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Sammanfattning   
Då stora delar av resultaten är hemlighetsstämplade har dessa siffror ersatts av symboler och 
axlarna i vissa figurer har tagits bort helt. Utöver detta så har ett delkapitel, rörande en 
prototypgivare, tagits bort i sin helhet då det avslöjade känslig information.  

Det är, i moderna bilar och lastbilar, standard att mäta både laddtrycket i luftintaget till 
motorn och avgasmottrycket efter förbränningen. Att mäta tryck i stationära flöden är något 
som har gjorts länge och är väl utforskat, men hur man skall mäta ett korrekt tryck i 
pulserande flöden är inte banalt. Denna rapport visar, experimentellt, hur noggrant man kan, 
med hjälp av en Helmholtz-resonatormodell, förutspå karaktäristiken för ett mätsystem där 
pneumatiska tryckrör av olika dimensioner används. Den visar även hur mycket resonans i 
dessa system påverkar tryckmätningarna för olika tryckgivare som används i lastbilar idag. 
Detta examensarbete visar också samplingsfrekvensens och medelvärdesbildningstidens 
effekter när ett medeltryck mäts i ett pulserande flöde och hur igensättning av de pneumatiska 
rören påverkar mätningarna. Detta har genomförts genom två olika typer av experiment; ett 
stegsvarsexperiment, för att visa på mätsystemens karaktäristik, och ett pulsriggsexperiment 
som visar på hur stor inverkan de pneumatiska rören har på mätningar i flöden typiska för 
mellanstora lastbilar. Experimenten visar att responstiden och resonansfrekvensen för ett 
mätsystem kan förutspås teoretiskt med en noggrannhet av 𝜇! % för tryckrör längre än 725 
mm. De visar även att medelvärdet av absoluttrycket kan mätas med en noggrannhet av 𝜇! % 
för alla rördimensioner, detta inkluderar igensättning av rören upp till en förminskning av 
diametern med 𝜇! %. Däremot har det visats att ifall givaren har någon sorts intern resonans 
som sammanfaller med Helmholtz-resonansen kan mätningarna överskatta trycket med över 
𝜇! %. Undersökningen av samplingsfrekvensen visar att om samplingsfrekvensen väljs som 
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en divisor eller en multipel av pulsfrekvensen ökar felet, på grund av medelvärdesbildning, 
med en storleksordning. Genom att använda den information som ges i  denna rapport är det 
möjligt att undvika onödiga fel när tryck mäts i pulserande flöden.  
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Abstract 
Due to confidentiality several axis in the figures and large parts of the specifics of the results 
and of the experimental setups have been replaced by symbols. Also one section of the report, 
concerning a prototype sensor, has been removed completely due to the sensitive nature of the 
results.  

Measuring the exhaust gas pressure and the boost pressure at the air intake manifold is 
considered a standard procedure in modern cars and trucks. Although how to measure the 
pressure accurately for steady flows is well known, the pressure measurements in pulsating 
flows is not a trivial task. This theses shows, experimentally, how well the characteristics of a 
pressure measurement systems, using different dimensions of straight pneumatic tubing, can 
be predicted using the Helmholtz resonator model. Also how much this resonance influence 
the pressure measurements for different pressure transducers used in trucks today. This thesis 
also demonstrates the effects that the sampling frequency and the averaging time has on the 
accuracy of measuring an average pressure in pulsating gas flows and how clogging of the 
pneumatic tubes influence the measurements. This was done using two types of experiments; 
a step response experiment to properly show the characteristics of the measuring system and a 
pulse rig experiment that shows the impact, of the tubing, on the measurements for typical 
frequencies found in medium sized trucks. The experiments shows that the response time and 
resonance frequency of a measurement system can be predicted with an accuracy of 𝜇! % for 
tubes longer than 725 mm. It also that the average absolute pressure measurement keeps an 
accuracy of 𝜇! % for all tube dimensions, including clogging of the tube with a decrease of 
diameter up to 𝜇! %. It does however show that if the sensor has some internal resonance that 
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matches the Helmholtz resonance the measurement can be overestimated by over 𝜇! %. Tests 
of the sampling frequency shows that if the sampling frequency is chosen as a divisor or a 
multiple of the pulse frequency the error due to averaging is increased by one order of 
magnitude. Using the information given in this thesis it is possible to avoid unnecessary errors 
when performing pressure measurements in a pulsating flow.  
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Nomenclature 

In this chapter the nomenclature and abbreviations that are used in this thesis is listed. 

Nomenclatures  

Symbol Description Unit 

A Cross sectional area of pressure line [m!] 

d Inner diameter of pressure line [m] 

L Length of pressure line [m] 

l Distance between pressure taps [m] 

V Internal volume of pressure sensor [m!] 

Veff Effective counterpart of V [m!] 

T Temperature [K] 

λ  Wave length [m] 

ϕ  Phase shift [rad] 

ω  Angular frequency [rad/s] 

ω!  Natural angular frequency [rad/s] 

f!  Natural frequency [Hz] 

ζ  Damping ratio [-] 

τ  Time constant [s] 

t%  Settling time with % allowable amplitude error [s] 

f!  Pulsation frequency [Hz] 

f!  Sampling frequency [Hz] 

𝑑𝑝!!!  Normalized relative peak-to-peak pressure difference [-] 

𝑐!  Clogging ratio [-] 

c Speed of sound [m/s] 

v!  Pressure wave propagation speed [m/s] 
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ν  Kinematic viscosity [m!/s] 

µμ  Dynamic viscosity [Pa ∙ s] 

Pr Prandtl number [-] 

γ  Ratio of specific heats (c!/c!) [-] 

p  Pressure [Pa] 

p!!!  Peak-to-peak pressure [Pa] 

p  Average pressure over time [Pa] 

ϵ  Relative error [-] 

T!  Averaging time  [s] 

N Number of trails [-] 

Λ  Integral time scale [s] 

U Voltage [V] 

  

Abbreviations 

EXH pressure Exhaust back pressure 

DPF Diesel particle filter 

VDC Voltage direct current 

AC Alternating current 

EGR Exhaust gas recirculation 

DOC Diesel oxidation catalyst 

RPM Revolutions per minute 

KTH Royal institute of technology 

CCGEx Competence centre for gas exchange 
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1 Introduction 

This chapter introduces the reader to the scope of this thesis. This includes short sections on 
the background, purpose and delimitations of the thesis as well as what method will be used 
to reach the desired conclusions. 

1.1 Background 

In the gas-exchange system of a truck it is important to measure the pressure accurately for a 
number of different reasons, for instance to regulate the air intake to the combustion chamber 
in order to create an efficient combustion, or to see if a filter is getting clogged. Measuring 
gas pressure for steady flows has been done for a long time and is thus well understood. 
However, the gas flow exchange of a combustion engine is driven by the valve openings of 
the cylinders. This means that the gas flow will not have a constant flow rate or pressure, but 
rather the flow pulsates with a frequency that is highly dependent on the rpm (revolutions per 
minute) and the number of cylinders in the engine. Several different types of pressure sensors 
are used in industry today and they can be installed, i.e. connected to the channel were the 
pressure is to be measured, in different ways. The different types of sensors have different 
pros and cons, for instance one type of sensor have a higher accuracy than another but have a 
smaller pressure range, it may also be more sensitive to change in temperature. The way the 
sensor is installed will also have an influence on the accuracy of the pressure measurement. 
To install the pressure sensor flush with the channel wall minimizes the influence on the flow 
and also allows direct measurements on the channel. However the gas may be extremely hot, 
e.g. the exhaust gases after the combustion reaches temperatures up to 900∘ C, and these high 
temperatures influence the measurements causing large errors and can even melt and ruin the 
sensor itself. For such cases it is common to use pneumatic tubes (also called pressure tubes 
or connective tubes) to connect the pressure sensor to the conduit pipe. This will then allow 
usage of a pressure sensor that is less temperature resistant, more accurate and/or cheaper. 
However depending on the dimensions of the pneumatic tubes these will also have an 
influence on the dynamic pressure measurements. Also, the gas after the combustion contain 
soot and other micro particles that get stuck in the pneumatic tubes, causing them to clog. 
This will also affect the pressure measurements. So how one should measure the pressure to 
acquire a good representative pressure measurement in pulsating flows is something that 
needs further investigation. 

1.2 Purpose 

The purpose of this thesis is to investigate how the installations of the exhaust back pressure 
sensor, the boost pressure sensor and the diesel particle filter differential pressure sensor 
affect the pressure measurements. The influence of the dimensions of pressure tubes are 
investigated and compared to theoretical predictions. Also the effects, on the measured 
pressure, due to clogging of the pressure tubes are investigated. On top of this the error due to 
sampling frequency and averaging time are studied, i.e. how should the averaging time and 
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sampling frequency be chosen in order to avoid unnecessary errors and over sampling when 
measuring an average pressure. 

1.3 Delimitations 

To avoid the influence of complex geometries of the channel, where the pressure is measured, 
all experiments in this thesis have been limited to straight channels of constant diameter only. 
Also, to ensure repeatability all experiments have been performed under well-controlled 
conditions in the CICERO laboratory at the Royal Institute of Technology, Stockholm. No 
experiments have been performed on an actual engine. 

The effects of bends on the pressure tubes have not been studied. 

This thesis have focused on examining how the mechanical installations affect the pressure 
measurements. The influence the electronics in the sensors have on the measurements have 
not been investigated in any depth. 

1.4 Method 

The first part of the thesis consists of a literature/theory study, where the physical principles 
of different sensors and the theories governing the mechanical properties of the installation 
configurations are given. This part also includes a description of the influence of different 
averaging times and sampling frequencies. These theories have been used to design the 
experiments to investigate the effects of the different installations for the different sensors. 

Two different types of experiments is then used to show how well the theories match the 
reality. The first experimental setup is designed to show the step response of the sensors and 
their installations. This is done using a membrane burst module. This experiment will then 
show how well the theory predicts the installations natural frequencies and response times and 
show the characteristics of the sensors. The second experiment setup uses the CICERO 
laboratory lab rig capable of generating pulsating flows up 100 Hz. This setup is used to show 
how the installation affects both the dynamic pressure measurements and the measurements of 
the average pressure. All data are collected using LabVIEW and analysed using scripts 
created with Matlab. 
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2 Theory 

In this chapter different types of pressure sensor techniques will be described and discussed 
as well as mechanical setups of the measurement system. 

2.1 Sensors 

This section will give a description of different types of pressure sensors. First the membrane 
pressure sensor is described, including strain gauge, inductive and capacitive detection. This 
is followed by a description of the Bourdon tube sensor and finally the semiconductor sensors 
piezoresistive and piezoelectric. The information in section 2.1 comes mainly from the book 
by Grahm, Jubrink, Lauber [1]. 

Pressure measurements can either relate to absolute pressure or differential pressure. Absolute 
pressure is the pressure relative to vacuum, whilst differential pressure is the pressure 
difference between two different positions. 

2.1.1 Membrane 

Pressure sensors of membrane type use a circular membrane that bulges under a pressure 
difference between the two sides of the membrane, see Figure 2.1. The membranes are usually 
made of steel, but also plastic membranes are used for measurements of low pressures (<5 
kPa). The bulging of the membrane can be detected mechanically but the most common way 
is to use a detector system with an electrical output. Membrane pressure sensors can be 
constructed to measure both absolute or differential pressure, which makes it applicable in 
many different cases. 

 

Figure 2.1 Schematic figure of a membrane pressure sensor. The membrane will bulge due to the pressure 
difference between the pressure chamber (the pressure that is to be measured) and the reference pressure 
(e.g. ambient pressure). 
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2.1.1.1 Strain Gauge 

A common way to measure the bulging of the membrane is through the usage of a strain 
gauge. The strain gauge consists of a thin metal foil attached to an insulated backing, which is 
glued to the membrane. As the membrane bulges, due to the pressure difference, the strain 
gauge is deformed causing the electrical resistance of the foil to change. The change in 
resistance is then measured using a Wheatstone bridge, see Figure 2.2, where the output 
voltage is dependent on the resistance of the resistors in the bridge. 

The membrane strain gauge pressure sensor is relatively easy to produce which is why it is 
commonly used in the industry. However, the more sensitive sensor materials have a strong 
temperature dependence in the wiring. On the other hand, often the membrane to which the 
strain gauge is attached also exhibits a temperature dependence which can be used by the 
manufacturers, by processing the gauge materials to compensate for the total temperature 
dependence. A smaller temperature dependence is still left though. This dependence is most 
commonly compensated for using software with a polynomial curve correction given by the 
manufacturer [2]. 

 

Figure 2.2 Strain gauge sensor connected in a Wheatstone bridge. The sensor will change its resistance 
depending on the strain it experiences. This change in resistance is then detected as a change in the output 
voltage (Uout). 

2.1.1.2 Inductive Transducer 

Another way of measuring the bulging of the membrane is through induction. This is most 
commonly done with a differential transformer where the iron-core is attached to the 
membrane and will thus change its location depending on the pressure. 

A differential transformer consists of three coils, one primary coil and two identical secondary 
coils, and one iron-core. The primary coil is connected to an AC-source which will induce a 
current in the secondary coils. The secondary coils are connected in series so that the 
difference in induced voltage is the output. If the iron-core is centred the output will be zero, 
but if the iron-core is shifted to one side it will increase the induced voltage on that side and 
reduce the induced voltage on the other side, thus giving an output, the voltage difference, 
that is linearly dependent on the position of the iron-core, see Figure 2.3.  
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The inductive sensor is sensitive and robust against soil and temperature, but due to the coils 
it is bulky, heavy and expensive. 

 

Figure 2.3 Schematic figure of an inductive membrane pressure sensor. The membrane will bulge due to 
the pressure difference between the pressure chamber and the reference pressure. This will change the 
location of the iron core relative the coils, which will change the voltage difference between the secondary 
coils. This voltage difference is the output voltage (Uout). 

2.1.1.3 Capacitive Transducer 

The capacitive transducer consists of two parallel plates (most often metal plates but also 
semiconductive materials are used) that form a capacitor. When the membrane bulges it will 
change the distance between the plates thus changing the capacitance of the capacitor. This is 
then connected to a capacitance bridge that gives an output voltage, much in a similar way as 
the strain-gauge sensor. The conductor plate (not the membrane) can also be mounted on a 
ceramic backing making it possible to have vacuum between the plates and measure absolute 
pressure. 

The capacitive sensor is smaller and more compact than the inductive sensor and it is fast, so 
it can be used at higher frequencies. It is also relatively temperature independent. 

2.1.2 Bourdon Tube 

The Bourdon tube was one of the most commonly used pressure sensors in the industry due to 
its easy construction and low price. It has, however, to a large extent been replaced by new 
more sensitive sensors in the industry. But it is still used in a wide variety of equipment where 
inexpensive static pressure measurements are needed, e.g. compressors. It is a differential 
pressure sensor that consists of a tube shaped as a “c” or even a helix or spiral. A pressure 
increase inside the tube will induce a force causing the tube to straighten, whereas a decrease 
will cause the opposite. This can then be measured and converted to an electrical signal using 
a strain gauge, an inductive or a capacitive detector. In Figure 2.5 an example of the Bourdon 
tube with an inductive detector is shown. A drawback of the Bourdon tube is that it is 
relatively sensitive to vibrations and external mechanical influence. 
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Figure 2.5 Schematic of an inductive Bourdon tube sensor. When the pressure difference between the 
surrounding and the inside of the Bourdon tube changes the Bourdon tube will change its bending. If the 
pressure in the Bourdon tube is increased it will induce a force that will straighten the tube, which in turn 
will change the location of the iron core in the inductive detector in the same way as described in section 
2.1.1.2. 

2.1.3 Semiconductor Sensors 

In this section the principles behind two different types of semiconductor sensors, 
piezoresistive and piezoelectric are described. Similarly to membrane pressure sensors,  
semiconductor sensors can measure both absolute and differential pressure. An advantage of 
making the sensor of semiconductive materials is that it allows for an amplifier to be installed 
on the same chip, which makes it easier to transfer the signals. 

2.1.3.1 Piezoresistive 

The piezoresistive (from the Greek piezein, to squeeze) pressure sensor makes use of piezo 
materials that change their electrical resistivity under mechanical strain, just like a strain 
gauge. It is made of a monocrystalline semiconductive material, which makes it highly linear. 
Piezoresistors are mounted on a silicone plate, typically in form of a Wheatstone bridge (see       
Figure 2.2 but with four varying resistors, the piezoresistors), which is located in a pressure 
chamber filled with oil. The pressure chamber has a membrane towards the fluid, of which the 
pressure should be measured. As pressure is applied on the piezoresistors the bridge will 
change its output signal, see Figure 2.6. 

By making a resistive pattern in a semiconductive membrane, instead of gluing the resistors to 
the membrane, one gets rid of the problems caused by the glue. Problems by using glue comes 
from the often occurring organic materials in the glue, which can be sensitive to temperature 
and moisture. Still, the biggest advantage of the piezoresistive sensor, compared to the 
common metal strain gauge, is that it is approximately 100 times more strain sensitive and it 
has a high natural frequency with fast response time [3]. It can thus be used in a large variety 
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of applications for both dynamic and static pressures. It is, however, even more temperature 
sensitive than the strain gauge transducer. 

 

Figure 2.6 Schematic figure of a piezoresistive pressure sensor with a damping silicone oil between the 
membrane and piezoresistors. The measured pressure affects the membrane which transfers the pressure 
to a damping silicone oil that pushes on the piezoresistors. The resistivity of the piezoresistors will then 
change causing the output voltage change. 

2.1.3.2 Piezoelectric 

The piezoelectric sensor is similar to the piezoresistive sensor, but instead of having a varying 
resistivity the crystal in the piezoelectric sensor generates a charge. The time derivative of this 
charge (a current) is then converted to a voltage output. Because the piezoelectric sensors 
output depends on the time derivative of the generated charge it cannot be used for truly static 
pressure measurements, instead it works best for high frequency signals. The piezoelectric 
sensor has a capacitive nature, meaning that it, for a limited time, stores the generated charge 
as a voltage. The output of the sensor is then enhanced using a charge amplifier, see       
Figure 2.7. In the charge amplifier the input charge is transferred to a reference capacitor 
which gives an output voltage (Uout), allowing the piezoelectric sensor to measure  pressures 
that vary with lower frequencies. Also by using an semiconductor with very high insulation 
resistance, e.g. quartz, the time constant can be increased substantially and the piezoelectric 
can be considered “quasistatic” [4]. The piezoelectric sensor is extremely sensitive, fast 
responsive and robust against temperature, which makes it ideal for measuring highly 
dynamic pressures in extreme environments, e.g. cylinder pressure in a combustion engine. 
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Figure 2.7 Schematic of a piezoelectric sensor setup, with cable and charge amplifier. The sensor will 
generate a voltage output, through the charge generated by the piezoelectric element and its capacitive 
nature, that transfers to a reference capacitor in the charge amplifier. From the charge amplifier an 
output voltage of the system is obtained (Uout). 

2.2 Measurement System 

When performing dynamic pressure measurements it is important that not only the sensor but 
the entire system, sensor and connective tubing, has a fast response. Consequently in section 
2.2.1. the use of pneumatic pressure tubes will be discussed. 

Another important factor to consider, when performing dynamic measurements, is the 
sampling rate (how often a sample is taken) and the averaging time (over how long time an 
average is taken). This is discussed in section 2.2.2. 

2.2.1 Pressure Tubes 

Often the lack of space makes it impossible to mount a pressure sensor flush on the desired 
channel. It is then very common to use pneumatic pressure tubes to connect the pressure 
sensor to the channel, see Figure 2.8. When using pressure tubes it is important to be aware of 
the physical properties of the pressure tube-sensor-system, such as resonance and filtering.  

The two most important factors to consider are the frictional damping, due to friction along 
the pressure tube wall, and the resonance frequency, caused by reflection of pressure waves. It 
has been experimentally shown, by A. Yoshida, Y. Tamura and T. Kurita (2001) [5], that the 
effects of bends on pressure tubes are negligible, as long as the cross sectional area at the 
bending point is larger than 50 % of the original cross sectional area of the straight pressure 
tube. This report will thus not further investigate the effects of bending of the pressure tube. 
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Figure 2.8 Schematic figure of a pressure tube-sensor system. The pressure in the channel is transferred 
through the pressure tube to the pressure sensor. A small volume, due to geometry of the sensor or 
connection of the sensor and tubing, is included and denoted V. 

2.2.1.1 Resonance Frequency (Helmholtz resonance) 

When using pneumatic pressure tubes the system forms a fluid oscillator, consisting of a 
narrow neck (pressure tube) and a cavity (sensors internal volume). The cavity will act as a 
oscillator spring, when the fluid in the cavity is compressed, whereas the fluid in the pressure 
tube is the oscillator mass. The fluid oscillator may be treated as a dynamic system with one 
degree of freedom under the assumptions that; 1) the walls are rigid, 2) the velocity of the 
fluid in the cavity is much smaller than the velocity of the fluid in the pressure tube and 3) no 
occurrences of standing waves [6]. 

 

Figure 2.9 Mechanical oscillator. A mass (m) will oscillate, around its resting point, when affected by a 
disturbance. The oscillations will be governed by the natural frequency (caused by the spring) and the 
damping of the amplitudes of the oscillations (caused by the damper). 

  

The system in figure 2.9 can be described by the following second order differential equation: 

d!x
dt!

+ 2ω!ζ
dx
dt
+ ω!!x = 0 

 

(1) 
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where 𝜔! is the systems undamped angular frequency and 𝜁 is the systems damping ratio. The 
pressure of the fluid oscillator can be described in a similar way, where the pressure, p(t), at 
the inlet of the pressure tube is the driving factor. 

d!p!
dt!

+ 2ω!ζ
dp!
dt

+ ω!!p! = ω!!p 

 

(2) 

 

Here 𝜔! = 2𝜋𝑓! and 𝑓! is the natural frequency of the system, p is the pressure in the channel 
and 𝑝! is the pressure output of the sensor. The natural frequency of the Helmholtz resonator 
is as: 

f! =
1
2π

  c  
A
LV

 
 

(3) 

 

where c is the speed of sound, A is the cross sectional area of the pressure tube and V is the 
internal volume of the sensor. This expression does not account for movement of the fluid in 
the internal volume or at the inlet to the pressure tube or the formation of standing waves [6]. 
By extending this resonator model, taking into account the earlier mentioned factors, the 
expression for the natural frequency can be written as [7]: 

f! =
d
π

πγp

Lρ V + LA2
 

 

(4) 

 

which can be simplified using the relation: 

c = γRT = γ
p
ρ

 
 

(5) 

 

to give 

f! =
c
2π

A

L V + AL2
=

c
2π

A
LV!""

     
 

(6) 

 

where 𝛾 is the ratio of specific heats, 𝜌 is the fluid density, p is the pressure and Veff is the 
effective counterpart of V. Note that the speed of sound is affected by the temperature, 
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meaning that an increase in temperature or pressure over density ratio will give a higher speed 
of sound, which in turn will increase systems natural frequency, see Figure 2.11. 

When designing a pressure measurement system it is important to keep in mind that the 
natural frequency of the measurement system should be higher (preferably at least an order of 
magnitude higher) than the frequency of the pulsations in the flow [8], or one might get errors 
in the measured pressure, in the form of a increase in pressure, due to the resonance of the 
fluid oscillator. In Figure 2.10 the natural frequency according to the model described by eq. 
(6), for a pressure measurement system with 𝑉 = 0.7  𝑐𝑚! with different L and d using a 
speed of sound of 𝑐 = 340  𝑚/𝑠, is shown. 

 

Figure 2.10 Natural frequency as a function of L, for different d (eq. (6)) for a system with an internal 
volume 𝑽 = 𝟎.𝟕  𝒄𝒎𝟑. The natural frequency of a pressure measurement system increase with decreasing 
tube length and increasing tube diameter. Note that the tube length has a much larger impact on the 
natural frequency. If a high natural frequency is desired it is thus important to have a short tube. 
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Figure 2.11 Natural frequency as a function of tube length for different temperatures with a tube diameter 
of 8 mm. It can be seen that an increase in temperature will give an increase in natural frequency. This 
effect is especially noticeable for pressure tubes shorter than 0.5 m. 

2.2.1.2 Damping Ratio 

The damping ratio of a system is a dimensionless parameter describing how rapidly 
oscillations decay after a disturbance. It is usually denoted 𝜁 (zeta) and allows for the level of 
damping of a oscillating system to be expressed mathematically. It is mainly caused by 
pressure losses in the pressure tube and at the pressure tube inlet and outlet. 

A system is critically damped (optimal damping, no oscillations) [1] when 𝜁 = 1, if 𝜁 < 1 the 
system is under-damped and an initial overshoot of the input signal will occur and decreasing 
oscillations towards the final value. If 𝜁 > 1 the system is over-damped and the system will 
slowly reach the final value without ever overshooting, see Figure 2.12. 
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Figure 2.12 Step response, of a second order ordinary differential equation, with different damping ratios. 
As the damping ratio is increased the amplitudes of the oscillations is dampened faster and no oscillations 
occur for damping ratios equal or above 1. Note that the critically damped system not necessarily gives the 
fastest response (compare zeta = 1 and zeta = 0.85). 

The damping ratio corresponding to the model with a natural frequency described by eq. (6) is 
[7]: 

ζ =
32µμ
d!

  
L V + LA2

πpρ
 

 

 

(7) 

 

which in a similar fashion as for eq. (4) can be simplified to: 

ζ =
2µμ
ρAf!

. (8) 

 

Equation 7 only takes the pressure loss in the pressure tube into consideration, neglecting the 
losses at the inlet and outlet, but gives a good approximation of the variation of the damping 
factor as a function of different diameters and lengths of the pressure line. Note that the 
damping ratio is inversely proportional the speed of sound (through 𝑓!), which means that the 
damping is inversely dependent on the square root of the temperature (𝜁~ 𝑇   ). This means 
that if the temperature is increased the damping is decreased. To get a better absolute 
conformance with the real values of the damping ratio, a correction value 𝛼, which is 
dependent on the diameter of the tube, is needed (𝜁 = 𝜁 + 𝛼). The correction values have 
been estimated (rough estimations), for four different diameters,  using the measurements 
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done by Bajsić, Kutin and Žagar [6], and are shown in Table 2.1. The damping ratio 
according to eq. (8) with the correction values from Table 2.1 are plotted in Figure 2.13.  
From Figure 2.13 it can easily be seen that the damping ratio increase faster, with increasing 
pressure tube length, for pressure tube with smaller diameters. It is also clearly shown that a 
smaller diameter of the pressure tube gives a larger damping in general.  

Table 2.1 Estimation of the correction values for the damping ratio. 

Diameter [mm] Estimated correction value 
1 0.078 
2 0.062 
4 0.050 
8 0.040 
16 0.035 

 

 

Figure 2.13 Damping ratio as a function of pressure tube length for different diameters, including the 
correction value (internal volume 𝑽 = 𝟎.𝟕  𝒄𝒎𝟑). Worth of noting is that when decreasing the tubing 
diameter not only the biased damping ratio is increased, but also the rate of increase due to an increasing 
tube length. 

2.2.1.3 Time Delay 

A time delay (an increase in response time) of the system occurs due to the Helmholtz 
resonator oscillations and the friction of the tubing wall. The time delay due to the friction is 
caused by the pressure difference at the inlet and outlet of the tube, which induces a small 
mass flow in the pressure tube. This small mass flow will continue until the pressure 
difference between the sensor and the inlet of the tube equals out, which due to friction takes 
time. However this time delay is an order of magnitude smaller than the delay caused by the 
Helmholtz resonator [8].  
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The time delay, due to the Helmholtz resonator, depends on the natural frequency and the 
damping of the pressure measurement system. This delay is normally described through the 
time constant 𝜏. Here 𝜏 is the time the system needs to reach, and stay within, 1− 1/𝑒 (≈63.2 
%) of the final value. The time constant can be approximated by the following equation [4]: 

τ =
1
2π

1
f!ζ
. (9) 

 

The time constant can then be used to calculate the time response of the system, to a step 
input signal, with desired accuracy of the step change, i.e. the settling time 𝑡%, see eq. (10) 
and Figure 2.14 [6] where the example of 5 % error is shown. 

t!% = −τ  𝑙𝑛  (0.05) (10) 

 

Figure 2.14 Settling time with 5 % allowable amplitude error as a function of pressure tube length L, for 
different tube diameters d with a fixed internal volume 𝑽 = 𝟎.𝟕  𝒄𝒎𝟑. Note that the tube diameter affects 
the settling time mainly at long tubes, this means that the response time of the sensor plays a more 
significant role for systems using short tubes then for systems using longer tubes. 

If a good time resolved measurement of a pulsating flow is desired it is important to design 
the measurement system with a time constant approximately an order of magnitude shorter 
than the time period of the pulsations, else the pressure measurement will be low-pass filtered. 

2.2.2 Sampling And Averaging 

Sampling is the process making a sequence of data points from a signal, e.g. converting 
continuous function in to a discrete function. When performing a measurement it is important 
to sample and average the correct way in order to keep the error as low as possible while not 
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using too much data storage, due to oversampling or unnecessary storage of data. This is what 
section 2.2.2 will look into. 

2.2.2.1 Nyquist–Shannon Sampling Theorem 

In order to accurately reconstruct a signal from a set of samples, the samples need to be taken 
with short enough interval. The least frequent sampling rate that allows perfect reconstruction 
of a bandlimited function is given by the Nyquist-Shannon sampling theorem: 

“If a function 𝑓(𝑡) contains no frequencies higher than 𝑊 cps, it is completely determined by 
giving its ordinates at a series of point spaced 1/2  𝑊 seconds apart.” [9]. 

This can also be expressed as, a band-limited function can be perfectly reconstructed from 
samples taken at a sample frequency of no less than twice the maximum frequency of the 
function. This minimum sampling rate is called the Nyquist rate. 

If the samples are taken with a lower frequency, than the Nyquist rate, the signal is 
undersampled. This will create aliases with a lower frequency than the actual signal and this 
alias is what the common reconstruction methods will produce, e.g. sinc-interpolation 
(Whittaker-Shannon interpolation). An example of this is shown in Figure 2.15, where a 
sinusoidal signal of 60 Hz is sampled with a sample frequency of 70 Hz. The samples taken 
will then match the original 60 Hz signal but also a signal with a frequency of 10 Hz (the 
lower frequency alias), and it is the alias that will be reconstructed. 

 

Figure 2.15 A sinusoid with a frequency of 60 Hz (blue) is sampled with a sample frequency of 70 Hz. The 
sampled points also fits to describe an alias, of the original signal, with a frequency of 10 Hz (red dashed). 
When using common interpolation methods it is the alias that will be reconstructed. 
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2.2.2.2 Averaging Time 

Usually when averaging a signal the noise is considered random (for non-random noise se 
section 2.2.2.3.), with zero mean and is uncorrelated to the signal, further it is assumed that 
the timing of the signal is known and consistent (allowing repeated measurements) [10]. It can 
then be shown that the relative error of the average of a stochastic process 𝑆 = 𝑆! +   𝑛 can be 
estimated as: 

ϵ! =
1
N
var n
S!!

 
(11) 

 

where 𝑛 is the noise, 𝑆! is the mean value of the signal, 𝜖 is the relative error and N is the 
number of trials (repeated measurements). This means that the relative error decreases with a 
factor of !

!
. To get a estimation of the necessary sampling time eq. (11) has to be compared 

to the relative error of a mean obtained during a time 𝑇! (𝑆!) [10]. Define 𝑆! as: 

S! =
1
T!
   S t dt

!!

!
 

(12) 

 

and define the true mean as: 

S   = 𝑙𝑖𝑚
!!→∞

S!. (13) 

 

To get an estimation of the variance of 𝑆!, repeated estimations should be done, same way as 
to get eq. (11). This yields the following expression for the estimation of the variance of 𝑆! 
[11]: 

var S! =< S! − S ! >≈
1
T!!
  2𝛬𝑇!var(S) 

(14) 

 

where Λ is the integral time scale (integral time scale is of the order of pipe diameter and a 
typical propagation speed Λ~𝑑/𝑢), giving an expression for the relative error of 𝑆!: 

ϵ! =
var(S!)
S!!

=
2𝛬
T!
var(n)
S!!

. 
 

(15) 

 

Comparing eq. (11) and eq. (15) one finds that the averaging time can be seen as: 
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T! = 2N𝛬. (16) 

 

This means that the estimation of 𝑆! will improve with a factor of 1/ 𝑇!. 

2.2.2.2.1 Differential signal averaging 

When measuring a differential pressure in a pulsating flow a phase shift will occur due to the 
separation of the pressure taps. To estimate how this will affect the averaging time, consider 
the two input pressures as two scaled signals with a phase shift, 𝜙.  

S = S! − S!
S! = S!! + ξ! + n!
S! = S!! + ξ! + n!

 
 

(17) 

 

Here 𝜉! and 𝜉! are the phase shifted non-random noise caused by the pulsations in the flow 
(modelled by a sine wave). 

ξ! = 𝑎𝑠𝑖𝑛  (ω!t)

ξ! = bsin ω! t + ϕ
 

 

(18) 

 

a and b are the amplitudes of the pulses and 𝜔! is the pulse radian frequency. The variance of 
𝑆! then becomes: 

var S! = var S!! − S!! = var S!! + var S!! − 2cov S!!, S!!  (19) 

 

where also 

var S! =
1
T!
  2𝛬var S =

1
T!
  2𝛬 𝑣𝑎𝑟 𝜉 + 𝑣𝑎𝑟 𝑛 . (20) 

 

Assuming that the amplitude of the pulsation is much larger than the random noise in the 
signal one gets: 

var s!! =
1
T!
  2𝛬𝑣𝑎𝑟 𝜉! =

𝛬a!

T!

var s!! =
1
T!
  2𝛬𝑣𝑎𝑟 𝜉! =

𝛬b!

T!

 

 

 

(21) 
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where a and b are the amplitudes of the two sine waves, see eq. (18) [12]. The covariance 
term can be deduced in the following way. 

cov S!!, S!! = cov S!! + ξ! + n!, S!! + ξ! + n!
= cov S!!, S!! + cov S!!, ξ! + cov S!!, n! + cov ξ!, S!!
+ cov ξ!, ξ! + cov ξ!, n2 + cov n!, S!! + cov n!, ξ! + cov n!, n!
= cov ξ!, ξ!  

 

 

 

To clarify: 

cov S!!, S!! = cov ξ!, ξ! . (22) 

 

Then use the definition of the covariance: 

cov ξ!, ξ! = E[ξ!ξ!] − E ξ! E ξ!  (23) 

 

where E[] is the expectation value. Using the sine wave model from eq. (18) one can evaluate 
each of the terms in eq. (24). 

E ξ!ξ! = E absin ω!t 𝑠𝑖𝑛 ω!t + ϕ  (24) 

 

Which can be, by using trigonometric identities for sin(x+y), written as: 

E ξ!ξ! = E
abcos ϕ 1 − 2 𝑐𝑜𝑠 ω!t

2
  +

absin ϕ 𝑠𝑖𝑛 2ω!t
2

 
 

(25) 

 

this can be further simplified by letting 𝜔! and 𝜙 be constant in the time period of the 
averaging. This then gives: 

E ξ!ξ! = ab 𝑐𝑜𝑠 ϕ
1
2
− E 𝑐𝑜𝑠 ω!t +

𝑠𝑖𝑛 ϕ
2

E 𝑠𝑖𝑛 2ω!t  
 

(26) 

 

by using the definition of E() and using an evenly distributed t from –𝜋/𝜔! to 𝜋/𝜔!, giving a 
probability density function of 𝑓 𝑡 = 1/2𝜋, one can simplify the expression further. 

E ξ!ξ! = ab 𝑐𝑜𝑠 ϕ
1
2
−

𝑐𝑜𝑠 ω!t   
2π

dt
!/!!

!!/!!
+
𝑠𝑖𝑛 ϕ
2

𝑠𝑖𝑛 2𝜔!t
2π

dt
!/!!

!!/!!
⇒ 
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⇒ E ξ!ξ! =
abcos ϕ

2
   

 

 

(27) 

 

Considering the second terms in eq. (24) one finds: 

E ξ! = E 𝑎𝑠𝑖𝑛 ω!t = a
𝑠𝑖𝑛 ω!t

2π
dt = −

a
2πω!

𝑐𝑜𝑠 ω!t !!/!!  
!/!!  

!/!!

!!/!!
= 0 

 

(28) 

 

𝐸 𝜉!  can in the same way also be found to be equal to 0. This gives an expression for the 
variance of 𝑆! such as: 

var S! =
Λ
T!

a! + b! − 2abcos ϕ  
(29) 

 

This then gives and expression for the error when averaging. 

ϵ! =
2Λ
T!

a! + b!

S!!
−
2abcos ϕ

S!!
 

(30) 

where 𝑆! = 𝑆!! − 𝑆!!. 

The phase shift can be estimated by the following expression: 

l
λ
=
ϕ
2π

⇒ ϕ =
2πl
λ

 
(31) 

  

Where l is the distance between the pressure taps and 𝜆 is the wave length. The wave length 
can be found as: 

λ =
v!
f!

 (32) 

 

where 𝑣! is the pressure wave propagation speed.  

The propagation speed of pressure waves in a tube at low frequencies can be modelled by the 
following equation [13]: 
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v! = c! 1 +
1
d
  

ν
2ω!

   1 +
γ − 1
𝑃𝑟

!!

 
 

(33) 

 

c0 is the speed of sound in free air, 𝜔 is the angular frequency, 𝜈 is the kinematic viscosity 
and Pr is the Prandtl number. To illustrate how the wave propagation speed in a tube vary 
with the frequency, Figure 2.16 shows the wave propagation speed for a tube of 60 mm 
diameter at a temperature of 500 K. This model is gives a good approximation of the phase 
velocity of pressure waves for frequencies down to 90 Hz. Below 90 Hz the “real” 
propagation speed drops faster than the modelled one [13]. 

 

Figure 2.16 Speed of sound as a function of the frequency in a 60 mm diameter tube at a temperature of 
500 K (eq. (33)). As the frequency is increased the speed of sound approaches the speed of sound in free 
air. This approximation is good for frequencies down to 90 Hz. 

For clarification of what this means, here follows an example. Consider a channel of 60 mm 
diameter with a distance of 0.5 m between the pressure taps. Also assume a temperature of 
20∘ C, a pulse frequency of 100 Hz with an amplitude of 0.05 bar in 𝜉! and 0.04 bar in 𝜉! and 

a difference in mean pressure of 𝑆! = 0.1 bar. This yields a wavelength of 4.47 m and a 
phase shift of 0.7028 rad. To reach an accuracy of 1 %, an averaging time of 0.35 seconds is 

then needed, see figure 2.17. If the phase shift however was equal to 𝜋 (the worst case 
scenario), the time needed to reach a 1 % accuracy would be approximately 2.8 seconds. 
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Figure 2.17 The error of taking the average over time for a signal consisting of the difference between two 
different signals. The accuracy of the average increases as 𝟏/ 𝑻, but is also affected by the phase shift 
between the two signals. 

2.2.2.3 Sampling Rate for Non-random Noise 

The estimations done in the above section has relied on the noise being random and 
uncorrelated to the signal itself. If one however has a non-random noise (such as a sinusoid, 
due to a pulsating flow) a correction has to be added. This is because if one has a sampling 
based on time the sampling frequency may cause enhancement of noise with a certain 
frequency.  

If one samples with sample frequency 𝑓! all noises with a frequency of 𝑓! will be enhanced. 
Also let the noise frequency be 𝑓!, then all 𝑓! that evenly divides into 𝑓! will tend to enhance 
the noise. These errors in average can be often be avoided by either using a random sampling 
interval or using a non-integer sampling frequency (e.g. 50.3 Hz) [10]. 
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3 Experiments 

In this chapter the equipment and experimental setups will be described. This includes 
descriptions of the different rigs that has been used, as well as the different pressure sensors 
and their setups. Also some properties of the flow at the different pressure measuring points, 
marked with arrows in Figure 3.1, will be given. 

Two different types experiments have been performed. The first type of experiments was a 
step response analysis. These experiments where done using a membrane bursting module, 
which is described in section 3.1. 

The second type of experiments was pressure measurements in a pulsating flow rig. This was 
done at the CICERO-lab at the Royal Institute of Technology in Stockholm. These 
experiments are further described in section 3.2. 

 

Figure 3.1 Schematic picture of the engine and its exhaust system. The air comes in through the air intake 
then passes the turbo compressor. The air is cooled by the intercooler then comes to the cylinder intake 
manifold, where the first pressure sensor is located (1 boost pressure). After the combustion the exhaust 
gases passes through the exhaust manifold to the turbo turbine. Some of the gases can be led back to the 
intake manifold (to be reused in the combustion) through the exhaust gas recirculation pipe (EGR pipe), 
this is the second point where pressure is measured (2 exhaust back pressure (EXH pressure)). One 
engines without EGR the exhaust back pressure is measured on the exhaust manifold. After the turbine 
the exhaust gases passes in to the silencer (marked by the green dashed line) and firstly passes a diesel 
oxidation catalyst (DOC). The third pressure sensor is a differential pressure sensor that measures the 
pressure over the diesel particle filter (DPF) (3 DPF differential pressure). The exhaust gases then passes 
through a few more catalyst before being released in the atmosphere. (Figure adapted from [14]). 

The boost pressure is measured at the air intake manifold, using an absolute pressure sensor 
mounted directly on the channel. It is not flush mounted against the channel inner wall, but 
has a small cavity (∅ = 16 mm, height ≈ 13 mm). Typical pressures in an air intake manifold 
is in the range 50 – 400 kPa, with temperatures ranging from -40∘ C to 120∘  C. 
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The exhaust back pressure (EXH pressure) is measured on the exhaust gas recirculation pipe 
(EGR pipe). On engines without EGR the EXH pressure is measured on the exhaust manifold. 
The pressure in the exhaust gases is typically in the interval 100 – 800 kPa, at temperatures 
from -40∘ C up to 900∘ C. Due to the high temperatures, the EXH pressure sensor is 
connected to channel through a ~350 mm long steel pressure tube with a diameter of 6 mm. 

The differential pressure sensor that measures the pressure drop over the Diesel Particle Filter 
(DPF). The pressure drop over the DPF is in the range 0 – 20 kPa, with a mean pressure in the 
range 90 – 140 kPa. The temperature at the DPF spans from -40∘ C up to around 600∘ C. In 
addition to the DPF pressure sensor that is presently used, a new prototype DPF sensor was 
also tested.  

The mass flow throughout the engine system ranges from 0 to 0.67 kg/s (0-40 kg/min). 

3.1 Membrane Burst (input step change) 

To properly see the characteristics of the different sensors and their installations a step 
response analysis was performed. To generate the step change in pressure two different 
methods where considered. The first method considered, was to use a shock tube and let the 
generated shock wave create a step increase in pressure. The second method was to increase 
the pressure in a volume, confined by a rubber membrane, until the membrane burst thus 
giving a step decrease in pressure. Due to its simplicity the second method was chosen.  

The membrane burst module was constructed from a disk with three holes drilled through it. 
Two of the holes were threaded and were used to mount the pressure sensors and/or the 
pressure taps/probes. The main sensor hole was placed in the centre of the disk and the hole 
used for mounting of the reference sensor was placed at a distance of 35 mm from the centre 
(centre to centre). The third hole was smooth with a diameter of 1 mm, it was used as air inlet 
and was connected to a compressor, which increased the pressure until the membrane burst. 
The air inlet hole was placed at the same distance, from the centre of the disk, as the reference 
pressure sensor. It was placed shifted 45∘ to the side of a imaginary connective line between 
the two sensor mounting holes, see Figure 3.2. It also had a mounting gear, made of a solid 13 
mm steel bar, to fixate the module during the experiments. For the step analysis of the boost 
pressure sensor, the EXH pressure sensor and the Keller PD-39 X, a 1 mm thick neoprene 
rubber sheet was cut and used as membrane. This membrane gave burst at pressures around 
80 kPa overpressure (0.8 bar). Since this pressure is above the pressure range for the DPF 
pressure sensor, a 0.02 mm thick plastic foil was used as a membrane instead (normally used 
for covering during construction work). This plastic foil did however not burst in the same 
way as the neoprene rubber. So in order to get a good step change in pressure, the pressure 
was built up and the plastic was then swiftly cut with a sharp blade. This generated a pressure 
change of around 15 kPa. The membranes were fixed to the burst module using a hose clamp 
and a rubber sealing was placed between the membrane and the burst module, to decrease 
leakages. See appendix A for more figures and pictures of the equipment, the sensors and 
their installation. 
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When performing the membrane burst experiments a sample frequency of 15 kHz was used. 
The flush mounted Kistler sensor was used to signal the time the membrane actually broke 
and thus triggering the system to start sampling, this was done using LabVIEW. 

 

Figure 3.2 Membrane burst module. It consists of a disk with three holes, one for mounting of the 
reference pressure sensor, one to use as an air inlet and one to mount the pressure sensors or pressure 
tubes. It also has a solid 13 mm cylindrical mounting gear, to hold the module still while performing the 
experiments. 

3.1.1 Boost Pressure 

Since the boost pressure sensor is mounted directly on the air intake manifold in the truck, a 
setup resembling this was constructed. The boost pressure sensor was attached to a mounting 
gear, using two screws. This mounting gear was then screwed onto the membrane burst 
module, see Figure 3.3. The boost pressure sensor mounting gear is designed so that when the 
sensor is attached a small cavity is created (∅ = 16 mm, height = 10 mm), at the sensors 
pressure inlet. This was the only setup used for the boost pressure sensor. 
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Figure 3.3 Schematic figure of the setup for the membrane burst experiments, when investigating the 
boost pressure sensor’s step response. The boost pressure sensor is screwed to a mounting plate, which is 
threaded on the membrane burst module. 

3.1.2 Exhaust Back Pressure 

In the exhaust system of an engine the temperatures reach up to ~1200 K, which is why the 
pressure sensor, measuring the exhaust back pressure (abbreviated EXH pressure), often is 
mounted with a connective pressure tube. If the sensor was mounted flush on the channel one 
would have problems with sensors breaking due to the temperature and one would need 
pressure sensors that allows large temperature variations. These pressure tubes will affect the 
measurement in different ways, as is described in section 2.2.1. However, it is not only the 
pressure tubes that will affect the measurements. The sensor (response time, internal volume 
etc.), the sensor housing and the installation of the pressure probe might also influence the 
measurements. This experiment was thus designed to show how the pressure tubing 
dimensions affect the characteristics of the measurement system. These results can then later 
be compared to the simplified models discussed and described in section 2.2.1. This 
experiment also try to shows how the use of a pressure probe with a sensor housing influences 
the characteristics of the measurements. 

For the EXH pressure sensor three different types of setup were used; 1) a directly mounted 
sensor, 2) a sensor mounted with pressure probe and sensor house and 3) a sensor mounted 
with pressure probe, pressure tube and sensor house. 

When examining the step response of only the sensor the directly mounted setup was used. 
The sensor was then attached to the burst module using a brass mounting goods, in a similar 
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way as the boost pressure sensor setup. This setup did not give a perfect flush mounting, but a 
small cavity was present (∅ = 11 mm, height = 5 mm). 

In the truck the EXH pressure sensor is mounted with a pressure probe protrudes into the 
channel. This probe is then connected using a 350 mm long steel pressure tube, with a 
diameter of 6 mm, to a sensor house where the sensor is mounted. To see how the probe and 
the housing affects the characteristics of the measurements, the pressure probe was threaded 
through the burst module using a brass thread connection. The probe was connected to the 
sensor house using a small steel pressure tube with a diameter of 𝑑!  mm. This was the 
smallest pressure tube that allowed connection between the probe and the house. 

The last type setup was used to examine how the dimensions of the pressure tubes and how 
clogging of the tubes influence the characteristics of the measurements.  

To test the length of the pressure tube affects the measurements the setup shown in Figure 3.4 
was used. The diameter of the tube was held constant at 6 mm while the length of the tube 
was varied. The different tube lengths that were used are shown in Table 3.1. The different 
lengths were chosen so that the change in natural frequency could be seen in the experiments 
using the pulse rig, described in section 3.2. The theoretical values of the natural frequencies 
have been calculated using an internal volume of 𝑥  𝑐𝑚! at a temperature of 290 K. 

 

Figure 3.4 Schematic figure of the setup for the membrane burst experiments, when investigating the 
exhaust back pressure sensor and its connective pressure tubing’s step response. The pressure is 
measured through a pressure probe that is connected, through a pressure tube, to the sensor house which 
also holds the pressure sensor. A reference sensor is also installed flush against the module wall. 
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Table 3.1 Pressure tube dimensions used in the experiments, together with their theoretical natural 
frequencies. Due to confidentiality the actual values have been replaced by letters, where                   

𝑳𝟏 < 𝑳𝟐 < 𝑳𝟑 < 𝑳𝟒 < 𝑳𝟓 and 𝒅𝟏 < 𝒅𝟐 < 𝒅𝟑. 

Pressure tube length [mm] Diameter [mm] Theoretical natural frequency [Hz] 
𝑳𝟏 𝑑! 𝑓!! 
𝑳𝟐 𝑑! 𝑓!! 
𝑳𝟑 𝑑! 𝑓!! = 𝑓!! 
𝑳𝟒 𝑑! 𝑓!! 
𝑳𝟓 𝑑! 𝑓!! 
𝑳𝟑 𝑑! 𝑓!! 
𝑳𝟑 𝑑! 𝑓!! 

 

The influence of the pressure tube diameter was also investigated. This was done using a 
setup where the pressure probe was connected to pressure tubes with different diameters. 
Since the probe is designed to connect to a tube with a diameter of 𝑑! mm a tube fitting 
connecting the 𝑑! mm tube to a 𝑑! mm and a 𝑑! mm tube had to be used, see Figure 3.5 b) 
and c). To get a good reference measurement of the 𝑑! mm tube this was also connected using 
a tube fitting, see Figure 3.5 a). The tube length used, when testing the influence of the tube 
diameter, was 𝐿! mm (denoted L in Figure 3.5). 
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Figure 3.5 The connection setup used when testing the influence of different tube diameters. A) depicts the 
connection of the pressure tube to the pressure probe for a 𝒅𝟐 mm pressure tube. This setup is only used 
for the experiments where the diameter of the tube is examined, otherwise the tube connected directly on 
the pressure probe. In b) and c) the connections for the 𝒅𝟏 mm and 𝒅𝟑 mm pressure tubes, respectively, 
are shown. 

When measuring pressure after the combustion the fluid will contain a lot of micro sized 
particles, soot etc. This may cause a clogging in the pressure tube, which is why the tube 
diameter cannot be too small. To test how this clogging of the tubes affects the characteristics 
of the measurements, another set of membrane burst experiments were performed. A brass 
insertion tube was used to emulate the clogging. These insertions were fitted in to the tubes 
together with the tube fitting, see Figure 3.6. The insertion tubes were 𝐿! mm long with inner 
diameters 𝑑!!, 𝑑!! and 𝑑!! mm. Also here a reference measurement using no insertion tube 
was performed and the experiments were done using a 𝐿! mm long pressure tube. 
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Figure 3.6 The connection setup used when testing the influence of clogging of the pressure tube. The 
clogging is emulated by a 𝑳𝒄 mm long brass pipe with smaller diameter than the 𝒅𝟐 mm pressure tube. 
Three different clogging diameters where used (𝒅𝒄𝟏, 𝒅𝒄𝟐, 𝒅𝒄𝟑 mm). Using this connection setup, a 
measurement without a clogging pipe was also preformed,  to be used as a reference. 
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3.1.3 Diesel Particle Filter Differential Pressure 

The pressure drop over the DPF is measured to indicate if the filter is clogging up and needs 
to be burnt clean. Since the pressure drops are not that high (0 – 20 kPa) the sensor needs to 
have a high sensitivity. However since the measurements are not used in controlling the 
engine it does not need to have a short response time. A membrane burst experiment was 
performed for the DPF sensor to see the characteristics of the sensor. Since the influence of 
pressure tubes was investigated using the EXH pressure sensor, the DPF sensor was setup so 
that the inlet to the sensor would influence the measurements as little as possible. The sensor 
was connected to the burst module using the same thread connection as when investigating 
the influence of the pressure tube diameter. However instead of connecting a pressure tube to 
the tube fitting, the high pressure inlet of the DPF sensor was connected. Also the pressure 
probe was replaced with a threaded tube nipple, to connect the small pressure tube to the brass 
thread connection, see Figure 3.7. The reference pressure inlet of the sensor was left open to 
the surrounding. 

The same setup was used for the new prototype DPF sensor, which has the same pressure inlet 
configuration as the now used DPF sensor. 

 

Figure 3.7 Schematic figure of the setup for the membrane burst experiments, when investigating the step 
response of the DPF differential pressure sensor. The sensor is connected through a x mm long pressure 
tube, which together with the threaded tube nipple makes a y mm long pressure tube. 
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3.2  CICERO Pulse Rig 

In order to see how the properties of the sensors and their installation influence the 
measurements in pulsating flows a variety of experiments were performed in a lab rig, which 
can generate pulsating flows up to 100 Hz. The lab rig is located at the CICERO laboratory of 
KTH, CCGEx. The air flow in the lab rig is provided by two Ingersoll Rand screw 
compressors, with two pressure tanks, located in a rock shelter beneath the building capable 
of delivering 0.5 kg/s at a pressure of 5 bar. The air is brought to the rig through 
approximately 30 m long piping. The pipe is then split into two branches, one leading to the 
lab rigs in the laboratory (the main branch) and one is a by-pass branch which is used to 
stabilize the flow at low mass flow rates, which is controlled by an electrical valve, see Figure 
3.8. In the main branch a hot film mass flow meter (ABB Thermal Mass Flowmeter FMT500-
IG) is used to measure the mass flow rate into the lab rigs. Downstream of this the pipe 
branches again and with manual valves one can choose which branch to use. One of the 
branches leads to an orifice plate meter which is used for validation of the calibration of the 
hot-film flow meter. The other leads to an electrical heater, that can be used if the flow needs 
to be heated to avoid the temperature falling below the freezing point of the moisture in the air 
when using a turbine for instance. This heater was not used in the present experiments, neither 
was the orifice plate meter. After the heater the flow is directed to the pulse generator, which 
consists of a snug fitted ball that is cut plane on two opposite sides. This ball then rotated by a 
frequency controlled AC motor, capable of rotating at 50 Hz thus creating a pulse frequency 
of 100 Hz. There is also a by-pass branch over the pulse generator which is used to regulate 
the amplitudes of the pulses generated by the pulse generator. The test section is located 
downstream of the pulse generator using a 750 mm long straight inlet pipe. The air flow exits 
the test section into the room through a 250 mm long outlet pipe. The inlet, outlet and the test 
sections used in the experiments all have a constant diameter of 56 mm, which is the same as 
the diameter out from the pulse generator. 

All experiments in the  CICERO lab rig have been performed at room temperature at constant 
mass flows. For the experiments with the boost and the EXH pressure sensor a mass flow of 
0.18 kg/s (10.8 kg/min) and for the experiments with the DPF pressure sensor a mass flow of 
0.05 kg/s (3 kg/min) was used. These mass flows were chosen because stable flows (±1 % 
variation from the mean mass flow) with pressures in the right range were easy to regulate. 
The pulse frequency was swept from 10 Hz up to 100 Hz in steps of 5 Hz and the signals were 
sampled at a frequency of 15 kHz over 20 seconds for each frequency, using LabVIEW and a 
16-bit A/D convert from National Instruments. 



43  
 

 

Figure 3.8 Schematic figure of the CICERO lab. a) thermal mass flow meter, b) orifice plate, for 
validation of the calibration of (a), c) electrical heater, d) by-pass branch with a manual valve to control 
the flow, e) pulse generator, see the enlargement marked by the dashed circle, f) test section. 

3.2.1 Boost Pressure 

The boost pressure test section was made from a cylindrical block of aluminium cut on two 
sides for mounting of the boost and reference pressure sensor (Kistler). A 56 mm hole was 
drilled through the middle of the block, to form the channel of the test section. The mounting 
hole for the boost pressure sensor was a smooth hole, with a minimum depth of 20 mm and a 
diameter of 16 mm, drilled all the way into the channel, see Figure 3.9. With the boost 
pressure sensor mounted a cavity is created, similar to the cavity in the air intake manifold. 
The boost pressure sensor is screwed to the test section using two M 6 x 1 screws. On the 
opposite side of the boost pressure sensor the Kistler sensor was mounted. The Kistler sensor 
was attached to the test section using its M 14 x 1.25 threading. To minimize the sensors 
influence on the flow a 5 mm long pressure inlet hole, of a diameter of 1 mm, was drilled into 
the channel. The test section was screwed onto the inlet and outlet pipes using 4 M 6 x 1 
screws (to each pipe) and made tight using o-ring gaskets. 
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Figure 3.9 Schematic figure of the test section used in the experiments with the boost pressure sensor. The 
test section is connected to the pulse generator through a 750 mm long steel tube. A 250 mm long outlet 
pipe is connected after the test section. 

3.2.2 Exhaust Back Pressure 

When performing the experiments with the EXH pressure sensor the tests section for the 
boost pressure sensor was again used for the mounting of the Kistler sensor. However the 
mounting hole for the boost pressure sensor was plugged with a sealed brass plug, that was 
cut to match the shape of the channel thus minimizing the influence on the air flow. The 
pressure probe was mounted in the centre of the channel so that the first pressure hole of the 
probe was at the same streamwise position as the Kistler sensors pressure tap, see Figure 3.10. 
This was done using an aluminium mounting ring with two arms and a threaded head which 
the probe could be screwed through, see bottom part of Figure 3.10. The mounting ring was 
pinched between the outlet pipe and test section and sealed using o-ring gaskets. Using this 
mounting ring pressure tubes of different lengths and diameters could be attached (see Table 
3.1) and led back through the outlet pipe to connect to the sensor house. Clogging of the 
pressure tubes was emulated in the same way as described in section 3.1.2. 
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Figure 3.10 Schematic figure of the rig used when testing the EXH pressure sensor and its installation. 
The pressure probe is held centred in the channel by a mounting ring with two arms. The probe is held so 
that the pressure taps of the probe is at the same streamwise position as the pressure tap for the reference 
pressure sensor (the Kistler sensor). When investigating the EXH pressure sensor the, cavity used for 
mounting of the boost pressure sensor is plugged to minimize the cavity’s influence on the flow. 

3.2.3 Diesel Particle Filter Differential Pressure 

The test section used for the experiments with the DPF pressure sensor was made from a 𝐿!"# 
mm long pipe with four pressure taps (two high pressure taps and two reference pressure taps) 
located on opposite sides of the pipe 50 mm from the edges, see Figure 3.11. One of the 
pressure tap pairs (one high pressure tap and one reference pressure tap) is connected to the 
DPF pressure sensor and the other two pressure taps are connected to two separate reference 
sensors (Keller). The Keller sensors measure the pressure difference to the atmospheric 
pressure. This solution, with two separate reference sensors, was chosen in order to minimize 
the influence of connective pressure tubes. The Keller sensors were connected to the pipe with 
20 mm long steel tubes with an inner diameter of 4 mm. The DPF pressure sensor was 
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connected to the test section using polyurethane-polyether pressure tubes (plastic tubes), 
which was connected using plastic tube fitting on both ends of the tubes. The pressure tap for 
the DPF sensor was a 20 mm long steel tube with an inner diameter of 𝑑! mm. The different 
dimensions of the pressure tubes used in the experiments with the DPF sensor are given in 
Table 3.2.  

When testing the influence of clogging an extra tube was used, in which the clogging tube 
was inserted, see Figure 3.12. This adds a few millimetre to the length of the pressure tube 
and another plastic tube fitting had to be used. 

To create a pressure drop, similar to what one experience over a truck DPF, a cut out of a DPF 
was fitted into the test section. The DPF was then fixated using a screw, so that it would not 
slide and block the pressure taps or get blown out of the piping.  

 

Figure 3.11 Schematic figure of the rig used when running experiments for the DPF pressure sensor. A cut 
out of a DPF is fitted into the test section and held in place by a small screw. The pressure taps for the 
DPF sensor and the reference sensors (Keller) are placed at a distance of 50 mm from the edges of the test 
section. The reference pressure is measured with two separate Keller sensors in order to minimize the 
influence of pressure tubes. 

 

Table 3.2 Pressure tube dimensions used in the experiments with the DPF pressure sensor, in the 
CICERO laboratory. 

High pressure 
tube length [mm] 

Reference pressure 
tube length [mm] 

High pressure tube 
diameter [mm] 

Reference pressure 
tube diameter [mm] 

𝑳𝟐 𝐿! 𝑑!"!!    𝑑!"!! 
𝑳𝟑 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟒 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟓 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟐 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟐 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟐 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟑 𝐿! 𝑑!"!! 𝑑!"!! 
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𝑳𝟓 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟑 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟑 𝐿! 𝑑!"!! 𝑑!"!! 
𝑳𝟑 𝑳𝟑 𝑑!"!! 𝑑!"!! 
𝑳𝟑 𝑳𝟑 𝑑!"!! 𝑑!"!! 

 

 

Figure 3.12 Schematic figure of the clogging emulation used for examining the influence of clogging, when 
performing measurements with the DPF pressure sensor with the pulse rig. 

3.3 Pressure Sensors 

In order to understand the characteristics of the different pressure sensors one needs to 
understand how they work. In this section a short description of each sensor follows, this 
includes a calibration curve for each sensor that was performed before the experiments. Large 
parts of the specifics of the sensors is considered sensitive material and is thus censored. 

3.3.1 Boost Pressure Sensor 

The boost pressure sensor is a capacitive membrane pressure sensor made by Kavlico. It is a 
ceramic absolute pressure sensor with a pressure range of 0.2 bar to 5 bar and a temperature 
range of −40∘ C to 140∘ C. It has an operating supply voltage of 5± 2% VDC and it has an 
nominal output voltage of 0.5 VDC to 4.5 VDC. When the truck is started the boost pressure 
sensor is calibrated to a more sensitive pressure sensor that measures the atmospheric pressure 
and sets this as 1 bar for the boost pressure sensor. The sensor then has an offset error of 1.5 
% (at 1 bar) and a gain error of ~0.018 bar for pressures going from 1 to 3 bars, meaning that 
the error at 3 bar is approximately 1.7%. This is true for temperatures in the range 20∘ C to 
110∘ C, for temperature outside of this range a multiplier of the absolute error needs to be 
added. This error includes repeatability, hysteresis and linearity.  
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3.3.2 Exhaust Back Pressure Sensor 

The EXH pressure sensor is also a absolute pressure sensor, using a conductive ceramic 
membrane sensing system. The internal volume of the EXH pressure sensor was measured, by 
filling it with water, and was found to be ~0.9  𝑐𝑚!. It has a supply voltage range of 5± 0.25 
VDC and an output voltage range of 0.5 VDC to 4.5 VDC.  It has a pressure range of 0 – 10 
bar and a temperature range of −40∘ C to 140∘ C. The allowable error is 1 % of full span for 
temperatures between 50∘ C and 120∘ C. For temperatures over 120∘ C the error increases 
linearly up 3 % at 140∘ C and the error increases almost linearly for temperatures going from 
50∘ C down to −40∘ C, where the allowable error is 3 % of the full span. This error includes 
repeatability, hysteresis and linearity. 

3.3.3 Diesel Particle Filter Differential Pressure Sensor 

The currently used DPF pressure sensor is a true differential pressure sensor. It is a ceramic, 
capacitive membrane sensor with a silicone oil that transfers the reference pressure to the 
membrane, see Figure 3.13. This silicone oil increase the damping in the sensor, making it 
less sensitive to fluctuations in pressure difference. The internal volume of both the high 
pressure chamber and the reference pressure chamber was measured to ~3.15 𝑐𝑚!. The 
operating power supply is 5± 0.25 VDC and it gives an output voltage of 0.5 – 4.5 VDC.  It 
has a pressure range of 0 – 350 mbar at temperatures ranging from −40∘ C to 125∘ C. At 
temperatures ranging from −10∘ C to 40∘ C it has an allowable error of 2 %, of the full span. 
Over and under this temperature range the error increase in linear steps up to 6 %, depending 
on pressure difference and temperature. Maximum allowable error (6 %) is thus found at a 
pressure difference of 350 mbar at −40∘ C and 125∘ C. This error includes effects of null 
offset, hysteresis, linearity and repeatability. The three tested sensors all show a highly linear 
behaviour. 



49  
 

 

Figure 3.13 Schematic figure of the  DPF pressure sensors sensing system. The pressure difference 
between the pressure chamber and the reference pressure will cause the membrane to bulge thus changing 
the capacitance of the sensor. The reference pressure is transported to the membrane using a silicone oil. 

 

3.3.4 Kistler 4045A10 

When performing the experiments a fast reference pressure sensor was needed, to measure the 
instantaneous pressure. For the membrane burst experiments, and for the pulse rig 
experiments with the boost and the EXH pressure sensor, a Kistler 4045A10 sensor was used. 
It is a piezoresistive pressure sensor with  a pressure range of 0 – 10 bar and a compensated 
temperature range of 25∘ C – 120∘ C. The pressure is applied to the piezoresistors through a 
steel membrane and a transmission silicone oil. The piezoresistors are connected in a 
Wheatstone bridge and the sensor has built in resistors, that are individually tuned, to 
compensate for thermal effects. It uses a power supply of 18 – 30 VDC and gives an output of 
0 – 10 VDC. It has an allowable error of ≤ 0.6  % of full scale output at 25∘ C and a thermal 
sensitivity change of ≤ 1 % of the output at 25∘ C. In Figure 3.14 a typical thermal sensitivity 
change is shown. This means that for the experiments, that have been carried out at 
temperatures around 20∘ C – 25∘ C, the allowable error for the Kistler sensor is ≤ 0.6  % of 
full scale output. The calibration curve of the Kistler sensor is plotted in Figure 3.15. 
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Figure 3.14 Typical thermal sensitivity change. The error, relative the measurement at 𝟐𝟓∘ C, is shown as 
a function of the temperature, [14]. 

  

 

Figure 3.15 Calibration curve for the Kistler 4045A10 pressure sensor. The curve fit is a first order 
polynomial approximation. 

3.3.5 Keller PD-39X 

The reference pressure sensors used in the pulse rig experiments, with the DPF pressure 
sensors, was two separate Keller PD-39X. The Keller sensor uses two piezoresistive absolute 
pressure sensors instead of measuring the differential pressure directly, which gives a fast 
response. It is powered using a supply voltage of 8 – 28 VDC and has an output voltage range 
of 0 – 5 VDC. Each of the pressure sensors has a pressure range of 0 – 1 bar overpressure. 
The Keller sensor is used for pressures over 5 % of the pressure range, meaning that it 
performs best for pressure differences from 50 mbar and above. For differential pressures 
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below this level the output signal becomes more noisy and the accuracy is decreased. In the 
experiments, in the CICERO laboratory, the differential pressures has an average differential 
of ~59 mbar, staying over 50 mbar approximately 80 % of the time. This is at the pressure 
range limit of the Keller sensor, so the accuracy is unfortunately negatively affected. The 
sensor has a maximum error band of standard pressure range of ≤0.1 %. However due to the 
low pressure difference in the experiments the error band increases and can be calculated with 
the following equation: 

Max  error  band  of  std. pressure  range x
standard  pressure  range
differential  presure

 
 

(34) 

 

This means that the error for the Keller sensor, when used in the pulse rig experiments, is ~1.7 
%. In this error effects of linearity, hysteresis, repeatability and temperature are taken into 
account. The calibration curves for the two Keller sensors used in the experiments are shown 
in Figure 3.16. 

 

 

Figure 3.16 Calibration curves for the two Keller PD-39X pressure sensors. The sensor who’s calibration 
curve is shown in the left plot was used to measure the reference pressure in the experiments, and the 
sensor corresponding to the right plot was then used for the high pressure measurement. The curve fit is a 
first order polynomial approximation. 
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4 Results 

In this chapter the results of the experiments will be presented and discussed. The chapter is 
divided into sections, one for each pressure sensor, where both pulse rig results and 
membrane burst results are discussed.  

4.1 Boost Pressure Sensor 

The first experiments that was performed in the pulse rig was the experiments with the boost 
pressure sensor. These experiments were used to find a mass flow and pulse generator by-pass 
flow that generated a satisfying pressure as well as to investigate the properties of the boost 
pressure sensor. This setup was thus used to analyse what the pressures the rig produces. Only 
one setup was used for the boost pressure sensor, as described in section 3.2.1, which aimed 
to be similar to the installation of the pressure sensor in the truck.  To understand what the 
pulses look like an example of a single revolution of the pulse generator at 𝑓!!/2 Hz (giving 
pulses at 𝑓!! Hz) is shown in Figure 4.1. The left plot shows a raw measurement whilst the 
right shows an ensemble approximation of several signals, meaning that several raw signal are 
placed on top of each other and an average of these are taken, thus cleaning up the signal 
noise.  

 

Figure 4.1 Pressure measurement of a single revolution of the pulse generator, for the boost pressure 
sensor and the Kistler sensor, at a frequency of 𝒇𝒑𝟏/𝟐 Hz. The left plot shows the raw signal for one 
revolution, the right plot shows an ensemble approximation of the signals over 20 seconds. 

The rise in pressure between the two main pressure peaks, in Figure 4.1, is most likely caused 
by the expansion wave, caused by the decrease in pressure, when it is reflected against the 
open end of the outlet. It is then reflected as a compression wave, when the pressure goes 
below the ambient atmospheric pressure and the surrounding tries to even out the pressure. 
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4.1.1 Peak-to-peak Pressure 

Looking at the peak-to-peak pressure of the boost pressure one can see that it follows the 
Kistler sensor very well, see Figure 4.2. The biggest difference in peak-to-peak pressure 
occurs at 𝑓!! Hz, where the boost pressure sensor measures a peak-to-peak pressure 𝑥! % 
higher than the Kistler sensor ((𝑝!!!,!""#$ − 𝑝!!!,!"#$%&')/𝑝!!!,!"#$%&'   ). In the left plot in 
Figure 4.3 the difference in peak-to-peak pressure between the boost sensor and the Kistler 
sensor for the frequency band 𝑓!𝜖  [𝑓!!, 𝑓!!] Hz, where the difference in peak-to-peak 
measurement is the biggest, is plotted. This difference is most likely caused by the sensor 
since the resonance frequency of the cavity is several orders of magnitude larger than 𝑓!! Hz. 
Also shown in this plot is a second order polynomial curve fit which can be used to 
compensate for this increase in pressure difference. The equation for this compensation, that 
should be removed from the peak-o-peak pressure measurement of the boost sensor, is as 
follows: 

𝑝!"#$%&'()*"& = 𝑥! ∙ 𝑓!! + 𝑥! ∙ 𝑓! + 𝑥!. (35) 
 

To get a more general compensation function, tests at different pressures should be run since 
the parameters in the equation might vary with the pressure. The right plot in Figure 4.3 
shows the peak-to-peak pressure measurement for the boost sensor and the Kistler sensor if 
this compensation is made. The peak-to-peak measurements for the boost sensor then stays 
within 𝑥! Pa of the Kistler sensors measurements (which is considered to be correct). This 
maximum error is then found at 𝑓!!"# Hz and due to the low peak-to-peak pressures at this 
low frequency the maximum error still is 𝑥! %. For frequencies over 𝑓!!"# Hz however the 
error stays below 𝑥! %. 

 

Figure 4.2 Peak-to-peak pressure measurements for the boost pressure sensor and the Kistler sensor as a 
function of the pulse frequency. 
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Figure 4.3 Left plot shows the pressure difference between the boost sensor and the Kistler sensor for the 
pulse frequencies in the range 𝒇𝒑𝟐 − 𝒇𝒑𝟑 Hz. It also shows a second order polynomial curve fit, which can 
be used for compensation of the overestimation of the peak-to-peak pressure. The right plot shows the 
peak-to-peak pressure for the boost pressure sensor and the Kistler sensor when this compensation has 
been made.  

4.1.2 Average Pressure 

The average pressure measurement for the boost pressure sensor and the Kistler sensor is 
shown in Figure 4.4, the left plot. From this plot it is easy to see that the boost pressure sensor 
shows the same trend as the Kistler sensor. If the difference between the averaged measured 
pressure is taken at each frequency and then a mean value of these differences is taken, one 
gets an estimation of the bias pressure that the boost pressure sensor exhibits. If this bias is 
taken away from the measurements of the boost pressure sensor one gets the right plot in 
Figure 4.4. The average pressure measurement of the boost pressure sensor then stays within 
𝑦! % of the Kistler sensors measurement. If no compensation for this bias is made the 
maximum error, of the average pressure measurement, increases to 2.5 ∙ 𝑦! %.  
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Figure 4.4 Average pressure measurements for the boost pressure sensor and the Kistler sensor as a 
function of the pulse frequency. Left plot shows the average pressure measurement for the two sensors 
and the right plot shows the measured average pressure when the bias pressure of the boost pressure 
sensor has been removed. 

4.1.3 Step Response 

The step response of the boost pressure sensor, and the Kistler sensor, is shown in Figure 4.5. 
From the figure one can see that the boost pressure sensor is over damped whilst the Kistler 
sensor is under damped. Since the boost pressure sensor is a ceramic membrane pressure 
sensor, without any damping transmission medium (such as silicone oil), an under damped 
behaviour is expected. The fact that the pressure sensor shows an over damped behaviour may 
be contributed to some electrical filtering caused by the electrical components in the sensor. 
Also note the time delay for the boost pressure sensor to respond to the decrease in pressure. 
Part of this time delay can be contributed to the fact that the sampling is triggered by the 
Kistler sensor, also part of the delay can be contributed to the volume changes due to the 
cavity created through the mounting. But a large part of this time delay can most probably 
also be contributed to the electrical circuit inside the sensor. 
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Figure 4.5 Step response of the boost pressure sensor and the Kistler sensor. The y-axis shows the 
normalized pressure where 𝒑 is the pressure measurement, 𝒑𝟏 is the pressure measurement before the 
membrane burst and 𝒑𝟐 is the pressure measurement of the final pressure (after the membrane burst and 
the ringing of the measurement has stopped). 

4.2 Exhaust Back Pressure Sensor 

When looking at the EXH pressure sensor the most important thing to investigate is the 
influence of the pressure tubing on the pressure measurements. This was done by using 
pressure tubes of varying dimensions and comparing the measurements to the Kistler sensor’s 
measurements. The different pressure tubes and clogging dimensions that have been used in 
the experiments with the EXH pressure sensor are discussed in section 3.1.2.  

4.2.1 Peak-to-peak Pressure 

Figure 4.6 shows the peak-to-peak pressure measurement for four different pressure tube 
lengths with the EXH pressure sensor (𝐿!,   𝐿!, 𝐿!, 𝐿! mm). All the measurements in Figure 
4.6 were done using pressure tubes with a diameter of 𝑑! mm. It can be seen that the EXH 
sensor overestimates the peak-to-peak pressures for all tube lengths (the blue plot). The 
overestimation of the peak-to-peak pressure seems to be relatively independent of the tube 
length, as can be seen in the left plot in Figure 4.7 where the average overestimation for the 
different pressure tube installations are shown. In this figure the y-axis shows the relative 
difference between the EXH sensor and the Kistler sensor normalized with the measurement 
of the Kistler sensor. Worth noting, is that no significant amplification of the amplitudes, of 
the pressure waves, can be seen at the Helmholtz frequencies for the different tubes. The 
overestimation of the peak-to-peak pressure is independent of the tube lengths, but it does 
seem to have a frequency dependence, which then should be caused by the sensor itself. Two 
frequency bands can be seen, 𝑓!𝜖  [𝑓!!"# , 𝑓!!"#/2) and 𝑓!𝜖  [𝑓!!"#/2, 𝑓!!"#], for which the 
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overestimation is increased for the later frequency band. So to compensate for the increased 
peak-to-peak measurements a percentage decrease was estimated as the average percentage 
difference for the different tube lengths and the different frequency bands. This then yielded 
that for the lower frequency band the peak-to-peak measurements should be decreased by 𝑦! 
% and by 𝑦! % for the higher frequency band. In Figure 4.6 the compensated peak-to-peak 
measurements is shown as the red plot. If this compensation is performed the relative 
difference decreases from 𝑦! % to less than 𝑦!/20 %, as can be seen in Figure 4.7 where the 
right plot shows the difference for the compensated measurement. 

 

Figure 4.6 Peak-to-peak pressure measurements, both original and compensated, for the EXH pressure 
sensor using pressure tubes lengths of; 𝑳𝟐, 𝑳𝟑, 𝑳𝟒 and 𝑳𝟓 mm with an inner diameter of 𝒅𝟐 mm. 
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Figure 4.7 Average difference in peak-to-peak pressure measurement  between the EXH pressure sensor, 
using pressure tubes of a diameter of 𝒅𝟐 mm, and the Kistler sensor. The pressure difference has been 
normalized with the average peak-to-peak pressure of the Kistler sensor, to show percentage 
overestimation. The left plot shows the original difference and the right plot shows the difference after 
compensation of the overestimation has been performed. 

To investigate how the pressure tube diameter affects the peak-to-peak pressure 
measurements tubes with three different diameters have been tested, 𝑑!, 𝑑! and 𝑑!. The 
lengths of the tubes have then been 𝐿! mm and the peak-to-peak measurements, for these 
tubes, can be seen in Figure 4.8. In all cases, using different tube diameters, the EXH sensor 
gives an amplification of the peak-to-peak pressures of the pressure waves. However 
comparing the difference between the EXH sensors and the Kistler sensors measurements, for 
the different tube diameters, one finds that the relative difference is slightly decreased with an 
increasing tube diameter, as can be seen in the bottom right plot in Figure 4.8. However since 
so few tube diameters were tested and the trend is not that clear this would need further 
investigation before stated as a fact. 
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Figure 4.8 Peak-to-peak pressure measurements for the EXH pressure sensor using 𝑳𝟑 mm long pressure 
tubes with 𝒅𝟏,𝒅𝟐 or 𝒅𝟑mm diameter. In the bottom right plot the difference in average peak-to-peak 
pressure, normalized with the average peak-to-peak pressure of the Kistler sensor, is plotted.  

The soot and other micro sized particles in the exhaust gases may clog the pressure tube and 
the influence of such clogging was tested using the clogging insertions described in section 
3.1.2. In Figure 4.9 the peak-to-peak pressure measurements for different clogging ratios can 
be seen. The clogging ratio, 𝑐!, is calculated as: 

𝑐! =
𝑑!"#$ − 𝑑!"#$

𝑑!"#$
. 

 
(36) 

 

In Figure 4.9 one can see that the peak-to-peak measurements decrease faster in the frequency 
band 𝑓!𝜖  [𝑓!!"#/2, 𝑓!!"#] than for the lower frequencies. Note that this is the same frequency 
bands found through Figure 4.6. In Figure 4.10 the difference between the peak-to-peak 
pressure measurement of the EXH sensor and the Kistler sensor, normalized with the Kistler 
sensors measurement, is plotted. The left plot shows the peak-to-peak difference for the two 
frequency bands when no correction for the EXH sensors overestimation, of the peak-to-peak 
pressure, has been done. The right plot shows the difference when the compensations has 
been made. It also shows a second order polynomial curve fit of the differences for the 
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different frequency bands. These two curve fits might be used to check if the pressure tube is 
starting to clog. They are given by the equations:  

𝑑𝑝!!! = 𝑧! ∙ 𝑐!! + 𝑧! ∙ 𝑐! + 𝑧!,        𝑓𝑜𝑟  𝑓! < 𝑓!!"#/2  𝐻𝑧
𝑑𝑝!!! = 𝑧! ∙ 𝑐!! + 𝑧! ∙ 𝑐! + 𝑧!,        𝑓𝑜𝑟  𝑓! ≥ 𝑓!!"#/2  𝐻𝑧

 
 
(37) 

 

where 𝑑𝑝!!! is the normalized relative peak-to-peak pressure difference. However if these 
trends are to be used for diagnostics of the clogging, more experiments at different pressures 
needs to be performed, to show the coefficients pressure dependence. The decrease in peak-
to-peak pressure measurement when clogging the pressure tube may be contributed to the 
energy losses when the tube diameter is increased. The decrease in peak-to-peak measurement 
for the pressure tube with a diameter of 𝑑! mm indicates the same conclusion, since the inner 
diameter of the pressure probe is ~𝑑! mm. 

 

Figure 4.9 Peak-to-peak pressure measurements for different clogging diameters. The top left plot shows 
the measurements for the pressure tube without any clogging and the following plots shows the 
measurements for an increasing clogging ratio. 
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Figure 4.10 Average difference in peak-to-peak pressure measurement between the EXH pressure sensor, 
with different clogging ratios, and the Kistler sensor for frequencies less than and over or equal to 
𝒇𝒑𝒎𝒂𝒙/𝟐 Hz. The pressure difference has been normalized with the average peak-to-peak pressure of the 
Kistler sensor. The left plot shows the difference when no compensation for the EXH sensors frequency 
dependence has been made. The right plot shows the difference when compensation has been made, as 
well as second order polynomial curve fits. 

4.2.2 Average Pressure 

Whilst the peak-to-peak pressure measurement is largely affected by the tube dimensions and 
clogging, the average pressure measurement is not as sensitive to changes in tube length or 
diameter. A slight decrease in average pressure measurement difference (absolute difference) 
can be seen with an increasing tube diameter and tube length. The relative difference to the 
Kistler sensor stays however below 𝜉! %, for all pressure tube dimensions tested in this thesis. 
This means that the pressure tube length and diameter only have a small influence on the 
average pressure measurements. When the clogging is increased (meaning the diameter in the 
clogging part is decreased) the pulses in the flow are flattened, and the high pressure parts of 
the pulses are lost faster than the low pressure parts, see Figure 4.12. This will cause the 
average pressure measurements to decrease, thus measuring a lower average pressure than the 
Kistler sensor. This effect is most influential for higher clogging ratios. 
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Figure 4.11 Mean difference, in average pressure measurement, between the Kistler sensor and the EXH 
sensor with different installations. The top left plot shows the normalized difference as a function of 
pressure tube length, the top right plot shows the normalized difference as a function of pressure tube 
diameter and the bottom plot shows the normalized difference as a function of the clogging ratio. The 
measurements were normalized using the measurement of the Kistler sensor. 
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Figure 4.12 Ensemble approximation of the pressure measurements, for different clogging ratios, to show 
the measurements for a single revolution of the pulse generator at a pulse frequency of 𝒇𝒑𝟒 Hz. 

4.2.3 Step Response 

Since the EXH pressure sensor is constructed in a similar way as the boost pressure sensor 
they are expected to have a very similar step response. The responses of the EXH sensor and 
he boost sensor are plotted in Figure 4.13. In this figure the step response of the EXH sensor 
mounted using the pressure probe and the sensor house is also plotted. One can from this 
figure see that the probe and house will cause a short ringing, meaning that the response time 
is slightly increased. The pressure probe and sensor housing will most likely affect the natural 
frequency and response time of the sensor system for the systems using shorter pressure tubes 
more than the systems using longer ones. This is because the effects caused by the tubing will 
have a larger, more clear influence, on the characteristics, the longer they are compared to the 
effect caused by the probe and house. 
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Figure 4.13 Step response of the EXH pressure sensor flush mounted and mounted using the pressure 
probe and sensor house. The y-axis shows the normalized pressure where 𝒑 is the pressure measurement, 
𝒑𝟏 is the pressure measurement before the membrane burst and 𝒑𝟐 is the pressure measurement of the 
final pressure (after the membrane burst and the ringing of the measurement has stopped). For 
comparison the boost pressure and the Kistler sensor’s step responses are also plotted.  

In order to see how well the theoretical values of the Helmholtz resonator match the 
experimental values the membrane burst experiments were performed with several different 
tubing setups as well, see section 3.1.2 for more details on the different setups. As an 
example, the step response of the EXH sensor mounted with a 𝐿! mm long pressure tube with 
a diameter of 𝑑! mm is shown in Figure 4.14. In the left plot in Figure 4.15 the natural 
frequency as a function of pressure tube length is shown. This was done with pressure tubes 
with an internal diameter of 𝑑! mm. From this figure one finds that the theoretical Helmholtz 
frequency matches quite well with the experimental data. This is especially true for longer 
pressure tubes. This can be explained by the fact that the pressure probe and the sensor house 
will affect the shorter tubes more than the longer ones. Also note that the lengths of the 
pressure tubes, for the experimental data points, have been compensated for the length of the 
channel inside the pressure probe and the sensor house (add 4 mm for the probe and 2 mm for 
the house). In the right plot in Figure 4.15 the response time for different lengths of pressure 
tubes is also shown. The response time uses a correction value for the damping ratio of 𝜉! 
(slightly higher than estimated in section 2.2.1.2). It can in this plot be seen that the 
experimental response time also follows the trend of the theoretical value. Also here one can 
see the influence of the pressure probe and the sensor house. It is visible as the fact that the 
experimental response time is slightly higher than the theoretical prediction for the shorter 
tubes´, where the probe and house has more influence on the pressure losses. 
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Figure 4.14 Step response of the EXH pressure sensor mounted with a 𝑳𝟑 mm long pressure tube with an 
inner diameter of 𝒅𝟐 mm. The y-axis shows the normalized pressure where 𝒑 is the pressure 
measurement, 𝒑𝟏 is the pressure measurement before the membrane burst and 𝒑𝟐 is the pressure 
measurement of the final pressure (after the membrane burst and the ringing of the measurement has 
stopped). Note that the EXH sensor has a time delay before it shows a pressure decrease, this is caused by 
the fact that the expansion wave has to travel through the pressure tube before it reaches the sensor . The 
time scale in this figure is approximately 4 times longer than the time scale in Figure 4.13. 

 

Figure 4.15 Natural frequency (left) and response time (right) for the EXH sensor with different pressure 
tube lengths. The pressure tube diameter was 𝒅𝟐 mm for all pressure tubes. 

Since the diameter of the pressure tube also affects the resonance frequency of the system, 
experiments with different diameters were also performed. The comparison between the 
theoretical and the experimental natural frequencies of the systems can be seen in the left plot 
in Figure 4.16. The theoretical values was calculated using a pressure tube length of 𝐿! + 𝛽! 
mm to compensate for the pressure probe, sensor house and the small tube used for the 
connection of the pressure tubes to the pressure probe, see section 3.1.2. The experimental 
results follows the same trend as the theoretical values. However a 𝑥! % offset can be seen. 
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This offset is most likely caused by viscous losses due to the extra tube connections used 
when connecting the tubes to the pressure probe. This theory is given weight by the fact that 
the 𝐿! mm long tube, without the extra tube connection, (𝐿! + 𝛽! mm (𝛽! ≈ 𝛽!) long when 
compensated for probe and house lengths) only misses the theoretical value of its natural 
frequency by a very small percentage. In the right plot in Figure 4.16 the response time for 
different tube diameters can also be seen. The response time also follows the trend of the 
theoretical predictions relatively well. The decrease in experimental response time, compared 
to the theoretical one, can also be explained by the losses due to the extra tube connection. 
This extra tube connection would increase the damping of the system a little thus making the 
pressure measurement system more efficient, thus decreasing the response time. 

 

Figure 4.16 Natural frequency (left) and response time (right) for the EXH sensor with different pressure 
tube diameters. The pressure tube length was 𝑳𝟑 + 𝜷𝟏 mm for all pressure tubes, this length includes the 
length of the pressure probe, the sensor house and the connection tube. 

Figure 4.16 shows how the natural frequency and the response time is affected by clogging of 
the pressure tube. The added losses due to the changes in diameter causes the natural 
frequency to decrease, as can be seen in the left plot in Figure 4.17. The viscous losses also 
increases the damping ratio of the system which will decrease the pressure measurement 
systems response time. However when the clogging diameter becomes too small the system 
becomes over-damped. This will then drastically change the behaviour of the system, see 
Figure 4.18. For this case the response time increases from ~𝑡! ms to ~1.5 ∙ 𝑡! ms. The small 
kinks in the step response that can be seen in Figure 4.18 occurs with an interval of 𝑡! ms and 
since the tube is 𝐿! + 𝛽! mm long (with pressure probe, sensor house and all tube 
connections) the kinks might be caused by reflecting pressure waves. The slight increase in 
pressure indicates that is a compression wave that is reflected. This can be the case since 
when the membrane bursts an expansion wave is created. This wave will then reflect against 
the sensor membrane and move back through the tube as an expansion wave. When it comes 
to the end of the pressure probe it will reflect against the ambient atmosphere, thus reflect as a 
compression wave. The pressure behind the compression wave will however continue to 
equalize against the atmospheric pressure, thus the reflection will only be seen as a kink and 
not as an increase in pressure. This also explains why the pressure continues to decrease 
directly after the kink. This would then mean that the reflected pressure waves travel at a 
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velocity of ~320 m/s, which is close to the speed of sound at room temperature (340 m/s), 
thus making it a plausible explanation for the appearing kinks. 

 

Figure 4.17 Natural frequency (left) and response time (right) for the EXH sensor with different clogging 
ratios. 

 

Figure 4.18 Step response of the EXH sensor with a 𝑳𝟑 mm long pressure tube clogged with a clogging 
ratio 𝒄𝒓𝟏 = (𝒅𝟐 − 𝒅𝒄𝟏)/𝒅𝟐. The y-axis shows the normalized pressure where 𝒑 is the pressure 
measurement, 𝒑𝟏 is the pressure measurement before the membrane burst and 𝒑𝟐 is the pressure 
measurement of the final pressure. Note the kinks in the measurements, that are most likely caused by 
compression waves induced by expansion waves reflected against the surrounding atmospheric pressure 
at the inlet to the pressure tube. This figure has the same time scale as Figure 4.14. 

4.3 Diesel Particle Filter Differential Pressure Sensor 

The DPF differential pressure sensor was tested with a wide variety of pressure tube 
combinations, see section 3.2.3 for more details.  
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4.3.1 Peak-to-peak Pressure 

Since the DPF sensor has a smaller pressure range than the boost and EXH sensor, the 
experiments with the DPF sensor was conducted with lower mass flow rates (in order to 
decrease the pressure difference relative the atmospheric pressure. This means that the peak-
to-peak pressures were significantly lower when testing the DPF sensor. The fact the peak-to-
peak pressures are lower and that the DPF sensor has a larger internal volume than the EXH 
sensor indicates that the DPF sensor will be more sensitive to Helmholtz resonance. In Figure 
4.19 the peak-to-peak pressure measurements for different pressure tube setups are shown. In 
the top plot the peak-to-peak measurement with varying length of the high pressure tube is 
shown. Note in this plot the amplifications of the measurements around 𝑓!! Hz, 𝑓!! Hz and 
𝑓!! Hz for measurements with 𝐿! mm, 𝐿! mm and 𝐿! mm long high pressure tubes, 
respectively (marked with red arrows in Figure 4.19. These amplifications are most likely 
caused by the Helmholtz resonance, which have theoretical resonance frequencies at 𝑓!! + 𝛾! 
Hz, 𝑓!! + 𝛾! Hz and 𝑓!! + 𝛾! Hz (𝛾!, 𝛾!,      𝛾!~3  𝐻𝑧), respectively. The theoretical Helmholtz 
resonance frequency for the 𝐿! mm long tube is larger than 𝑓!!"#, which explains why no 
amplification is found for this tube. In the bottom plot in Figure 4.19 the peak-to-peak 
measurements for different reference pressure tube lengths are shown. From this plot it can be 
seen that the length of the reference tube has little influence on the measurements. This is 
expected since the outlet pipe from the test section is very short (250 mm) and the mass flow 
is relatively low, meaning that the reference pressure is almost constant and equal to the 
atmospheric pressure. This is further confirmed by the measurements of the reference pressure 
using the Keller sensor which shows that the reference pressure stays within 0.1 % (the 
allowable error for this sensor) of the atmospheric pressure. 



70  
 

 

Figure 4.19 Peak-to-peak pressures for the now used DPF sensor, for different pressure tube lengths, as a 
function of pulse frequency. In the top plot the peak-to-peak pressure for different lengths of the high 
pressure tube is shown. In the bottom plot the peak-to-peak pressure is shown when using different 
reference pressure tube lengths. The red arrows marks the resonance peaks. 

Figure 4.20 shows the peak-to-peak measurements for different tube diameters, 𝐿! mm long 
pressure tubes on both the high and the reference pressure taps. From this figure one can see 
that the amplification of the peak-to-peak measurements is shifted to the left, i.e. to lower 
frequencies, when the high pressure tube diameter is decreased. The experimental resonance 
frequency for the 𝑑!"!! mm tube is found at 𝑓!!"!!  Hz. Comparing this to the theoretical 
value of the Helmholtz frequency one finds a relatively good match. This further gives 
credibility to the theory that the amplifications are caused by the Helmholtz resonator. 
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Figure 4.20 Peak-to-peak pressure measurements with the now used DPF sensor for two different 
pressure tube diameters. The red markings show the shift of the resonance peaks. 

The effects of clogging can be seen as a decrease in amplification of the peak-to-peak 
measurement at the resonance frequency, see Figure 4.21. This is expected since the damping 
ratio increases with an increasing clogging ratio, as discussed in section 4.2.3. However since 
the increase in damping ratio is not that significant for clogging ratios below 𝑐!!, the overall 
peak-to-peak measurement should not be affected significantly. However, for the case of 
clogging ratio of 𝑐!!, the damping ratio increases significantly which can be seen in Figure 
4.21 as an decrease in peak-to-peak measurement for frequencies over 𝑓!!"#/3 Hz. This 
indicates that should the clogging ratio be further increased the damping of the peak-to-peak 
measurements should increase even further. Also this might cause the damping to occur at 
lower frequencies, since the response time is increased with an increasing damping ratio, for 
damping ratios over 1, see Figure 2.12. 
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Figure 4.21 Peak-to-peak pressure measurement of the DPF for different clogging ratios. 

4.3.2 Average Pressure 

The average pressure measurements of the DPF sensor is relatively independent of the 
pressure tube dimensions. This is most likely because of the fact that the pressure difference 
always stays above the atmospheric pressure and that only small pulse amplitudes have been 
tested. In Figure 4.22 the difference in average pressure measurements, between the DPF 
sensor and the Keller sensor, for the different pressure tube setups are shown, including the 
tests for different clogging diameters. From this figure one can see that independent of 
pressure tube setup the measurements follows the same trends. One can also see that for all 
pressure tube configurations an increased error in average pressure measurement can be found 
at three different frequencies. Since this increase in error occurs for all pressure tube 
configurations it is relatively safe to assume they are caused by either the DPF sensor itself or 
by the Keller sensor. Since these amplifications occur for the prototype sensor experiments as 
well, see section 4.4.2, it is most likely that the error is caused by the Keller sensor. The fact 
that the measurements have been carried out at the lower edge of the pressure range of the 
Keller sensor also contributes to this assumption. 
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Figure 4.22 Average pressure measurements for different pressure tube setups and clogging ratios. The 
top plot shows the measurements for different length of the high pressure tube. The upper middle plot 
shows the measurements for different reference pressure tube lengths. The lower middle plot shows the 
measurements for different pressure tube diameters and the bottom plot shows the measurements for 
different clogging ratios. 
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4.3.3 Step Response 

Since the DPF sensor is a true differential pressure sensor with a transmission silicone oil, 
connecting the membrane to the reference pressure chamber, it is expected to have an over- 
damped characteristic. The step response of the DPF sensor can be seen in Figure 4.23. In this 
figure one can see that the DPF sensor indeed is over damped and has a longer response time 
than the EXH and boost pressure sensors. This long response time might also be caused by a 
electrical low pass filter due to the electric circuit inside the sensor. 

 

Figure 4.23 Step response of the now used DPF differential pressure sensor. The Kistler sensors response 
of the same step input is also plotted for reference. The y-axis shows the normalized pressure where 𝒑 is 
the pressure measurement, 𝒑𝟏 is the pressure measurement before the membrane burst and 𝒑𝟐 is the 
pressure measurement of the final pressure (the Kistler sensor was of course normalized with the absolute 
pressures). The time scale of this figure is approximately 4 times larger than that of figures 4.14 and 4.18. 

4.4 Sampling Frequency 

In order not to get an unnecessarily large error of the measurement due to the sampling 
frequency, due to for instance aliasing, a properly chosen sampling frequency should be used. 
The effects of different sampling frequencies was tested using the measurements of the EXH 
sensor connected with a 𝐿! mm long pressure tube, with a diameter of 𝑑! mm, at a pulse 
frequency of 90 Hz. Samples were then taken from the original measurements with different 
sampling frequencies. The sampling is started at several different times and then ensemble 
approximated, in order to avoid false errors due to aliasing. The relative error is then defined 
as: 

ε =
𝑝!"#,!"#$ − 𝑝!"#,!"  !"#$%&  !"#$%#&'(

𝑝!"#,!"#$
. 

 
(38) 
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Figure 4.33 shows the relative error as a function of the sampling frequency for an averaging 
time of 0.5 seconds. As can be seen in the plot, several peaks in the error occurs. These large 
peaks occurs at the frequencies: 9, 15, 18, 30, 45, 90 and 180 Hz, or to clarify: at !"

!"
, !"
!
, !"
!
,

!"
!
, !"
!
,      90 and 90 ∙ 2 Hz. An underlying trend can also be seen, for the error, and one can see 

that in order to get an error smaller than 1 % one needs to use a sampling frequency over 55 
Hz. So to avoid unnecessary error due to a poor choice of sampling frequency one should 
choose a sampling frequency of more than half of the pulse frequency and avoid any 
frequencies that is divisible or a multiple of the pulse frequency. This can be done for an 
engine by basing the sampling frequency on the rpm of the engine.  

 

Figure 4.33 Relative error as a function of sampling frequency for an averaging time of 0.5 seconds. The 
measurements are the average pressure using a pressure tube, 𝑳𝟑 mm long with a diameter of 𝒅𝟐 mm. The 
pulse frequency at which the measurements were done is 90 Hz. 

4.5 Averaging Time 

The averaging time of the pressure affects the precision of the measurement, as described in 
section 2.2.2.2. This was tested in the same way as the sampling frequency, except that 
instead of varying the sampling frequency the averaging time was varied. This was done for 
the same setup (both sensor and pulse frequency) as for the investigation of the sampling 
frequency. The relative error as a function of the averaging time can be seen in Figure 4.34. 
These samples were taken with a sampling frequency of 55 Hz. One can then see that in order 
to get a relative error below 1% one needs to use an averaging time of 0.75 seconds. If a 
shorter averaging time is needed one needs to increase the sampling rate. 
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Figure 4.34 Relative error as a function of averaging time for a sampling frequency of 55 Hz. The 
measurements are the average pressure using a pressure tube, 𝑳𝟑 mm long with a diameter of 𝒅𝟐 mm. The 
pulse frequency at which the measurements were done is 90 Hz. The theoretical prediction of the error is 
also plotted, for comparison. 
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5 Discussion And Conclusions 

In this chapter the experiments performed in this thesis will be discussed and some 
conclusions, based on the results given in the previous chapter, will be made. 

5.1 Discussion 

All the experiments in this thesis were done at an, from Scania CV AB, external laboratory at 
KTH. This means that it is the fundamental behaviour of the sensors and their installations 
that have been investigated, rather than the actual measurements on a truck. The experiments 
were thus designed to give a qualitatively comparison between theoretical predictions of the 
influence of the pulsations in the flow and the actual experimental measurements. This means 
that, when implementing the results of this thesis and designing a measurement system, it is 
important to first study what the flow in the truck actually looks like. This is why a flush 
mounted reference pressure sensor was used during all experiments, i.e. to give a “true” 
pressure to compare with. 

One source of error of the experiments is the tube connections that have been used. These 
seems to influence the measurements more than what was predicted they would. It appears 
that they are a source of rather big viscous losses in the pressure tubing, which means that 
they will “hide” the influence of the pressure tube dimensions a little. The frequencies where 
the pressure tubes influence the measurements can still be seen, but the magnitude of the 
influence might be underestimated. 

When performing the experiments in the pulse rig for the DPF sensors one possible source of 
error is the Keller sensors measurements. This is because the pressures at which the 
experiments were performed were at the lower edge of the pressure range of the Keller sensor. 
This means that the allowable error for this sensor was increased to approximately 1.7 %. It 
would have been preferable to have used a reference pressure sensor with a lower pressure 
range. However, this only affect the magnitude of which the characteristics of the DPF 
measurement system will be influenced by the pulsations in the flow relative to the reference 
pressure measurement. So the frequencies at where these amplifications of peak-to-peak 
pressure measurements occur can still be trusted. Also when performing the step response 
analysis of the DPF sensor a suitable membrane was not found. Instead the membrane was 
cut, using a sharp blade, at approximately the correct pressure. This means that these steps 
were not as “good” as the membrane bursts of the EXH and boost sensors experiments, where 
a neoprene rubber was pressurized until it burst.  

The results in the thesis can thus be used when designing a pressure measurement system by 
choosing the correct dimensions of the pressure tubes, sampling frequencies and averaging 
times. This thesis has shown how the resonance frequency of a measurement system 
catastrophically can influence the pressure measurements. It has also been shown that even 
though the pressure tubes need to be chosen carefully, a wise choice of sensor is also of 
utmost importance. The thesis has however focused on the fluid mechanical point of view of 
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the problem, and have thus not focused on which type of sensor is best suited to use for 
different flow conditions. 

5.2 Conclusions 

This section has been divided into subsections, one for each type of pressure sensor and 
another section concerning averaging. In each section some conclusions, based on the 
experiments, are made. 

5.2.1 Boost Pressure Sensor 

In order to see how the small cavity, that occurs in the air intake manifold due to the boost 
pressure sensors installation, and the performance of the boost pressure sensor affects the 
measurements of the boost pressure, an experimental rig was constructed to emulate this 
installation.  

It can from the experiments be seen that the boost pressure sensor captures the peak-to-peak 
pressures of the flow very well. It does however show a small offset in average pressure 
measurement. If this offset is compensated for, using a scalar subtraction on the 
measurements, the average pressure measurements of the boost sensor stays within 𝑦! % of 
the measurements of the reference pressure sensor (the Kistler sensor). This means that the 
boost pressure sensor and its installation stays within its allowable error range and thus works 
as intended. 

5.2.2 Exhaust Back Pressure Sensor 

From the experiments performed in the pulse rig it can be seen that the EXH pressure sensor 
overestimates the peak-to-peak pressure measurements for all tube dimensions without 
clogging. It can also be seen that clogging of the pressure tube will cause the peak-to-peak 
pressure measurements to decrease drastically. Although the peak-to-peak measurements 
differ a lot from the reference sensor measurements, the average pressure measurements stay 
within 𝜉! % of the reference sensor measurements for clean pressure tubes. The largest error 
occurs when the pressure tube is clogged, using a clogging ratio of 𝑐!! (the highest clogging 
ratio tested in this thesis). At this clogging ratio the relative error increases to approximately 
𝜉! %. According to the results presented in the previous chapter, if no compensation is made, 
the pressure tube should have a length of more than 𝑙! mm in order to meet the requirements 
of 𝜖! % allowable error set by Scania CV AB. All the pressure tube diameters tested in this 
thesis gives a measurement error of less than 𝜖! %, for a pressure tube of length 𝐿! mm. This 
indicates that the pressure tube diameter of 𝑑! mm, which is being used today by Scania CV 
AB, can continue being used for the EXH pressure measurements. 

The EXH pressure sensor was the sensor that was used when examining how well the 
theoretical predictions of the resonance frequencies of the measurement systems match the 
actual resonance frequencies. The relative difference between the theoretical value of the 
natural frequency and the experimental value is less than 𝜖! % for pressure tube lengths over 
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𝑙! mm. The biggest difference in natural frequency found in this thesis is for the shortest 
pressure tubes (𝐿! mm), a relative difference of 𝜉! %. This is contributed to effects caused by 
the pressure probe and sensor housing. Also, through the experiments for different pressure 
tube diameters, it can be seen that the use of tube connections will decrease the natural 
frequency of the system by 𝑥! %. This needs to be considered when designing a pressure 
measurement installation. Since the natural frequency can easily be tested, with the 
experiment described in section 3.1, it is recommended to test this when changing the 
installation or pressure sensor. It is found that the theoretical damping ratio needs to be 
corrected by a constant 𝛼!  for a good prediction of the damping ratio and response time of the 
system, for a pressure tube diameter of 𝑑! mm. This then predicts the response time within 𝜉! 
% for pressure tubes with lengths over 𝑙! mm and a diameter of 𝑑! mm. The biggest 
difference in response time also occurs for the shortest tube, where the pressure probe and  
sensor house has the biggest influence. 

5.2.3 Diesel Particle Filter Differential Pressure Sensor 

The resonance in the tubing is more influential when looking at the pressure measurements 
using the DPF sensors. This is because lower pressures have been investigated for these 
sensors and their larger internal volume enhances the amplifications at the resonance 
frequencies.  

For both the now used DPF pressure sensor and the prototype DPF sensor, resonances can be 
found at frequencies matching the theoretical predictions within 𝜉! %. For the now used DPF 
sensor the average pressure measurements is not affected by this amplification, because the 
increase in amplitude is evenly divided around the average pressure measurement. For the 
prototype DPF sensor however, an extremely large spike in peak-to-peak pressure is found. It 
generates an increased pressure measurement that causes the sensor max out (and can thus not 
be given as a percentage difference). This spike in peak-to-peak pressure causes the average 
pressure measurement to be drastically overestimated. Since these spikes occur at the 
Helmholtz frequencies it is most likely caused by some sort of sensor induced resonance 
combined with the Helmholtz resonance. Based on the experiments performed in this thesis, 
the implementation of this prototype sensor cannot be recommended. 

5.2.4 Averaging 

The investigation of the averaging time shows that the theoretical prediction underestimates 
the averaging time needed, to reach 𝜖 % accuracy, by 𝜉! seconds when using a sampling 
frequency of 𝑓! Hz for a pulse frequency of 𝑓! Hz. However a comparison between the 
theoretical prediction of the averaging time and the experimental results shows a good match 
for the trend of the error, see Figure 4.33. This means that the averaging error will decrease 
with a factor of 1/ 𝑇! , where 𝑇! is the averaging time. So if higher accuracy is desired a 
longer averaging time or a higher sampling frequency is needed. 
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As for the sampling frequency, it is important to not use a sample frequency that is a divisor 
or a multiple of the pulse frequency. At these frequencies the error can become much larger 
due to aliasing. This can be avoided by choosing the sampling frequency based on the 
engine’s rpm or on the crankshaft angle. 
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6 Future Work 
In this chapter some proposals for future work will be presented. 

The results of this thesis shows how one can avoid unnecessary measurement errors due to the 
sensors installation, when measuring pressure in pulsating flows. It also shows some trends 
for the sensors frequency dependence. There is a possibility that these trends may be corrected 
for and thus give a more accurate pressure measurement. This frequency dependence might 
also be used for diagnostics, to see if pressure tubes are starting to clog. However, to use this 
information in this aspect, experiments in a variety of pressures should be performed. This 
could then show a dependency of the pressure as well, and the coefficients used in predicting 
clogging and compensation of pressure measurements could be better defined. 
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Appendix A: Pictures And Figures Of Equipment 
In this appendix some pictures of the equipment used in the experiments are given. 

A.1 Sensors 

In figures A.1 and A.2 the different reference sensors used in the experiments are shown 

The Kistler sensor, that was used as the reference pressure sensor for the boost and EXH 
sensors and for triggering of the measurements in the membrane burst experiments, is shown 
in Figure A.1. This sensor is, similar to the EXH sensor, also threaded to the channel where 
the pressure is to be measured. It is sealed using a plastic ring place just above the threading 
(white ring in the picture). When the sensor is screwed on tight the seal deforms and seals the 
mounting hole from the surrounding atmosphere. 

 

Figure A.1 Absolute pressure reference sensor (Kistler 4045A10). Used as reference sensor to the boost 
pressure sensor and the EXH sensor. Also used as reference sensor for all sensors in the membrane burst 
experiments. It was also to give the time of membrane burst and trigger the sampling, in the step response 

experiments. 

The reference differential pressure sensor used in the experiments (the Keller sensor) is shown 
in Figure A.2. This sensor has two pressure inlets to each pressure chamber, i.e. two inlet for 
the high pressure chamber and two inlets to the reference pressure chamber. In the photo the 
pressure inlets, one high pressure inlet and one reference pressure inlet, can be seen on the 
long side of the sensor. On the other side of the sensor two more inlets can be found. It has 
two pairs of inlets to make the installation of the sensor easier. So when measuring the 
pressure one plugs two of the inlets and connects the other two using threaded tube 
connections. This means that the sealing will depend on what type of tube connections are 
used. In the experiments in this thesis, the connection used was threaded and sealed against 
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the side of the sensor, the sealing of the pressure tubes was done in the same way as a regular 
tube connection (sealed around the tube). 

 

 

Figure A.2 Reference differential pressure sensor (Keller PD-39X). Used as reference sensor 
when testing the two DPF sensors. 

A.2 Experimental Equipment And Installations 
Below follows some pictures of the experimental equipment and setups used in this thesis. 

Figure A.6 shows the membrane burst module, which was used when analysing the step 
response of the sensors and their installation. In this photo the red arrow marks where the 
main sensor is mounted, i.e. the sensor that is to be investigated. The yellow arrow marks 
where the Kistler sensor was mounted, which was used to give the time of the membrane 
burst. The blue arrow marks the air inlet tube, which was connected to a compressor that fed 
compressed air into the test section until the membrane burst. The entire module was held 
steady during the experiments using the mounting gear marked by the orange arrow. 
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Figure A.6 Membrane burst module. The pressure sensor that is to be tested is mounted in the centre hole 
marked by the red arrow. The reference sensor is mounted in the hole marked with a yellow arrow. A 

compressor is connected to the air inlet, marked with a blue arrow. The orange arrow marks the 
mounting gear that holds the module steady during the experiment. 

The pressure probe and the mounting gears used to mount the different sensors to the 
membrane burst module, is shown in Figure A.7. The pressure probe is marked with red 
arrows, and it can be seen in the right most picture how it is threaded through the membrane 
burst module. The blue arrows marks the mounting gear used for the EXH and the DPF 
sensors. The EXH sensor could be mounted to this mounting gear without the use of the 
pressure probe as well, and a threading nipple was used when connecting the DPF sensors to 
this mounting gear. The yellow arrows marks the mounting gear used for the boost pressure 
sensor. The boost sensors head was plugged into the centre hole and screwed on tight using 
the two smaller holes. 
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Figure A.7 Mounting gears used in the membrane burst experiments. The pressure probe used in 
combination with the EXH pressure sensor is marked by red arrows. The mounting gear used for 

mounting the probe to the membrane burst module is marked by blue arrows, this was also used for the 
DPF sensors (then without the pressure probe). The yellows arrows marks the mounting gear for the boost 

pressure sensor. 

In Figure A.8 the pulse generator is shown. The air flow goes from the right to the left, from 
the photos point of view. The orange arrow thus marks the inlet and the blue arrow marks the 
outlet. The red arrow marks the position of the chopper, i.e. the chopped rotating ball that 
generates the pulses. The amplitudes of the pulses can be regulated using the bypass pipe, and 
the flow through this pipe is regulated using the manual valve marked with the yellow arrow. 
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Figure A.8 Pulse generator. The inlet is marked by an orange arrow. The position of the chopper (the 
chopped ball generating the pulses) is marked by a red arrow. The valve controlling the bypass flow is 

marked by the yellow arrow and the outlet is marked by the blue arrow. 

Figure A.9 shows the test section used for the experiments with the boost sensor and the EXH 
sensor. This section is screwed onto the test sections inlet and outlet pipes using four screws 
and is sealed using o-ring seals (the black ring in the photo). The boost pressure sensors 
mounting hole is marked by the red arrow. When experiments on the EXH sensor was 
performed this hole was plugged, creating a smooth surface in the channel to decrease the 
holes influence on the EXH sensors measurements. The EXH sensor was then installed using 
the pressure probe, which was mounted using the module shown in Figure A.10. The blue 
arrow in Figure A.9 marks the pressure tap for the Kistler sensor. 
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Figure A.9 The test section used for the pulse rig experiments with the boost sensor and the EXH sensor. 
The red arrow marks the mounting hole of the boost sensor (this hole can also be plugged when examining 

the EXH sensor). The blue arrow marks the pressure tap for the Kistler sensor. 

 

 

Figure A.10 Mounting gear for the EXH pressure probe in the pulse rig experiments. The pressure probe 
is threaded through the centre ring. 

The experimental setup used when performing pulse rig experiments with the EXH sensor is 
shown in Figure A.11. This photo shows the installation with a 350 mm long pressure tube. In 
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the photo the pulse generator is marked by the red arrow. The green arrows marks the test 
section’s inlet and outlet pipes. The test section, shown above, is marked by the blue arrow, 
note the brass plug on the side of the test section that seals the boost sensors installation 
cavity. The yellow arrow marks the sensor house and the purple arrow marks the EXH sensor 
itself. 

 

Figure A.11 Experimental pulse rig setup for tests on the EXH sensor. The red arrow marks the pulse 
generator. The green arrows marks the test section’s inlet and outlet pipes. The blue arrow marks the test 
section where the pressure probe is mounted and connected to the sensor house (marked with the yellow 

arrow) through a 350 mm long pressure tube. The purple arrow marks the EXH sensor. 

The test section used for the DPF pulse rig experiments is shown in Figure A.12. In this photo 
the cut out of a diesel particle filter, used to generate the pressure drop, is also shown (the 
beige cylinder in the bottom of the photo). The pressure taps for the DPF sensor is marked by 
the red arrows, and the pressure taps for the Keller sensor is marked by the yellow arrows. 
The blue arrow marks the screw that locks the filter cut out in place during the experiments. 
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Figure A.12 Test section and cut out of diesel particle filter used in the pulse rig experiments for the DPF 
sensors. Red arrows marks the DPF sensors pressure taps. Yellow arrows marks the Keller sensors 

pressure taps. The blue arrow marks the screw that locks the particle filter in place. 

Figure A.13 shows the experimental setup used when performing pulse rig experiments on the 
DPF sensors. In this photo the two separate Keller sensors are marked with the red arrows and 
the DPF sensor is marked by the yellow arrow. The greens arrows marks the pressure tubes. 
In this photo the length of the pressure tubes are 𝐿! mm, the diameter of the high pressure 
tube is 𝑑!"!! mm and the diameter of the reference pressure tube is 𝑑!"#! mm. From the 
photos point of view the flow goes from the top to the bottom. 
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Figure A.13 The experimental setup used when performing tests on the DPF sensors. Red arrows marks 
the Keller sensors. The Yellow arrow marks the DPF sensor and the green arrows marks the pressure 

tubes. 
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The installation of the clogging insertions, used when testing the effects of clogging of the 
pressure tubes, is shown in Figure A.14. Note that one extra tube connection is being used 
when testing this phenomenon, this is clearly seen in the bottom photo of Figure A.14. 

 

Figure A.14 Pictures showing the installation of the insertion tubes used when testing the effects of 
clogging of the pressure tubes.  

 


