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Sammanfattning 

En ny typ av utrustning för att mäta vm& som funktion av tiden för en bränslespray från en 
dieselinsprutare har utvecklats och de olika utvecklingsstegen beskrivs. Utrustningen fungerar 
genom att deflektera alla sprayerna från insprutaren samtidigt med hjälp av en klockformad 
deflektor. En lastcell bestående av en ståldel med påmonterade töjningsgivare mäter den 
resulterande kraften. Kurvformen i deflektorklockan har utvärderats genom flödesfotografier i 
en 2D-version av kurvan. En kompensationsfaktor för friktionsförlusterna som uppkommer då 
bränslet strömmar längs kurvans yta har bestämts från en hastighetsförlustsuppskattning 
baserad på dessa 2D-flödesvisualiseringar. Vid konstruktionen av delarna har möda lagts på att 
göra egenfrekvenserna så höga som möjligt och en dämpad upphängning som isolerar 
lastcellen från insprutarhållaren har utvecklats. Metoder för transformering av utrustningens 
utsignaler till en vm& –kurva har utvecklats. Det har konstaterats att utrustningen fungerar bra för 
att vara den första versionen av ett nytt mätkoncept. Omfattande förslag ges till möjliga 
förbättringar för en uppdaterad version baserat på erfarenheter från utvecklingen och 
användningen av den här utrustningen.  
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Abstract 

A new type of device for measuring the vm& –rate of fuel sprays from a diesel fuel injector has 
been developed and the various steps in the development are described. The device works by 
deflecting all of the sprays from the injector at the same time by using a bell shaped deflector. 
A load cell consisting of a machined steel part with strain gauges mounted on it measures the 
resulting force. The shape of the curvature in the deflector bell shape has been evaluated by 
photographing the flow in a 2D–version of the curve shape. A factor for compensation of the 
friction losses caused by the fuel flowing along a curved surface has been determined from an 
estimation of velocity loss based on these 2D flow visualizations. Care has been taken in the 
design of the parts to make the natural frequencies as high as possible and a damped suspension 
isolating the load cell from the injector holder has been developed. Methods for transforming 
the output signals of the device into an vm& – rate have been developed. The equipment has been 
found to function well for being the first version of a new measuring concept. Comprehensive 
suggestions about possible improvements for an updated version have been made based on 
experiences from the development and use of this device.  
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1. Introduction 
 
The diesel engine functions by compression ignition. As the fuel is injected it spontaneously 
ignites because of the high temperature and pressure of the compressed gases in the cylinder. 
The fuel injector is supposed to distribute the fuel in an ordered manner while achieving 
liquid vaporization and mixing with the air in the cylinder. The fuel sprays burn with 
diffusion flames, see figure 1.  
 

 
Fig. 1. Diesel flames photographed through glass piston 

 
In order to be able to meet the ever–stricter emission levels it is necessary to understand the 
combustion process and how it is influenced by the injection parameters among other things. 
Typically the parameters that can be affected for the individual fuel spray are the hole 
diameter and the injection pressure. The injection pressure is not necessarily constant during 
the injection. While these are the parameters that directly can be changed it is claimed by 
Ganippa [1] in section 4.3.6 of his work that the significant parameter is the vm& , i.e. the fuel 
mass flow m& multiplied by the fuel velocity v . Because of this it is useful to be able to 
measure the vm& or more precisely the vm& – rate which is the level of vm& as a function of 
elapsed time for each injection. Such measurements can be used to explore the relations 
between the vm& and measurements of for instance heat release rate, NOx, PM and fuel 
consumption made during an engine test using the same individual injector. Measured vm& – 
rates can be used as input data for simulations, for this reason it is an advantage if the absolute 
value of vm& as well as the rate shape is correct.  It is also useful to be able to measure 
differences between supposedly identical injectors. A method of measuring vm& already exists, 
the “impingement method”. In this method the fuel spray impacts a force transducer 
perpendicularly and the measured force exerted by the fuel is recorded as a function of time. 
This method of measuring the momentum is based on the assumption that the momentum is 
changed from its full value before it has struck the force transducer to zero and that this 
change in momentum, the impulse, is fully measured by the transducer as force over a time 
period.  
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2. Theory 

2.1 Spray theory 

Since this work deals with diesel fuel sprays this chapter will give an introduction to some of 
the theory of the field. 

As diesel fuel under high pressure exits the nozzle it forms a jet. Due to the velocity 
difference between the liquid fuel jet and the surrounding air a shear force is produced. The 
surface tension acts at the surface between the liquid and its surroundings and tries to 
minimize the energy level in the boundary. This will lead to the formation of spheres as they 
give the lowest energy [2]. The fuel has a liquid core with a diameter that decreases to zero 
when the distance to the nozzle increases. This is referred to as the breakup length. The reason 
that the liquid core disappears is that the fuel forms droplets according to several different 
mechanisms.   

These mechanisms are depending on the following dimensionless numbers: 

The Reynolds number: 
ν

dU ⋅
=Re  

The Weber number: 
σ

ρ dU
We

2

=  

Where:  U – Velocity 

        d – Droplet diameter  

  υ – Viscosity 

ρ – Density 

σ – Surface tension 

At low Re–number the breakup of the jet is dominated by the so–called Rayleigh capillary 
breakup regime. Axisymmetrical surface disturbances lead to distortion of the jet which 
results in the formation of liquid drops at the leading edge of the jet. These droplets are of the 
same diameter as the jet or slightly larger. 

The second mechanism is the so–called first wind–induced breakup. This mechanism depends 
on the formation of non–axisymmetrical oscillations at the jet surface. This disrupts the jet 
and leads to the formation of droplets with a diameter of the same order as the jet diameter. 

As the We– and Re–numbers increases the non–axisymmertrical forces become more 
important. Because of this the jet breaks up some distance downstream from the nozzle exit in 
a less regular fashion. The breakup is due to the unstable growth of short wavelength surface 
waves induced by the relative motion between the liquid and the gas. This mechanism 
produces droplets with a diameter smaller than the jet diameter and is called second wind–
assisted breakup. 
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When the We– and Re–numbers are high the droplets are much smaller than the jet diameter 
which could be because of the unstable growth of short wavelength surface waves, the 
formation of ligaments and their peeling away from the liquid core. This is the so–called 
atomization regime. 

In this work the injections have been made into a surrounding with atmospheric pressure 
which is not the typical case for diesel fuel sprays. Normally the injection is made into an 
atmosphere with much higher gas density than that of ambient air causing a more rapid jet 
breakup than can be seen on the images in this work. Especially at the very small distances 
from the nozzle that the fuel strikes the deflecting parts, a few millimeters, the fuel is 
basically in the form of a jet rather than a spray. The term spray will still be used even though 
it may be in a more general way than it is normally used.   

   
 

2.2 Collisions, momentum and impulse 
 
There are two basic kinds of collisions, both of which conserve momentum: 
 
• Elastic collisions, conserve kinetic energy  
 
• Inelastic collisions, do not conserve kinetic energy 
 
Momentum is the product between the mass and the velocity of an object: 
 

 
 

It is however possible to change the momentum of an object by means of an external force, 
the relation between such a force and the impulse is given by: 
 

 
 

Thus the impulse is the change in momentum: 
 

 
 

2.3 Principles of measuring impulse, impingement and with 
deflector. 

 
One previously used method for measuring the momentum of a fuel spray or rather the 
“momentum per time unit” is to let the fuel impact a force transducer perpendicularly as 
shown in figure 2. The force can be recorded as a function of time and under the assumption 
that the fuel has come to a complete stop without any unknown losses the recorded force – 
rate is the vm& – rate of the fuel injection. It has been discussed that the fact that the spent fuel 



builds up a liquid surface that has to be penetrated by the fuel from the remainder of the 
injection may interfere negatively with the measurement.  
 

 
Fig. 2. Fuel impacting a force transducer 

 
The method used in this work uses a different approach, the fuel is redirected from one known 
direction to another. The reaction force on the deflecting part is measured and recorded as a 
function of time. The deflection is made by using a smooth curve and is a gradual direction 
change rather than a collision. The measured force can be said to be generated in much the 
same way as the thrust is generated by a rocket engine, as the reaction force to a mass flow 
with a certain velocity. The deflection of the fuel in this method causes loss because of  
friction between the fuel and the deflecting surface. It is believed that this friction can be 
estimated and compensated for by estimating the velocity loss caused by the deflection. A 
thought experiment can be made in order to clarify the importance of where the friction 
occurs. The real deflector bell gradually changes the direction of the fuel. In figure 3 the 
deflector bell is principally illustrated as having a corner where the fuel instantaneously 
changes direction 90° without losses. In case 1 it is imagined that the fuel stops in the 
horizontal part because of friction. In such a case there would be no total reaction force on the 
deflector due to symmetry. In case 2 the fuel changes direction and stops immediately in the 
vertical part. In this case the total reaction force is also zero because the impulse from the stop 
is the exact opposite to the reaction force from the redirection. In case 3 it is imagined that the 
fuel strikes the wall while it travels downwards, it has not been deflected by the corner. When 
the fuel stops due to the friction the force from the impulse is directed downwards, this 
basically what happens in the impingement method even though the way the fuel stops is 
different. In case 4 the fuel is redirected and flows out of the deflector bell without friction, in 
this case a reaction force that is equal to the impulse is directed upwards. This is the basic 
principle behind the device in this work. 
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Fig. 3. Principal illustration of fuel in the deflector bell 
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3. The development of the equipment 
 
This chapter describes the process of developing the equipment. 

3.1 The initial concept 
It was decided from the beginning that the equipment should be able to measure the 
total vm& of all the sprays from a real injector at the same time. In previous works only one 
spray at a time has been measured which can cause problems when doing measurements on an 
8–hole injector due to the small angle and distance between the sprays. Measuring all sprays 
in the same time also makes it possible to mount the injector in the equipment and make a 
measurement in less than ten minutes. Thus it is a device with a high practical usefulness. The 
very first suggestion for the design was to have a ring that the sprays would impact more or 
less perpendicularly on the inner surface. The strain in the ring would be measured by strain 
gauges on the circumference. It was soon decided though that deflecting the sprays and 
measuring the strain that the lengthwise reaction force yields is a more quantifiable method. 
With the original plan the spent fuel may also not have exited the measuring ring in a 
controlled way and thus interfere with the measurements.  
   
Figure 4 shows a principal sketch of the measuring method. Originally the strain gauges were 
intended to be mounted on three individual pieces of cold rolled steel connecting the deflector 
bell to the base plate. A layout where the stressed part would be made up by a piece of cold 
rolled steel sheet rolled into a tube with the strain gauges mounted on the circumference was 
also considered.  

 

Fig. 4. Early sketch of the equipment illustrating the principle 

 
It was finally decided that the force should be measured by a load cell machined from a single 
piece of steel, the development of this part is described in section 3.3.  
 
 

3.2 The deflector bell 
In planning the design of the deflector bell there were two main concerns. The first one was 
that it should be lightweight in order to keep the natural frequencies as high as possible. The 
second one was that the fuel should exit the deflector in one concentrated spray in a well 



known angle in order to avoid uncertainties in how much the spray is deflected. For the sake 
of accuracy it is critical to know how much the direction of the spray is changed. For this 
reason and in order to get a general understanding of how the fuel flow would behave in a 
deflector bell two different “2D–deflectors” were made. With a 2D–configuration it is 
possible to take photographs from the side which gives a good view of the flow. Photographs 
like this will also be used in section 4.1 to determine a factor for compensation of frictional 
losses. 
The first curve shape tested was one where the part of the curve where the fuel first strikes is 
virtually parallel to the fuel spray, this in an attempt to make the redirection of the fuel as 
smoothly as possible. This curve shape is shown in close–up in figure 5. 

 
Fig. 5. 2D–curve type 1 

 
Figure 6 shows a photograph of how fuel is deflected by curve type 1. Note that the fuel does 
not exit the curve straight down as it does in the deflector bell experiment but with an angle of 
15°. This is because the 4–hole injector used in the 2D–case had an umbrella angle of 120° 
while the 8–hole injector that was to be used in the momentum measurements with the 
deflector bell had an umbrella angle of 150°. Because of this the total deflection angle was the 
same in both types of experiment. 
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Fig. 6. Spray visualization using curve type 1 

 
The deflector bell with this curvature is shown in figure 7, it has been machined from one part 
of steel and has a flange with which it can be mounted on the load cell. 
 

 
Fig. 7. Deflector bell 1 
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The second curve type tested was based on a notion from [3] where a relation between the 
impact angle of a fuel droplet and whether the impact is elastic or not is presented, see figure 
8. The axis in the diagram are scaled in Weber number in and Weber number out, the Weber 
number was defined in section 2.1. 
 

 
Fig. 8. The dependence of Weber number out on the Weber number in 

 
Even though the Weber number is defined for droplets it was speculated that this relation may 
also hold for a fuel jet in respect to its velocity. A curve shape where the fuel initially strikes 
the curve at an angle was developed. This means that the velocity component perpendicular to 
the surface is higher than if the initial part of the curve is virtually parallel to fuel spray. The 
purpose of this was to get an inelastic initial impact and thereby get a better attachment to the 
curve shape and a more concentrated exit. As figure 8 indicates a sufficiently high Weber 
number of the incoming droplet means that the Weber number outwards is zero. This seems to 
hold also for the entire spray where a higher perpendicular velocity component caused by the 
impact angle appears to give zero velocity outward from the surface and hence good 
attachment. This curve shape is shown in close–up in figure 9.  
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Fig. 9. 2D–curve type 2 

 
Figure 10 shows a photograph of how fuel is deflected by curve type 2. Again the fuel exits 
the curve with an angle of 15° for the same reason as before. This curve shape did in fact turn 
out to give a somewhat more concentrated exiting spray, it also gives slightly less variations 
in exiting spray appearance between different injections. Another big advantage of this curve 
shape is that it is less sensitive to the impact point of the spray which minimizes the need for 
height adjustment of the load cell. It is also less sensitive to the angle of the spray which 
makes it possible to use the same deflector with injectors with different umbrella angles. 
However the exiting velocity was slightly lower than with the first curve type, probably 
because of additional losses in the rapid initial direction change.  
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Fig. 10. Spray visualization using curve type 2 

 
The deflector bell with this curvature is shown in figure 11. 
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Fig. 11. Deflector bell 2 

 
It proved difficult to manufacture a deflector bell with this curve shape with a high surface 
smoothness, the surface has been coated with a hardening metal paste in an attempt to even 
out the roughness. Because of this and because of the fact that curve shape 1 gave a higher 
exit velocity it was decided to proceed using deflector bell 1. The higher exit velocity would 
lead to a higher force which was assumed to be useful because the estimated maximum force 
output was in the lower part of the practically measurable interval. However this turned out 
not to be a major problem as it works fine to measure the force anyway. For future work it is 
recommended that a deflector bell with curve shape 2 is manufactured if possible with a high 
surface smoothness and used because of its other advantages. 

3.3 The load cell 
 
In designing the load cell two contradicting demands arose. Since the duration of the fuel 
injections are in the order of milliseconds the natural frequencies of the system needs to be 
very high not to interfere with the measurements. Because of this the oscillating mass must be 
as low as possible and the structure must be as stiff as possible. On the other hand the 
structure must be weak enough so that the relatively small forces in action can cause a strain 
in the material that is high enough to be measured accurately with strain gauges.  
  
 
The natural frequency in [Hz] is given by the equation:  
 

m
kf

π2
1

=           (1) 

 
Where m is the oscillating mass and k is the spring constant of the supporting structure, for a 
simple load case with only tensile stresses it is given by the equation: 
 

l
EAk ⋅

=           (2) 
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Where A is the cross sectional area, E is Young´s modulus which for steel is 205 GPa  
and l is the length. 
 
The strain can be written as: 
 

EA
F

E ⋅
==

σε      (3) 

 
 
Where F is the force.  From these equations it is clear that the length l of the stressed part 
should be as small as possible in order to keep the natural frequency as high as possible. The 
limiting factor is simply that there must be enough room to mount the strain gauges. The 
personnel responsible for the mounting stated that strain gauges of a suitable type could be 
fitted without major problems if the stressed part was 5 mm long.    
 
The maximum force F to be handled was estimated using software that can compute fuel mass 
flow and exit velocity for a known injection pressure and hole size based on empirical 
relations. Under the assumption that there would be no friction loss in the deflector a 
8x0.2x150–injector at 1600 bar was found to yield a maximum force of 45 N.  
 
The cross sectional area A was decided to be set at 4.430 · 10P

–6 
PmP

2
P. This gives a lengthwise 

natural frequency of 22.7 kHz and a stress of about 10 MPa which was considered to be a 
good compromise. The oscillating mass used was 8.9 g and was calculated using a function in 
the CAD software used to design the deflector bell and its mounting flange.   
 
Since the cross sectional area is very small some care had to be taken as to how the layout of 
the stressed part should be. It was first considered to make it in the shape of three thin bands 
of steel with one strain gauge mounted on each. This idea was abandoned because such a 
structure would be sensitive to twisting and bending and thereby may be damaged during 
handling. It had previously been decided that for reasons of fluid mechanics the deflector bell 
should be about 14 mm in diameter. It seemed suitable to make the stressed part of the load 
cell in the shape of a tube with an inner diameter of 14 mm, with a cross sectional area of 
4.430 · 10P

–6 
PmP

2
P this means that the wall thickness must be 0.1 mm. (As this is very thin some 

difficulties arose in finding a contractor that had the ability to manufacture the part.) With 
three strain gauges mounted on the circumference of this thin tube it is possible to detect 
uneven loads, however this requires that the deviance of the wall thickness around the tube 
must be very low not to give a false reading. For the final drawing of the load cell refer to 
appendix 1. 
 
Figure 12 shows the manufactured load cell. The triangular flange on top is where the 
deflector bell is to be mounted and the circular flange will be used to suspend the load cell.  
 



 
Fig. 12. Load cell without strain gauges 

 
 

3.4 The strain gauges 
 
Figure 13 shows the mounting locations of the strain gauges on the circumference of the 
stressed part. 
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Fig. 13. Load cell with strain gauges 

 
 
 
The strain gauges has an etched mesh with a principle appearance according to figure 14. This 
type of strain gauge only can detect strains in the direction of the arrow in the figure.  

 
Fig. 14. Principle of a strain gauge mesh 

 
As the material that the strain gauge is glued to expands the conductor in the grid stretches 
causing its electrical resistance to change. The strain gauge is connected so that it constitutes 
one of the resistors in a Wheatstone bridge, see figure 15.  
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Fig. 15. Principle layout of a Wheatstone bridge 

 
When the resistance changes it causes an imbalance in the bridge and yields a voltage change 
between the points B and D. This voltage is amplified 100 times in order to be more 
manageable. The three strain gauges have one Wheatstone bridge and one amplifier each. The 
reason for using three strain gauges is to make it possible to detect any imbalance in the load.  
The output at maximum injection pressure with the used injector is about 60 mV for each 
strain gauge, hence the total output of all three gauged is about 180 mV. The output signals 
are recorded as a function of time by the computer program CRspray. This program is also 
used to control the injections in the injection bomb.  

3.5 Load cell suspension   
 
Figure 16 shows the load cell and deflector bell mounted in the original way using M5–rods.  
 

 
Fig. 16. Load cell mounted on the injector holder. 
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As the amount of vibrations in the injector holder turned out not to be as low as it was 
assumed a problem arose with disturbing vibrations being transferred through the stiff 
suspension. Figure 17 shows an attempt to measure the injection rate with the original method 
of mounting, it is clear that this amount of disturbing vibrations makes it impossible to make 
out the rate shape of the injection.   
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Fig. 17. Measured signal with large amount of disturbances 
 
 
In order to find and eliminate the sources of the vibrations one of the output signals was 
connected to an oscilloscope with the ability to show the frequency content of a signal by 
using FFT–transformation. The natural frequencies of the equipment was excited by tapping 
on it with a hammer. Oscillations with large amplitudes were found at the following 
frequencies: 2.1 kHz, 2.9 kHz, 4.4 kHz, 5.9 kHz and 11 kHz. It was first believed that some of 
these oscillations originated from bending modes of the M5–mounting rods. To stiffen up the 
suspension of the load cell a rigid support frame was manufactured, see figure 18. As this 
hardly affected the amount of disturbing vibrations with relatively low frequency it was 
concluded that the vibrations had another source than the suspension rods. 
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Fig 18. Support frame 

 
By tapping on the load cell while it was hand held and not in mechanical contact with the 
injector holder only two natural frequencies could be found: 8.7 kHz and 23.5 kHz. The 
higher of the two is probably the lengthwise vibration of the deflector bell and its mounting 
flange which previously was calculated to be 22.7 kHz. The lower one is assumed to originate 
from a bending mode in the load cells mounting flange. The oscillations with a frequency of 
11 kHz found with the load cell mounted may be the same bending mode but with a higher 
frequency as the mounting flange is stiffened up by the suspension. The other low frequency 
oscillations probably originated from somewhere within the injector holder. In order to isolate 
the load cell from those oscillations a damped suspension was designed. The principle of the 
suspension is shown in figure 19. 
 
 

 
Fig. 19. Principal structure of the suspension 
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With the M5 rod reduced to M3 the rod does not come in contact with the edges of the hole. 
The rubber O–rings make sure that any metal–to–metal contact between the washers and the 
load cell flange is avoided.  Figure 20 shows the appearance of the finished suspension. This 
suspension is used in all of the following measurements. The improvement achieved by using 
the damped suspension can be seen by comparing the signals in figure 17 with the signals in 
figure 22. In the later case the damped suspension has drastically reduced the amount of 
oscillations picked up by the load cell after the end of the injection. 
 
 

 
Fig. 20. Load cell mounted on the injector holder with new suspension 
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4. Measurements 
 
In this chapter some measurements are presented to demonstrate the performance of the 
equipment and to illustrate the process of compiling a finished vm& –rate from the equipments 
raw output signals.  
 
The measurements have been made in an injection bomb specified by [4], see figure 21. The 
white box on the side of the injector holder contains the Wheatstone bridges. The windows 
makes it possible to take photographs. All tests have been made with atmospheric pressure 
and room temperature in the bomb.  
 

 
Fig. 21. The injector holder mounted on the injection bomb  

 
 
 



4.1 Data compilation 
Figure 22 shows the raw measured signals for the three strain gauges. The solenoid current 
starts at 0 and has a duration of 1.2 ms. The initial indication in the curve starting at time 0 
originates from mechanical vibrations caused by the solenoid engagement. 
 

 
Fig. 22. Measured force, untreated signals 

 
Figure 23 shows the signals from an “injection” made without fuel pressure but with 
engagement of the solenoid current. The measured mechanical knock always seems slightly 
larger for strain gauge number one, this fact was unchanged by switching the amplifiers 
between the channels. It was established that the measured interference is mechanical and not 
electrical by making a solenoid engagement with the injector close to but not in contact with 
the injector holder. This did not result in any measurable signal. The curves in figure 23 can 
be subtracted from the raw measured signal and results in curves where only the force from 
the fuel hitting the deflector bell remains. This type of compensation may not be perfect as the 
absence of fuel pressure means that the needle does not lift, any vibrations caused by the 
needle lift are not included in the compensation curve. One way of producing better 
compensation curves can be to have full fuel pressure but to mount the load cell and its 
deflector bell sufficiently far down or up side down in order to make the fuel sprays miss the 
deflector bell completely. 
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Fig. 23. Measured force, compensation 

 
 
Figure 24 shows the curves in figure 22 added together, the curves in figure 23 have been 
subtracted to compensate for the interference from the solenoid–induced knock. The value 
does not return to zero after the injection is completed.  
 
 
 
 
 
 

 23



 24

 
Fig. 24. Measured signals, added and compensated 

 
Figure 25 shows the three curves in figure 22 on top of each other, the compensation curves 
from figure 23 have been subtracted. Here it can be seen that one of the signals are different 
from the other ones. The appearance of this curve explains the way the curve in figure 24 does 
not return to zero after the end of the injection. The result in figure 25 is repeatable, in a series 
of 5 consecutive measurements the result is virtually the same. The reason for this may be that 
there was a difference in the vm&  between the sprays and the uneven load exited flexural and/or 
perhaps torsional oscillations in the load cell. Since the stressed part of the load cell is a tube 
that is 5 mm long and has a wall thickness of 0.1 mm it should be prone to such oscillations. 
In section 6.2 suggestions are made of how to design an improved version of the load cell that 
is less prone to this problem.  
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Fig. 25. The three strain gauge signals 

 
The unit of vm&  is [kgm/s P

2
P] which is and is the same as [N]. The factor used for conversion 

from voltage to force was found by submitting the load cell to a known force and to read the 
change in voltage with an oscilloscope. A weight mounted on a supporting rod was resting on 
the deflector bell. The total force exerted by the weight and the rod was 9.586 N. As the signal 
contained a lot of noise it was hard to get a good reading, it was also hard to direct the rod so 
that the reading from all three strain gauges were the same. This explains the differences 
between the three signals and the differences in the total value between the series in table 1. 
The unit in table 1 is number of oscilloscope squares where one square equals 20 mV. The 
average of the totals is 4.09 squares = 81.8 mV = 0.0818 V. Dividing the force 9.586 N by 
this value gives the constant: kB1 B = 117 N/V. When this constant is multiplied with the sum of 
the voltages from all three curves the result is the total force.  

 
Table 1. Measurements from the calibration [Number of oscilloscope squares] 
Series 1 2  3 4 5 6 7 8 9 10 

Gauge 1  1.4 1.4 1.5 1.3 1.2 1 1.2 1.1 1.3 1.2 
Gauge 2 1.3 1.8 1.2 1.5 1.7 1 1 1.2 1.6 1.2 
Gauge 3 1.3 1.1 1.7 1.3 1.4 2 1.6 1.6 1.2 1.6 

Total 4 4.3 4.4 4.1 4.3 4 3.8 3.9 4.1 4 
 

 
 
A factor compensating for the fact that the fuel is not redirected 90º but rather 75º due to the 
umbrella angle being 150º is needed. This factor is: 
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kB2 B = 0353.1
75sin

1
=    

 
A factor is also needed to compensate for frictional losses, this factor is found by comparing 
the velocity of a fuel spray that is redirected using 2D–deflector curve number 1 (see figure 
26) with the velocity of a free spray, figure 27. This deflector curve has the same curvature as 
the used deflector bell. Due to difficulties in determining the instantaneous velocities of the 
sprays the velocity loss factor was based on average velocities after a certain time had elapsed 
after solenoid engagement, namely 0.32 ms. The fuel is known to starting to exit the nozzle at 
about 0.11 ms at this injection pressure. Because of this the time used to calculate the velocity 
is 0.32 ms – 0.11 ms = 0.21 ms. In the case where the spray has been redirected it can be 
estimated from figure 26 that it has traveled 41.6 mm in the same time which gives an average 
velocity of 198 m/s.  
 

 

Fig. 26. Fuel spray redirected by 2D curve at 0.32 ms 
 
In the case of the free spray it can be estimated from figure 27 that it has traveled 73.4 mm 
which gives an average velocity of 349.5 m/s. 
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Fig. 27. Free fuel spray at 0.32 ms 

 
 

 
 
 

The velocity loss factor can hence be defined as: kB3 B = 765.1
198

5.349
=

sm
sm   

The measured force is linearly dependant on the velocity so the factor can be multiplied to the 
measured force to compensate for the velocity loss. As it can be seen in figure 28 the 
maximum force is almost 40 N. In the initial computation made using empirical relations 
between injection pressure, hole size, fuel flow and velocity and the assumption that fuel is 
redirected without velocity loss it was estimated that the maximum force would be 45 N. That 
calculation was based on fuel rail pressure and not nozzle sac pressure which may explain the 
lower measured value. 
 
 
In figure 28 a low–pass filter has been used to filter out most of the noise in the curve, this 
gives a “smoother” curve. However by using such a filter the risk is that actual fluctuations in 
the vm& –rate are filtered out. In measurements made with the impingement method 
fluctuations in the vm& –rate can also be seen [1], [5]. It is likely that the fluctuations partly 
originates from fluctuations in the fuel rail pressure. In chapter 6 suggestions about how to 
develop an improved version of this equipment with a minimized need for filtering are made.  
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Fig. 28. Measured force, signals added, filtered and compensated 

 
 

4.2 Data evaluation 
 
During the interpretation of the measured curves a question arose whether the needle had time 
to bottom out during the injection. Because of this some measurements were made while the 
needle lift profile was registered by a sensor. Figure 29 shows a needle lift curve and a 
measured vm& –rate. Since the objective is to compare the shape of the curves and not the 
absolute values the y-axis scale has been omitted.  It can be seen that the relation between the 
two curves seems reasonable. It can also be seen that the needle lift is bottomed out for a 
relatively long time, the drop in the injection rate may occur because the nozzle sac pressure 
cannot be sustained during the entire time that the needle is bottomed out. The dip in the rate 
around the beginning of the needle lift may be caused by the fact that the needle does not 
actually lift in the compensation curve as mentioned before. 



 
Fig. 29. Measured rate and needle lift. 

 
 
 

  
 

The noise in the unfiltered curves partly comes from oscillations in the load cell and partly 
from electrical disturbances picked up by the wires. In attempt to clarify the size of each 
component a series of 98 injections were made and an average of the measured signals was 
calculated. The average curve is shown in figure 30 in comparison with a single curve. In the 
averaged curve the part of the noise that is stochastic is reduced making the non–stochastic 
part of the noise more clearly visible. Note that the “needle knock curve” has not been 
subtracted from these curves because of problems with getting the equipment to make 
injections without fuel pressure for a long series of injections. If such a curve from a single 
injection would be subtracted the noise in that curve would be seen in the averaged curve 
which would make the experiment meaningless. 
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Fig. 30. Measured rate, average of 98 injections and single injection 
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5. Error analysis 
 
In this chapter some possible sources of errors are presented. 
 
• The differences in the output signals from the three strain gauges, for instance the  
   differences in the way they approach zero may depend on flexural and/or torsional   
   vibrations in the load cell.  
 
• The accuracy of the method of determining a compensation factor for friction loss based on       
   average velocity loss in deflected sprays compared to free spray may be discussed. The      
   maximum of the measured force is however close to the theoretically determined. 
  
• Errors may have occurred in the calibration where the factor converting the output voltage to  
   force was determined.  
 
• In the curves that compensate for the solenoid induced knock the influence from the needle  
   lift is not included because there was no fuel pressure. 
 
• Since filters are used actual fluctuations in the injection rate may be filtered out. The   
   usefulness of being able to measure very fast and small fluctuations in the vm& –rate can  
   however be discussed.  
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6. Development potential 
 
The concept is planned to be further developed in another master thesis project, this chapter 
contains ideas on how to proceed based on experiences from the development and testing of 
the equipment. 
 
The measured vm& –rates contains some disturbances. The disturbances with relatively low 
frequency are believed to partly consist of oscillations in the equipment. The high frequency 
disturbances are believed to partly originate from electromagnetical interference picked up by 
the equipment. Parts of the oscillations are likely to be real fluctuations in the vm& –rate 
originating from fluctuations in the fuel rail pressure. Filters can be used with the purpose of 
removing the disturbances in the vm& –rate, but the risk is that actual fluctuations in the 
injection rate may be filtered out.  
 
Because of this one main objective of the next project should be to minimize the need for 
filtering. This can be done by increasing the frequencies of the disturbing oscillations as much 
as possible and by minimizing the electrical disturbances picked up by the equipment. 
 
In order to be able to measure an vm& –rate that is as close to reality as possible with a 
minimum amount of disturbances and errors the major points to observe are: 
 
• The electromagnetically induced noise in the signals should be minimized. 
 
• For a given level of electrical noise the output signal should be as high as possible to give a  
   high signal to noise ratio, because of this the strain in the stressed part should be high.  
 
• A high lengthwise natural frequency of the deflector bell is obtained by having lightweight  
   oscillating parts and a load cell stressed part with high stiffness. Because of this the mass of   
   the oscillating parts should be minimized. 
 
• A compromise between high strain and high lengthwise natural frequency must be made.  
   The parameters that influence both and that can be varied are the cross sectional area of the  
   stressed part and the Young’s modulus of the material. 
 
• The stiffness and therefore the frequency increases when the length of the stressed part  
   decreases. Since the length does not affect the strain it should simply be minimized.  
 
• When designing the load cell care must be taken not only to lengthwise but also to  
   torsional and flexural oscillations. Because of this some ways of influencing the parameters  
   in the previous two points may not be suitable. 
 
• The influence of oscillations originating from the load cells mounting flange should be  
   minimized by increased stiffness which can be done simply by adding material. 
 
• It may be possible to further reduce the influence of oscillations being transferred from the  
   injector holder by increasing the performance of the damped suspension.   
 
• The accuracy of the friction loss correction factor can probably be increased by determining  
   the velocity loss in a more precise way. 
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• When the noise in the output signals has been reduced a more accurate factor for converting      
   the output voltage to a force can probably be determined. A device for submitting the load    
   cell to a calibrating force in a more precise way can also be designed. 
 
 
The following sections contains ideas on how to realize those points. 

6.1 Signal and signal treatment related improvements  
 
The Wheatstone bridges are now placed in a box on the outside of the injection bomb. The 
wires between the bridges and the strain gauges were glued on the load cell when the strain 
gauges were mounted. A large portion of the disturbances may be picked up by these wires 
since they are unshielded. They can either be replaced by shielded wires or the Wheatstone 
bridges can be made by mounting dummy strain gauges on the load cell. The length of the 
wires in the bridge would be reduced and the entire bridge would be kept inside the injection 
bomb which is made of steel and thick glass which provides shielding. This would probably 
greatly reduce the amount of electromagnetical disturbances in the signal. 
 
Precise measurements of the fuel spray velocity before and after deflection can be made in 
order to obtain a more accurate estimation of the friction loss. This can perhaps be done by 
using a laser based velocity measurement technique. 
 
 

6.2 Design improvements 
 
It is desirable to increase the raw output signal of the equipment and in order to increase the 
signal to noise ratio. As the equipment is now the load cell strain is in the lower part of the 
measurable interval even at the maximum vm& –output of the used injector. The stressed part of 
the load cell is a cylindrical part with uniform thickness, the length of this part was set by the 
length of the entire strain gauge matrix which is 5 mm and not by the strain gauge mesh that is 
about 1.8 mm long. This gives a stressed part in the shape of a relatively long and thin tube. 
The differences between the signals from the three strain gauges, for instance the fact that 
they do not approach zero in the same way may be because of torsional and flexural 
vibrations in the stressed part. 
 
One way to increase the strain is to make cuts along the lines drawn on the stressed part of the 
load cell in figure 31.  
 



 
Fig. 31. Cuts in the load cell 

 
These cuts can probably be made using water– or laser–cutting techniques. Since the mesh on 
the strain gauge only make up a small part of its length the cuts in the strain gauge can 
probably be made in such a way that a length of less than 2 mm is stressed. As the stressed 
length now is 5 mm this can compensate for the reduced cross sectional area and thereby 
make it possible to maintain or increase the lengthwise natural frequency while at the same 
time increasing the stress. This will of course demand that the wall thickness and the cut 
width and length are adapted to achieve a good balance between natural frequency and 
material strain. The problem with this design may be that it may perhaps be even more prone 
to problems with flexural and/or torsional oscillations than the current design. 
 
Another design that should be less prone to such oscillations is shown in figure 32. The 
stressed part would still be rotationally symmetric but the wall would only be thin just where 
the strain gauge mesh is located on the strain gauge matrix. This design seems to be very 
beneficial even though there may be some production problems with it. If it proves difficult to 
grind the inside of the tubular part this way the grinding can be done on the outside and the 
strain gauge can be mounted on the inside. This design may also be less influenced by the 
solenoid induced knock. 
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Fig. 32. Load cell with shorter thin walled section 

 
In both the suggested designs it would be beneficial to be able to mount three pairs of strain 
gauges, one on the outside and one on the inside for each measuring point. Each pair should 
form a part of a Wheatstone bridge. This would both give a higher output signal and the 
possibility to compensate for bending of the wall. 
 
The possibility of using materials such as titanium or aluminum alloys in the load cell and the 
deflector bell should also be investigated. In the load cell a material with a Young´s modulus 
that is lower than for steel allows the cross sectional area to be larger for a given stiffness 
which may have structural as well as production benefits. 
 
The natural frequencies of the oscillations that are believed to come from a bending mode in 
the load cell base plate can be increased by increasing the thickness of the plate. Increasing 
the thickness and thereby the mass of the base plate may also have beneficial effects on 
isolating the load cell from the vibrations in the injector holder.   
 
The dynamic properties of load cell suspension should be investigated and the damping 
redesigned in order to improve its performance.  
 
If possible a deflector bell with curve shape 2 can be manufactured with a high surface 
smoothness and used because of its other advantages such as less need for axial alignment, a 
more concentrated spray shape and less variations between individual sprays. Experiments 
can be made with injectors with different umbrella angle, if is found this curve shape works 
well with a wide range of umbrella angles there may be no need for an interchangeable 
deflector bell. If this is the case it will be possible to greatly reduce the oscillating mass by 
eliminating the mounting flanges. The load cell and the deflector bell can either be made from 
one piece of steel or they may be glued together.   
 

6.3 Suggestions for experimental work 
 
An experimental study can be made on what influence radial and axial misalignment between 
the deflector and the sprays has on the measurements. 
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A way of collecting the spent fuel may be developed to make it possible to measure the 
accumulated amount. By collecting the fuel from a large amount of injections the average 
injected mass can be calculated. 
 
The compensation curve can be made by letting the fuel overshoot the deflector bell in order 
to include the influence from the needle movement. 
 
Since this equipment can measure the vm& –rate it is possible to divide that curve with a flow 
rate curve measured with a Bosch tube in order to obtain the “velocity–rate” of the injector. 
 
Comparisons should be made between the measured vm& –rate with measurements made by 
letting the fuel impacting a load cell perpendicularly using the same individual injector. 
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7. Conclusions 
 
The benefit of being able to precisely measure the vm& – rate in a practical way for an injector 
is potentially large. The vm& is a somewhat allusive parameter that gives raise to some 
difficulties when one tries to measure it and the accuracy of the result can be questionable. 
 
The emphasis for this device has been put on that it should be simple and fast to use for 
practical measurements on a real injector. The device is found to work very well considering 
that it is the first version of a new type of device that functions with a new measuring 
principle. By using the ideas supplied in this work it is most likely possible to design an 
updated version of the device with a very high accuracy that can produce vm& – rate curves that 
are very close to reality, and this without loosing any of the practicality.  
 
Based on empirical relations of how the fuel flow and velocity depends on injection pressure 
and hole size the maximum force resulting from redirection of the fuel sprays, corresponding 
to the vm& of the fuel, was calculated to be 45 N. The force measured with the equipment was 
found to have a maximum of about 40 N after compensation for losses. The shape of the 
measured vm& – rate curve has been compared with a needle lift curve measured for the same 
injection and they have been found to correspond in a way that is reasonable. Because of this 
it can be assumed that the developed method and equipment gives a good estimation of both 
the absolute value and the rate of vm& for a fuel injection.    
 
When an average of 98 injections were made the noise in the curve was greatly reduced, this 
indicates that the noise was produced by a stochastic process such as electromagnetical fields 
picked up by the equipments wiring.  As the strain gauge cables between the injector holder 
and the box containing the Wheatstone bridges are unshielded this may be where much of this 
interference is picked up. 
 
The other major source of disturbances in the curve is the oscillations in the device. The 
influence of both these disturbances and the electromagnetical ones can probably be greatly 
reduced by using the ideas suggested in this work.   
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Appendix 1 

 
 
 

 39



Appendix 2 
 
A guide to the measuring equipment  
 
When doing measurements with the equipment attention must be paid to a few things. The 
deflector bell must be aligned both axially and radially by adjusting load cell suspension. The 
deflector bell should be located axially so that the sprays hits the deflector bell as close to the 
edge as possible without any fuel actually overshooting it. This setting can be found by 
making injections while taking pictures from the side gradually moving the load cell 
downwards until fuel overshoots the deflector bell and then moving it back slightly upwards 
again. It is also necessary to at the same time make sure that the deflector bell is properly 
centered around the injector tip in order to avoid asymmetrical loads. This can be done by 
sighting in the deflector bell hole around the injector tip from below while adjusting the load 
cell suspension, see figure 33. Once these settings have been made they do not need to be 
changed unless the type of injector is changed. With the deflector bell with curve type 2 it 
should be possible to use a variety of different injectors without changing anything due to its 
supposed insensitivity to the impact height of the spray.   
 
 

 

Fig. 33. Centering the deflector bell about the injector tip (Injector tip marked) 
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Appendix 3 
Example of Matlab code used for signal processing.  
 
(input data omitted) 
 
k1 = 117; 
k2 = 1.0353; 
k3 = 1.765; 
 
a=mean(insp1(200:500)) 
b=mean(insp2(200:500)) 
c=mean(insp3(200:500)) 
d=mean(komp1(200:500)) 
e=mean(komp2(200:500)) 
f=mean(komp3(200:500)) 
  
for i = [1:1001] 
     
insp1(i) = insp1(i) – a; 
insp2(i) = insp2(i) – b; 
insp3(i) = insp3(i) – c; 
komp1(i) = komp1(i) – d; 
komp2(i) = komp2(i) – e; 
komp3(i) = komp3(i) – f; 
     
end 
  
for i = [1:1001] 
     
insp1(i) = insp1(i) – komp1(i); 
insp2(i) = insp2(i) – komp2(i); 
insp3(i) = insp3(i) – komp3(i); 
     
end 
  
for i = [1:1001] 
     
insp(i) = insp1(i) + insp2(i) + insp3(i); 
 
  
end 
 
N = 1; 
Wn = 0.15; 
  
[B,A] = butter(N,Wn,'low') 
inspf = FILTFILT(B, A, insp) 
 
for i = [1:1001] 
     
inspf(i) = insp(i)*k1*k2*k3; 
 
end 
  
plot(t(450:800),inspf(450:800)) 
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grid on 
xlabel('Time [ms]') 
ylabel('Momentum [kg*m/s^2]') 
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Appendix 4 

List of used equipment 

 
One MCE90 module, Scania id. number 2720–135 
Three 27M1 Bridge amplifiers, Scania id. number 2722–451, 2722–447 and 2722–456 
Three Fischer–KPT measuring cables, Scania id. number 24400165, 24400166 and 24400053 
 
 
 
 
 
 

 43


	Development of a method and a device for measuring the momen
	ExjobbsrapportMFM95.pdf
	1. Introduction
	2. Theory
	2.1 Spray theory
	2.2 Collisions, momentum and impulse
	2.3 Principles of measuring impulse, impingement and with de

	3. The development of the equipment
	3.1 The initial concept
	3.2 The deflector bell
	3.3 The load cell
	3.4 The strain gauges
	3.5 Load cell suspension

	4. Measurements
	4.1 Data compilation
	4.2 Data evaluation

	5. Error analysis
	6. Development potential
	6.1 Signal and signal treatment related improvements
	6.2 Design improvements
	6.3 Suggestions for experimental work

	7. Conclusions
	8. References
	Appendix 1
	Appendix 2
	Appendix 3
	Appendix 4

	ExjobbsrapportEng2bc.pdf
	1. Introduction
	2. Theory
	2.1 Spray theory
	2.2 Collisions, momentum and impulse
	2.3 Principles of measuring impulse, impingement and with de

	3. The development of the equipment
	3.1 The initial concept
	3.2 The deflector bell
	3.3 The load cell
	3.4 The strain gauges
	3.5 Load cell suspension

	4. Measurements
	4.1 Data compilation
	4.2 Data evaluation

	5. Error analysis
	6. Development potential
	6.1 Signal and signal treatment related improvements
	6.2 Design improvements
	6.3 Suggestions for experimental work

	7. Conclusions
	8. References
	Appendix 1
	Appendix 2
	Appendix 3
	Appendix 4




