane´s essential characteristics 

like natural frequency and sensitivity have been kept at the same level or are improved. Due to 

the possibility using existing components for the whole sensor portfolio a reduction on 

production time and cost is possible. 

 

Tests and analytical calculations on condensation induced water hammers have been carried out 

and increased the knowledge on this phenomenon. First FE-analyses showed that the new 

membrane could withstand higher forces acting on the membrane. A solution for the deformation 

of the paddle has been modeled and simulated. Shocks on the paddle itself should not cause any 

damage by using the designed cage.  

 

A first step towards a new meter body interface without any additional gasket materials has been 

taken. The simulated and tested model showed no leaks up to the highest test pressures of 375 

bars.  

 

The chosen project structure proofed to be well chosen for this thesis since all necessary work 

has been accomplished within the given time frame. The new development is far beyond the 

normal status of regular predevelopment projects at Endress+Hauser and is close to comparable 

mass produce product standards.  

5.2 Discussion and recommendations 

A few outcomes of this thesis make more extensive tests and simulations necessary. The first 

issue are the deviations between the FE-calculations and the prototype test results. It is not 

completely clear why the deviations occurred. But there is a noticeable difference for the 

prototype sensors which is most likely caused by manufacturing tolerances and inaccuracies in 

the FE-model. Despite the manufacturing tolerances the boundary conditions in the FE-model 

might be too stiff and therefore also cause a deviation. However the natural frequencies are still 

high enough for production sensors but the manufacturing tolerances and the resulting variation 

of the sensors should be inspected more neatly before the membranes can be used in mass 

production. Parameter studies in the FE-calculation over the whole spectrum of allowed 

tolerances seem necessary to ensure a stable quality level. A failure calculation of the sensitivity 
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tests will be necessary but was not carried out due to a lack of time and missing information on 

the different test rigs. 

 

The experiments on the CIWH showed that the problem is way more complex than expected and 

a replication of this phenomenon in a laboratory requires probably an own project. It would be a 

big help to setup such tests to evaluate and test new sensors in respect of their sturdiness against 

a CIWH. However the tests partly showed that the analytical model is correct but further 

validations are necessary. 

 

During this thesis project, a sensor concept for high pressure applications, a new meter body 

interface and a solution for making the sensor withstand a CIWH have been developed and partly 

tested. But a sensor combining all of the presented design solutions has not been created due to 

the limited amount of time and lack of fitting meter bodies. Therefore it would be very 

interesting to combine all aspects and create an extremely though sensor.  

 

The new design of the membrane will need more testing to proof that it could withstand the 

requirements of Endress+Hauser, the market and public authorities. But it is highly 

recommended to conduct all tests which do not require external resources since the new concept 

seems very promising and has several advantages over the existing design. 
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 7 APPENDIX : Supplementary INFORMATION 

Appendix A: Project plan. 
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Appendix B: Risk analysis 

 

 

  

Area Risk no. Risk description

1
Incomplete current status 2 7

2
NDA is not accepted by all partners 5 9

3
Concept phase is not long enough to find a concept that 

fulfills all requ.. 4 9

4
No Ansys licences available 5 5

System 

design
5

Interface to meter body is inappropriate 2 7

6
No supplier can manufacture the found geometeries. 2 9

7
No suitable welding stations available. 4 7

8
Cost for production are too high 2 7

9 No time on calibration rig available 1 4

10 No apropriate test rig for waterhammers 4 7

11

Prototypes can't be manufactured by own workshop but 

need to be produced from a supplier. A delay of several 

weeks is possible. 4 9

12 Deformation due to welding effects 4 7

13 Geometrical tolerances are not met 5 5

14 Test results do not match simulation results 4 5

15 Reporting takes longer than expected 6 5

16 Data might get lost due to PC/Server crash 1 9

17 Supervisor has no time to read report 1 7

18
Company supervisor has different expectations of thesis 

results 2 5

Analysis of Risk
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Action plan 

R
is

k
 n

o
. 

Action description 

1 Talk to all involved employees 

2 Write separate reports/presentations 

3 Stop after defined time and take most promising concept to continue 

4 Check for student licences before concept phase 

5 Adapt interface 

6 Redesign geometry 

7 Choose alternative joining technology 

8 Simplify design 

9 Switch to night or weekend shifts 

10 Consider dynamic simulation? 

11 Schedule more time for production 

12 Adapt geometry and/or welding process 

13 

Adjust 3D model to measured values and resimulate --> check if results are 

consistant  

14 Check prototypes for correct tolenrances before testing 

15 Work on weekends 

16 Regular backups 

17 Look for other collegue who can read it 

18 Biweekly status meeting 
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Appendix D: Gasket […] sealing precalculations 
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 ASME VIII: 
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Appendix G: Datasheets for CIWH test equipment 
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Appendix H: CIWH test setup results 

 

CIWH test setup 1 dimensions: 

 

CIWH test setup 2 dimensions: 

 

 

Typical result of CIWH setup 2: 
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Appendix I: CFD-Simulation results on fluid velocity in vortex flow meter by Vivek Kumar 

(Endress+Hauser 2014) 
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Appendix J: Core instruction PW73 sensor assembly (Reference) 
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Appendix K: Matlab code for signal processing 
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Appendix L: Material data from ANSYS 

 

[REMOVED] 

 

Stainless steel (1.4435): 

 

 

 


