
 

Design Evaluation and 

Calibration of Impulse Test Rig 

for Flow Measurements of 

Common Rail Injector Nozzles. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

MARIA EDLUND 

MARTIN SAHLIN 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Master of Science Thesis 

Stockholm, Sweden 2011  



 iii   

 

Design Evaluation and Calibration of 

Impulse Test Rig for Flow Measurements 

of Common Rail Injector Nozzles. 
 

 

Maria Edlund 

Martin Sahlin 
 

 

 

Master of Science Thesis MMK 2011:15 IDE 066 

KTH Industrial Engineering and Management 

Machine Design 

SE-100 44  STOCKHOLM 

 

 

 

 



 iv   

 

  



 v   

 

 

 

 

 Master of Science Thesis MMK 2011:15 IDE 066 

 

Design Evaluation and Calibration of Impulse 

Test Rig for Flow Measurements of Common Rail 

Injector Nozzles 
   

  Maria Edlund 

Martin Sahlin 

Approved 

2011-01-28 

Examiner 

Carl Michael Johannesson 

Supervisor 

Conrad Luttropp 

 Commissioner 

Scania CV AB 

Contact persons 

Fredrik Wåhlin & Johannes H. Björk 

Abstract 

This thesis is performed by two students from KTH on behalf of the Division of injection 

performance (NMCX) at Scania CV AB in Södertälje, Sweden. The project's main 

purpose was to develop and carry out investigative tests on a existing Impulse Test Rig 

that been designed to study fuel injectors performance. A new test method exists which is 

carried out in air instead of liquid to provide better measurement accuracy of multiple 

injections due to less oscillations.  The test method also provides the ability to perform 

hole to hole- comparisons of the flow through the individual injector nozzle holes. Based 

on this so-called impulse measurement method, a Impulse Test Rig was recently 

developed and the goal of this thesis was to complete this rig with both design changes 

and by evaluating the measurement data so that it can be applied when testing fuel 

injectors at Scania. The measurement method consists of measuring the spray impact 

force by using a pressure transducer. The collected data is then used for analysis of the 

injector’s performance.  

 

Development and design work was conducted by evaluating the existing rig and to 

identify potential problem areas. The work continued by using the agreed methodology 

for product development and further develop the rig use. Detail design changes were 

made by developing and changing of existing files in the 3D CAD software, CATIA v5, 

which led to the final design. Drawings were made of the components that been changed 

and manufactured at the Mechanical Workshop at Scania in Södertälje. 

 

Once the design was manufactured and assembled new tests were made of the new rig to 

ensure its performance and output measurement hadn’t changed. The results of the thesis 

is a functional Impulse Test Rig and an evaluation of the measuring data obtained which 

will help the understanding and development of Scania's common rail injectors. 
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Sammanfattning 

Detta examensarbete är utfört av två KTH studenter på uppdrag av avdelningen för 

insprutningsprestanda (NMCX) på Scania CV AB i Södertälje. Projektets huvudsyfte var 

att vidareutveckla och utföra utredande provning på en testrigg som nyligen konstruerats 

för att studera bränsleinjektorers prestanda. En ny testmetod existerar som genom att 

utföra tester i luft istället för vätska ger bättre noggrannhet i mätningar av multipla 

injektioner. Detta tack vare att mindre oscillationer uppstår med den nya mätmetoden. 

 

Mätmetoden ger även möjligheten att utföra hål till hål jämförelser för flödet genom 

hålen i spridaren på injektorerna. Baserat på denna så kallade impulsmätmetod, 

utvecklades nyligen en provrigg och målet med examensarbetet är att färdigställa denna 

genom såväl konstruktionsförändringar och att utvärdera mätdata så att den kan tillämpas 

vid provning för insprutningsinjektorer på Scania.  

 

Mätmetoden är baserad på principen att med hjälp av en tryckgivare mäta sprayernas 

kraft när de träffar givarens spets och på så sätt analysera injektorns prestanda. 

Utvecklings- och konstruktionsarbetet bedrevs genom att utvärdera den befintliga riggen 

och fastställa eventuella problemområden, därefter fortsatte arbetet genom att använda 

vedertagna metoden för produktutveckling och vidareutveckla riggens användarvänlighet. 

Detaljkonstruktionens förändringar utfördes med hjälp av utveckling och förändring av 

befintliga filer i 3D CAD mjukvaran, CATIA v5, vilket slutligen ledde fram till den 

slutliga utformningen. Av de komponenter som ändrats togs ritningar fram och 

tillverkning skedde på Scanias mekaniska verkstad för prototypframställning. 

 

När konstruktionen var tillverkad och monterad testades den nya riggen igen för att 

säkerställa dess funktion och att utgående mätningsprestanda inte förändrats. Resultatet 

av examensarbetet är en fungerande provrigg och en utvärdering av de mätdata som fås 

vilka kommer att hjälpa förståelsen och utvecklingen av Scanias common rail injektorer.  
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Nomenclature 

Symbols   Description  

Re   Reynolds Number  

We   Weber Number  

u   Velocity of a fluid (m/s) 

d   Droplet diameter (m) 

µ   Viscosity (kg/ms) 

ρ   Density (kg/m
3
) 

σ   Surface tension (N/m
2
) 

F   Force (N) 

Mf   Momentum Flux (N) 

m   Mass Flux (kg/s) 

I   Area Moment of Inertia (m
4
) 

Wb   Section Modulus (m
3
) 

σmax   Maximum stress  

Zi   Number of teeth 

m   Real module  

i    Gear Ratio  

 

Abbreviations  Description           

CAD    Computer Aided Design 

CAM    Computer Aided Machining 

CR    Common Rail 

DOF    Degrees of Freedom  

ECU    Electronic Control Unit 

FSP    Flat Strike Plate 

HPC    High Pressure Connector 

HPH    High Pressure Hose 

HPL    High Pressure Line 

HPP    High Pressure Pump 

IC    Integrated Circuit 

IMV    Inlet Metering Valve 

LPP    Low Pressure Pump 

MDV    Mechanical Dump Valve 

MW    Machining Workshop at Scania R&D 

NMB    Strength Testing Department at Scania R&D 

NOx    Nitrous Oxides 

PM    Particulate Matter  

RECT    Electronic Components and Testing at Scania R&D  

RPS    Rail Pressure Sensor 

UTMR    Materials Technology Department at Scania R&D 

UTTC    Instruments Supply Depot at Scania R&D  

VCO    Valve Covered Orifice (Injector Type) 

XPI    (e)Xtra High Pressure Injection 
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1. Introduction 

1.1 Background 

In the near future (December 31, 2013), the Euro VI emission standard for vehicles 

equipped with diesel engines is to take effect. It includes that all vehicles equipped with 

diesel engines will be required to reduce their emissions of nitrogen oxides (NOx) and 

particular matter (PM) significantly. For example, emissions from transport vehicles will 

be limited to a maximum of 80 mg/km.  That is a 50% reduction from the current 

standard, Euro V, which came to use in September 2009.  

 

Diesel engine emissions levels are, amongst others closely related to the fuel injection 

system. Scania is therefore anxious to be able to analyze different injection systems in 

order to develop an injector which helps to uphold the new standard and standards beyond 

Euro VI.  

 

The thesis is a continuation of an earlier project carried out during autumn 2009 by two 

students from the graduate engineer program, Design and Product realization, at KTH. In 

this thesis a Impulse Test Rig was developed and intended to use for studying the 

different fuel injector’s behavior. The design of the Rig was based on a new test method, 

that has a higher resolution than conventional methods and provides the possibility of 

studying multiple injections (duration & separation) more accurately. The Rig design 

needs to be modified and tests are to be made to clarify what causes measurement data 

inaccuracy, if it is caused by the rig design or the test objects themselves. This will help 

Scania to study their fuel injector’s behavior and improve understanding of the physics 

around the common rail fuel injectors.  

 

1.2 Purpose 

The client's statement: "The project aims to support the understanding of contemporary 

and future injector’s physics. With more knowledge about the fuel injectors, Scania in 

particular can develop their engine programs to lower consumption, lower emissions and 

higher performance“. 

 

1.3 Problem Formulation  

The Impulse Test Rig is used to measure and understand the characteristics of the flow 

through the injector nozzle. The prototype now available of the Impulse Test Rig is 

suspected not to give completely reliable results and therefore cannot yet be deployed 

because the result is not sufficiently reliable. The task is to find what parts that need to be 

changed of the prototype in order to make the results more reliant and then redesign these 

details. The project is estimated to be completed within 20 weeks from 31/08/2010 – 

31/1/2011. 
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The project is divided into the following steps: 

 

• Information retrieval  

• Theory study  

• Time plan 

• Test of the rig 

• Troubleshooting 

• Concept development 

• Construction - CAD models/drawings  

• Manufacturing  

• Prototype adjustments 

• Additional testing 

• Testing of XPI- and Piezo injectors  

• Analysis of XPI- and Piezo-injectors  

• Complementary testing.  

• Writing the thesis and documenting the project (All through the project) 

• Presentation at KTH  

• Presentation at Scania 

 

1.3.1 Specifications 

Demands 

• Analyze and calibrate the output from tests (measurements, noise, natural     

frequencies etc.) 

• Complete the Impulse Test Rig design with components that will improve its 

function and increase its usability. 

Preferences 

• Conduct tests with different injection types to study their performance. 

 

1.4 Aim 

The aim of this study is to finalize, improve and calibrate the impulse rig and then 

hopefully have time to deploy it so tests can be conducted and analyzed for two different 

injectors (to evaluate variations from hole to hole and various injector models). A stable 

measurement data provides an opportunity to make a closer study for the flow as well as 

multiple injections (duration and separation). 

 

1.5 Scope  

The priority of the thesis is that the Impulse Test Rig is to be fully operational and 

calibrated so that it delivers reliable measurement data. To do so, there is a amount of 

information that is to be obtained and the rig will be closely studied so the problems 

regarding the data can be discovered. The current rig, from the earlier thesis, is not fully 
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tested. Initially, a exploratory test will be performed on the rig and its functions in order 

to investigate and detect the problems/flaws that may affect measurement results.   

 

1.6 Method 

The master thesis project starts with a preliminary study in which a field study is carried 

out, important information is gathered within the area of the project. Theory study 

includes reading literature in general but especially to read up on the previously executed 

project and understand what the new tasks involves. Reports, studies of drawings and a 

review of the current Impulse Test Rig is to be implemented. Furthermore, discussions 

with specialists within the field is to be held to examine which of the existing components 

of the Impulse Test Rig that is not optimized. 

 

The preliminary study also includes learning to handle the CAD program CATIA v5 used 

at Scania CV AB. 

 

A time plan is established early in the project to ensure there is a sufficient amount of 

time for the different parts of the project. 

 

After locating the problems during testing, the Impulse Test Rig is to be modified and 

evaluated until it is deemed to be stable, and tests with reliable results can be conducted. 

The design changes that occur will be documented in text, pictures and CAD files, and 

the entire Impulse Test Rig will be completed. If necessary, new parts will be designed 

and manufactured at Scania or ordered. 

 

When the Impulse Test Rig is completed and calibrated and the outgoing data is stable 

and useful, then, an analysis of the two different injection models, The Scania XPI 

injector and the Piezo, can hopefully be made.  

 

Throughout the entire project the process will be documented, both with pictures and text 

in order to be able to compile everything in the final report. After the report has been 

approved by KTH and Scania, the results are presented during a presentation that will be 

ending the project. 

  



4 

 

  



5 

 

2. Background 

Chapter two describes the existing prototype, the design, how it is used and the measuring method used 

during testing of the fuel injectors. It also encapsulate the fundamental description of the XPI and Piezo 

system and a background study for Euro VI emission standards.  

 

2.1 European Emission legalizations 

In order to lower the emissions caused by road vehicles the European Union is 

introducing a new legalization, the new Euro VI standard will come into force in 

December 31, 2013. A diesel engine can reduce formation of NOx during combustion by 

adjusting diesel injection system or re-circulate exhaust.  

 

The main concern with emissions is the release of Nitrogenous Oxides (NOx) and 

Particulate Matter (PM) into the environment. Emission limits is different depending of 

the vehicle type, for heavy duty vehicles the emission limits of Nitrogen Oxides and 

Particulates is shown in Figure 1.   

 

 
Figure 1. NOx and PM according to Euro emission standards. 

 

NOx is harmful to both health and environment. During the past decade, emissions of 

NOx from trucks decreased by about 70% through new technologies driven by 

legalization.  

 

Today's regulatory requirements, Euro V, introduced in 2009 and the upcoming Euro VI 

is to be introduced in December 2013. It aims to reduce the amount of NOx with at least 

another 75% from current level, from 2 g/kWh to 0,4 g/kWh. The Particulate Matter (PM) 

is to be reduced by 50% from 0,02 to 0,01 g/kWh. 
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2.2 The XPI system  

The exhausted emissions is directly connected to the performance of all fuel system. In 

order to design a more environmentally friendly diesel engine, the requirements of the 

XPI-system are high. 

 

XPI stands for (e)xtra high pressure injection. Which is exactly what it is. High pressure, 

up to 2400bar. Diesel in pressed through eight small holes in the nozzle, a åicture of an 

XPI injector can be wieved in Figure 2.  

 
 

Figure 2. Picture of an XPI injector. 

The XPI is a Common Rail (CR) system, Figure 3, which means that all the injectors are 

fed by the same pressurized volume, the rail, which is fed by the High Pressure Pump 

(HPP). In an engine, with an PDE injector, the pressure to the injectors are induced with 

one cam driven pump element per injector.   

 
 

Figure 3. Overview of the system. [19] 
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2.2.1 Functional description of the XPI 

Fuel is fed from the fuel tank by the Low Pressure Pump (LPP) and through the pre-filter 

where fuel is filtered and water is separated. The LPP is mechanically driven by the 

engine and pulls the fuel from the tank and feeds the pressure filter and HPP. In the 

pressure filter the fuel is once again filtered and smaller debris that could damage the 

HPP and the injectors are removed. The fuel then reaches the HPP and become 

pressurized, the pressure stagger from 500-3000  bar and is then fed to the rail. The 

highest operation pressure is 2400 bar with peaks up to 3000 bar. 

 

The amount of fuel that are fed into the rail and thereby the pressure level is controlled by 

the Inlet Metering Valve (IMV), which is controlled by the Electrical Control Unit 

(ECU). Then the rail distributes the pressurized fuel over all six of the injectors. The rail 

is equipped with a Mechanical Dump Valve, (MDV), which controls over-pressurization 

and is set to open when the pressure reaches 3100 bar and lowered to 1000 bar.  

 

The High Pressure Connector (HPC) fills the cavity volume, in the injector, with 

pressurized fuel. The plunger is regulated by an electrically controlled pilot valve, where 

a small ball is located, Figure 4.  

 

 
Figure 4. To the left: Cross section of a XPI-injector. To the right: The ball retainer [20] 

Plunger 

Lower Plunger 
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When the electronic signal for injection is sent, the fixture turns magnetic and the 

armature plate is pulled against the stators bottom surface. This creates a flow through the 

valve which reduces pressure in the control chamber, a backward pressure then pulls the 

needle upwards and the sack is filled with fuel which flows out through the nozzle holes, 

an injection begins.   

 

When the electric signal is off, so is the magnetic field and springs in the fixture pushes 

the armature plate back in place. The flow is stopped and the needle is pushed back into 

its seat closing the sack, the injection is completed. The injected fuel spray is ignited by 

the heat generated from the compression of the piston movement. Remaining fuel from 

the injector is transported away from the injector and back to the fuel tank. 

 

The XPI injector has a multi-hole nozzle and the standard XPI injector nozzle, that is to 

be tested, has eight evenly spaced holes with the hole to hole angle of 45 °. The spray 

plume angle is 17 ° relative to the cylinder head bottom ,  Figure 5. 

 

 
Figure 5. The standard XPI injector nozzle 

 

2.3 The Piezo system  

The Scania Piezo injector is at this moment still confidential and therefore it is not 

possible to write a detailed description of how the injector works. In general a Piezo fuel 

injector is based on the same fundamentals as the XPI, but instead of magnetic and 

hydraulic force the injector needle movement is controlled by piezoelectric elements.  A 

Bosch piezo fuel injector, similar to the Scania Piezo is shown in Figure 6.  

 

The basic principal of the piezo electric injectors is that instead of using a electro-

magnetic solenoid to move the needle it is using piezo-crystals. When applying an electric 

current to the crystals they will expand and move the injector needle, which will feed fuel 

to the combustion chamber. The piezo injectors have a response time (~0.1ms) which is 

significant lower than XPI injectors and also a better accuracy. Which in return will give 

a more precise fuel measuring for lower consumption and emissions and the engine will 

run smother.  
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Figure 6. General description of the piezo injector, the model in the figure is a BOSCH. [21] 

One suspected problem with measurements of a piezo injector is that the injection is not 

consistent and that the needle is not lifted straight up. Which can cause hole to hole 

variations during injection and measurements.  

 
2.4 The Impulse Test Rig 

The rig is connected to the High Pressure Pump (HPP) which is mounted on a engine 

inside the test cell that delivers fuel to the rigs rail through the High Pressure Hose 

(HPH), Figure 7.  

 

 
Figure 7. The original Impulse Test Rig 
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The rig is equipped with two rails, a bottom rail and a top rail. Fuel enters in the bottom 

rail and the pressure is leveled through the top rail and the High Pressure Lines (HPL),  

Figure 8. The top rail purpose is to simulate the volume from the five other injectors, in 

order to make the rig as engine like as possible.  

 
Figure 8. Overview of the Impulse Test Rig system. 

 

From the bottom rail there is a fifth HPL connected to the injector with a High Pressure 

Connector (HPC) that feeds the injector with fuel, Figure 9.  

 

 
Figure 9. Overview of the fuel inlet in the rig design. 

 

Fuel from the rail is fed into the HPC, through the HPL and pressurizes the injector. After 

injection the fuel is led down through the transducer cassette and hose adapter and the 

flow is paired together with the flow from the fuel manifold, Figure 10. 
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Figure 10. Cross section of the cartridge and related components. 

 

The HPC, is a standard component, see Figure 11, and controls the pressurized fuel that is 

used during the injection. The connector is different when testing an Piezo because then a 

restricted connector is used.  

 

 

Figure 11. The high pressure connector and retainer that feed the injector with fuel. 

 

The transducer cassette, Figure 12, is equipped with four holes. In these holes the 

transducers and the thermo element, which measures the fuel temperature during 

injection, are attached. Holes that are not used during tests are sealed with a plug screw. 

In order to get the fuel back to the fuel tank after an injection the rig is equipped with a 

return feed outlet attached to the bottom off the transducer cassette, Figure 13. 
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Figure 12. The cassette which the transducers is adapted to.  

 

One of the main functions of the rig is to provide hole to hole measurements. Therefore 

the rig was designed so the transducer cassette rotates with the help of a stepper motor,  a 

Moons 23HS3001-01 bipolar hybrid stepper motor and a gear transmission, Figure 13. 

The stepper motor can rotate the transducer cassette both clockwise as well as counter 

clockwise with great precision.  

 

 
Figure 13. The motor transmission with gear wheel connection. 

 

The stepper motor is operated from a control box, Figure 14, with two unique circuit 

boards, which is placed outside the test cell for easy usage of the rig. The unit is designed 

so the user can manually rotate the cassette or do automatic sweeps from one hole to 

Transducer 

position 
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another, which is very useful when performing hole to hole tests. Instruction for using the 

control box can be seen in [APPENDIX A]. 

 
Figure 14. The control box. 

The rig has been tested for leakage during the last project but there have been a few 

alterations since then. The top-rail for example was not connected and pressurized when 

those tests were made and needs to be tested for leakage. The motor control unit was not 

finished at the time for the tests and therefore rotation of the cassette was manually 

performed with the rig connected to the HPP/Pressurized fuel. Although the rotation 

function was verified in dry conditions. Before further development of the rig starts these 

two things need to be tested. 

 

2.5 The Measuring Method 

Today, Scania is using a method that is called Rate Tube measurement. This method 

consists of injecting fuel into a limited volume filled with liquid. The injection increases 

the pressure which is measured. Oscillations occur after each injection in a rate tube tests, 

which make observations of multiple injections difficult. The oscillations have to 

disappear before the next injection can be accurately measured. In the new rig, the 

surrounding media is air, why fluctuations are minimal if not nonexistent. Analysis of 

multiple injections is now possible using the impulse method. 

 

To briefly explain the measuring method in the rig, we must first know the main reason 

for why the rig was developed and what is to be measured? The rig is developed to 

measure the flow through the nozzle holes in the nozzle tip for one single injector. The rig 

is developed so that Scania will be able to measure all the nozzle holes one by one and 

compare them to each other. And also compare different injector models and 

configurations and provide a better understanding of the injection characteristics.  

 

The pressure signal is sampled at high speed and the resulting curve correlates to the rate 

of the fluid through the injector nozzle. When the spray hits the tip of the sensor 

(transducer), the spray force is measured. The distance, a in Figure 15, between hole and 
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transducer is 3,14 mm and calculated so that the spray hits the center of the transducer 

membrane.  

 

  

Figure 15. The transducer placement 

The impact force deflects the membrane tip, which compresses the piezoelectric 

elements, Figure 16. The Inertia of the sensor membrane is negligible.  The thesis method 

is based on a study performed by Mikael Lindström [3] and others with him at KTH.  

 

 
Figure 16. Fuel impacting a force transducer. 

To avoid the membrane to get damage by pitting (caused by the fuel spray force), a small 

metal plate is mounted on it, the metal plate is called Strike Plate. The plate must not 

come in contact with the outer ring of the transducer tip, it is suspected that if the plate 

rests against the outer ring, the deflection of the membrane would decrease [2]. Therefore 

the original Strike Plate was designed with a raised center surface which compresses the 

membrane and provide a more reliable measurement value and prevent damage of the 

transducer membrane, Figure 17. 
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F 

  

 

 

Figure 17. Pressure Transducer and Strike Plate. 

 

Given that the spray hits the tip perpendicularly, the impulse produced can be translated 

into a force, the force-driven flow of the spray. The method is called impulse method. The 

sensor used is a Kistler pressure transducer which measures pressure (50 mV / bar) rather 

than force. M. Lindström [1] has calculated a factor to be able to interpret the induced 

voltage in power. In his work he found that one volt is equal to 17.84 N with force-volt 

factor is 17.84 N / V but that is individual for each transducer and just a base value. The 

transducer is set to measure 20 N / V [Appendix B].   

 

The spray hits transducer tip repeatedly, and the measurement gives an impulse response 

which describes how the force varies over time. The relationship between force and the 

impulse is given by (1): 

 

(1) 

 

 

Where: 

F- is the force that the transducer read. 

t- is the time of injection. 

 

The relationship between force and time describes in Figure 18. 

 

 

 

 

 

 

 

Figure 18. Force as a function of time 

 

The method can also show if the flow is turbulent in all the nozzle holes, which is a test 

impossible to do with the rate-tube test that are used today. But only if the weight of the 
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injected fuel is measured, then the sprays velocities can be determined and in turn 

Reynolds and Weber number can be calculated. In general, the flow through the nozzle 

holes is always turbulent, otherwise there is no spray. For a spray to occur, the Reynolds 

number must be >> 2300 which means that the flow velocity >> than the viscosity. The 

Weber number will in turn determine the extent to which the spray is atomized and spray 

break-up. The higher Weber number, the smaller droplets. 

 

In addition to this, the method can also provide insight into what injection pressures and 

other factors that allow spray to collapse.  
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3. Implementation 

Chapter three describes how the project was planned, the planned testing and also how and why design 

changes were made and the result thereof.  

 

 3.1 Planning 

The project was planned in several stages, and because of the manufacturing time for the 

new design elements, it was important to have other tasks to do in the meantime so the 

project doesn’t comes to a halt in anticipation of the new parts. In order to finish the tests 

planned and have enough time to analyze the result, all test were planned to be finished 

before the New Year 2010-12-31.  The project time chart can be found in [APPENDIX 

C]. 

 

3.2 Preliminary study 

In the preliminary study, focus was set on information retrieval of the subject because the 

project time and the former experience of engine technology was limited. The report that 

the thesis was based on and even earlier reports of the subject was studied. 

 

Besides this, the XPI fuel system was studied to get an overview of the essential parts of 

the task. The main problems with the injectors was identified and initial testing with the 

new rig was planned for further insight as to why these problems occur.  

 

Generally all of the information of the XPI fuel system and the XPI injectors comes from 

Scania’s in-house training and through discussions with senior engineers and colleagues 

at the department. 

 

3.3  First test of the Impulse rig 

To evaluate the rig and make sure that the test results are accurate. A test was to be made 

where the oscillations that been detected earlier was studied to see how they change with 

pressure and fuel amount. A hole to hole measurement is performed to analyze 

repeatability and consistency of the measurement data and the function of the stepper 

motor. These tests will also reveal whether the top rail, see section 2.4, was free from 

leakage.  

 

3.4 Design Changes  

The first test with the rig revealed some problems, such as the ability to tighten all 

connections with the correct torque caused by the ability to reach the bolt connections to 

the HPL with the torque-key. The rig is heavy and difficult to get in place in a test cell, 

the rig has also problems with stability and can easy tip over. To solve the problems a few 

design changes were made.  
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3.4.1 Strike Plate, shape and attachment: 

One of the main problems with the existing rig is that the Strike Plate falls off when the 

temperature  rises during tests, and the Strike Plate disappears with the return fuel into the 

fuel tank. A solution for how to attach the Strike Plate better is requested and a 

filter/screen at the return fuel outlet so the Strike Plates that may have come loose can be 

salvaged and not disappearing into the fuel tank. 

 

The Strike Plates function is not solely to protect the transducer membrane, Figure 19, but 

also because of the thermal expansion. 

 

 
Figure 19. Kistler 4065A200 Pressure Transducer [22] 

 

In tests without a Strike Plate the impulse curve doesn´t level out to zero, see Figure 20, 

as it normally does when there is a Strike Plate attached to the transducer. This behavior 

is also documented in previous work made by J. Hörner Björk and C.J Cederberg where 

the same type of transducer was used [2]. 

 

Curve no 1, in the figure shows the impulse when the Strike Plate still is attached to the 

transducer. Curve no 2, illustrates when the Strike Plate has fallen off and curve no 3, 

shows the impulse measured without a Strike Plate. As shown in the figure the curves 

without a Strike Plate ends on a negative value. 

 
Figure 20. Impulse curve at 1800bar  with (1) and without (2) Strike Plate 

Transducer membrane 

2 

3 1 
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3.4.2 The Chassis plate and Machine body 

The existing platform, Figure 21 was not optimal when using the rig. There are some 

difficulties when tightening the HPLs and when installing the HPC. Therefore a new plate 

had to be designed which will ease the use of the rig. 

 
Figure 21. Chassis Plate of the existing rig. 

 

The Machine body, Figure 22 in the existing rig was not fully tested/developed and the 

center of mass was not optimized which leads to that the rig had high tendencies to tip 

over. Therefore a new design concept is to be made where the center of mass is moved to 

a better position.  

 

 
Figure 22. The Machine body of the existing rig. 
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3.5 Analytical testing 

In order to evaluate the Impulse Rig and make sure that the test results are accurate, a few 

different tests will be made. The first thing that needs to be tested is that the rig works 

properly  and is free from leakage. The second step is to evaluate the new Strike Plate 

where two transducers of the same type but with different Strike Plates are to be tested. 

One initial Strike Plate and one new Strike Plate will be tested and the results compared. 

The main reason for this test is to examine how the Strike Plate design effects the test 

results.  

 

A few different injector models are to be tested. To start with, two XPI-injectors of the 

same model will be tested (XPI-1874424). This test are made to investigate whether there 

are any variations of the individual XPI test results and clarify what causes measurement 

data inaccuracy, if it is caused by the rig design or the test object themselves 

 

Thereafter, the tests are repeated with two new XPI fuel injector with different 

configurations (XPI-1881565 and XPI-2872096). The purpose of the test is to 

demonstrate or eliminate variations between different injector configurations.  

 

At last the same test will be performed with an piezo injector and then explore further 

differences between injectors that is not of the XPI model. This to see if the rig is 

behaving differently with a new kind of injector. 
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4. Results and analysis 

Chapter four describes the design changes of the rig and the results of the tests that were made in order to 

analyze the Impulse Test Rig. 

 

4.1 The new design 

The first test with the rig revealed some problems, such as the ability to tighten all 

connections with the correct torque caused by the ability to reach the bolt connections 

with the torque-key. The rig is heavy and it was difficult to get it in place in test cell, the 

rig also has problems with stability and can easily tip over. These problems have been 

corrected so the rig is easier to handle, and with this simpler to use.  

 

4.1.1 Strike Plate  

The new Strike Plate is designed to cover the transducers membrane only, compared to 

the old design that covers the entire tip of the transducer. Because the new Strike Plate 

has a simpler shape, Figure 23, than the old version it’s also possible to manufacture it in 

a harder material.  

 
Figure 23. To the left, the original Strike Plate and to the right the new smaller Strike Plate 

 

The old Strike Plate was made from an high tensile screw made of 12.9-steel and the new 

material is 2541-steel, see Table 1. 

 

Material 

Old Strike Plate  

High tensile screw12.9  

New Strike Plate 

Steel 2541  

Hardness 390HB Up to 400HB 

Strength 1200Mpa Up to 1300Mpa 

Table 1.  Material table of the Strike Plates. 

 

To secure that the spray hits the surface of the new Strike Plate a simple calculation was 

performed, Figure 24. The spray diameter is 1,32mm when it hits the transducer and the 

new Strike Plate has a diameter of 3.00 mm, so the spray will not miss. 
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Figure 24. Spray hit on the transducer membrane tip.  

 

4.1.2 Attaching the Strike Plate to the transducer 

Since the Strike Plate has a tendency to fall off when the temperature is rising, a study 

was made to see if there is a better way to attach the Strike Plate. Currently, the Strike 

Plate is attached with a two components epoxy glue. In order to find a new suitable 

method to attach the Strike Plate, there was a few demands that needed to be fulfilled: 

 

 Withstand oil 

 Withstand heat up to ~150° 

 Enable removal without destroying the transducer using heat, or toxic solvents. 

 Must not work as a damper 

 Preferably cold hardening, due to the sensitivity of the transducer 

 

Contact was taken with the company 3M, [7], their recommendation was a tape called DH 

VHB 9469. According to the technical specification, [APPENDIX D], the tape would 

fulfill all of the previous set demands. But during the first tests with the new tape the 

Strike Plate fell off after just a few minutes of testing. 

 

4.1.3 Strike Plate screen 

Before any tests could be performed a new Strike Plate was glued to the transducer. Since 

there is an imminent risk that the Strike Plate will fall off, a screen was attached at the 

return feed outlet, Figure 25. If the Strike Plate were to fall off, the screen will prevent it 

from wash away with the return fuel and end up in the fuel tank.  

 

 

 

 

 

 

 

Figure 25. The Strike Plate screen 
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4.1.4 The chassis plate  

The rig consists of several different components and to facilitate the installation of these,  

a new chassis plate has been designed and manufactured. In the chassis plate there are a 

number of holes of varying size that allows attachment of the chassis plate to the machine 

body, and for the components onto the chassis plate. 

 

The new chassis plate, Figure 26 and 27,  is designed to make it easier to access the HPLs 

that connects the two rails. They are regularly checked to ensure that they are tightened to 

the proper torque, this is done to avoid leakage. The rig's main task is to perform 

measurements on different types of injectors, it should also be easy to replace the HPC 

depending on the fuel injector being tested. To make this possible, the new chassis plate 

has a larger free space above the HPC, where it is easier to access and tighten the HPL 

bolt connections and loosen the HPC connection when changing injector models. 

 

 

 
Figure 26. The new design for the chassis plate 

The chassis plate and all of its holes were water jet cut at the mechanical workshop at 

Scania in Södertälje. Drawings for manufacturing can be found in [APPENDIX E]. 

 
 

Figure 27. The new design for the chassis plate makes it easier to access the HPL.  

The new larger space 
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4.1.5 The machine body and wheels for easy transportation 

The new machine body, Figure 28, has horizontally mounted square pipes with two 

wheels attached to each side which makes it easier to transport the rig from one location 

to another. The horizontal pipes has also been extended backwards resulting in a lower 

risk of tipping over compared to the existing version with a flat bottom. Onto the 

horizontally mounted tubes, two vertical stand pipes are welded and these acts as legs. In 

order to increase stability and make the rig design stiffer two contractors are welded 

between the legs and the horizontally mounted tubes.  

 

 
Figure 28. The new design for the Machine body with wheels attached to it. 

 

At the top of the legs, additional pipes are welded to the design and forms a basis for the 

Chassis Plate to be attached onto. In these tubes a number of holes are drilled which 

allows attachment of the Chassis Plate to the Machine Body. The reason that the 

attachment between the Machine Body and the Chassis Plate, Figure 29, is not welded but 

bolted is that it should be easy to remove if necessary.  
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Each square pipe is made of dimensions 40x40x2mm and has been welded and processed 

in the mechanical workshop at Scania in Södertälje. The wheels were purchased from 

ELFA [14] and assembled to the rig at Scania. The entire machine body was spray coated 

in chassis-grey in order to prevent rust. All drawings can be seen in [APPENDIX E]. 

 

 

 
 

Figure 29. The new Rig design. 

 

Machine body  

Chassis plate 

Strike Plate 

screen 
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4.1.6 The final Rig design  

With the scheduled tests completed, the rig was disassembled and the new parts that had 

been produced were installed. The new Machine body was painted and the old parts that 

now started to rust, was taken to  the mechanical workspace to be blasted and painted to 

protect them from rust in the future. All parts where then assembled back together, the 

final result can be seen in Figure 30. 

 
Figure 30. The final rig design 
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4.2 Testing of the rig and fundamental measurements 

To evaluate the impulse rig and ensure that the test results are accurate, a number of 

different tests were made. Three different types of XPI-injectors and one Piezo-injector 

were tested.  

 

4.2.1 Test 1 – General testing with XPI 

Background 

First test of the rig was to detect leakage since the rig never been tested with the top rail 

attached. Functional and handling problems were also subject for inspection in order to 

detect problems. The first XPI measurements were made in this first test stage. 

 

The Rig´s bottom rail was connected to the HPP in the test cell. Since the top rail never 

been tested for high pressure, the test was performed at 2400 bar to inspect the system for 

leakages. When no leakage was detected further tests were to begin. During the first test 

the stepper motor was tested, both manually and automatic sweeps were made and both 

worked properly.  

 

Implementation 

The rig was installed with the transducer attached (old Strike Plate) and the pressure 

impulse generated was studied with the test cell computer software. In this first test only 

the main injection was studied. 

 

All of the eight holes was measured and averaged for 50 injections, each hole was tested 

in two sets of readings to investigate the holes repeatability. 

 

With everything in place and computers operational, 144 different tests were conducted. 

The test protocol can be seen in [APPENDIX F] 

 

Input data: 

• Injector: XPI – 18774424, 8x16x178 (holes, spray angle, cup flow) 

• Motor revolutions: 1200 rpm 

• Rail pressure: 900, 1800, 2400 bar 

• Fueling: 100, 160, 220mg  

 

Results and comments 

Hole to hole analysis were performed in two rounds at three different pressure levels and 

three different amount of fuel injected. Pressure and fueling were chosen to resemble the 

minima to maxima in rate tube testing. 

 

The oscillations during start of injection, seen in the beginning of the impulse curve, see 

Figure 31, could be caused by; 
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• The needle opening is sluggish. 

• Vibration of the needle.  

• Standing waves occur in the injector mechanism. 

• The oscillations at the end of injections may be due to pressure drop. 

• Distortion may be filtered out by shifting the frequency. 

• Reflections on the bottom of the nozzle tip, can cause pressure waves. 

 

After only this first test it was difficult to determine why the oscillations occurs, further 

testing needed to be conducted. The oscillations may be seated in the rig design, but there 

is also possible that that the injector itself can cause the phenomena.  

 

There are two basic theories as to what cause the oscillations. Most likely it is the spray 

that bounces inside the cassette during an injection. Or that the needle is exposed to 

vibrations. This is possibly related to the engine rotation speed, RPM,  and not entirely 

due to the injector. The oscillations are different for the eight holes, but it is consistent 

over the two rounds and always the same hole that has the major defect, [APPENDIX G]. 

 

The oscillations is similar to each other in the graph for each pressure in any amount of 

fuel. The values are also very consistent in the various holes for the first and second run, 

see Figure 31, even a small disturbance occurs when the injector needle is closing. 

 

 
Figure 31. The hole repeatability in genuine for testing with the rig. 
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4.2.2 Test 2– Strike Plate evaluation  

Background 

To investigate how the Strike Plates design affects the sensitivity of the transducer a test 

with two different Strike Plates were performed. Two transducers, one equipped with the 

old version of Strike Plate and one with the new Strike Plate design, was tested. The 

results were analyzed to investigate if the two different Strike Plate affect the test result 

differently. 

 

Implementation 

The test was, as in the first test, performed with three different rail pressures, but all 

measurements were made with the same on-time, instead of fueling (since the on-time 

varies for different rail pressures). The reason for this is to produce a repeatable 

measuring method to get comparable results. 

 

Input data: 

• Injector: XPI - 8 holes - 18774424, 8x16x178 

• Motor revolutions: 1200 rpm 

• Rail pressure: 1200, 1800, 2400 bar 

• On-time 2ms 

 

Results and comments 

As seen in Figure 32 the measurements with the old Strike Plate has a smother frequency 

noise compared to the new design, Figure 33.  

 

 
Figure 32. Impulse curve from old Strike Plate,1800bar and 2ms 
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Figure 33 Impulse curve from new Strike Plate,1800bar and 2ms 

This is probably caused by the higher mass that the old Strike Plate have compared to the 

new Strike Plate. The extra mass might works as a damper and reduces the highest 

frequencies. 

 

Old Strike Plate 

 The Strike Plate mass reduces the high frequency noise. 

 Has a tendency to fall off when stricken at high pressures/increased temperature 

New Strike Plate 

 The Strike Plate mass does not reduce the high frequency noise. 

 Lasts longer, doesn’t fall of as easily 

 

Despite the fact that measurements with the new Strike Plate design gives a high 

frequency noise, the impulse curves from the different measurements are very similar to 

each other. 

 

Hole number one is especially of great interest, the impulse curve shows a lower 

amplitude in all of the measurements regardless of which Strike Plate and transducer that 

are used. The explanation for this lower amplitude is most likely that, hole number one 

does not deliver the same amount of fuel that the rest of the hole does.  

 

All tests following are all performed with the new design of the Strike Plate because it 

does not fall of as easy as the original one does. 
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4.2.3 Test 3 – Analysis of different fuel injectors 

Background 

In this tests, different configurations of XPI fuel injectors were tested.  

 

The first test were performed with the same XPI fuel injector model that was tested 

earlier (XPI-1874424). The purpose with the test was to explore whether the individual 

XPI tested earlier were defective and causing the interference. The test was also made to 

investigate whether the disturbance is mainly in the rig or in the injector. 

 

The next step was to repeat the same test with two new XPI fuel injectors (XPI-1881565 

and XPI-2872096). The purpose of the test was to demonstrate or eliminate variations 

between different injector configurations. 

 

The last test of the series was performed on a piezo fuel injector and was made in order to  

explore further differences in injectors that is not of the XPI model. This to see if the rig 

is behaving different with a different type of injectors. 

 

The test were made for three different rail pressures and a constant on-time of 2ms. 

 

Implementation 

This test was made to study if different XPI injectors of the same model, but from 

different production series differed. The idea was to perform a test as similar as possibly 

to the first test 1, section 4.2.1, and compare the results to each other. 

 

The previous tests were made with an injector of the same configuration. To be able to 

detect or exclude variations between different XPI injectors it was of great importance to 

test XPI fuel injector with other configurations. In this test two different XPI injectors 

were tested, the first; an XPI - 1881565, and the second; an XPI – 1917987. 

 

Then a similar test with a Piezo fuel injector was conducted in order to see the difference 

between the XPI and another injector type. The measurements was done for different rail 

pressures and different fueling. Since the piezo injector can be damage if to low or to high 

rail pressure is used during the test, the rail pressure variation was set close to each other 

at 900, 1200 and 1500 bar.  

  

Input data XPI: 

• Injector: XPI article no: 1874424 – 8 holes, 16° (spray angle), cup flow 178 PPH 

• Injector: XPI article no: 1881565 – 8 holes, 16° (spray angle), cup flow 207 PPH 

• Injector: XPI article no: 2872096 – 8 holes, 16° (spray angle), cup flow 235 PPH 

• Engine revolutions: 1200 rpm 

• Rail pressure:1200, 1800, 2400 bar 

• On-time 2ms 
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Input data Piezo: 

 Injector: PIEZO - 9 holes – cup flow 270 PPH 

 Engine revolutions: 1200 rpm 

 Rail pressure: 900, 1200 and 1500 bar 

 Fueling: 100, 160mg  

 

Results and comments 

To make the results easier to follow, the tests are divided into three different sections. All 

the hole to hole variation results can be seen in [APPENDICES G-K]. 

 

XPI 1874424, 178 PPH 

The graph in Figure 34 shows the three mean value curves from the test with XPI - 

1874424. The graph shows the three impulse curves, where curve no 1 is with a rail 

pressure of 1200 bar, curve no 2 is at 1800 bar and curve no 3 is with the maximum rail 

pressure of 2400 bar. In APPENDIX H, the impulse curves can be looked into, which 

describes the behavior for all 8 holes at the three different rail pressures. 

 

 
Figure 34. A mean value curve for all 8 holes at three pressure levels and the same duration time. 

An comparison between the two XPI 1874424 injectors were to be made, but a problem 

occurred due to the fact that the test cell had been rebuilt and the computer had been 

changed. The two curves in Figure 35 shows a measurement made at 1800bar and with a 

duration time at 2ms. Curve no 1 is from the first test, before the test cell was rebuilt and 

curve no 2 shows the same test but after and with the new Strike Plate.  
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Figure 35. The impulse curve before and after the test cell update.  

The original intent of the test was to compare different individuals of the same injector 

model but this is unfortunately not possible with the new data. But the test still gave 

interesting results by showing the difference between the new and the old computer 

system. The old system visualizes a curve with large oscillations at maximum flow. The 

new system shows a high frequency noise through the entire graph, why the various 

systems provide such different output is not clear. The different amplitudes can be caused 

by a non similar amplification in the computer system.  

 

To compare the different injectors with each other on the basis of these measurements are 

not possible. In order to draw any conclusions on whether various individuals of the same 

injector model differs, new measurements had to be made. 

 

To sum up what been seen in the new tests: 

 

All tests were performed with an average of 50 measurements, an average of 100 

measurements would not change the result, the changes seen after the test cell was rebuilt 

still remains.  

 

The measurement made after the test cell was rebuilt looks almost flattened out. Most 

likely the reason for this is a different calibration in the new computer software because if 

the results is compared to the rate tube measurement, the result is the same as before the 

changes in the test cell.    

 

Another possible reason for the graphical changes in the new test could be that the cables  

used are different from the ones used in the first test, which could cause a disturbance. 
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A Rate tube measurement was made with the same injector to compare the curves 

geometry, Figure 36. The result show a similar geometry excluding the oscillation that 

occurs because the rate tube measurements is performed in liquid and not air.  

 

 
Figure 36. Rate Tube 

While acknowledging that the XPI 1874424 provides measurement data,  the flank 

appearance when opening and closing etc, can be directly compared with the Rate Tube 

test result. Our guess is that the "Camel hump" often discussed in rate tube tests are 

actually incurred by the fact that rate tube tests are performed in liquid, not air, and 

therefore there is a reaction that makes the oscillation to occur, the wave movement. 

 

XPI 1881565, 207 PPH and 2872096, 235 PPH 

The next step was to evaluate the two new XPI fuel injectors 1881565 and 2872096, the 

tests were performed with the same variations in pressure as earlier tests and with a 

constant on-time at 2ms. The results are shown in Figure 37-38, but as seen, the on-time 

is not constant as it was set to be. This is due to the fact that when the test was conducted 

the crank angle compensation was not overridden and therefore the on-time is not 

constant.  

 

The two injectors tested show a similar behavior, but the flank is not similar to the 

previous XPI test. Their impulse curve is not similar to previous measurements and has a 

sharp pointing form and lacks the plateau that is significant for impulse curves with XPI 

measured in the rate tube. A reason for this could be that the on-time used during the test 

is not sufficient and therefore the fault may not be the injector. Although the injector 

opens more slowly and therefore may not have time to reach a plateau shape before it 

closes again. As can be clearly seen in Figure 37. 



35 

 

 

 
Figure 37. XPI – 1881565 8x16x207, Mean value of the eight holes for three pressure levels. 

 

It is shown in these tests that the oscillations during start of injection, also occurs in these 

injectors. The graph, Figure 38, from tests made with the injector configuration 2872096, 

which has the highest cup flow, shows large oscillations throughout the entire injection. 

 

 
Figure 38. XPI – 2872096 8x16x235, Mean value of the eight holes for three pressure levels. 
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Piezo, 270 PPH 

In order to see the consistency between the 9 holes in the piezo injector, the first test was 

repeated. The result shows that the nine holes varies a lot compared to each other, but 

each hole is consistent between the two measurement laps. Shown in, Figures 39 and 40 

are the result for two holes that diverge distinctively from each other, hole number five 

and eight.  

 
Figure 39. Hole 5 at 1500bar and 100mg 

The graph for hole nr eight also shows the uneven impulse compared to hole number five. 

This phenomenon can be explained as a defect that occur from the needle. There is a 

possibility that the needle is not lifting straight or that there exists unwanted vibrations in 

the needle exists. 

 
Figure 40. Hole 8 at 1500bar and 100mg 
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To rule out that there are no standing waves inside the nozzle, a frequency analysis is 

made for the mean value of the measurements, Figure 41-43.  

 

 
Figure 41. Frequency analysis Piezo, 900bar and 160mg 

 

 
Figure 42. Frequency analysis Piezo, 1200bar and 160mg 

 

 
Figure 43. Frequency analysis Piezo, 1500bar and 160mg 

 

When discussing the results with colleagues at the department , the conclusion is that it is 

most likely that no standing waves occur in the cassette, there is most likely that the 

variation hole to hole depend upon geometric differences in the holes, the mean value 

from all 9 holes with the resulting sine wave is shown in Figure 44. 
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Figure 44. Mean value for 900, 1200 and 1500bar with a duration of 160mg. 

There was also shown that the signal is full of high frequency noise. Why the noise 

occurs during this measurement is not fully understood but the most likely reasons are: 

 

 The new design of the Strike Plate 

 The new configuration in the test cell I1 

 The transducer does not work properly 

 The piezo driver is disrupting the signal. 

 

When the same injector was tested in the rate tube, similar results could be detected,  

Figure 45. The greatest difference is that the pressure levels is reversed. The explanation 

for this is most likely that the tests were not performed with sufficiently high voltage and 

the injector did not manage to inject the demand fuel for the corresponding pressure level.  

 

 
Figure 45. Piezo injector 270PPH tested in the Rate Tube [23] 
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To sum up what been seen during tests with the Piezo: 

 

To start with, the Piezo injector used is at 270 PPH with low gearing and the injector has 

a restriction in the HPC. In this measurement the lowest restriction is being used, without 

restriction the needle it is difficult to control the needle movement. 

 

When testing the piezo, a rather strange phenomena occurred, the amplitude decreased 

with increased pressure. The explanation for this is most likely that the tests were not 

performed with sufficiently high voltage and the injector did not manage to inject the 

demand fuel for the corresponding pressure level. Even if the pressure is increased, the 

amount of injected fuel is not correct. The fact that when the test was conducted the crank 

angle compensation was not overridden and therefore the on-time was not constant and 

the amplitude not accurate compared to the pressured applied.  

 

It is also shown that the Piezo injectors has larger oscillations, compared to XPI, and that 

the misalignment of the needle, could be caused by the rather large hole to hole 

variations. 

 

4.3 Transducers zero adjust 

In the tests performed, the zero-level changes during the measurements, the reason for 

this is likely due to the injected fuels temperature. This had to be investigated for the 

transducers used during testing.  

 

The test was conducted by performing a voltage check on the two transducers used in 

recent tests. One with a Strike Plate mounted and one without. The transducers were 

measured first in air, then in lukewarm water and then in high temperature water, around 

80°C to study the difference in voltage and if the glue could affect the transducers and 

contribute to the rising zero level. 

 

The result of this test was a bit odd because it was very inconsistent [APPENDIX K ]. But 

one thing is for sure, the transducers zero level is affected by the temperature, but the 

transducer with a Strike Plate mounted it is neither more or less affected than the 

transducer without. 
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5. Piezo injector Spray Viz Testing 

This is a comparison of the results for the Piezo. The injector is tested and visualized with a Single Shot 

High Speed Camera. 

 

As described in section 4.2.3, there is great variation of flow through the different holes in 

the piezo injector that was tested. This behavior is also shown in tests performed at The 

Piezo Develop Group in USA, where the behavior has been visualized with a high speed 

camera. The results from the tests are very similar to the test results performed with the 

Impulse Test Rig at Scania. The  two tests are however made with different injectors, rail 

pressures and voltage. 

 

Figure 46 displays that some of the holes had a weaker spray than the others, the tests also 

reveals that it is not always the same hole in the injector that is weak. Tests were 

performed at the same pressure level, but with different voltage. The voltage is increased 

in the right picture.  

 

 
 

 

Figure 46. Injector 1. Tests are performed at the same pressure level, but with different voltage. The 

voltage is increased in the right picture. 

 

Conclusions from the group state that with a long duration time the weak holes will stay 

the same for an injector. But if the injection is made with an short duration time, the weak 

holes will shift in position, see Figure 47. This observation shows that the problem not is 

in the holes but in the guiding of the needle. 

 

Both holes has a Weak spray at 5 0’clock & 7 o’clock positions. 
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Figure 47. Injector 2, All tests are performed at the same pressure level and voltage, but the On-time is 

changed for the three pictures.  

 

To verify that it is the needle that cause the weak spray, tests of piezo injector with 

improved needle guiding have to be performed.  

 

The oscillation that occurred, see section 4.2.3, during tests with the piezo injector in the 

impulse rig, is also shown during the tests made at The Piezo develop group. This could 

be a result of insufficient voltage which causes the needle to oscillate. Injector with 

higher voltage did not show the same tendency to oscillate as injector which was run at a 

lower voltage. If the oscillation has any affect to emissions is not investigated. 

 

 

 

 

 

 

 

  

All injectors has at least one weak spray but at different hole positions. 
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6. Conclusions and recommendations 

In this final chapter the rig are to be evaluated and recommendations for the future use of the rig is 

discussed.  

 

6.1 Conclusion 

 The new design of the machine body improved the rigs stability and made it more 

transportation friendly. 

 

 The new design of the chassis plate improved the ability to tighten HPL bolt 

connections that earlier was difficult to reach. 

 

 The new design of the Strike Plate does not fall off as easily as the old one. 

Longer tests with the same transducer with a Strike Plate attached was possible 

but it still falls off if measuring is performed for longer period at a temperature 

over 100°C. 

 

 Measurement made with new Strike Plate shows a high frequency noise that not is 

shown on previous tests. The old Strike Plate has a greater mass and reducing the 

high frequent noise during measurements. 

 

 The results from measurements is similar regardless of which Strike Plate, 

transducer or amplifier that is being used. Which is an indication that the 

oscillations that occurs in the test results, not is caused by the rig but of the 

injector. 

 

 The oscillations that occurs during start of injection is caused by the needle and is 

not an effect caused by the rig. 

 

 The holes that differ are different depending on the fuel injector, and not always at 

the same position in the rig, therefore are the oscillations made by the injector, and 

not the rig. 

 

 A computer update in the test cell was made which affected the test results. The 

old system visualized a curve with large oscillations at maximum flow. The new 

system showed smaller oscillations, but a high frequency noise through the entire 

graph. 

 

 Tests with the Piezo injector show a great variation of flow through the different 

holes, which also is confirmed by footages done with a high speed camera, the 

Impulse rig results are therefore proved to be accurate. 

 



44 

 

 A frequency analysis done with test results from a Piezo test shows that there is no 

vibration inside the injector. It is most likely that the variation hole to hole depend 

upon geometric differences in the holes or that the needle movement is 

inconsistent.  

 

 The transducers zero level is affected by the temperature, but the transducer with a 

Strike Plate mounted is neither more or less affected than the transducer without. 

 

 A mean value curve from a test with the impulse rig shows of great similarity to a 

test performed with the same injector in the rate tube. 

 

 The XPI-injectors that were tested hade good repeatability of flow over the eight 

holes. 

 

To sum up the project result: 

 

The Impulse rig has been calibrated and evaluated as the project task required. The rig 

measurement data is correct and the rig can be used to evaluate different fuel injectors by 

doing hole to hole measurements and detect hole variations that can be of great help 

detecting flaws in individual injectors.  

 

The Strike Plate does not have any greater influence on the measurement data, but still 

needs to be further developed because it still falls of when reaching temperatures over 

100°C.  

 

The oscillations is caused by the injectors and does not affect the results when hole to 

hole measurements is performed. The variations can still be detected as seen in tests with 

the piezo. And because the rig measurement is performed in air, a lot of the oscillations 

caused in the Rate tube test that is performed in liquid is excluded.  

 

The oscillations in the beginning of the injection can be further evaluated, it is possible 

that it occurs because of an unwanted needle movement. New tests with the piezo and a 

needle guide can be made in the future. The remaining high frequency noise seen in the 

new tests does not affect the result and can be disregarded. 

 

6.2 Recommendations 

There is an interest from The Piezo Develop Group in USA to do more tests because they 

are not completely convinced about the results from the Impulse Test Rig. They want 

more testing and more data to work with. This was desired to be made before the thesis 

was completed, but the estimated time was not enough and the available time of the test 

cell are limited and many tests are to be performed. Therefore, these tests were not 

performed when the report was completed, but hopefully to be made in the near future. 
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Tests also planned but not yet performed: 

 

 All tests has been performed with a test fluid that imitates the density and 

viscosity of diesel fuel. Further tests should be performed with other types of fuel, 

diesel and RME.  

 

 Further tests should be performed of a Piezo injector with needle guiding. This to 

see if the injector distributes the fuel more evenly through the holes. 
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APPENDIX A – Instruction manual of the motor driven control 

box 

The control unit is connected to the stepper motor and placed outside the test cell. The 

unit is constructed so the user can sweep manually or do automatic sweeps from one hole 

to another; which is very useful when performing hole to hole tests.  

 

To set the unit before testing: 

Enter the number of holes for the injector (8-12 holes) by setting the middle button on 

hole [H] and set the number of holes by pressing the left or right button. 

 

Then Set the middle button on slow [S], fast [F] or sweep [SW] and choose to rotate the 

cassette slow, fast or sweep between the holes. The outermost buttons, select the 

direction, left or right.  

 

Adjust the transducer position by rotating cassette manually to be centered over a hole. 

Easiest is to first rotate the cassette fast and then customize with slow to precision. The 

sensor is directly above a hole when the pulse curve is at the highest on the y-axis in the 

graph. When the hole position is located, press both the left and right buttons together to 

reset the angle to 0 degrees. Set the controller to [SW] and then press left or right rotates 

the cartridge over all the holes, one hole at the time.  
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APPENDIX B – Kistler pressure transducer  
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APPENDIX C - Time Plan 
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APPENDIX D - Technical specification, transfer tape VHB 9649 
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APPENDIX E -  Drawings 
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Hole Placement 



XVI 

 

  



XVII 

 

  

 

 

Old Strike Plate 

 



XVIII 

 



XIX 

 

  

 

 

New Strike Plate 



XX 

 

  



XXI 

 

APPENDIX F – Example of Testing Protocol  

Pressure Bar/Fuel amount mg XPI - Article no. Comments 

File name     

Hole-number 1   

Pressure level [bar] 1200   

Amount of Fuel [mg/stroke] 120   

Rounds per minute [rpm] 1200   

Strike Plate version No 2.   

Transducer model 
   

Fueling Temperature IN [°C] 40   

On time [ms] 1.305   

Steady state temperature [°C]     

  
 

  

File name     

Hole-number 2   

Pressure level [bar] 1200   

Amount of Fuel [mg/stroke] 120   

Rounds per minute [rpm] 1200   

Strike Plate version No 2.   

Transducer model 
   

Fueling Temperature IN [°C] 40   

On time [ms] 1.305   

Steady state temperature [°C]     

  
  

File name     

Hole-number 3   

Pressure level [bar] 1200   

Amount of Fuel [mg/stroke] 120   

Rounds per minute [rpm] 1200   

Strike Plate version No 2.   

Transducer model 
   

Fueling Temperature IN [°C] 40   

On time [ms] 1.305   

Steady state temperature [°C]     
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APPENDIX G - Hole variation for XPI 18744240, test 1. 
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APPENDIX H -  Hole variation for XPI 18744240, test 2.  
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APPENDIX I -  Hole variation for XPI 1881565. 
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APPENDIX J -  Hole variation for XPI 1917987. 
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APPENDIX K -  Hole variation for PIEZO – 270. 
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APPENDIX L – Result from zero adjust testing 

 

Test  - With Strike Plate Transducer: 11440717 
33,5oC -0,71V 
75oC 0,3V 

 
28,5oC 0,45V 
96oC 0,8V 

 

15oC 0,5V 
60oC 0,2V 

 
Test - Without Strike Plate Transducer: 11440827 

12oC 0,8V 
77oC 0,3V 


