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Sammanfattning 

 

En metod för att mäta den totala impulsen från en multihålsspridare, introducerad i ett tidigare 

examensarbete, ”Development of a method and a device for measuring the momentum rate of 

fuel sprays”, har vidareutvecklats och testats. Metodens koncept är att simultant avlänka alla 

sprayer från en multihålsspridare genom att använda en klockformad deflektor. 

Bränslesprayerna avlänkas lodrät nedåt från den ursprungliga paraplyvinkeln, och den så 

resulterande kraften mäts i en tunnväggig, töjd del av mätcellen. Töjningen ges av tre 

töjningsgivare, var och en kopplad i kvartsbryggekonfiguration. Mätcellen har i detta 

examensarbete omdesignats för att minska de störningar som kunde observeras hos 

impulsmätningarna i föregående examensarbete. Vidare har egenfrekvenserna hos mätcellen 

höjts och monteringsanordningen vidareutvecklats. Nya störningskällor har identifierats och 

en djupare insikt om rådande mätförhållanden har nåtts. Förslag om hur vissa störningar 

undviks och andra kan minskas är inkluderade, tillsammans med rekommenderade 

modifikationer och nya designförslag. Därtill förs också generell diskussion om 

impulsmätning. 
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Abstract 

 
A method for measuring the total impulse from a multi hole diesel injector, introduced in 

previous thesis work, “Development of a method and a device for measuring the momentum 

rate of fuel sprays”, by Mikael Lindström, has been further developed and tested. The concept 

is to simultaneously deflect all sprays from a multi hole diesel injector by using a bell shaped 

deflector. The fuel sprays are deflected straight down from their initial umbrella angle, and 

the resulting deflection force is measured in a thin strained section of the load cell. The strain 

is given by three strain gauges, with quarter-bridge circuitry for each gauge. The load cell has 

been redesigned in this thesis to lessen disturbances in the impulse measurements observed in 

previous thesis. The natural frequencies of the load cell have successfully been elevated, and 

the mounting has been further developed. New sources of disturbances have been identified, 

and a deeper insight in the measurement circumstances has been gained. Suggestions on how 

to avoid certain disturbances and lower others are included, together with new design and 

modification proposals. A general discussion about impulse measurements is also included. 
 



Table of content 
 

1. Introduction ............................................................................................................................ 6 

2. Spray theory and momentum rate .......................................................................................... 7 

3. The total impulse concept .................................................................................................... 11 

4. Previous work and thesis targets .......................................................................................... 13 

4.1 Previous work................................................................................................................. 13 

4.2 Thesis targets.................................................................................................................. 13 

5. Force measuring ................................................................................................................... 14 

6. Construction of a new load cell and suspension .................................................................. 16 

6.1 General points ................................................................................................................ 16 

6.2 Natural frequencies ........................................................................................................ 17 

6.3 Connecting part .............................................................................................................. 20 

6.4 Deflector bell.................................................................................................................. 21 

6.5 Frequency results............................................................................................................ 21 

6.6 Deflector design ............................................................................................................. 22 

6.7 Mounting and suspension............................................................................................... 23 

7. Manufacturing the load cell and the load cell suspension.................................................... 26 

7.1 Manufacturing the load cell............................................................................................ 26 

7.2 Manufacturing the load cell suspension ......................................................................... 30 

8. Measuring electronics .......................................................................................................... 31 

9. Measurements....................................................................................................................... 33 

9.1 Measuring technique and signal quality......................................................................... 33 

9.2 General impulse signal ................................................................................................... 36 

9.3 Error investigation.......................................................................................................... 38 

10. Results and conclusions ..................................................................................................... 41 

10.1 Frequency analysis ....................................................................................................... 41 

10.1.1 Resonance tests ..................................................................................................... 41 

10.1.2 No rail pressure and overshoot tests...................................................................... 46 

10.1.3 Impulse tests .......................................................................................................... 50 

10.1.4 Conclusions regarding vibrations.......................................................................... 52 

10.2 Impulse signal analysis................................................................................................. 54 

11. Recommendations for continued work .............................................................................. 59 

11.1 Error investigation........................................................................................................ 59 

11.2 Losses and disturbances ............................................................................................... 61 

11.3 Suggested design modification..................................................................................... 64 

11.4 Suggestions to new design features.............................................................................. 65 

12. References .......................................................................................................................... 66 

Appendix 1 ............................................................................................................................... 67 

Drawing of load cell ............................................................................................................. 67 

Appendix 2 ............................................................................................................................... 68 

Shrink fitting of the deflector bell ........................................................................................ 68 

Appendix 3 ............................................................................................................................... 69 

Deflector plugs ..................................................................................................................... 69 

Deflector 1........................................................................................................................ 69 

Deflector 2........................................................................................................................ 69 

Appendix 4 ............................................................................................................................... 70 

List of used equipment ......................................................................................................... 70 



1. Introduction 
 

This thesis is the continuation of an impulse project, measuring momentum rate from an entire 

fuel injector and all the nozzle holes. Previous work and apparatus has been done within this 

area by Ph.D. student Mikael Lindström in his M.Sc. thesis work. 

 

The vehicle and combustion engine industry are facing a real challenge nowadays. Mainly 

there are four concerns of which the two first mentioned are more recent: 

 

• The industrialisation of large population countries such as China and India can lead to 
vast increases of greenhouse gases and other emissions caused by combustion engines. 

For these relatively poor countries, environmental concerns can sometimes be 

considered a luxury not afforded.  

 

• The recent climate reports, indicating noticeable greenhouse effects on both local and 
global levels. Weather or not this increase in media coverage is a recent hype or not, it 

is indeed a problem. 

 

• The non-greenhouse emissions, causing local effects which can be of real concern 
mainly in big cities. 

 

• The question of weather or not the oil is going to suffice, and the political aspects on a 
highly oil dependant society. After all there are the countries who produce oil, and 

those who do not. 

 

In diesel engines, fuel injection is critical to the way the engine operates. Most improvements 

on diesel engine performance and emissions reductions, made over the last decades, can be 

contributed to improved fuel injection. The underlying mechanisms of exactly what happens 

and why, when the fuel is injected into the combustion chamber and the combustion process 

that follows, are far from fully understood. So far, increased injection pressure and ability to 

further control the injection timing have done a lot to improve fuel consumption and emission 

control, but more areas are continuously looked into.  

 

The main parameters that governs the behaviour of the fuel injection in contemporary diesel 

engines, and thus controls the combustion process are: Injection pressure, hole diameter, hole 

shape hole direction, number of holes and injection timing. By varying these parameters, 

different mass flows and spray velocities will result. From research it has been found that the 

momentum rate of the diesel spray plays an important role in the combustion process that 

follows. This thesis is an attempt to further develop a method to measure momentum rate 

from an entire fuel injector and all the nozzle holes, and thus provide a link between common 

emission parameters such as NOX, PM, CO, HC and other combustion related parameters, 

mainly fuel consumption and heat release, with the momentum rate shape over the injection 

period for the same individual injector. This device is believed to be of good use both in 

practical areas such as sample variation investigations, and for research purposes, mainly for 

linking momentum rate shape with combustion parameters. 

 

 



2. Spray theory and momentum rate 
 

New methods for understanding diesel injection are continuously being developed, with some 

of the later includes x-ray visualisation. As new research methods are applied, previous 

theoretical models are being revised. Below, a brief explanation of a contemporary model 

used for understanding the behaviour of diesel sprays is given. 

 

Diesel engines auto ignites by injecting fuel at high pressure into compressed warm air. The 

combustion process is highly dependant on how the injected fuel mixes with the air, while the 

mixing or the fuel jet break-up, is largely dependent on the jet velocity. As fuel enters the 

relatively quiescent air in the combustion chamber, the sheer force so produced tears droplets 

from the spray core as surface tension tries to minimize boundary energy. The jet propagates 

to some extent into the air, until the core diameter reaches zero due to the peeling of droplets. 

This extent is called the break-up length or break-up region. The underlying mechanisms are 

highly dependant on jet velocity, but also on some other parameters, combined in the Weber 

and Reynolds numbers given below: 
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Where:  

 

U : Velocity 

ρ : Density 
d : Droplet diameter 

v : Viscosity 

σ : Surface tension 
 

At low Re and We numbers, jet break-up is caused by capillary pincing. This is called the 

Rayleigh mechanism. The break-up is axisymmetrical, occurs at the leading edge of the jet, 

far from the nozzle. This mechanism is largely due to surface tension disruptions, producing 

droplets with diameter as the jet or slightly larger 

 

As Re and We numbers increase, the first wind-induced break-up occurs. This is due to non-

axisymmetric oscillations in the surface tension, causing the capillary pincing to take up 

speed. Droplet formation occurs faster, further upstream the jet and with slightly smaller 

droplets. 

 

The second wind-induced break-up occurs at yet higher Re and We numbers. The non-

axisymmetric oscillations occurring at the jet surface are shorter in wavelength and unstable 

in growth. This causes droplet formation of smaller drops than the jet diameter, an effect 

opposed by the surface tension.  

 



The final stage of break-up is called the atomisation regime. This mechanism has droplets 

much smaller than the jet diameter. As this occur at high Re and We numbers, and closer to 

the nozzle the mechanism are less accounted for. It is believed to contain a mixture of the 

mechanisms above. Sometimes the fuel jet velocity exceeds the local speed of sound, causing 

a shockwave in the combustion chamber. This would perhaps make for a fifth regime, or just 

make the atomisation regime more difficult to analyze.  

 

While fuel jet break-up is caused by collision with air, dictated by fuel jet speed, it is also 

known that a lightweight object looses its speed faster than a heavier one. Thus it is natural to 

assume that fuel jet momentum is of major importance to spray formation and the following 

combustion process. 

 

The momentum rate, is not really a property of the spray itself, but serves as a theoretical tool 

for understanding the momentum the spay carries. In short, the momentum rate is a means to 

describe which force of impact the spray applies on the colliding air. In the case of measuring 

the momentum rate, as is done in this thesis, the spray collides with a deflector and the rate of 

change to the spray momentum is measured as the force on the deflector bell. 

 

The momentum property is mass times the velocity of that particular object of mass: 
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Often the momentum of a system of mass and its centre of mass is referred to as linear 

momentum and is denoted with a capital G: 
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The momentum rate is the time derivative of the momentum: 
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Sometimes it is written in the form mass flow times the velocity of that flowing mass: 
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The unit for momentum rate is the same as for force, i.e. the acceleration of mass. Since 

change in the vector property velocity means acceleration, the momentum rate can be 

calculated as the deflection of mass in movement, hence the formula above. 

 

The sum of the momentum change, over the time of which the deflection occurs, constitutes 

the impulse given to the deflector by the deflected mass flow. Integration of the force over 

time thus gives the total impulse which equals the change in momentum of the spray: 
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Measuring the force of the deflected spray yields the momentum rate over time, minus some 

losses in friction, inertia and air movement. However, knowing the speed of the spray and the 

mass flow would suffice to calculate the momentum rate and impulse, but it is hard to log 

them simultaneously with sufficient accuracy. One way is perhaps the above mentioned x-ray 

visualisation, which gives the speed and density of the spray at all points. But it is a rather 

new technology and surely an expensive one at that. As the speed of the spray often is close to 

the speed of sound, incompressible flow theory don’t really apply. All in all, momentum rate 

is a rather elusive parameter. 

  

Through research, it has been found that the momentum rate of a spray can be closely linked 

to the way the combustion process will develop. Although there is no argument about weather 

the momentum of the spray plays an important role in spray penetration, fuel mixing and the 

following combustion process, it has been discussed how it relates to other parameters. Such 

parameters frequently discussed are cavitation and turbulence, both associated with nozzle 

hole geometry. Hydro Grind (HG) is a way to quantify the rounding of nozzle hole inlets. For 

example 20% HG means 20% increase in flow prior to operation. Generally, higher HG 

lessens the cavation and turbulence within the nozzle hole. Cavitation, explained briefly, is 

the formation of vapour cavities or bubbles within the nossle hole flow. This occurs in the 

vicinity of the sharp entry hole, where local velocities are so high that pressure falls below 

saturated vapour pressure. Rounder corners at the inlet of the nozzle hole, as provided by HG, 

lessen that effect due to lower local velocity peaks. 

 

Figure 1 below, describes fuel injection with break-up region and cavitation phenomena. 

 

 
 

Figure 1. Spray scheme 

 

Other parameters of importance are mass flow and kinetic energy. Those are not as vividly 

discussed however, perhaps depending on their close relation to the momentum. 

 

Different geometries of nozzle holes have been investigated, as to verify weather effects like 

pronounced cavitation and added turbulence would have an impact on the combustion 

process. In the work of Ganippa and co. experimental setups has been used to shed some light 

on the effects of hole geometry versus momentum rate profile on the combustion process. 

Injectors with different hole geometry were matched to yield the same momentum rate 

profile, that is the same force as a function of time. The results indicated that spray 

momentum is far more important than nozzle hole geometry. 

 



Experiments were conducted in an injection bomb at near engine conditions, regarding 

pressure and temperature, with two single hole injectors of different nozzle hole geometry. 

The injectors had been matched experimentally as to give the same momentum rate, while 

having different HG and hole diameter. It was concluded that the two injectors gave nearly 

identical combustion processes regarding ignition, soot formation, flame temperature and 

flame structure.  

 

To further strengthen the theory, this paper included a real engine test. A total of three 

injectors with different nozzle hole geometry, but with same jet momentum, were tested in a 

2L single-cylinder engine. One rounded reference, and two elliptical types were used. The test 

revealed practically identical formations of soot and NOX formations as well as engine 

performance for both low and high loads. 

 

To summarize these studies, difference in cavitation, turbulence and injection velocity did not 

affect combustion, while jet momentum was kept at same level. All in all it is concluded that 

hole geometry serves the purpose of maximizing the momentum rate. However there are three 

main concerns that this paper does not address: 

 

1. Hole geometry can be used to reduce pumping losses. 
 

2. Hole geometry impact can be relative to hole size. 
 

3. Many holes comprises a total hole geometry for the injector. The same momentum 
rate can be achieved axisymetrically within the cylinder by injectors of different hole 

number configurations. Will a three hole injector yield the same results in relevant 

combustion parameters as an eight hole counterpart, maintaining the same fuel jet 

momentum? 

 

The axisymmetrical deflection method applied to real engine standard or prototype injectors, 

as is done within this project, makes it possible to investigate those concerns above to some 

extent. 

 

 

 

 

 

 

 

 

 

  



3. The total impulse concept  
 

The basic idea with the concept previously developed, is the ability to simultaneously 

measure the momentum rate of all sprays combined. The main advantage being the ability to 

easily compare momentum rate of a standard or prototype injector to other relevant 

parameters in the combustion process from that same injector, mainly particle contents of the 

exhaust and other emission parameters, but also fuel consumption and pressure levels among 

other combustion related parameters.  

 

With single-hole measurements, the momentum rate corresponding to those parameters must 

be obtained either with a multitude of measurements, one average value for each hole, or let 

one single hole represent the whole injector and multiply the obtained mean with the number 

of holes that the particular injector is comprised of. The fist method of measuring all holes is 

tedious, time-consuming and introduces new errors as the measuring apparatus and/or injector 

must be redirected a multitude of times. As for the second method, it is commonly known that 

hole to hole variations can be significant, and thus renders a one hole representative for the 

entire injector, an imprecise method. 

 

A third alternative for single hole momentum rate measurements is a specially designed 

injector with only one hole. This method introduces new sources of errors to the already 

uncertain one-hole method, the main problem being which fuel pressure levels for single hole 

action are correspondent to the flow rate of  the correspondent multi hole injector used for 

combustion measurements.  

 

The main feature of this new device developed over this and previous thesis work is the dome 

shaped, or bell shaped deflector. The bell deflector serves two main purposes: 

 

• All sprays of the injector are simultaneously deflected in same manner for all sprays. 
 

• The deflection is not instantaneous, but occurs over a finite length of gradual 
deflection. 

 

The first purpose above makes the load cell practical, as it measures the impulse from the 

whole injector. As for the second, it is believed that a gradual deflection ensures a much more 

unified direction for the sprays than to let the spray impinge perpendicularly. However, with 

gradual deflection, losses due to wall friction will arise. Weather the benefits of a more 

controlled deflection compensate for those losses or not, is a question that remains 

unanswered until comparative tests have been done. Furthermore, perpendicular deflection is 

hard to carry out on all sprays simultaneously. 

 

 

Figure 2 below illustrates the deflection principle used to deflect all sprays simultaneously. 

 



 
Figure 2. Deflection principle and load cell description 

 

The force measurement occurs when the fuel sprays lifts the deflection bell upwards as they 

are deflected straight down from their initial path, directed by the umbrella angle of the 

injector. As the deflection bell is lifted, a strain is induced on the connecting part between the 

deflector bell and the rest of the load cell, referred to as the mounting flange. By applying 

strain gauges on the connecting part, the strain can be measured as a voltage increase in a 

wheatstone bridge. This voltage reading can easily be calibrated to represent force, by 

applying weights. The force can also be calculated from known properties of the connecting 

part and the strain gauge, but this is more sensible to sample variation, and based upon inexact 

measurements as the uniform wall thickness of the connecting part. 
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4. Previous work and thesis targets 
 

4.1 Previous work 

 

Previous work and apparatus has been done within this area by Ph.D. student Mikael 

Lindström in his M.Sc. thesis work. A load cell was constructed and manufactured. Different 

types of deflector bell shapes were investigated in a series of 2D-curvature measurements. A 

camera to determine incoming and outgoing fuel jet speed was used for this. Two different 

deflector bells were constructed based on those results. Some different suspensions for 

mounting the load cell were constructed and tested. Calibration of the test equipment was 

made and a series of tests were performed in the spray lab, using an injection bomb well 

suited for taking photographs. 

 

The main findings from previous work were that the principle worked, but the total level of 

disturbances was too high. Below are the main points of improvement suggestions: 

 

• Increase the natural frequencies of the load cell so they don’t interfere with the 
measurements. 

 

• Further isolate the load cell from vibrations 
 

• Improve on electrical signal quality. 
 

 

4.2 Thesis targets 

 

 

As the work done in this thesis is the continuation of earlier work within the same concept, it 

was decided in the beginning what to do of this concept within the frame of this thesis work. 

The concerned parties settled on three primary targets: 

 

1. Construct a new, improved load cell. 
 

2. Investigate means of measure the accuracy of the equipment, preferably by comparing 
it to other methods and measurements. 

 

3. Perform a full scale test series, on different injectors of the same type, as to decide 
sample variations in momentum rate amongst these injectors. 

 

 

 

 

 



5. Force measuring  
 

The measured signals are produced when the strain gauges are elongated from strain provided 

by forces acting on ether side of the strain gauge, or both simultaneously. Basically, there are 

four ways of getting a voltage reading from force and inertia interactions, using the strain 

gauges applied on the thin, connecting part of the load cell.  

 

1. The deflector bell moves, causing strain on the connecting part when it accelerates the 
mounting flange. 

 

2. The opposite of the above scenario: The mounting flange moves, causing strain on the 
connecting part when it accelerates the deflector bell. 

 

3. Both sides of the connecting part are subjected to forces. 
 

4. Both or either sides of the connecting part are moving. 
 

In cases 1 and 2 above, the moving is caused by applied forces. Case 3 can involve movement 

or static conditions. Case 4 involves force generated by the inertia of either or both sides of 

the connecting part.  

 

Besides the cases above there is of course the possibility to provide strain by applying force 

directly on the connecting part, making it bend. Also force can be exerted directly onto the 

strain gauge. These examples are considered unwanted side effects and would seriously affect 

the force measurements if present. 

 

Ideally, the signal should be generated in the least complex manner. This facilitates the 

understanding of the signal so that it can be attributed to the deflection of the fuel as much as 

possible. The goal is to eliminate or diminish the effect of as many ways of getting a reading 

as possible. Mainly, there are three ways of achieving this: 

 

• Keeping the degrees of freedom at a minimum.  
 

• Altering the stiffness of weak elements 
 

• Altering the mass of the moving parts. 
 

By having the mounting flange rigidly connected to the injector holder, only the deflector bell 

will move, since the connecting part is substantially weaker than other parts. This will 

diminish the degrees of freedom and eliminate case 1 and 2 above. More, the forces in point 3 

will be the exerted force by spray deflection and the reactive force to that, done by the rigid 

mounting to the spray holder. Left are the inertia forces caused by the deflection bell that, if 

kept lightweight, will let this configuration yield a fairly correct reading of the impulse. Also 

the weak element, i.e. the connecting part, should be fairly stiff, as to further reduce the 

influences of the deflector bell inertia. Note that this does not involve the mass of the 

mounting flange, since it does not move due to the rigid connection with the injector holder. 

 



While reducing degrees of freedom by fixating the interconnection between injector and 

mounting flange has its perks, it does however provide a path for vibration distribution. The 

only force of interest in this application is the impulse gained from redirection of the spray. 

This means that vibrations from the injector needle and solenoid, conveyed by other means 

than within the fuel, are undesired. Introducing weak elements, as vibration dampers, is a way 

of coming to terms with this. Without the benefit of a fixed mounting flange, the ideal design 

would be to let the mounting flange have a huge mass. An example of a design would be to let 

the mounting flange weigh a ton and float in a very viscid fluid or gel. No vibrations from the 

injector would be conveyed and the impulse of approximately 100 N or so would do nothing 

to move it, even the slightest. This would be like having it fixed, but for obvious practical 

reasons no such design were developed in this thesis.  

 

To summarize:  

 

• The deflector bell should have low mass. This allows for fast response since inertia 
forces are kept low. 

 

• The connecting part should be stiff enough to allow fast response when applied force 
seizes, yet weak enough to allow the strain gauges applied to it to give a reading. 

 

• The mounting flange should be stiff and off great mass.  
 

• The mounting flange suspension should have weak elements to isolate from 
vibrations. 

 

 

 

 

 

 



6. Construction of a new load cell and suspension 
 

6.1 General points 

 

The construction of a new, improved load cell based on conclusions from earlier findings was 

the first task to accomplish within this thesis work. The decision to not use the old load cell 

for continued measurements was based on the total amount of disturbances apparent in a 

single unfiltered measurement of an injection. However, due to time constraints and 

confidence in previous design, no drastic alterations to the general design were considered. 

Those disturbances mentioned above, or the signal quality deteriorations in general, can be 

placed in four categories: 

 

1. Natural frequencies of the load cell 
 

2. Transmission of mechanical disturbances via the load cell suspension 
 

3. Electrical disturbances 
 

4. General signal quality 
 

In redesigning the load cell itself, only points 1 and 2 above are involved since points 3 and 4 

depends more on measuring equipment used, regarding wiring, sample frequency signal to 

noise ratio, mounting precision of the gauges, gauges used, and general lab environment. 

 

The reflections of previous chapter also plays a part in designing the new load cell, as do 

practical circumstances: 

 

• It cannot be made arbitrarily big 
 

• The material must be possible to manipulate into the intended shape. 
 

• The assembly of the suspension must be fairly simple and repeatable, as to allow 
changing of injectors or photographs to be taken. 

 

Areas of improvement can be divided into: 

 

• The load cell properties 
 

• The suspension properties and general design 
 

• The deflector bell design and surface quality 
 



6.2 Natural frequencies 

 

One of the most problematic areas of previous design was the natural frequencies. As it has 

been concluded in previous chapter, increased mass on the mounting flange will improve 

stability, but also make it less keen to resonate. Making the mounting flange substantially 

thicker will improve these qualities, but also alter the shape as to further increase the natural 

frequency of the flange itself. 

 

The connecting part between the deflector bell and the mounting flange is very critical to load 

cell performance. As the strain gauges must be elongated to produce a reading, the connecting 

part must allow for this movement but at the same time have a high enough natural frequency 

to correctly represent the signal content from deflecting the fuel. 

 

While deflection bell movement exists mainly in the longitudinal direction, some flexural 

movements may also occur. These flexural excitations are due to hole to hole variations in the 

spray distribution and a deviation from perfect centre in the axisymmetrical mounting of the 

load cell. The third common resonance mode, torsional, is not believed to be excited in any 

measurable extent and if so have substantially higher resonance frequency. 

 

The longitudinal natural frequency for the connecting part is given by the formula below: 
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Where: 

 

E : Young’s modulus for the material in the connecting part. 

A : The cross sectional area of the connecting part. 

m : The oscillating mass above the connecting part, here it is the deflector. 

L :   The length of the connecting part. 

 

The strain in the connecting part is given by: 
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Combining these formulas, it can be concluded that increasing the strain cannot be done 

without lowering the natural frequency. The opposite however, it not true. Lowering the mass 

of the deflector bell and shortening the length of the connecting part will raise the natural 

frequency, while not affecting the strain.  

 



The amplitude of the longitudinal vibration is relative to the length of the oscillating part, 

since the elongation of the connecting part increases with its length for the same amount of 

strain. Given a fixed excitation force, shortening the length of the connecting part will yield a 

proportional reduction in oscillating amplitude. The amplitude is too small to interfere with 

the deflection in any significant way since unlike the flexural mode, no angular or 

symmetrical concerns arises. However reductions made to this unwanted disturbance are 

always good for overall signal quality. A shorter length automatically requires a shorter strain 

gauge which may have a smaller gain factor, and thus the voltage output for a specific strain 

becomes smaller. 

 

Flexural vibration mode is somewhat more complex. The point of excitation is of importance 

here as is the location of the deflector bell mass. The amount of flexural excitation is also very 

difficult to estimate. Ideally there should be none, but this is close to impossible to achieve. 

All in all, the flexural mode and its effect on measurements are hard to account for as it is 

dependant on both injector and mounting, besides the load cell design. However, as for the 

load cell design, there are some key points to keeping this frequency high and its amplitude 

low: 

 

• The deflector bell should be lightweight and centre off mass as close to the junction 
between the connecting part and the mounting flange as possible. This makes the 

natural flexural frequency high and the amplitude low. 

 

• The centre of horizontal excitation should be vertically located as near the junction 
between the connecting part and the mounting flange as possible. This makes it less 

keen to flexural excitation. 

 

• The connecting part should be stiff, just as for the longitudinal vibration mode and are 
dictated by the trade off with strain, discussed previously.  

 

A formula for calculating the flexural frequency is given below:  
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The assumptions for this model are that the connecting part is regarded as a cantilever beam 

of negligible mass density, with a point mass concentrated at the free end and the other end 

firmly attached. As can bee seen, the frequency depends heavily on the mass product with the 

length between the free and the firmly attached end. That length in this mode, l is comprised 

of the entire length of the connecting part. Deviations in mass and length data from the real 

deflector bell will therefore cause large errors in the calculations. The formula may give a 

rough estimate of the flexural frequency, but for a more exact model, the usage of finite 

element methods and computer software is advised. 

 



In using more than one strain gauge, the flexural mode can theoretically be detected by 

comparing the signal readings from each gauge. If the result of adding the gauge signals 

together is a much smoother curve in regards of a certain vibration pattern, then that pattern 

most certainly are due to flexural vibration.  Note however that in adding the signals together, 

an overall signal quality enhancement is achieved by eliminating electrical noise. If the wall 

thickness of the connecting part varies, or if the gain factor differs between the gauges, adding 

the signals will not take away the flexural vibrations completely, but still they would be 

smaller than the non-added signals. 

 

The flexural mode can appear in two forms, either a stationary form, where two opposite 

points on the circumference are constant nodes, or an altering form. The latter means that the 

nodes are moving along the circumference and this movement may have its own frequency. If 

the signal quality is high and many strain gauges are used the two forms could easily be 

distinguished by observing a tangible difference in oscillating amplitude between gauges. The 

stationary form will typically have some opposite gauges oscillate with much higher altitude 

than their perpendicular counterparts. The altering form can easily be excited in this 

application by a circular succession of fuel jet impacts with the deflection bell. 

 

Although adding the strain gauge signals deduces the flexural vibrations from the real 

deflection signal to some extent, the interference with the jet deflection caused by the flexural 

vibrations is still there. The frequency of the flexural mode does not affect the angular or 

symmetrical disturbances to the fuel jet deflection, but its amplitude does. This is why the 

flexural amplitude is of a greater concern than its resonance frequency.  

 

On a final note, raising the oscillating frequency in any mode will increase the energy 

dissipation caused by the vibration. This will cause the vibration amplitude to decline faster 

with less disturbance to the wanted signal as a result.  

 



6.3 Connecting part 

 

Focus for the design was towards improving on longitudinal vibration and the flexural was 

somewhat omitted, due to practical circumstances and difficulties in judging its impact. 

 

Longitudinal harmonic frequency, while maintaining same level of stress, is increased by 

lowering the mass of the deflector bell and shortening the length of the connecting part. 

Below follows the two steps, beginning with shortening the flexible length. 

 

The length of the connecting part, i.e. the flexible distance, is dictated by the strain gauges 

used. Manufacturers of strain gauges have a wide assortment, but gauges smaller than 5 mm 

in the direction of measurement are somewhat scarce. However they come in two main types, 

with lead wire connections either to the sides or below the mesh and choosing the first type 

allows the length in the measuring direction to be shortened to about 2-3 mm.  

 

Observing that the strain gauge mesh often is much smaller than the total gauge, the question 

arose of weather the gauge matrix can be cut to allow for a shorter overall length. When it 

could be confirmed that this was the case, the shortened strain gauge was obtained in two 

steps:   

 

First the gauge with the smallest mesh was singled out, and then the gauge matrix was cut as 

short as possible whit the warranted properties still valid, according to the manufacturer. This 

is achieved by cutting along the marked arrows on the matrix, put there for that very same 

reason. The final length of the connecting part landed on 1.6 mm, allowing for some 

mounting space for the strain gauges, now cut down to only 1.5 mm. This meant shortening 

the flexible length with 3.4 mm compared to previous load cell. 

 



6.4 Deflector bell 

 

Reducing the mass of the deflector bell, or more correctly, all moving mass above the 

connecting part, could be done in numerous ways but involves two tasks: Reduce the mass 

deflector bell and reduce the mass of the attachment contrapment. While it was desired to 

maintain the possibility of changing deflector bell, featured on previous version by having an 

upper mounting flange, this would be spared for the purpose of reducing weight.  

 

The ideal design, performance-wise, is to machine the whole load cell, including the very thin 

connecting part, from one piece. This is however not deemed possible by contacted 

contactors, so that idea was rejected.  

 

For the deflector bell, some investigation went into lightweight materials, possibly covered by 

a thin chrome layer. However, it makes manufacturing somewhat harder, and leaves fewer 

options to mount the deflector bell onto the connecting part. It was settled on an all steel 

deflector bell. 

 

Tree alternatives for mounting were considered: Soldering, gluing and shrink fitting. Shrink 

fitting provides a good estimate of how rigid the mounting will be. Also a cylindrical shape 

would make manufacturing easier. Note that this in no way excludes gluing and soldering as 

good means of attaching the deflector bell, they are just harder to estimate. A detailed 

description on the shrink fitting is given in appendix 2.  

 

The total free weight, i.e. the parts above the strain gauges, amounts to 7.7 grams for one 

deflector bell curvature and 7.5 grams for the other. Previous version had a free weight of 8.9 

grams, so some improvements were made. However the free weight can be further reduced by 

shortening the grip length of the shrink fitting and shave of some excess material. This would 

give an estimated free weight of about 5 grams, while using titanium instead of steel along 

with this modification would yield a mere 3,7 grams or so. None of these modifications were 

attempted however.  

 

6.5 Frequency results 

 

The effect of the mass and length reductions together almost doubles the calculated frequency 

of previous version. Using the formula above for calculating the longitudinal natural 

frequency yields about 43.5 kHz, compared to the calculated value of previous design, 22.7 

kHz. The frequency of flexural vibration was calculated to 26.6 kHz. 

 



6.6 Deflector design 

 

Much work from previous thesis went into the investigation of deflection bell curvature.  

However, producing a deflector bell from an arbitrary curve form with a high surface finish 

and also a 2D-replica to perform visual tests on proved to be difficult. The main conclusions 

from those tests were to have a smooth curve and a high surface finish. Considering this, the 

simplest way to obtain the deflection curve is by using basic geometric shapes. Therefore, the 

design of the deflection surface consists of three consecutive parts: 

 

• A cone surface where the fuel jets enters the deflector at a small angle. This allows for 
some tolerance in height when the load cell is set up, without altering the initial angle 

of impact. The initial deflection of the fuel begins upon impact on this cone surface. 

 

• A globe surface with constant radius of curvature. The constant radius makes for a 
smooth deflection and a resulting even force. Here is where the main deflection takes 

place. 

 

• A cylindrical surface, parallel to the axis of symmetry. This part has the task of 
aligning the spray perfectly downward. 

 

If the surface is too coarse it will shatter the fuel jet somewhat, and this works against the 

intended idea and chief benefit with gradual deflection, a controlled angle of deflection. The 

deflector surfaces were polished to maximum possible finish. The result was a much smoother 

surface than previous deflectors had, even if it was not mirror-perfect.  

  



6.7 Mounting and suspension 

 

Finally the mounting and suspension was revised. From previous work it was clear that a soft 

mounting was necessary, and that the design gave fairly good damping. The main issue with 

that suspended mounting is repeatability. The height and clamping force adjustment, which 

dictates the stiffness in the damping, were both made by tightening the M3 nuts in an arbitrary 

fashion. Also, centering the deflector bell was made this way by inspection from underneath. 

This suspension can work well for one time setups, but makes reproducing results hard when 

alterations has been made, weather the deflector bell has been changed or the setup just been 

reassembled or moved. 

 

To solve the tasks of centration, height adjustment and clamping force simultaneously, 

intermittent clamp tubes were designed. In figures 3 to 6  these tubes, the suspension and its 

parts are displayed. Note that the suspension mounting is not fully tightened in the last figure. 

 

 
 

 

Figure 3. Clamp tube 
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Figure 4. Clamp tubes fitted in mounting holes 

 

 
 

Figure 5. Adapter plate with clamp tube 
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Figure 6. Mounting example 

 

 

These tubes (figure 3 above) are slightly longer than the mounting flange is thick and should 

be fitted within the mounting holes, outside the mounting rods (figure 4 and 5). The tubes fit 

snugly on the mounting rods, thereby providing centration. Also the tube outer diameter is 

smaller than the mounting hole, allowing o-rings to be fitted in between. Special slots for 

these o-rings are located a small distance from the edges. By placing washers with same inner 

diameter as the tubes, and outer diameters slightly greater than the mounting holes at each end 

of the tubes, while fitting o-rings between the washers and the mounting flange, the load cell 

is suspended on the tubes, when the washers are clamped to the tubes.  Finally the height 

adjustments are made by applying very thin washer shims between the tubes and some fixed 

level on the mounting rods, in this case a long nut and some thicker washers (figure 6). 
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7. Manufacturing the load cell and the load cell suspension 
 

7.1 Manufacturing the load cell 

 

From the final drawing, which can be inspected in appendix 1, the outer shape and the central 

holes of the main part were milled in a CAM-machine. To obtain the evenness and thinness 

required for the measuring ring. The central inner hole was honed to meet our standards. 

Finally the mounting holes were drilled. 

 

The deflector plugs, one for each curvature profile, were also milled to their main shape in a 

CAM-machine. However the finish of the deflector surface was less than satisfactory with the 

milling alone so we had to resort to other methods. An inner mould of copper was made from 

the deflector shape, one for each deflector, and the deflector surface was polished with this 

mould and carbide powder. This resulted in a much better surface finish but perhaps with a 

slightly distorted curvature. The drawings of the deflector plugs are supplied in appendix 3. 

 

The final part of the load cell manufacturing was applying the strain gauges. In order for the 

strain gauges to be glued on properly, the surface where they are to be glued upon must be 

perfectly pure, and thus oxide layer and dirt must be removed. For this purpose there are 

standardized methods ill-suited for our application, which unfortunately landed us with two 

destroyed main parts. There’s a lesson here: Do not sand blast 0.1 mm thick tubes and expect 

them to be straight afterwards. 

 



Fortunately enough, the manufacturer of the load cell had three reserves, or practice 

specimens, so they swiftly sent us two new ones. After a more gentle approach to oxide 

removal, the gauges were finally applied, along with welding terminals and wiring, all 

beautifully coated with a protective layer able to withstand aggressive environments like 

diesel. The result is seen in figure 7 below. 

 

 
 

Figure 7. First load cell 
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Two load cells were manufactured, one for each deflector shape. The strain gauges were 

applied with different coatings. The first version is seen in figure 7 above and in figure 8 

below, the second load cell is photographed during strain gauge application. 

 

 

 

 
 

Figure 8. Second load cell 

 

The deflector bells were milled and polished according to the description in previous chapter 

and the result can bee seen in figures 9 and 10 below. 
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Figure 9. Deflector bell 1 

 

 
 

Figure 10. Deflector bell 2 
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7.2 Manufacturing the load cell suspension 

 
The load cell suspension was designed to give uniform properties between assemblies, 

controlled positioning and vibration insulation, but also to be easily manufactured. Following 

the construction drawings, two sets of clamp tubes were manufactured so as to provide 

additional variation to clamping force and stiffness. Different combinations of washers, o-

rings and washer-shims completed the suspension. The result has already been shown in 

previous chapter. 

 



8. Measuring electronics 
 

The usage of a wheatstone bridge is commonplace in force measuring applications. There are 

many variations on wiring configurations, each with their pros and cons. For our purposes the 

dire need of space was the main limiting factor, since it is hard enough to apply even three of 

those very tiny gauges. There are some benefits to more elaborate wiring configurations, such 

as temperature compensation among others, but those were deemed less important, and would 

require more space for application. It was settled upon the quarter-bridge configuration shown 

in figure11 below. 

 

 
 

Figure11.  Quarter-bridge strain gauge circuit 

 

An overhaul of the amplification setup from previous thesis was also attempted. Some 

investigation went into the concept of carrier frequency amplification or AC-amplification. As 

the name suggests, this means using an alternating current. The main benefits compared to 

DC-amplification, as used previously, are higher top voltages at the thermal limit or power 

limit of the strain gauge, and a native filtering of disturbances. Each will be briefly explained 

below. 

 

The signal level is given by the output voltage, U while the thermal limit is proportional to the 

power developed in the gauge, P. 

 

For DC-amplification the power, P in the gauge is: 

 

R

U
PDC

2

= , Where R is the gauge resistance. 



For AC-amplification with a sine-curve voltage pulsation, the power, P in the gauge is: 

 

2

2

R

U
PAC = , called the Root-mean-square power (RMS power). 

 

The thermal limit of the strain gauge, is set by the average power in the gauge so with the 

same thermal limit: 22 2 ACDCACDC UUPP =⇒=  

 

The filtering properties of the AC-amplification are illustrated below. First there is the DC 

setup in figure 12 . 

 

 
 

Figure 12. DC-amplification 

 

The corresponding setup and frequency properties are shown for AC-amplification in figure 

13 below. 

 

 
 

Figure 13. AC-amplification 

 

Unfortunately, AC-amplification comes with the drawback of a native sample rate, thus 

limiting the highest frequency content it can handle. For our purposes there are simply no 

commercial AC-amplifiers up for the task. Considering the somewhat hefty price tag on 

obtaining better performing DC-amplifiers, keeping the same amplifiers seemed like the best 

solution. 



9. Measurements 

9.1 Measuring technique and signal quality 

 

The new load cell and the suspension had been especially adopted for the same injection 

bomb used in the previous thesis. Due to difficulties with fitting measuring equipment from 

another parallel thesis project, into this bomb, the common rail pump used in the spray lab 

were connected to another device. An adapter plate was made to adapt the load cell 

suspension for this.  

 

However, due to malfunction in the data acquisition equipment, no measurements were made 

in the spray lab previously used. Combined with the fact that long series of measurements 

could not be conducted without thorough reprogramming of the controller software, a 

decision was made to move the testing equipment to an engine test cell.  

 

Data logging in the engine test cell is mainly engine cycle-based, although there are some 

time-based functions too. For the purposes of this project, this means that momentum rate will 

be logged as a function of degrees of revolution (DOR), rather than time. As a consequence, 

this system got a native sample frequency, dependant on the rotation frequency. 

 

To be able to log data, a rotating device is needed. Normally this would be the engine, but as 

its fuel pump was needed it was necessary to resort to other means. A power drill was used for 

the initial measurements, but was later replaced with an asyncron motor for stable and easily 

adjustable rotation frequency.  

 

Conversion formulas and numbers from revolutions per minute (RPM) to other parameters are 

given below: 

 

Rotations per second RPS: 
60

RPM
 

 

Injection rate: 
RPS∗2

1
 

 

Sample density (samples per DOR): 10 

 

Degrees per second (DPS): RPS∗360  

 

Sample frequency (sample rate), f (Hz):  
60

360101 ∗∗
=

RPM
f  

 



The rotation frequency used for most of the measurements was 1500 RPM, which converted 

into sample frequency according to above formulas gives 90 kHz. With a Nyquist frequency 

of 45 kHz that’s theoretically enough to cover the estimated natural frequency of 42 kHz. As 

mentioned earlier, a low pass filter is needed to avoid aliasing errors. Since there are no ideal 

filters, the highest frequency that can be correctly represented by a sample frequency of 90 

kHz is in fact lower. As a rule of thumb, one third of the sample frequency could be used 

without aliasing errors when a low pass filter is applied. However, this is not the case here 

since equipment intended for other purposes was used. Still no frequency contents higher than 

the longitudinal natural frequency are believed to be represented in any significant amplitude. 

 

The higher sample rate of 180 kHz, used for the resonance test was highly impractical in the 

makeshift spray lab when fuel was involved so the 90 kHz became standard for the remainder 

of the tests. 

 

By zooming in on a non-averaged signal, the level of digitalisation will become apparent. In 

figure 14 below, depicting the idle signal, it is shown that the smallest step is 5 mV, meaning 

that at zero load the signal will fluctuate 5 mV up and down, which is equivalent to a force 

exertion of about 1.6 N. 
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Figure 14. Digital resolution 

 

Due to the low level of digital resolution, it is quite hard to tell how much the averaging over 

300 cycles contributes to electrical noise cancellation, meaning that the smoothing of the 

curve is more an effect of more signal levels than of actual noise cancellation.   

 



In the software used, the range could be set to either one or ten volts above and below zero. 

Unfortunately the balancing feature on the amplifiers would not suffice to adjust all 

wheatstone bridges so their unaffected state would be within the lower range.  As a 

consequence the 10 volt range had to be used. For this application a better A/D converter 

would be preferred as much information gets lost in the digitalisation process. Also, better 

bridge balance and better amplifiers would contribute to enhanced signal quality. Ideally the 

voltage range should match the highest expected output, and within that range there should be 

as many levels as possible.  

 



9.2 General impulse signal 

 

Once the injection testing could commence, the readings from the force measurements gave a 

strange and seemingly unexplainable curve for the rate shape. Unfortunately this problem 

persisted throughout the whole thesis work that due to time constraints had to be abrupt before 

the problem could be fully understood. Below, figure 15 exemplifies such a typical curve 

from one of the strain gauges. Note that the x-axis is converted from rotation angle to depict 

the curve as a mean of 300 cycles, 720 degrees each, on time basis. The signal is 80 ms long, 

since a 1500 RPM rotation sweeps 9 degrees of rotation for each ms. 

 

Time [ms]

A
m

p
lit

u
d

e
 [

V
o
lt]

-20 -10 0 10 20 30 40 50 60 70
0.965

0.970

0.975

0.980

0.985

0.990

0.995

1.000

1.005

1.010

1.015

1.020

 
 

Figure 15. Typical injection signal from single gauge, new load cell 

 

As can be seen, the signal has an elevated level throughout the entire period of 720 degrees or 

80 ms. After solenoid engagement at 40 ms there is a pre-peak starting at approximately 40.5 

ms, then the signal dives to a low level. After this it increases for approximately 2 ms and 

then decays until next injection starts. The rate of decay resembles the formula for exponential 

decay, often found in cases like heat dissipation, etc. Expected curve form for the rate shape is 

almost that of a square pulse, often resembling the needle lift curve. This expectation is due to 

other rate shape measurements and previous tests done within this concept, along with the fact 

that an injection of 2 ms normally should not cause percussions for over ten times that long. 

 



As a consequence of this unexpected behaviour of the test system, few measurements of 

actual fuel deflection were made considering their questionable value as mass momentum 

measurements. Also, measurements of the general load cell properties such as natural 

frequencies and damping of the suspension suffered from this when most of the lab time 

became devoted to error investigations. However, some measurements were conducted of 

both fuel deflection and load cell properties that are evaluated and discussed in next chapter. 

 

These measurements are: 

 

• Fuel injections at high and low load, measured at three distances from the injector tip. 
This was achieved by adjusting the load cell suspension with thin washer shims. Low 

load level setting was 1000 bar injection pressure and 1 ms needle lift time, high load 

level was 1500 bar and 2 ms. 

 

• Vibration measurements made with two sample rates, by using two different rotation 
speeds for the asyncron motor. Vibration was achieved by shooting a rivet onto the top 

of the deflector bell, casing it to vibrate. Sample rates were 90 kHz (1500 RPM) and 

180 kHz (3000 RPM). 

 

• Measurements with no fuel pressure. 
 

• Measurements with stiffer mounting. 
 

• Measurements when the load cell is lowered so that the fuel overshoots the deflector 
bell and no fuel is deflected. 

 

 

The rest of this chapter will discuss measurements made for error analysis.   

 



9.3 Error investigation 

 

 The experiments conducted for investigating the strange signal output were carried out in an 

attempt to reproduce the strange behaviour in a manner other than by injecting fuel, as well as 

trying to get normal signals from the fuel injections. Below are the six categories of the 

experimental measurements: 

 

• Parameter alterations. Here, the normal parameters, such as injection time, injection 
pressure, mounting height injector etc. are changed. 

 

• Background measurements. This is done by measuring the setup adding one 
component at a time. 

 

• Complimentary measurements. Using oscilloscopes to display the signal can confirm 
or deny the readings from the used logging equipment.  

 

• Physical excitations. Here, force to the load cell is applied by using weights in 
different ways. 

 

• Electrical excitations. A tone generator was used to generate a square wave in various 
setups. 

 

• Previous load cell. Measurements were conducted using the old load cell with current 
setup and injectors. 

 

Unfortunately, none of the above experiment would result in a similar reproduction of, or 

solution to, the problem at hand. Nevertheless they provide information that apart from being 

useful for further investigations, also shows some properties of the load cell and the setup in 

general. They will be briefly discussed below.  

 

Whenever fuel was deflected by the load cell, the signal would have the prolonged strange 

look and this was confirmed by connecting the amplified signal to both an oscilloscope and a 

hand held multimeter.   

 

The tone generator experiments, using a square wave with similar magnitude and duration as 

the expected impulses, were conducted in three steps: First it was plugged directly into the 

DAC (Digital to Analog Converter), second it was fed to the signal input of the amplifier. The 

third step was feeding the square wave directly to the wheatstone bridge. At all times the 

signal would keep its shape and properties. 

 



For the weight experiments, the load cell was mounted upside down and a lightweight paper 

ball was put into the deflection bell as an anchor to the string where the weight was attached 

in the other end. Different weights, ranging from 1 to 5 kilos were hung from the deflector 

bell. While sampling, the weight was cut down for some experiments, or dropped so the string 

would snap for others. These experiments were also conducted with the load cell in its normal 

position. For all these experiments, the measuring equipment would produce expected results. 

As an example, cutting down a 1 kg weight from the load cell would produce a sharp voltage 

step down in going from strained gauges to relaxed gauges, as seen in figure16 below. 
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Figure 16. Weight cut-down 

 



The previous version of the load cell was also tested, using the same setup and injector as the 

new load cell. It was tested both with weights and with fuel. The weight tests gave expected 

results but when injecting fuel the signal was different both from previous results with this 

older version and the results from the new load cell. Below an averaged curve over 300 cycles 

is given in figure 17. 
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Fig 17. Typical injection signal, single gauge, previous load cell 

 

As can be seen, the signal level is changing over the whole period, similar to the new load 

cell. However, in this case the curve resembles a normal rate shape at the time of injection. 

The prolonged behaviour is somewhat opposite of what can be seen with the new load cell. 

Instead of falling off slowly it falls quite rapidly to a low level and then slowly increases for 

the remainder of the cycle until next injection.  

 

As for the complimentary measurements, sampling with no fuel pressure, letting the fuel 

overshoot etc, nothing out of the ordinary was observed. 

 

Results and conclusions gathered from these observations will be discussed in next chapter. 

 



10. Results and conclusions 

10.1 Frequency analysis 

 

Since it was deemed necessary to reduce the interference to the impulse signal caused by 

natural frequencies of the load cell, the load cell was redesigned primarily to increase the 

longitudinal resonance frequency. To review the results of this new design, the natural 

frequencies of the load cell were investigated. The investigation consists of three steps. First 

the deflector bell is made to resonate freely by a force impulse, second the signal output from 

overshooting tests and no fuel tests are investigated. Finally the frequency contents from 

actual fuel deflections are analyzed. The first test category is resonance tests and the other two 

are application tests. 

10.1.1 Resonance tests 

 

The natural vibration modes were excited by letting a rivet hit the deflector bell at high speed 

while logging the signal from the strain gauges. This method was a derivative of the weight 

experiments that proved useful for this purpose. A weight was hung from the upside down 

mounted load cell in a string with the rivet interconnecting. When cutting the string between 

the weight and the load cell, the rivet would pop up and hit the deflector bell.  

 

Note that these measurements are not cyclic and thus not averaged. They contain more 

random noise and suffer from lower precision than the averaged measurements, since the low 

level of digitalisation are not averaged either. 

 



The speed, time and accuracy of the impact would vary rather much from time to time. Also 

the paper ball anchor, while lightweight, could interfere with the measurements. These 

measurements were conducted at two sample rates as to investigate weather there were any 

substantial differences. Below, figure 18 shows a typical signal from the impacting rivet from 

one of the strain gauges. 
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Figure 18. Rivet impact 

 

This signal from a single strain gauge clearly exhibits oscillatory behaviour. As previously 

discussed in chapter ??, the gauges can provide somewhat different signals due to irregular 

wall thickness, minor differences between the gauges and the bonding to the surface, plus the  

flexural vibration mode can have nodes at or in between the gauges. These differences are 

apparent in all measurements to some extent. 

 



The frequency contents were analyzed using a Discrete Fourier Transform (DFT) utility in the 

graph plotting software. Measurements with a strong signal from successful rivet impact were 

used, one for each sample rate.  

 

In figure 19 below, the frequency content from one strain gauge, sampled at 90 kHz is shown. 
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Figure 19. Low sample rate frequency content 

 

As can bee seen, 4 clear spikes can be outlined from the graph. The scale for the x-axis is 

converted to time basis from the original degree of rotation basis.  

 

Each of the three gauges gave different peak levels, suggesting the existence of vibration 

nodes around the circumference of the connecting part. 

 

From previous calculations, the longitudinal frequency was estimated to be around 43.5 kHz 

while the flexural1:st harmonic would be somewhere around 27 kHz. One of the detected 

spikes matches these calculations rather well, but as mentioned previously there are many 

uncertainties.  
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Adding the signals together and then perform a DFT yields the frequency content in figure 20 

below. 

 

Frequency [Hz]

A
m

p
lit

u
d
e

 [
V

o
lt]

0 5 k 10 k 15 k 20 k 25 k 30 k 35 k 40 k 45 k 50 k
2 µ

5 µ

10 µ

20 µ

50 µ

100 µ

200 µ

500 µ

1 m

2 m

5 m

10 m

20 m

 
 

Figure 20. frequency content of summarized signal at low sample rate 

 

The first peak is diminished slightly while the second is boosted tremendously. The third and 

fourth would vary quite much between the samples, so the effects of adding the signals are 

inconclusive regarding those frequencies. This discovery about the second vibration 

frequency around 27.9 kHz more or less disqualifies this as the flexural resonance frequency. 

In fact none of the spikes were substantially decreased by adding the signals, which may 

indicate that the signals from the 3 strain gauges may not be simultaneous or that the wall 

thickness varies. Another reason may be interference from the paper ball arrangement or the 

non-symmetric impact of the strain gauge. However the amplitude of the peak at 12.9 kHz 

was indeed lower for the sum than it was any of the individual signals, which was not the case 

for the other peaks.  

 

 



Moving on to the higher sample frequency of 180 kHz, the picture does not change much 

frequency-wise, as can be seen in figure 21 below. 
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Figure 21. Frequency content, high sample rate 

 

Here a total of 5 clear spikes can be observed. Note that the spikes from the 90 kHz test 

reappear. The smallest spike occurs at a frequency too high to be spotted with a 90 kHz 

sample frequency, which leaves no new spikes within the 45 kHz range. 

 

Unfortunately no adding of the signals at the higher sample frequency was possible since one 

of the leads to the gauges was disconnected. However the amplitudes in the frequency plane 

are generally much higher for the 180 kHz test, although the oscillations were of much lower 

range than in the 90 kHz test. This is an effect of the closer sample points, making resonance 

frequencies more distinguishable with a DFT. For a proper frequency analysis, a sample rate 

in the MHz range would be adequate, combined with a low pass filter. 

 

At this stage it is wise to check for multiples of the frequencies in order to single out higher 

harmonics of the same vibration mode. Although close there is no clear case of higher 

harmonics apparent here. 

53,5 kHz 



10.1.2 No rail pressure and overshoot tests 

 

The arrangement of the tests with no fuel pressure, henceforth referred to as NRP-tests, was 

simply to record an average of 300 cycles of injection, but with no fuel present. The signal so 

obtained will contain vibrations transmitted by the suspension from the injector coil action, 

and induced vibrations in the harmonic modes of the load cell. 

 

Figure 22 below shows an average signal from one gauge with 1 ms injection time at 90 kHz 

sample rate. 
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Figure 22. NRP-signal, single gauge 

 

The signal from the coil action can clearly be distinguished from the noise, but the level of the 

vibrations transmitted is not much higher than the noise averaged 300 times. Performing a 

DFT on this signal renders the frequency content in figure 23 below. 
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Figure 23. Frequency content in NRP signal 

 

The only clear peak is somewhere between 12 and 13 kHz, but there is also a hint of 

resonance at about 37 kHz. These results are concurrent with previous observations. 

 



The procedure for the overshoot tests has been explained previously, it is just a matter of 

lowering the load cell so that the fuel misses it and thus no fuel is deflected but vibrations 

from fuel injections can still be transmitted. The test was done by averaging 300 cycles from 

injections of 1ms duration and 1000 bar rail pressure at sample rate of 90 kHz. As with the 

NRP analysis, only one gauge is considered, as to avoid signal cancellation in case of flexural 

vibrations which could occur when adding or averaging signals from all three gauges. In 

figure 24 below the result from overshooting can be seen. 
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Figure 24. Overshoot signal, single gauge 

 

There is a delay of about 0.9 ms before the injection can be seen. Normally it will take about 

0.5 degrees for the fuel to exit the injector from the time the coil is engaged. This extra 

duration is probably caused by the lower mounting of the load cell. The signal observed may 

well be vibrations caused by fuel hitting the mounting rods, rather than vibrations being 

conveyed from the injector. By inspecting the signal, it appears that a new oscillatory 

movement with a lower frequency has been added. This can be confirmed by looking at the 

frequency content from a single gauge in figure 25 below. 
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Figure 25. Frequency content in overshoot signal 

 

The peak at about 12.5 kHz seen in the previous experiments is present even in this case, but 

here there is another stronger peak at approximately 2.6 kHz which has not been apparent 

before. The oscillations at 2.6 kHz are of large amplitude as can be seen in previous figure. 

 

When the signals from the three gauges were added together the vibrations of oscillations at 

2.6 kHz concurred and the amplitude was magnified about 4 times.  



10.1.3 Impulse tests 

 

The final step in analysing oscillations from the load cell is to look at the rate shape 

measurements. Here the analysis is focused solely on the appearing vibrations, saving the 

discussion of the signal shape for later. For the purpose of vibration analysis, the smoothest 

rate shapes were chosen so the vibrations would stand out better. In figure 26 below, the rate 

shapes of all strain gauges are shown in the interval between 40 and 52 ms. Also the injector 

coil pulse is shown here and in following figures to give an idea of the delays present. 
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Figure 26. Rate shapes from all 3 gauges individually 

 

Just prior to the signal peak the signal exhibits fast oscillations at a high frequency, but there 

is also a slower oscillation present. These frequencies are about 13 and 2 kHz respectively, 

near frequencies derived from precious results. Adding these signals together resulted in the 

curve shown in figure 27 below. 
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Figure 27. Rate shape from all 3 gauges added 

 

By looking at the critical area just before the signal peak it is clear that the vibrations at 13 

kHz are almost gone, while the 2 kHz oscillations are more pronounced. A DFT of these 

curves confirms this result. The frequency spectra of the added curve have a peak with 4 times 

greater amplitude at 2 kHz compared to those from the individual gauges, while the peak at 13 

kHz can no longer be distinguished. 
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10.1.4 Conclusions regarding vibrations 

 

The resonance tests gave more peaks within the frequency range than the application tests. 

Only the resonance at about 12.5 kHz was identifiable in all tests.  Neither the 28 nor the 31.5 

kHz resonances could be distinguished in any of the application tests and they are both quite 

lower than the calculated longitudinal resonance frequency. Because the nature of the 

excitation, they are probably due to some other vibration mode not present in real application 

tests.  

 

The peak at about 37 kHz is the probable candidate to the longitudinal resonance frequency. 

The calculated value was roughly about 43.5 kHz, but is derived from an ideal simple model 

and that contributes to some errors, and the gauges and bonding are not included in the 

formula. Furthermore the manufacturing process is inexact, and the test conditions with the 

paper ball also make the deflector bell a bit heavier. All in all these sources off error 

contributions may very well add up to the missing 6.5 kHz. 

 

The resonance peak about 12.5 kHz are certainly a property of the load cell or rather the 

connecting part. The deflector bell is easily made to resonate in this frequency, no matter in 

which way it is excited. While the calculated value for flexural vibration is much higher than 

12.5 kHz, the formula is based on a non realistic ideal case and may be too coarse for this 

construction. Moreover, the flexural mode calculation is way more sensitive to deviations in 

input data than the longitudinal counterpart, making manufacturing precision and the adding 

of gauges and bonding material more crucial. Finally, the observations from adding the gauge 

signals together speaks volumes of the nature of this vibration, as no other mode than the 

flexural causes the gauges to oscillate off-phase with each other, making the added vibration 

level much lower than those from the individual gauges.  

 

The large amplitude oscillation at roughly 2 kHz is only visible when fuel is injected, which 

excludes it from being a natural frequency of the load cell. Either the vibration is carried 

within the fuel, as a pulsation, or it is transmitted via the load cell suspension. 

 

Apart from the tests above, injections were carried out with the rubber o-rings replaced with 

metal washers as to see weather this would increase the vibrations to any significant extent. It 

turned out to be less important with only a slight increase in vibration content, which could 

also be contributed to the slight alteration of the load cell position. The positioning of the load 

cell had a major impact on signal quality which can bee seen later in this report. 

 



From the discussion above some conclusions can be drawn about apparent vibrations in the 

measurements: 

 

• The longitudinal vibration mode frequency was identified at about 37 kHz, which is a 
vast improvement. However, this frequency could not be identified in the fuel 

injection tests and may not be as important as previously believed, at least not for this 

design. Weather this mode is suppressed by the flexural or just suppressed in general 

is hard to tell without further testing on various designs. This is best conducted by 

using FEM software where alterations in measurements and masses are done quickly, 

compared to the tedious and expensive work of manufacturing new load cells. 

 

• The flexural mode is the dominant vibration component and is contributing more to 
the disturbances than previously believed. Although more complex than the 

longitudinal mode, it is easier to mitigate by design and could be further reduced by 

adding the signals from the gauges.  

 

• Vibrations observed at about 2 kHz are introduced by fuel injections and to further 
investigate how they are propagated, variations to the mounting and suspension 

assembly must be made. 

 

• For a complete understanding of the possible resonance modes and their frequencies 
the simplified formulas used in this thesis are insufficient. A proper finite element 

analysis of the CAD model is strongly advised. There are plenty of suitable software 

solutions, many with CFD (Computer Fluid Dynamics) functions included. 

 

• For a proper frequency analysis, a sample rate in the MHz range would be adequate, 
combined with a low pass filter. 

 



10.2 Impulse signal analysis 

 

The impulse tests were conducted over 300 cycles and an averaged cycle value was obtained. 

Four mountings and 2 load levels were used. Six of eight combinations are represented, and 

they are presented in figure 28 below: 

 

 Raised 0.2 mm Reference level Lowered 0.1 

mm 

Lowered 

0.1mm+ 

1 ms, 1.0 kBar X X X X 

2 ms, 1.5 kBar X - - X 

 

Figure 28. Impulse tests 

 

The tests started with a reference mounting height and were completed with a high, low and 

stiff configuration. The stiff mounting had the same number of shim washings as the low 

configuration but are probably slightly lower due to the thickness of the metal rings replacing 

the o-rings, thereof the “+” index above. 

 

In figure 29 below, the curves for the added signals of each mounting at the low load are 

represented. 
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Figure 29. Total rate shapes of all mountings, low load 

 

As can bee seen the entire cycle has been shortened to display the most interesting parts more 

clearly. Also the levels of the curves have been adjusted to bring them closer for a proper 

display. The highest curve represents the lowest mounting and so forth.  
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The higher mountings are filled with disturbances and for the highest mounting, the fuel 

deflection is hard to outline. The increased vibration content is probably due to the fuel sprays 

hitting the deflector lower, at a sharper angle, making the deflection more sudden. If the 

sprays don’t hit the deflector simultaneously, this will further increase flexural vibrations, 

compared to a softer deflection. 

 

In the case of the highest mounting, it is probable that the deflector bell comes in direct 

contact with the injector, since the disturbances are sharp and irregular. Also the pre-peak 

begins some degrees earlier, which cannot be explained by the shorter distance due to the high 

speed of the fuel. 

 

The consequences of the mounting position are even more pronounced for the high load tests. 

In figure 30 below the difference between the highest and lowest mounting can be seen. 
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Figure 30. Total rate shapes at highest and lowest mounting, high load 

 

The lower mounting has a similar signal level and greatly reduced vibrations. The height 

tolerance of the bell shape is within 0.1-0,2 mm according to the design specifications, which 

means that within this range the impact angle is constant. As the adjusting of the height was 

done within 0.3 mm, some of the tests were outside optimal conditions. 

 

Start of coil 

engagement 

End of coil 

engagement 



In figure 31 below, high and low load curves from the lowest mounting are shown. 
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Figure 31. High and low load curves from the lowest mounting 

 

In an attempt to analyse the curves it is useful to have them close in the same chart. 

Simplified, higher rail pressure means a higher reading on the Y-axis, i.e. higher voltage, 

while a longer injection time will cause a longer reading on the X-axis, i.e. the duration, here 

in degrees of rotation. From the type of injector used the usual time between coil engagement 

to fuel ejection is about 0.6 ms. Here it is assumed that the same time, or rotation, elapses 

between the coil disengagement and the seizure of diesel injection at the end of injection. As 

the speed of the fuel jet is very high, the time between exit and impact with the deflector bell 

is well within the sample period. The length travelled by the fuel in between samples exceeds 

20 mm, which means that the leading fuel tip already have been fully deflected when it is 

registered. The duration of the coil pulse is close to 1 and 2 ms for the low and high loads 

respectively. Consequently the fuel deflection should be sought between 40.6 and 41.6 ms 

after coil engagement for the low load and 40.6 to 42.6 ms for the high load. Such tendencies 

are found and marked for both curves in the figure above. Coil engagement starts at 360.1 

DOR, close to 40 ms, in the beginning of the figure for all tests. 

 

As expected curve form during fuel deflection would resemble a needle lift curve, roughly a 

square wave, and would be constant until next deflection, it is clear from the error 

investigations and the identification of the start and stop of deflection that something else 

affects the strain gauges after the deflection.  
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Of all possible reasons thought of; the only thing that fits the picture is heat. The signal decay 

resembles closely that of heat transfer and a rough calculation of the maximum time of decay 

confirms that this is likely to be the case. Heat loss from an insulated rod, modelling the heat 

transfer from the connecting part to the mounting flange and deflector bell, can be calculated 

using the heat conduction equation. These calculations verify that the cool down period for 

the connecting part is quick enough to allow for a temperature difference greater than 80 

degrees within 40 ms. 

 

From the weight experiments, 10 N yields an increase of about 30 mV for each gauge. Using 

the formula for strain calculations this yields about 11 microstrain. The heat expansion 

coefficient for steel of the type used for the load cell is also about 11 microstrain per degree 

Kelvin. This means that the highest signal level on high load would be equal to the rapid 

heating of about 8 degrees above room temperature. Fuel temperatures from this injector can 

exceed 100 degrees so this could very well be heat induced from a signal level point of view 

as well as from the time frame point of view. 

 

There are four main considerations to heat influence on the strain gauge readings: 

 

1. Heat could be transferred to the connecting part from fuel spilling onto it or by metal 
conduction from the deflector bell. 

 

2. The strain gauge has a built in temperature compensation and will not indicate the 
same strain for heat expansion as for force expansion. Usually the heat expansion will 

give a lower reading. 

 

3. The thin metal of the connecting part can bend when there is a temperature difference 
between the inside and outside. This phenomenon is very fast as thin metal distributes 

heat very fast. 

 

4. For rapid occurrences, such as those at hand, the matrix of the strain gauge and the 
gauge mesh will not heat up or cool down as quickly as the connecting part, due to the 

isolating properties of the matrix and bonding material. This may cancel the effect of 

the temperature compensation from point 2 above. 

 

From looking at figure 31 above, or any of the other deflection curves for that matter, there is 

an abrupt drop in signal level shortly after the deflection has begun. This is believed to be an 

effect of point 3 above. When the inside of the connecting part is exposed to the hot fuel, 

there is a temperature difference between the inside and outside. Since it is warmer in the 

inside, the thin wall will bend inward, thus compressing the strain gauge on the outside which 

yields a negative signal output. The phenomenon is very short lived since the heat spreads 

tremendously fast through the thin wall and begins to expand the outside as well. This theory 

fits well with the general behaviour of the curves. 

 

Since the heat interference is present throughout the whole cycle, it is fruitless to estimate the 

magnitude of the impulse, other than that it does not exceed certain values, depending on the 

mounting and load case.  

 

 



From what can be gleaned in this section, a few conclusions can be drawn about the general 

signal appearance: 

 

• The height location of the deflector bell is crucial to signal quality, since non-optimal 
height will tremendously amplify the tendencies for harmonic vibrations. 

 

• With the proper mounting height set, the overall vibration disturbances are fairly low 
compared to the overall signal output. As it seems, this property has been vastly 

improved from the previous load cell. 

 

• The heat from the fuel is conveyed rapidly enough to pose a real problem for 
measuring the force impulse. 

 

• The test results strongly points towards fuel hitting the inner wall of the connecting 
part. This calls for a redesign of the load cell, but a simpler modification also can be 

made that will prevent fuel from hitting the connecting part. 

 

• Temperature compensation must be made either to the measuring bridges or to the 
measurement data. 

 

  

 

 

 

 

 

 

 

 

 

 

 



11. Recommendations for continued work  
 

This chapter is devoted to practical recommendations for improving on measuring 

performance. First some tips on how to sort out the strange curve form from the fuel 

deflection logging, gathered in this thesis work, are given. Then follows suggestions of ways 

to estimate signal deterioration, i.e. how much the signal reading deviates from that of a 

perfectly executed deflection, void of any losses or disturbances due to the measuring 

apparatus. Finally a design improvement for the load cell is proposed, that can and should 

elevate the natural frequencies, while providing protection for the connecting part from a 

direct fuel jet hit, should it be present. 

 

11.1 Error investigation 

 

For continued work it is essential that the mysterious readings from the fuel deflection 

logging, gathered in this thesis work, are sorted out. As it seems, the unexpected behaviour 

can best be explained as a heat problem and focus should be towards solving that issue. If this 

fails there are a few non-likely causes left to investigate, which are included for the sake of 

completeness. Below are 3 proposed steps of investigating the heat influence on the signal: 

 

1. Supply heat to the load cell in an attempt to reduce the impact of heat fluctuations.  
 

2. Protect the inner surface by modifying the load cell as proposed in this report or in 
other ways. 

 

3. Exchange the quarter bridge wheatstone circuitry with half bridge circuitry. This will 
supply heat compensation for non-bending expansion 

 

The suggested investigations given below are not very likely to solve what seems to be a heat 

problem but are good for an allround understanding of the equipment and load cell properties: 

 

Move the measuring apparatus, i.e. load cell and amplifiers, to a well working, time based 

logging system. If the whole chain of components, from injected fuel via deflector, strain 

gauges, wheatstone bridges, cables, amplifiers, A/D converters and software readily can be 

accounted for, the risk of unknown errors or phenomena are vastly diminished. 

 

If the phenomena is due to mass forces it can be detected by first mount the load cell firmly to 

the injector holder, so that movement between the connecting parts lower attachment and 

injector are negligible, and second by attaching extra weight to the deflector bell. This can be 

done by just clamping axisymmetrical weight to the housing holding the plug. The rigid 

mounting could be done by using an intermittent mounting frame or M10 mounting rods. 

 

It is recommended to photograph the deflection from the side and underneath with a high 

speed camera. The lab is equipped with a high speed camera able to capture up to 90 000 

frames per second. In capturing fuel sprays, with jet speeds normally below 400 m/s, the 

distance in fuel jet progress would be below 5 mm between frames. Can it be visually proven 

that the jet has left the deflector or the entire load cell while a high level of force persists in 

the logging from the strain gauges, then the reason is certainly not hydrodynamic. 

 



By altering the surrounding air pressure, both above and below normal ambient, the 

aerodynamic influences on the strain gauge readings should be detected. If aerodynamic 

phenomena are responsible for the strange curve, it would be detected this way.  

 

Finally, should none of the above experiments pay of, suspicions are directed towards the 

injector. To use a mechanical pump and injector, or just another common-rail injector could 

give a hint as to where the problem lies. 

 

After the unexpected impulse signals with prolonged duration are understood, all of the above 

experiments also work well in exploring the properties of the load cell and load cell 

suspension. 

 



11.2 Losses and disturbances 

 

Even with soft suspension, some vibrations from the injector engagement seem to find its way 

to the load cell deflector, causing disturbances. It is therefore recommended to investigate 

further on how to lessen these vibrations. First a rigid mounting setup should be investigated, 

as to provide a reference level of incoming disturbances. This also serves as an estimate of 

mass force influence, as the rigid attachment of the connecting part’s lower edge to the 

injector prohibits movement of the mounting flange, and thus removes one degree of freedom.  

 

Having a reference on rigid mounting, various added masses on the mounting flange should 

be tried out.  This may provide added vibration damping as well as altering the signal in 

general.  

 

Logging injections without fuel pressure can prove useful. The signal so attained can be 

deduced from an ordinary injection and thus give an estimate of the rate shape, free from 

mounting transmitted vibrations. However, the vibration content without fuel pressure may 

not be identical with that of an ordinary injection, as no needle lift occurs and vibrations due 

to fuel travel within the injector are absent. This method can prove especially useful in 

determining the influence of mass forces due to mounting flange suspension, when it allows 

for a rigid setup to be represented with some vibration content withdrawn. After performing 

this, it is then a mere task of comparing the so obtained curve with that of the suspended 

variety. 

 

Similar information to the non-fuel injections above can be gathered by letting the fuel 

overshoot the load cell. This requires lowering the load cell by about 4 mm. In this way, all 

the vibration content is retained but the way it travels is altered some. Different overshoot 

positions can be investigated as to shed some light on the influence on vibration content. If 

proven tangible, the effect can be extrapolated to represent the original position of deflection. 

 

Finally, trying out soft elements, o-rings in various appearances and materials, or other soft 

mountings may result in added damping or altering the general signal due to altered stiffness. 

 

If the above experiments are conducted, a clear picture of both vibration content and 

suspension influence could be drawn. 

 

As the momentum rate provides a theoretical measure of how much momentum the fuel spray 

carries, it is desired to have the rate generation as simple and loss free as possible. Great 

frictional losses in the fuel deflection, will paint a picture of a fuel jet with less momentum 

than it actually carries.  

 



The frictional losses are of three kinds: 

 

1. Aerodynamic losses, i.e. air resistance from the fuel collision with air. Ironically this is 
what the so-desired momentum is meant for; to collide with air. 

 

2. Hydrodynamic losses come from internal friction when deflecting the fuel. Deflecting 
means pressing the fuel together and viscid losses will alter. This is believed to have 

very little effect however. 

 

3. Boundary layer friction occurs between the fuel and the deflecting surface. This is 
believed to have the greatest impact of the frictional losses. 

 

 

The first type can be examined by conducting test in a pressurized vessel, as described earlier 

in this chapter. If the influence is tangible, it can be extrapolated to cover a range of pressure 

levels. Note however that this must be taken with caution, as altering the pressure level will 

also alter the momentum the jet carries, as the pressure gradient that constitutes the driving 

force of the jet spray changes. 

 

As for the second type, different fuel types can be used, but this does not really isolate internal 

friction when boundary layer friction and probably also air resistance changes with viscosity.  

 

Moving on to the third type of frictional losses, the deflection method used in this thesis and 

previous is under particular scrutiny. As mentioned previously the gradual deflection method 

is believed to collect the spray better and give a more unidirectional deflection than the 

perpendicular impingement method, to the cost of higher frictional losses. Aerodynamic and 

hydrodynamic losses for the two deflection types are not believed to differ that much, but it is 

the probable increase in boundary layer length that will make up the major difference.  

 



To estimate the losses from deflecting gradually, comparisons with other momentum rate and 

flow rate equipment methods are advised. Such equipment serves as a means of comparison 

but provides no answer to how much loss there are present in each method. Since this is 

unique equipment measuring something unknown, there are no exact ways of measure how 

accurate it is. However there are some methods providing estimates to frictional losses that 

separately can provide useful information, but are even better combined. Below follows three 

recommendations on such methods.  

 

1. By measuring the fuel injected over a series of injections, an average mass flow per 
injection is obtained. Filming the injector and the sprays with a high speed camera, 

will give an estimate of the average fuel jet speed. The average momentum rate is then 

obtained by multiplying average mass flow with average speed. 

 

2. Using a high speed camera to compare the free jet speed with the jet speed after 
deflection will give an estimate of the speed reduction from the deflection. Instead of 

using a 2D model, the actual deflector is used. In calculating the loss, it is here 

suggested to divide the undeflected speed with the mean speed from the two measured 

speeds rather than only the deflected speed. After all the speed loss occurs gradually as 

the impulse is generated. 

 

3. A third method is to use a secondary deflection device. This device is also attributed 
with losses. However by assuming that those losses are the same or by investigate how 

they vary, the difference of the momentum rate from this secondary device with or 

without the deflector bell as a pre deflector will give information on the momentum 

lost in the deflection bell. As an example a single hole injector and a perpendicular 

impingement transducer can be used. Simply measure the momentum rate from 

impingement at different distances from the nozzle hole and compare them to the 

momentum rate of the deflected jet. This will give a fairly good estimate on the 

amount of momentum lost.  However the aerodynamic environment is altered 

somewhat when introducing the deflector bell which may interfere with 

measurements. The method may improve by being conducted in sub atmospheric 

pressure thus reducing air resistance. 

 

It is always good to have three or more methods to choose from as only two different methods 

giving different result is a coin toss regarding which provides the accurate answer. Also it is 

reassuring when many different methods provide equal results, should that be the case. 

 



11.3 Suggested design modification 

 

Here, a fairly simple idea on how to modify the design is presented. From the shrink fit 

calculations, and the experimental results supporting them, the grip force is more than 

adequate, and can be decreased without risking de-attaching. By reducing the grip length to 

half, the deflector plug holder can be cut to half the height. Then the deflector plug outer 

diameter can be reduced on the lower half as to fit with some margin within the thin 

connecting part. The result is lower oscillating mass, lower point of location for the deflector 

bell centre of mass and a protective boundary against fuel jet impacting directly on the thin 

connecting part. Weather or not the fuel jet spilling onto the connecting part is a present 

problem or not, the load cell will sure benefit from having elevated natural frequencies as well 

as having smaller amplitudes and being less keen to excitation in the flexural mode. An 

expected result from this modification should be that the dip in the rate shape vanishes since it 

is believed to be caused by heat bending, as discussed previously. To compensate for the 

linear heat expansion, the adding of some sort of temperature sensor seems unavoidable. 

Preferably the quarter bridges should be exchanged for half bridges, but placing 3 extra strain 

gauges in-between those already mounted could prove to be quite a challenge. 

 



11.4 Suggestions to new design features 

 

While it is not within the context of this thesis to develop a third load cell, some pointers are 

given that can be of assistance to a would-be continuation of this concept. 

 

As it has been shown some lower frequency vibrations are transmitted to the load cell when 

there is fuel injection, at least for this type of injector. If possible, the mounting of the load 

cell should be altered so there are no short ways for vibrations to travel. Hence the concept of 

hanging the load cell in mounting rods that are closely attached to the vibration source should 

be abandoned. 

  

Modifications of the load cell design itself can be done in numerous ways. An important 

detail is to make sure that no fuel can directly hit the connecting part, and thus quickly, affect 

the strain gauges. 

 

While investigated to some extent both in this and previous thesis on the concept, the idea of 

piezo-electric strain detection was never adopted, mostly due to the fact that commercial 

applications were out of specifications for the application at hand. Nevertheless piezo-electric 

strain gauges offer a tremendous boost in performance.  

 

These gauges are made out of germanium and silicone and have gauge factors more than fifty 

times, and sensitivity more than a 100 times, that of metallic wire or foil strain gages which 

have been used for this concept so far. Silicon wafers are also more elastic than metallic ones. 

After being strained, they return more readily to their original shapes.  

 

Needless to say this would improve the signal to noise ratio and accuracy very much. Also, 

the design restrictions previously subjected to the load cell could be loosened quite a bit. For 

instance, the thin wall of the connecting part could be made thicker and its radius wider. This 

would further increase the natural vibration frequencies, provide more surface area for gauges 

to be mounted on, plus the wall thickness would be more uniform. The possibility to fit more 

gauges around the circumference would allow for a better average. Combined with the more 

uniform wall thickness, this would lead to a near-complete elimination of the flexural 

vibrations when the gauge signals are added. 

 

These gauges are also smaller in dimension, but more sensitive to temperature and exhibit 

some non-linear properties. However, temperature compensation is possible with different 

bridge circuitry, and the non linear output can be adjusted with software. 
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Appendix 1  
 

Drawing of load cell 

 



Appendix 2  
 

Shrink fitting of the deflector bell 

 

The shrink fitting method was deemed to be good enough and have predictable outcome, as 

opposed to gluing or soldering. The chief difficulty with shrink fitting is the large temperature 

intervals required for small dimensions. This is because heat expansion and contraction is 

proportional while manufacturing precision is absolute. 

 

For the calculations, the first thing that has to be determined is the manufacturing precision. 

After this is known, both the temperature interval required, and the resulting grip force after 

cool down can be calculated. The smallest possible radius of the deflection bell holder, given 

by the manufacturing precision, has to be heated so that it is greater than the greatest possible 

outer radius of the deflector bell when cooled.  Calculations were made using dedicated 

software. 

 

The temperature difference required were calculated to be about 220 degrees, and the 

resulting average grip force was calculated to about 900 N, based on the measurement data 

supplied by the manufacturer.  

 

To produce the temperature difference required, the deflector bell plug was put in a high 

capacity freezer and frozen to about -80 degrees Celsius. The main body of the load cell was 

heated in a standard oven to about 350 degrees.  

 

Since the connecting part on two first load cells were deformed during strain gauge pre-

treatment, the deflector bells had to be pressed out again. This provided an excellent 

opportunity to check the grip force of the shrink fit. By measuring the pressure force in an 

industrial test rig, while pressing with constant speed, a force-distance plot was obtained. 

 

The maximum forces registered were 861 N and 907 N respectively, which was near the 

calculated grip force.  

 



Appendix 3  
 

Deflector plugs 

 

Deflector 1 

 

 
 

Deflector 2 

 



Appendix 4 
 

List of used equipment 

 

One MCE90 module, Scania id. Number 2720-135 

Three 27M1 bridge amplifiers, Scania id. Number 2722-451, 2722447 and 2722-456 

Three Fischer-KPT measuring cables, Scania id. Number24400165, 24400166 and 24400053 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


