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Sammanfattning 

 
De värden som mäts upp av temperatur- och trycksensorerna i gasväxlingen är viktiga indata för förbränningsmotorns styrsystem. Denna rapport 

behandlar mätning och signalbehandling av tryck- och temperatursignaler, uppmätta på olika positioner i inlopps- samt avgasgrenrör på en dieseldriven 

lastbilsmotor från Scania. Ett flertal sensorer användes för att samla in mätdata på olika positioner under olika varvtal och lastpunkter. Dessa mätningar 

visar att mätpositionen har en tydlig effekt på den erhållna signalen. Bland annat kunde visas att laddtrycket borde mätas längst in i inloppsröret, 

förslagsvis i inloppsporten vid cylinder 6. Denna mätposition gav upphov till laddtryckssignalen med störst våghöjd, vilket är att föredra för lättare 

detektion av ventilevent. Det uppmätta laddtryckets medelvärde på de olika positionerna i inloppsgrenröret avvek som mest XX% från det verkliga 

medeltrycket och medeltrycksavvikelserna var i princip konstanta över alla testade motorvarvtal samt laster. I avgasgrenröret borde trycket mätas på 

en position där samtliga avgaspulser konvergerar då dessa positioner bättre fångar de enskilda avgaspulserna. Medeltrycksavvikelserna på de olika 

positionerna i avgasgrenröret överstiger inte YY% och var i motsats till medelladdtrycket inte helt konstanta under olika motorvarvtal och laster. 

Samplingsfrekvensen för trycksignalerna i både inlopps- och avgasgrenrören borde ej understiga ZZ Hz vid 2300 rpm eftersom detta skulle kunna 

resultera i en förlust av relevant data. Temperaturmätningarna avslöjade att temperatursensorerna borde placeras på en position långt ifrån motorblocket 

och där de blir utsatta för höga massflöden. Detta hindrar den kylande effekten av kylarvätskan i motorblocket från att påverka mätresultaten samtidigt 

som sensorernas responstid minskar.  

 

På grund av sekretess har vissa av mätresultaten avlägsnats ur denna öppna version av rapporten. Detta har gjorts genom att maskera axlar i figurerna 

samt genom att ersätta mätvärden med bokstäver/symboler.  
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Pressure and Temperature Measurements in the Intake and Exhaust Manifolds of a 

Heavy-Duty Diesel Engine  

Paul Linschoten 
 

Abstract 

The values measured by the temperature and pressure sensors in the 

gas exchange system are important input parameters for several engine 

systems. This report focuses on the measurement and signal analysis 

of pressure and temperature, obtained at different positions within the 

intake and exhaust manifolds of a heavy-duty Scania diesel engine. 

Multiple sensors were placed in the intake and exhaust manifolds after 

which a series of pressure and temperature measurements were 

conducted at different engine speeds and loads. The experiments 

revealed that the sensor location does have a significant impact on the 

obtained signal. It was discovered that the boost pressure signal should 

be obtained as far from the charge air opening as possible, preferably 

in the intake port of cylinder 6. This position gave rise to the highest 

peak-to-peak pressure amplitude, which is preferable for detecting the 

valve events. The mean pressure at the different positions in the intake 

manifold deviated at most XX% from the actual mean pressure. The 

mean pressure deviations are basically constant over all tested engine 

speeds and loads, meaning that they are easy to compensate for with 

an offset. In the exhaust manifold, pressure should be measured at a 

position where several exhaust pulses converge. These positions were 

found to generate signals where the exhaust pulses could be detected 

at all the tested engine speeds and loads. The mean pressure deviations 

at the different positions in the exhaust manifold did not exceed YY% 

and were in contrast to the mean intake pressure not completely 

constant. The sampling frequency for the pressure signals in both the 

intake and exhaust manifold should be set no lower than ZZ Hz at 2300 

rpm, as this could cause loss of relevant pressure data. The temperature 

measurements revealed that the temperature sensors should be placed 

at positions in the intake and exhaust manifolds where they are located 

far from the engine block and where there is a high mass flow of gas, 

as this decreases the impact of the engine block temperature as well as 

the sensor’s response time.  

Due to confidentiality, some of the results and measurements have 

been removed from this open version of the report. This was done by 

masking some of the axes in figures as well as by using letters/symbols 

to replace actual measured values.  

Introduction 

The vehicle industry is continuously being challenged by governments 

to reduce the amount of pollution and greenhouse gases [1]. Sensors 

play a big role in this reduction, as they allow for more efficient engine 

operation and after treatment of the exhaust gases. The work that is 

documented in this report focuses on pressure and temperature 

measurements within the gas exchange system of a heavy-duty, 

13 liter, six cylinder, Scania diesel engine. The final goal of this study 

is to find an answer to the following questions: 

1. Where should the temperature and pressure sensors be 

positioned to obtain good representations of the temperature 

and pressure in the intake and exhaust manifolds? 

 

2. How do the signals from the engine’s standard pressure 

sensors within the gas exchange system compare to the 

signals from the more sensitive Kistler reference pressure 

sensor?  

 

3. How do the intake and exhaust pressure signals change with 

varying engine speed and sampling frequencies? 

 

Some delimitations have been made to facilitate the implementation of 

the experiments as well as the analysis of the experimental data.  

- All experiments will be conducted in a test cell environment 

on the same Scania heavy-duty diesel engine. 

- The experimental data will be gathered from preselected 

sensor positions, at a set number of engine speeds and engine 

loads.  

The results in this paper aim to help in the process of sensor selection 

and positioning, by giving a deeper understanding of pressure and 

temperature measurements in the gas exchange system of a heavy-duty 

diesel engine.  

Sensor behaviour in high temperature and pulsating 

flows 

In the exhaust system of heavy-duty diesel engines, temperatures reach 

several hundred degrees Celsius and exhaust pulse frequencies can get 

up to 120 Hz or more depending on the number of cylinders and engine 

speed, see equation (1). 

 
1

2 60

mn
f     (1) 

where f is the pulse frequency, n is the engine speed in rpm and m is 

the number of cylinders. 

A six-cylinder heavy-duty diesel engine at 1200 rpm for example, 

generates a pulse frequency of 60 Hz in the exhaust system and the 

temperature can (depending on load) exceed 600°C. For pressure 

sensors, these temperatures can lead to large measuring errors and even 

sensor failure [2]. Therefore, the pressure sensor specifications and 

mounting position are of great importance. Another problem which 

occurs with pulsating flows in pipes, is that the velocity fluctuations 

do not have to be uniform across the channel cross section [3]. This 
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means that the pressure measurements could produce irregular results 

at different times, depending on how the pulses are distributed across 

the channels.  

While temperature sensors are also limited by a temperature range, 

their response time within this range is highly dependent on the flow 

pulse frequency due to the sensor’s thermal inertia [4]. The thermal 

inertia makes it difficult to obtain accurate measurements of 

temperature fluctuations in pulsating flows, which will cause them to 

output a mean value of the temperature instead. Another problem 

which arises with temperature sensors is that their time constant is not 

actually constant in pulsating flows due to the changes in fluid 

velocity  [4].  

Temperature Measurements 

In the intake manifold a temperature sensor is placed to measure the 

charge air temperature and provide the ECU with this information. The 

intake temperature is needed because the density of the air is dependent 

on its temperature, which means that the engine’s air to fuel ratio 

should be adjusted accordingly. The temperature information can also 

be used as an input parameter for the EGR valve, i.e. close it when 

temperatures in the intake manifold become too high. 

 

After the combustion process inside the cylinder has taken place, the 

exhaust valves open and heated exhaust gases make their way into the 

exhaust manifold. The exhaust gas temperature (EGT) can for example 

be used for controlling the turbocharger and EGR valve, as well as 

turbocharger protection features [5].  

 

Both intake and exhaust flows are of a pulsating nature due to that the 

valves are continuously opening and closing. As previously has been 

discussed, the pulsating flow makes it difficult to obtain accurate 

estimations of the temperature variations in the pulses.  

 
Pressure Measurements 
 

The intake manifold pressure is an important parameter when it comes 

to controlling the boost pressure efficiently. It can be used as feedback 

for proper wastegate actuation [6] as well as calculating the volumetric 

efficiency for lambda control. However, there are also some secondary 

uses of the boost pressure sensor, such as using it as a diagnostic tool 

for detecting filter airflow or turbo problems [2]. The pressure sensors 

which have been used during the experiments for this paper have a 

response time of less than 1ms, which is believed to be fast enough for 

the measurement of pressure fluctuations in the intake manifold of a 

heavy-duty diesel engine. Also, the intake air temperature normally 

does not pose any problems for the pressure sensor because of the 

intercooler, which cools the charge air down to 5-20 °C above the 

ambient coolant temperature, depending on the type of intercooler used 

as well as the driving circumstances [7]. 

 

Accurate pressure measurement inside the exhaust manifold is 

important for calculating the volumetric efficiency as well as EGR 

mass flow [8]. Another use on vehicles with an exhaust gas 

aftertreatment system is to use the exhaust pressure for estimating the 

pumping losses due to backpressure. The aftertreatment system acts as 

a bottleneck in the exhaust system and if it gets overfilled with 

particles, the backpressure in the exhaust system will rise.  On the 

exhaust side of the engine, high temperatures create a harsh 

environment which the pressure sensor must be able to withstand. The 

location of the pressure sensor is therefore going to be of great 

importance to ensure a longevity which is satisfactory to the 

manufacturer.  

 

Sensors and sensor assemblies 
 

The pressure sensors which have been used during this project are 

piezo resistive. The advantage of these types of pressure sensors is that 

they have a high natural frequency and fast response time. This makes 

them suitable for pressure measurements, such as in a pulsating 

flow [2]. Due to space limitations, the sensors could not be mounted 

directly on the intake and exhaust manifolds. Instead they had to be 

mounted on pressure tubes.  

 

The tube and sensor assembly act as a fluid resonator and therefore 

have a resonance frequency which should be accounted for. Flows 

which are pulsating with this frequency will appear to have a higher 

pressure due to the resonance [2]. To prevent erroneous measurement 

data, the tubes should have a length and inner diameter which leads to 

a natural frequency which is higher than the frequency of the pulsating 

flow. According to [2] and [9], the assembly’s natural frequency can 

be calculated with equation (2): 
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where c is the speed of sound, A is the cross-sectional area of the 

pressure tube, L is the pressure tube length and V is the internal volume 

of the sensor.  

 

The speed of sound c can be calculated using equation (3): 

  

 c RT   (3) 

where γ is the ratio of specific heats, R is the molar gas constant and T 

is the absolute temperature.  

 

As the speed of sound is affected by the temperature of the fluid, which 

fluctuates, some approximation regarding temperature should be 

made. For example, by using the average temperature over an 

appropriate time span. 

 

From equations (2) and (3), the conclusion can be drawn that the 

natural frequency increases with higher temperatures. It is also clear 

that the shorter the pressure tubes, the higher the natural frequency of 

the assembly will be. Therefore, finding the shortest possible tube 

length that would fit on all measurement positions on the engine was 

strived for. This length was found to be 200 mm. According to 

equation (2) the natural frequency of the sensor and tube assembly with 

this length and an inner diameter of 4 mm, was found to be 

approximately 380 Hz at 25°C.  

 

The temperature sensors which were being used during the 

experiments were K-type thermocouples and Pt100 sensors, both with 

a diameter of 3 mm, see Appendix A for more information on the 

sensors. Thermocouples are widely used in the automotive industry 

due to their ruggedness and low cost. They are especially useful on the 

exhaust side of the engine since K-type thermocouples can withstand 

temperatures of +1200 ºC [10]. They consist of two different metals 

which are joined together at one end and are open at the other. A 
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voltage difference between the metals will occur due to the Seebeck 

effect, and it is this voltage which can be measured and corresponds to 

a certain temperature. Thermocouples behave in a non-linear manner, 

which means mathematical linearization must be used [10].  

Pt100 sensors are a type of resistance temperature detectors (RTDs). 

Their advantage over thermocouples is that they are very accurate and 

stable, however they are slower, more expensive and cannot withstand 

the higher temperatures on the exhaust side of the engine. They 

normally exist of a fine metal wire which is wrapped around a core. 

The wire will change resistance with varying temperatures and thus 

give an indication of the surrounding temperature. Just as 

thermocouples they behave non-linearly [10]. 

Consequently, thermocouples were used on the exhaust side of the 

engine because of the high temperatures and Pt100 sensors were used 

on the intake side of the engine because of the higher accuracy. 

Experiments 

Before the experimental process could begin, some decisions had to be 

made regarding the sensor positions. Six sensors were positioned at the 

intake and exhaust ports (positions 1-6) at all time, pressure on one 

side and temperature on the other. This was done so that continuous 

comparisons could be made with the pressure and temperature values 

at the ports. The ports are located the closest to the intake and exhaust 

valves, therefore these locations should hypothetically give the best 

approximations of gas pressure and temperature just before and after 

the cylinders. The remaining sensor positions were spread out in the 

outer tubing of the two manifolds. Figure 1 shows the different 

positions where the measurements were conducted.  

 

Figure 1: Sensor positions including experimental positions (red markings) as 
well as the original sensor positions (green and pink markings). The engine’s 

standard exhaust pressure sensor is located on a pressure tube which sticks out 

of the EGR duct. This tube is represented by the black line in the figure. 

 

Experimental preparations 

After the sensor positions had been decided, the next step of the 

experimental preparations consisted of putting the sensor mountings in 

place on the intake and exhaust manifolds. The mountings had special 

fittings which could be directly screwed into position. However, both 

the intake and exhaust manifold had to be prepared with mounting 

holes for these fittings at each experimental position. These were first 

drilled after which a screw tap was used to put the proper threading in 

place. The wall thickness of the aluminium cast intake manifold was 

not thick enough to create a robust sensor mounting. Therefore, 

aluminium disks (ø 15 mm, 10mm thick) were welded into place first, 

after which the holes were drilled and threading was created. This 

made the walls thick enough to support the sensor mountings. On the 

exhaust manifold this was not an issue as it was made from cast iron 

with thick enough walls to support the fittings. The goal with each 

fitting was to create an installation where the sensor would end up in a 

flush position with the channel wall. The pressure sensors had to be 

cooled when measuring pressure in the exhaust manifold. For this 

reason, a system of hoses was created which allowed the sensors to be 

cooled with tap water at approximately 10°C. 

 

Experimental planning 

The testing of the different pressure and temperature measuring 

positions was conducted as described by Table 1 and Figure 1.  

Table 1: Sensor positions during the different tests. The columns intake and 
exhaust manifold indicate the type of measurements that are done in that 

manifold during each test. Std boost and std exhaust correspond to the standard 

boost pressure and standard exhaust pressure sensors. 

Test Positions 
Intake 

manifold 

Exhaust 

manifold 

1 1-6 & 7,8, std boost  Pressure Temperature 

2 1-6 & 9,10 Pressure Temperature 

3 1-6 & 11,12 Pressure Temperature 

4A 
1-6 & 7,8  

(pos 8 temp only) 
Temperature Pressure 

5A 
1-6 & 9,10  

(pos 10 temp only) 
Temperature Pressure 

6A 
1-6 & 11,12  

(pos 12 temp only) 
Temperature Pressure 

4B 1-6 & 8 - Pressure 

5B 1-6 & 10 - Pressure 

6B 1-6 & 12 - Pressure 

7 1-6 & std exhaust,13 - Pressure 

 

The reason tests 4-6 were divided into two parts is due to the failure of 

one of the pressure sensors. Which meant that there were only seven 

pressure sensors available when measuring pressure in the exhaust 

manifold. As six of these sensors were placed at the exhaust ports, only 

one sensor could be used for measurements at positions 7-12, thus an 

increased number of tests was necessary.   

 

Each test consisted of several different engine speeds and loads (see 

Appendix B), which were either stationary or ramped. The load and 

speed were controlled by a dyno from AVL. The load percentages 

which are mentioned in this report are thus the loads which are 

calculated by the AVL dyno and not the loads registered by the engine 

ECU. Therefore, if 50% load was chosen on the dyno then this value 

could differ somewhat from the actual engine load. However, since all 

tests were conducted using the same method the loads should be the 
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same for each test. There was no possibility to run a computerized 

program/sequence for the load cases, which means that all experiment 

points had to be executed manually. For this reason, it was difficult to 

create perfect ramps for the load and engine speed sweeps. However, 

as all the sensors would be affected by this, it was to have a negligible 

impact on the results. In Appendix A, an overview of the different 

types of sensors, data acquisition system, engine type and dyno can be 

found. 

 

Data acquisition and analysis 
 

The data was acquired by a Dewetron data acquisition system. The 

pressure signals were sampled at a frequency of 200 kHz to assure a 

high resolution. The crank angle sensor (encoder) which was mounted 

on the engine was also sampled at 200 kHz using a frequency module 

in the Dewetron system. This gave a very high resolution of the engine 

speed, and thus made it possible to convert the time signal to crank 

angle degrees. To do this equation (4) was used. 

  

 
1

6cad

freq

C n
S

     (4) 

Where Ccad is the number of degrees the crank angle travels through 

between each sample, Sfreq is the sampling frequency and n is the 

engine speed in rpm. By putting the above equation in a loop where 

the engine speed at each sample is used and Ccad is added until 720 

degrees is reached, the crank angle resolution is acquired. The 

processing of the data was all done by using Matlab.  

 

Results 
 
The results have been divided into four different sections, A, B, C 

and D. Sections A and B present and discuss the measurements of 

pressure and temperature in the intake manifold, while C and D covers 

the measurements in the exhaust manifold. 

Result A: Pressure in the intake manifold 
 

The pressure waves in the intake manifold reach frequencies of about 

600 Hz after which most frequency content fades away. Different 

sensor positions, engine speeds and loads do affect the frequency 

spectrum to a small extent, both in amplitude and frequency, but the 

main frequency content lies below 600 Hz. Figure 2 shows the 

frequency content of a Kistler pressure sensor (reference sensor) 

placed at position 6. For an overview of the sensor positions see Figure 

1. 

 

 
Figure 2: Frequency spectrum of the pressure signal from a reference pressure 

sensor at position 6. The engine speed and load are 1100 rpm and 

100% respectively. There is basically no frequency content after 600 Hz. The 
signal has been anti-aliased by a low pass filter with a cut off frequency of 

95 kHz. 

 

The natural frequency of the sensor assembly has been estimated to be 

approximately 380 Hz at 25°C. Hence, the pressure waves which lie 

within close range of this natural frequency will be amplified. After 

analysing most of the data, it became clear that the natural frequency 

of the pressure sensor assembly did have a profound impact on the 

signal amplitude, and that 380 Hz was a good estimation of this 

frequency. Figure 3 shows a spectrogram of the signal obtained at 

position 6. Between approximately 350-450 Hz a clear pressure 

amplification is visible. This spectrogram also shows that all frequency 

content is dependent on the engine speed. 

 

 
Figure 3: Spectrogram of the pressure signal obtained at position 6. The 
marked area shows the impact of resonance in the pressure tube. The load is 

100% and the signal has been anti-aliased by a low pass filter with a cut off 

frequency of XX Hz.  

 

In Figure 2 this phenomenon is also visible, where the amplitude 

increases as the frequency approaches 400 Hz. Figure 4 shows the 

intake pressure signal amplitude with respect to the crank angle 

position. The high frequency content in the signal lies around 400 Hz, 

and is affected by pressure amplification at these frequencies. 
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Figure 4: The pressure signal obtained at position 6. The engine speed and load 

for the signal in this graph is 1100 rpm and 100% respectively. The signal has 

been filtered by a 1st order low pass filter with a cut off frequency of XX Hz. 

 

To prevent the natural frequency of the system from affecting the 

results, it was decided to use low pass filters with appropriate cut off 

frequencies. Therefore, the signals in most of the upcoming figures or 

diagrams in this report have been low pass filtered with a cut off 

frequency of XX, YY or ZZ Hz, depending on what the phenomenon 

of interest is. However, in some cases the cut off frequency was set to 

XY Hz, to deliberately show the effect of resonance on the signals.  

 

The pressure inside the intake manifold oscillates at all the tested 

engine speeds and loads. However, the oscillation amplitude differs 

depending on where the pressure is measured. When comparing the 

sensors at positions 1-6 to each other, it was concluded that the sensor 

at position 6 has the highest oscillation amplitude and that the 

amplitude decreases the closer the sensor is moved to position 1, see 

Figure 5. The same phenomenon was observed at all the conducted 

load and engine speed cases. Note that the mean pressure from all 

signals has been removed to create an overlay where the differences 

are clearly visible. 

 

 
Figure 5: Pressure oscillation measured with the reference sensors at positions 

1-6. The mean pressure of approximately 3.5 bar has been removed from each 
signal to create an overlay of the signals. The engine speed and load for all 

signals in this graph were 1100 rpm and 100% respectively. The signals were 

filtered using a 10th order low pass filter with a cut off frequency of XX Hz. 
 

Figure 6 shows a bar graph of the amplitude differences at sensor 

positions 1 and 6 at two different loads and six different engine speeds. 

Note how the pressure peak-to-peak amplitude at position 6 is very 

dependent on the engine speed. The signal was filtered using a 

10th order low pass filter with a cut off frequency of 250 Hz. One 

should be aware that the amplitude differences in Figure 6 are only 

valid when using a low pass filter with these specifications. However, 

low pass filters with other specifications were also tested and they all 

showed the same trend in the peak-to peak amplitude differences.  

   

 
Figure 6: The maximum peak-to-peak amplitude of the sensor signal at 
position 1 during the opening of valve 1, and of the sensor signal at position 6 

during the opening of valve 6. The signals used for this figure were filtered by 

a 10th order low pass filter with a cut off frequency of XX Hz. 

 

Figure 6 shows that the pressure’s peak-to-peak amplitude is higher at 

position 6 than position 1. The sensors further away from the intake 

ports (positions 7-12) showed similar behaviour, where the sensor at 

position 7 registered the highest pressure fluctuations and that they 

decreased for each step as the sensor moved closer to position 12. It 

can therefore be concluded that either position 6 or 7 should be used if 

one wants to obtain the most oscillating pressure signal. Some further 

analysis was done to find out what the differences between these two 

positions were. Figure 7 shows the signals from positions 6 and 7 at 

the same engine speed and load. As can be seen straight away there are 

only slight differences between the two signals. The biggest difference 

is that the pressure decrease during the opening of the intake valves at 

cylinder 6 (between 0° and 100° cad), is more pronounced at the signal 

obtained from the sensor at position 6. Apart from this dissimilarity the 

signals resemble each other well.  

 

 

 
Figure 7: Comparison of position 6 and 7. The engine speed is 1100 rpm at 

100% load. The signals have been filtered using a 10th order low pass filter with 
a cut off frequency of XX Hz. The mean pressure of approximately XX bar has 

been removed to eliminate the offsets and make the differences clearer. 

 

Therefore, it can be concluded that out of the tested measuring 

positions, position 6 is the best location to obtain the pressure 

fluctuations inside the intake manifold. Position 7 is the next best 

location with only a marginal difference. The signal fluctuates less the 

closer the sensor moves to position 12.  

 

Pressure oscillation and engine speed 
 

Another discovery which was made is that the oscillations of the 

pressure signal are highly dependent on the engine speed, this was 

already visible in Figure 6. See Figure 8 for a visual representation of 
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two signals from the same sensor at the same load percentage but at 

two different engine speeds. 

 

 
Figure 8: Pressure signals from the reference sensor at position 6. The load 

percentage is 100% for both engine speeds. Both signals have been filtered by 
a 10th order low pass filter with a cut off frequency of XX Hz. The mean 

pressures of each signal at XX and YY bar have been removed to eliminate the 

offsets and make the differences clearer.  

 

Figure 8 shows that there is a clear difference in amplitude at the two 

different engine speeds. The remaining engine speeds were compared 

to each other as well, the results are summarized in Figure 9.  

 

 
Figure 9: The maximum peak-to-peak amplitude at position 6 during the 

opening of valve 6. The signals were filtered by a 10th order low pass filter with 

a XX Hz cut off frequency.  

 

 

The results in Figure 6, Figure 8 and Figure 9 show that engine speed 

is highly related to the oscillation behaviour. For sensor positions 5, 6 

and 7 it was found that the peak-to-peak amplitudes increase with 

increasing engine speed. At sensor positions 1-4 and 8-12 however, 

this relationship was not found, as these positions showed the highest 

oscillation amplitude at 1900 rpm rather than at 2300 rpm. For 

position 1 this phenomenon could already be seen in Figure 6. This 

could indicate that the peak-to-peak amplitude of the pressure signal at 

positions 1-4 and 8-12 is more dependent on the boost pressure, 

compared to positions 5, 6 and 7, as the boost pressure is higher at 

1900 rpm than at 2300 rpm. 

 

A theory as to why there is such a strong relationship between the 

peak-to-peak amplitude and the engine speed, is that an increase in 

engine speed means a decrease in the time it takes for the valves to 

close and open. This leads to a quick build-up of pressure as well as a 

quick decrease in pressure, causing high amplitude oscillations. 

 

Valve events 

It was found that the pressure signal could be used for detecting valve 

events. Position 6 is the optimal position for this purpose because of 

the higher oscillation amplitudes. If one should use position 1 for 

example, the valve events are much harder to detect, see Figure 10.  

 
Figure 10: The pressure signals at position 1 and 6 react to the valve events. 
The engine speed and load for the signals in this figure are 1100 rpm and 100% 

respectively. The numbers 1-6 indicate when the respective valves are open. 

The signals have been filtered by a 2nd order low pass filter with a cut off 
frequency of XX Hz. The mean pressure of approximately XX bar has been 

removed to eliminate the offsets and make the differences clearer. 

 

Note how the sensor at position 1 detects a smaller pressure decrease 

during the valve events at cylinders 1 and 2 than during the valve 

events at cylinders 3-6.  

 

Since these signals are acquired from the sensors at positions 1 and 6, 

there will be a delay of the pressure decrease depending on which 

valves that open, these delays are also clearly visible in Figure 10. 

When inspecting the signal from position 1 in Figure 10, this delay is 

the longest during the opening of the intake valves at cylinder 6 

(between 0º and 120º crank angle). This is also expected, as the intake 

valves at cylinder 6 are located the furthest from the sensor at 

position 1.  

 

Also, note that the filtered pressure signal’s cut off frequency must be 

adjusted to the valve opening frequency. At 1100 rpm, the valve 

opening frequency is 55 Hz, which means that the filter’s cut off 

frequency should preferably be a little higher, 100 Hz for example, 

which was used in this case. For 2300 rpm however, 100 Hz is too low 

since the valve opening frequency at that engine speed will be 115 Hz, 

so the cut off frequency should be slightly higher than that.  

 

Figure 11 shows a spectrogram of the pressure signal from the 

reference sensor at position 6. The valve events are represented by the 

line which is marked in the figure. This line shows that the pressure 

sensor at position 6 registers the valve events over the whole engine 

speed range. This also counts for all other positions, but as the 

peak-to-peak amplitudes decrease for each step the pressure sensor is 

moved up toward positions 1 and 12, the valve events become harder 

to detect. 
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Figure 11: Spectrogram of the pressure signal at position 6 during 100% load. 

The signal has been anti-aliased with a cut off frequency of XX Hz.  

 
The very distinct line in the left part of the spectrogram is the 

representation of a pressure wave which occurs three times every two 

crank shaft rotations (half the valve opening frequency).  

 

 

 
Figure 12: Pressure oscillation at position 6 which occurs 3 times per 720 

crank shaft degrees. The engine speed and load for the signal in this graph are 

1100 rpm and 100% respectively. The signals have been filtered with a 10th 
order low pass filter with a cut off frequency of XX Hz and YY Hz respectively. 

 

In Figure 12 a cut off frequency of XX Hz has been used to illustrate 

this pressure wave. By creating an overlay of the same signal at a 

YY Hz cut off frequency, the three events which occur during two 

crank shaft rotations can be identified more easily. It appears these 

three events are due to the opening of the valves at cylinders 4, 5 and 6. 

This theory is supported by the fact that these events occur only three 

times every two crank shaft rotations, which normally is an unexpected 

number of occurrences since it is a six-cylinder engine. Another 

phenomenon which might confirm this theory is the three different 

levels of pressure decrease. Since the pressure in Figure 12 is measured 

at position 6, one would expect the pressure (at positions 4, 5 and 6) to 

decrease the most during the opening of the valves at cylinder 6 and 

the least during the opening of the valves at cylinder 4, just as Figure 

12 shows.  

 

Signal phase shift 
 

A phenomenon which should be accounted for while measuring the 

pressure, is the phase shift that occurs because of the distance between 

the pressure sensor and the opening valves.  Figure 13 shows the 

signals from the sensors which are located at positions 1-6.  

 

 

 
Figure 13: The signals are phase shifted in the direction of the red arrow due 
to the sensor distance to the nearest opening valve. The black dotted line is a 

marker for when the intake valves at cylinder 6 start to open. The engine speed 

and load related to the signals above are 1100 rpm and 100% respectively. The 
mean pressures of approximately XX bar have been removed from all signals 

to eliminate the offsets and make the phase shifts clearer. The signals have been 

filtered by a 10th order low pass filter with a cut off frequency of XX Hz.  

 

The black dotted line is a marker for when the intake valve at 

cylinder 6 starts to open. Note that the pressure registered by the sensor 

at position 6 decreases first, closely followed by the sensors at position 

5 and 4. The phase shift between the signal measured at position 6 and 

the signal measured at position 1 is approximately 3-4 ms. By 

calculating the speed of sound in the intake manifold using 

equation (3) the travelled distance of the pressure wave can be 

calculated. Using this method, a distance of roughly 1 m was found, 

which is a very good estimate of the actual distance between the two 

sensors. Similar phase shifts can be observed at all the other load cases 

conducted for this report. Note that the phase shifts are dependent on 

the gas temperature, where low temperatures lead to greater phase 

shifts than high temperatures. 

 

Mean intake pressure 

Investigation was done on sensor placement and the actual mean 

pressure inside the intake manifold. The actual mean pressure is in this 

report defined as the average of the mean pressures at positions 2-6. 

The sensor at position 1 was left out as this sensor showed a high 

erroneous offset value, which led to a higher registered pressure at this 

position. When comparing the output from the sensor at position 1 to 

the other sensors at ambient pressure, it was shown that it registered a 

value which was approximately 0.15 bar higher than the rest. Normally 

this could have been easily corrected during the signal processing, 

however, the offset did not seem to be completely constant at different 

pressures. Therefore, the decision was made to exclude this position 

during the analysis of the mean pressure. Apart from the offset it 

seemed to perform well dynamically. 

The mean pressures from all positions were found using the data from 

the steady state engine speed and load cases. These values were then 

compared to the actual mean pressure in the intake manifold. The 

sensors were calibrated before this comparison was done and any 

offsets were adjusted.  

Figure 14 shows how much the mean pressures from the signals at 

positions 2-7 deviate relatively from the actual mean pressure in the 

intake manifold at 50% engine load. Some fluctuations can be seen, 

but overall the relative deviation is reasonably constant for all positions 

at all engine speeds.  
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Figure 14: Mean pressure deviation at positions 2-7 vs engine speed. The 

engine load is 50% and the signals have been filtered by a 2nd order low pass 

filter with a cut off frequency of XX Hz. 

 

The relative pressure deviation at the different engine speeds is 

reasonably constant for all measuring positions. A similar figure was 

created to show the pressure deviations at 100% engine load, see 

Figure 15. 

 

 
Figure 15: Mean pressure deviation at positions 2-7 vs engine speed. The 

engine load for the signals in this graph is 100%. The signals used for the figure 
have been filtered by a 2nd order low pass filter with a cut off frequency of 

XX Hz. 

 

As can be seen in Figure 15, the relative deviation at the different 

positions decreases at 1100 to 1300 rpm. These are engine speeds 

where the engine produces its highest torque, and where the highest 

boost pressures are measured. This is especially noticeable at 

positions 5 and 6, which deviate the most. After additional analysis, it 

was found that the absolute deviation was approximately constant over 

the whole engine speed range and at the two different loads, thus 

meaning that the absolute deviation is virtually independent of engine 

speed and load. This means that at higher mean pressures the relative 

deviation will decrease, just as Figure 15 shows. Overall, these results 

indicate that compensating for the deviation could be easily done by 

implementing an offset.   

 

Figure 16 shows how the mean pressure at positions 2-7 deviates from 

the actual mean pressure in the intake manifold at different boost 

pressures.   

 

 
Figure 16: Mean pressure deviation at positions 2-7 vs actual mean boost 

pressure. The signals used for the figure have been filtered by a 2nd order low 

pass filter with a cut off frequency of XX Hz. 

 

As the boost pressure increases, the deviation at the different positions 

decreases. These results could already be derived from Figure 14  

and Figure 15, but Figure 16 clearly illustrates that boost pressure only 

has a marginal effect on the mean deviation. 

A specific order or relationship regarding the magnitude of the 

measured mean pressure and the location of the sensor was not found. 

In other words, there was no indication of a mean pressure increase or 

decrease when moving the sensor from position 1 to 6 or from 

position 7 to 12. Instead the registered mean pressures were of 

different magnitude at random positions. For both 50% and 100% 

engine load cases, position 6 stood out in the sense that this position 

always generated the highest mean value. This could be related to its 

position, but it should be mentioned that the sensor at position 7 (which 

is located close to position 6) generated only a small deviation. 

It was found that position 6 registered a mean pressure which on 

average (at all engine speeds and both engine loads) was XX bar higher 

than the actual mean pressure in the intake manifold. This corresponds 

to an average relative deviation of XX%.  

The reason why positions 8-12 have not been included in the figures is 

because the signals at these positions have been obtained during 

separate tests. As the mean pressure will always deviate to some extent 

during different tests, multiple figures would have been necessary to 

show the differences. As the mean values from these positions showed 

no abnormalities or special differences compared to the signals 

obtained from positions 2-7, it was decided to not include figures 

containing positions 8-12.  

Standard boost pressure sensor vs reference sensor 

Comparing the standard boost pressure sensor to a reference pressure 

sensor is important for verifying if there is pressure wave frequency 

content which is missed due to the slower dynamics of the standard 

sensor. As can be seen in Figure 17 the reference pressure sensor 

registers frequency content up to XX Hz, while the standard boost 

pressure sensor only registers frequency content up to XX Hz.  
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Figure 17: Reference vs standard boost pressure sensor.  The engine speed and 

load for the signals in this graph are 1100 rpm and 100% respectively. The 
signals have been anti-aliased by a 10th order low pass filter with a cut off 

frequency of XX Hz. 

 

The frequency range of the standard boost pressure sensor will 

however be adequate for detecting valve events on a heavy-duty diesel 

engine. Also, note that the standard boost pressure sensor is not 

mounted on a pressure tube and therefore is not affected by the same 

natural frequency as the reference sensor at position 7, instead its 

natural frequency will probably be much higher. This means that it will 

not show the same pressure amplification as the reference sensor does.  

 

As can be seen in Figure 18, apart from a small offset, the signal from 

the standard boost pressure sensor follows the reference signal very 

well.  

 

 
Figure 18: Reference vs standard boost pressure sensor. The engine speed and 

load for the signals in this graph are 1100 rpm and 100% respectively. 
The signals have been filtered by a 10th order low pass filter with a cut off 

frequency of XX Hz. 

 

Note that the standard boost pressure sensor and the reference sensor 

placed at position 7 both are affected more by valve events at 

cylinder 5 than at cylinder 6 (ca 500º and 80º crank angle respectively). 

This is due to that they are placed closer to cylinder 5. The cut off 

frequency in Figure 18 is XX Hz, but the standard boost pressure 

sensor follows the reference signal well at all frequencies below 

YY Hz just as the frequency spectrum in Figure 17 indicated. This 

means that the standard boost pressure sensor is suitable to use for 

detecting valve events over the whole engine speed range, see Figure 

19.   

 

 
Figure 19: Spectrogram of the pressure signal from the standard boost 

pressure sensor during 100% load. The signal has been anti-aliased with a cut 

off frequency of XX Hz. 
 

At a cut off frequency of 1000 Hz, using a 1st order filter the following 

results are obtained, see Figure 20.  

 

 
Figure 20: Reference vs standard boost pressure sensor. The engine speed is 

1100 rpm and the load 100%. The signals have been filtered with a 1st order 

XX Hz low pass filter. 

 

The reference sensor fluctuates much more in Figure 20 than in Figure 

18 due to the higher cut off frequency and the pressure amplification at 

the natural frequency of approximately XX Hz. This makes it very 

difficult to identify the valve events. Due to its slower dynamic 

properties, the standard boost pressure sensor maintains a smoother 

signal. The valve opening at cylinder 5 at a crank angle of 

approximately 500° creates a distinctive decrease in the pressure 

signal. However, moving the standard sensor to position 6 is believed 

to generate even better results with a greater pressure decrease which 

is easier to identify.  

 

Filtering 

 
For most of the figures in this report high order filters were used to 

increase the clarity of the signals. However, in the ECU of a vehicle 

low order filters are preferred as they have a reduced computation time 

compared to higher order filters. Therefore, it is of interest to 

investigate low pass filters with different properties, to identify the 

least required filter order. Figure 21 shows how the signal obtained at 

position 6 is affected after applying different filters to it.  
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Figure 21: The effect of different filters on the pressure signal obtained from 

position 6. The engine speed and load are 1100 rpm and 100% respectively.  

 
As can be seen in Figure 21, using a 1st order filter with a cut off 

frequency of XX Hz is inadequate for detecting the valve events. This 

was already expected, as the valve opening frequency at 1100 rpm is 

equal to 55 Hz. But it is a good way of showing the differences 

between the practically raw signal and one that has been filtered to 

show the valve events. If the cut off frequency is reduced to YY Hz, 

and thus set slightly higher than the valve opening frequency, the 

signal looks remarkably better. The valve events at all cylinders are 

now identifiable, even though there are still some oscillations due the 

impact of higher attenuated frequencies. To decrease the impact of the 

attenuated frequencies a 2nd order filter was also tested, resulting in a 

smooth signal which reveals all valve events, see Figure 22 for a 

magnification of the signals in Figure 21. 

 

 
Figure 22: The effect of different filters on the pressure signal obtained from 

position 6. The pressure decrease between 0 and 120 cad is due to the opening 

of the intake valves at cylinder 6. The engine speed and load are 1100 rpm and 
100% respectively. 

 

It is thus possible to use a 1st order low pass filter when wanting to 

observe the valve events. However, a 2nd order filter is recommended 

as the signal becomes much smoother, which is especially noticeable 

at higher engine speeds, see Figure 23.  

 

 
Figure 23: Difference between 1st and 2nd order low pass filter with a 

cut off frequency of XX Hz. The pressure signal has been obtained from 

position 6 and the engine speed and load are 2300 rpm and 100% 

respectively.  

 

Here two low pass filters of different order were used, the low pass 

filter of 2nd order shows a great decrease in pressure oscillations and is 

therefore much smoother. An attempt was made to decrease the 

oscillations in the 1st order filter by using lower cut off frequencies 

down to ZZ Hz. However, this method did not work, as the oscillations 

seen in Figure 23 persisted. 

 

As already has been mentioned before, the cut off frequency must be 

adjusted to the valve opening frequency. A cut off frequency which is 

too high will increase the oscillations, while a cut off frequency which 

is too low will remove the valve events from the signal. Therefore, 

there is not one cut off frequency which is suitable for the whole engine 

speed range.  

 

Intake pressure sampling frequency 
 

When obtaining a pressure signal with the goal of finding the valve 

events it is important to use a suitable sampling frequency which 

captures all relevant pressure content. Some different sampling 

frequencies have been tested to see which one is needed to preserve 

signal information which corresponds to the valve events. This is 

important to investigate, as high sampling frequencies need more 

computing power from the ECU. Therefore, a good compromise 

should be found between signal smoothness and the amount of 

computing power needed. The minimal sampling frequency which 

should be used according to the Nyquist theorem is twice the maximal 

frequency component of the signal.  

  

Normally the raw signal which the ECU receives has already been 

filtered once through a first order RC-filter to remove high frequency 

signal noise. It is assumed that this filter has a cut off frequency of 

XX Hz. This cut off frequency ensures that basically all frequency 

content of the pressure is included, as can be seen in Figure 2. To 

reproduce this signal, the pressure data was first filtered by a 1st order 

low pass filter with a cut off frequency of YY Hz. The resulting signal 

was then sampled at different sampling frequencies, and filtered again 

using a 2nd order low pass filter with a cut off frequency of ZZ Hz, this 

filter represents the software filter which possibly is used in the ECU.  
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Figure 24: Different sampling frequencies have been used to see which one 
should be used for obtaining a smooth enough pressure signal. The signal 

represented in this graph is obtained at position 6 and filtered by a 2nd order 

low pass filter with a cut off frequency of XX Hz. The engine speed and load for 
the signal in this graph are 2300 rpm and 100% respectively. 

 

As can be seen in Figure 24 and Figure 25, sampling frequencies of 

XX Hz are too low to be used as a representation of the signal, as these 

miss some of the pressure peaks. Therefore, YY Hz is considered the 

lowest recommended sampling frequency if one wants to obtain a good 

representation of all pressure fluctuations during the valve events.  

 

 
Figure 25: Magnification of Figure 24.  

 

Result B: Temperature in the intake manifold 

The temperature in the intake manifold has been measured in the same 

locations as the boost pressure. The sampling frequency for the 

temperature sensors is 12 Hz, this suffices as the time constant of the 

sensors is in the range of several seconds. The engine which was used 

for the tests was equipped with EGR as well as an EGR cooler. 

Meaning that the EGR is cooled down from several hundred degrees, 

to approximately 90ºC, as this is the normal temperature of the engine 

coolant. Depending on the amount of EGR used as well as the ambient 

temperature outside the engine, the intake manifold gas temperature 

will vary. In the engine test cell the temperature was normally around 

30ºC and the intake manifold gas temperature did not rise above 45ºC. 

Figure 26 shows an example of how the temperature on positions 1-6 

differs, the engine speed and load are 800 rpm and 50% respectively.  

 
Figure 26: Temperature in the intake manifold at positions 1-6. The engine 

speed and load are 800 rpm and 50% respectively. 

 

As can be seen in Figure 26 the sensor at position 2 registers the highest 

temperature and the sensor at position 1 registers the lowest 

temperature, with a difference of nearly 10°C. Normally one would 

expect the temperature difference between these two sensors to be 

smaller due to the short distance between them. Possible reasons for 

this result could be uneven EGR distribution for example. Some 

previous studies have been done on this subject, showing that the EGR 

is transported in packets in the air flow. This results in uneven EGR 

distribution between the first cylinders, as the EGR has not been mixed 

with the charge air properly. The amount of EGR entering the first 

cylinders is thus often dependent on the timing between the EGR 

packets and the valve events [11]. As the flow moves further down the 

intake manifold the EGR/air mixture gets more evenly distributed. The 

case of Figure 26 could be explained by the timing of the valve opening 

at cylinder 2 and a packet of EGR gas passing those valves at that 

instant. This will lead to a higher concentration of EGR to enter 

cylinder 2, thus increasing the temperature at position 2.  

 

However, if the EGR distribution is dependent on the valve openings 

of the first cylinders, one should expect different results in temperature 

distribution depending on engine speed, as engine speed changes the 

EGR flow as well as the valve opening frequency, but this is not the 

case. In the majority of engine tests, the sensor at position 2 registers 

one of the highest temperatures at all engine speeds and all load cases, 

while the sensor at position 1 always registers one of the lowest 

temperatures. Further analysis of the exhaust pressure showed a higher 

pressure at the exhaust port of cylinder 2. The most likely reason for 

this is a higher amount of fuel entering that cylinder, causing more 

heat.  
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For engine speeds 800-1300 rpm at 50% and 100% load the sensor 

position sequence from highest to lowest registered temperature is as 

follows: 2,4,6,3,5,1. For engine speeds 1500-2300 rpm the sequence is 

almost the same except for the sensors located at positions 3,5 and 6 

which can change order between different load cases. Figure 27 shows 

the temperature distribution of the different sensor locations at 

50% load and 2300 rpm. 

 

 
Figure 27: Temperature in the intake manifold at positions 1-6. The engine 

speed and load are 2300 rpm and 50% respectively. 

 

The first noticeable difference between Figure 26 and Figure 27 is that 

the higher engine speed decreases the spread in temperature between 

the different sensors. This is most likely due to the increase in air flow 

in all locations of the intake manifold, which evens out the 

temperature.  However, the sequence of highest to lowest temperature 

at the individual positions is still almost the same. Note that the sensor 

at position 2 still registers the highest temperature and the one on 

position 1 the lowest. See Figure 28 for a better illustration of how the 

temperature on the different positions converges with increasing 

engine speed. 

 
Figure 28: Engine sweep from 800 to 2300 rpm at 100% load during a time 

span of 3 minutes. 

 

The signals in Figure 28 have been retrieved from a different engine 

test than the signals in Figure 26 and Figure 27, which is why the 

temperature spread at the different positions looks slightly different. 

Note the oscillations in temperature at low engine speeds. These are 

caused by erroneous behaviour of the VGT, causing a decrease in boost 

pressure for up to approximately 5 seconds. 

When analysing the signals retrieved from the sensors at positions 

7-12, a quick conclusion that could be made, is that these sensors, 

except for position 7 and 8, registered lower temperatures than the 

sensors at positions 1. The most probable reasons for this is that they 

are located further from the engine block and subjected to a higher air 

mass flow as they are not shielded by the walls of the ports.  

Some tests with the goal of capturing a fast increase or decrease in 

intake manifold gas temperature were also conducted. This was done 

to detect which sensor would react the fastest to temperature changes. 

The test engine however had very effective cooling, which lead to 

temperature changes of only one or two degrees. These results were 

therefore unsatisfying and a proper conclusion could not be drawn.  

The sensor at position 12 always registers the lowest temperature of all 

sensors, closely followed by the sensor located at position 11. One 

property which both locations have in common is that they are located 

close to the charge air entrance of the intake manifold and far away 

from the engine block. This leads to high airflow and lower impact 

from heat conduction. Position 12 is therefore the recommended 

location to place the temperature sensor. 

 

Result C: Pressure in the exhaust manifold 
 

The pressure waves in the exhaust manifold are of a different nature 

than the pressure waves in the intake manifold. In the exhaust 

manifold, clear exhaust pulses are expected for each combustion that 

occurs in the engine. The frequency content of the pressure signal in 

the exhaust manifold is illustrated in Figure 29. 

 

 
Figure 29: Frequency content of the pressure signal in the exhaust manifold at 
position 9. The engine speed and load for the signal in this graph are 1100 rpm 

and 100% respectively. The signal has been anti-aliased by a low pass filter 

with a cut off frequency of XX Hz. 

 

The signal’s frequency content fades away after approximately 

XX Hz. This is valid for all investigated engine speed and load cases. 

A visual representation of the pressure signal at position 9 can be seen 

in Figure 30. 
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Figure 30: The pressure pulses registered by the pressure sensor located at 

position 9. The engine speed and load for the signal in this graph are 1100 rpm 
and 100% respectively. The signal has been filtered by a 1st order low pass filter 

with a cut off frequency of XX Hz. 

 

The first pulse in Figure 30 arises due to the opening of the exhaust 

port at cylinder 4, followed by the pulses from the exhaust valves at 

cylinders 1, 5, 3, 6 and 2. This order counts for all figures in this section 

of the report where the exhaust pulses have been visually illustrated.  

 

The natural frequency of the sensor assembly lies somewhat higher 

than on the intake side of the engine due to the higher temperatures. 

By using equations (2) and (3) the natural frequency of the sensor 

assembly was found to be approximately XX Hz when using an 

exhaust gas temperature of 550°C. However, since the pressure sensor 

on the pressure tube is cooled with cold water (approximately 10°C), 

the pressure tube will be cooled as well. As the gas inside the pressure 

tube has a very small volume, there is a great chance that the gas inside 

the pressure tube will be cooled down substantially. This would lead 

to a lower natural frequency of the sensor assembly. By inspecting 

frequency spectrums and spectrograms of the different signals, it was 

found that the natural frequency of the sensor assembly was 

approximately YY Hz. This frequency would correspond to a gas 

temperature of 250°, and mean that the exhaust gas in the pressure tube 

is cooled down approximately 300°C. Another aspect which could 

cause the natural frequency to be lower than what was calculated using 

equations (2) and (3), is the formation of moisture in the exhaust gases. 

This moisture could potentially create a layer on the inside of the 

pressure tube, thus decreasing its inner diameter, which in turn causes 

the natural frequency to decrease as well.  

 

Higher frequency pressure content, which manifests itself as small 

peaks on the pressure pulses is clearly visible in Figure 30. These peaks 

occur roughly YY times per 100° cad at 1100 rpm, this would 

correspond to a frequency of approximately XX Hz. Therefore, there 

is a very high possibility that these high frequency peaks have been 

amplified due to resonance. Without this amplification, it is believed 

that the high frequency content would be less noticeable in the figures.  

 

Figure 31 shows the frequency spectrum of the signal obtained at 

position 6. A comparison with Figure 29 shows that there is overall 

more high amplitude frequency content at position 6. However, the 

actual exhaust pulse frequency at 55 Hz is clearer at position 9. Also, 

note the influence of resonance in the pressure tube at approximately 

XX Hz, which is much more noticeable at position 6 than position 9. 

When comparing the frequency spectrums and visual representations 

of the signals at all positions, it was discovered that positions 1,2,5, 

and 6 performed the worst regarding the clarity of the exhaust pulses. 

Positions 3,4,7,8,11 and 12 performed slightly better, while the best 

results were obtained by positions 9 and 10. This is thought to be 

because the pressure pulses from all cylinders converge at these two 

positions. As well as that these two positions are located at a more open 

space just before the turbocharger, thus giving the pulses more space 

to expand instead of bouncing back and forth inside a confined part of 

the exhaust manifold. 

 

 
Figure 31: Frequency content of the pressure signal in the exhaust manifold at 

position 6. The engine speed and load for the signal in this graph are 1100 rpm 
and 100% respectively. The signal has been anti-aliased by a low pass filter 

with a cut off frequency of XX Hz. 

   

A spectrogram of the signal at position 6 shows the amplification of 

pressure at approximately XX Hz, see Figure 32. This is another 

indication that the natural frequency of the pressure assembly indeed 

lies around XX Hz.  

 

 

 
Figure 32: Spectrogram of the signal acquired at position 6. The marked area 

shows the impact of resonance in the pressure tube. The signal has been filtered 

by a 1st order low pass filter with a cut off frequency of XX Hz. The engine load 
for the signal in this graph is 100%. 
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Exhaust pressure and engine speed 

Investigation regarding the effect of engine speed on the exhaust 

pressure was done. Figure 33 shows a frequency spectrum of the 

pressure sensor located at position 6 for two different engine speeds. 

 

 
Figure 33: Comparison of frequency content of the pressure signal in the 

exhaust manifold at position 6 during two different engine speeds. The load for 
the signals in this graph is 100%. The signals have been anti-aliased by a low 

pass filter with a cut off frequency of XX kHz. 

 

At 800 rpm, the exhaust pulse frequency of 40 Hz is very pronounced, 

when increasing the engine speed to 2300 rpm however, the exhaust 

pulse frequency of 115 Hz is less clear. When analysing the signals 

obtained at the other engine speeds, a clear trend can be detected where 

the low engine speeds have clear exhaust pulse frequencies and that 

they get less pronounced each time the engine speed is increased. 

Figure 34 shows clearly how the amplitude in the frequency spectrums 

decreases with increasing engine speed.  

 

 
Figure 34: With increasing engine speed the amplitude decreases. The 

amplitude in the figure equals the amplitude in the frequency spectrums. The 

signals have been anti-aliased by a low pass filter with a cut off frequency of 
XX Hz.  

 

For the 100% load cases after 1100 rpm, the amplitude decreases 

almost linearly. At 50% load however, an exponential decline is a 

better description of the amplitude decrease.   

 

A similar frequency spectrum as the one seen in Figure 33 was created 

for the signal from position 9, see Figure 35. 

 

 
Figure 35: Comparison of frequency content of the pressure signal in the 

exhaust manifold at position 9 during two different engine speeds. The load for 
the signals in this graph is 100%. The signals have been anti-aliased by a low 

pass filter with a cut off frequency of XX Hz. 

 

A quick comparison between the frequency spectrums in Figure 33 and 

Figure 35 shows that the exhaust pressure pulse frequency at 115 Hz 

(corresponding to 2300 rpm) is much more pronounced at the signal 

obtained from position 9. 

 

Figure 36 and Figure 37 are visual representations of the same signals 

that were just discussed. To also include the effects of resonance at the 

natural frequency of the sensor assembly, a 1st order low pass filter 

with a cut off frequency of 1000 Hz was used. At sensor position 6, 

illustrated in Figure 36, one can see that at 800 rpm the signal has a 

much more distinct exhaust pressure pattern than at 2300 rpm, just as 

the frequency spectrum in Figure 33 indicated.  

 

 
Figure 36: Comparison of the pressure signal at position 6 during two different 

engine speeds at 100% load. The signals have been filtered by a 1st order low 

pass filter with a cut off frequency of 1000 Hz. The mean pressures have been 
removed to eliminate the offsets and make the differences clearer. 

 

At sensor position 9 however, the exhaust pulses are clearly visibly at 

both engine speeds, see Figure 37.  
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Figure 37: Comparison of the pressure signal at position 9 during two different 
engine speeds at 100% load. The signals have been filtered by a 1st order low 

pass filter with a cut off frequency of 1000 Hz. The mean pressures have been 

removed to eliminate the offsets and make the differences clearer. 

 

Two spectrograms were created to get a better overview of the 

frequency content at positions 6 and 9, see Figure 38. Note the amount 

of frequency content other than the exhaust pulse frequency, which is 

marked in the figure. The spectrogram also confirms that basically all 

frequency content in the signal is dependent on the engine speed. 

 

 
Figure 38: Spectrogram of the signal acquired at position 6. The red arrow 
marks the exhaust pulse frequency. The signal has been filtered by a 1st order 

low pass filter with a cut off frequency of XX Hz. The engine load for the signal 

in this graph is 100%.  

 

The spectrogram in Figure 39 shows that the signal at position 9 is 

cleaner and not influenced as much by frequencies other than the 

exhaust pulse frequency. 

 

 
Figure 39: Spectrogram of the signal acquired at position 9. The red arrow 
marks the exhaust pulse frequency. The signal has been filtered by a 1st order 

low pass filter with a cut off frequency of XX Hz. The engine load for the signal 
in this graph is 100%.  

 

By using the same signals as in Figure 37, but applying a lower cut off 

frequency of XX Hz to remove the impact of resonance in the pressure 

tube, the following figure is obtained, see Figure 40. 

 

 
Figure 40: Comparison of the pressure signal at position 9 during two different 

engine speeds at 100% load. The signals have been filtered by a 10th order low 

pass filter with a cut off frequency of XX Hz. The mean pressures have been 

removed to eliminate the offsets and make the differences clearer. 

 

As can be seen in Figure 40 the high frequency content has been 

suppressed and all that remains is a smooth signal.  

 

Note the pressure dips at the top of the peaks during an engine speed 

of 2300 rpm. Exactly what is causing this is not clear, but it is much 

more distinct at the pulses generated from cylinders 4,5 and 6 (crank 

angles 80º, 320º and 570º). The sensor at position 10 registers similar 

behaviour, also with more distinct pressure dips at the pulses from 

cylinders 4,5 and 6.  

 

One theory is that they could be caused by the small overlap in intake 

and exhaust valve opening. Still, as to why they are more pronounced 

at some pulses and less at others is unclear. 

 

The conclusion regarding the effect of engine speed on the pressure 

pulses is that, out of all engine speeds and loads, it was the hardest to 

identify the exhaust pulses in the signal during high speed and low 

load, thus 2300 rpm and 50% load in this case.  
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Signal phase shift 
 

Just as on the intake side of the engine, phase shifts should be 

accounted for when measuring pressure in the exhaust manifold, see 

Figure 41. 

 

 
Figure 41: The signals are phase shifted in the direction of the red arrow due 

to the sensor distance to the nearest opening valve. The black dotted line is a 
marker for when the exhaust valve at cylinder 6 starts to open. The engine speed 

and load related to the signals above are 1100 rpm and 100% respectively. The 

mean pressures have been removed from all signals to eliminate the offsets and 
make the phase shifts clearer. The signals have been filtered by a 10th order low 

pass filter with a cut off frequency of XX Hz. 

 
The black dotted line is a marker for when the exhaust valve at 

cylinder 6 starts to open. The sensor at position 6 reacts first to the 

exhaust pulse that follows, closely followed by the sensors at positions 

5, 4, 3 and so on. The phase shift between the signal measured at 

position 6 and the signal measured at position 1 is approximately 

2.5 ms, By using equation (3) it was found that this corresponds to a 

travelled distance of roughly 1 m. This distance corresponds well to 

the actual distance between the two sensors. 

 

Mean exhaust pressure 
 

Just as in the intake manifold, some investigation was done regarding 

the mean pressure in the exhaust manifold. This was done by using the 

gathered pressure data and calculating the mean pressure at the 

different positions. These values were then compared to the actual 

mean pressure in the exhaust manifold, which is defined as the average 

of the mean values at positions 1-6.  

 

Figure 42 shows how the mean pressures at the different positions 

deviate relatively from the actual mean pressure at 50% load. Note that 

the signal from position 9 has also been included, as this position 

performed well regarding the exhaust pulses.  

 
Figure 42: Mean pressure deviation at positions 1-6 & 9. The engine load for 

the signals in this graph is 50%. The signals used for the figure have been 

filtered by a 2nd order low pass filter with a cut off frequency of XX Hz. 

 

Note the decrease in mean pressure deviation between 1100 and 1500 

rpm. This phenomenon could also be detected when examining the 

mean pressure deviations in the intake manifold, where it was 

explained by the constant deviation of the absolute pressure. The same 

explanation is valid for the exhaust pressure. It was found that during 

50% engine load, the absolute deviation was relatively constant up to 

approximately 1300 rpm, after which it started to increase. This 

explains the appearance of Figure 42, as an increase in exhaust 

pressure up to 1100-1300 rpm will lead to a decrease of the relative 

deviation. From an engine speed of 1500 rpm the relative deviation 

increases, but does not exceed XX%. 

 

Figure 43 shows how the mean pressures at the different positions 

deviate from the actual mean pressure at 100% load.  

 

 
Figure 43: Mean pressure deviation at positions 1-6 & 9. The engine load for 
the signals in this graph is 100%. The signals used for the figure have been 

filtered by a 2nd order low pass filter with a cut off frequency of XX Hz. 

 

At 100% load the relative deviation from the actual mean pressure is 

virtually constant over the whole engine speed range and spans 

approximately from XX to YY%.  

 

Figure 44 shows the relative deviation of the mean exhaust pressures 

at positions 1-6 and 9, with respect to the actual mean exhaust pressure. 
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Figure 44: Mean pressure deviation at positions 1-6 & 9 vs actual mean exhaust 

pressure. The engine loads for the signals in this graph are 50% and 100%. The 
signals used for the figure have been filtered by a 2nd order low pass filter with 

a cut off frequency of XX Hz. 

 

The mean pressure deviations at the different positions seem to change 

randomly over the whole exhaust pressure range, and a relationship 

between exhaust pressure and the pressure deviation is hard to find. It 

appears the pressure deviation is more dependent on the engine speed 

than on the exhaust pressure.  

 

Even though the deviation from the actual mean exhaust pressure is 

not constant, compensating for it will probably be possible. As the 

relative deviation is only XX to YY% at most, the easiest method 

would be to compensate by using the average deviation value.  

 

Just as in the intake manifold there seems to be no relationship between 

sensor position and the deviation from the actual mean pressure. The 

signal obtained at position 2 shows the highest deviation in mean 

pressure, which is probably because cylinder 2 receives a higher 

amount of fuel.  

 

Filtering  
 

To be able to identify the exhaust pulses at all engine speeds, some 

investigation was done regarding the effect of low pass filters of 

different order and with different cut off frequencies. It was soon 

discovered that, for high engine speed and low load, appropriate 

filtering did work for some sensor positions but not for others. Figure 

45 shows a comparison of the signals obtained at position 6 and 9, at 

an engine speed of 2300 rpm and a load of 50%.  

 

 
Figure 45: Comparison of the registered signals at position 6 and position 9. 

The engine speed and load are 2300 rpm and 50% respectively. The signals 

have been filtered by a 2nd order low pass filter with a cut off frequency of 
XX Hz. 

 

A quick comparison between these two signals shows that the six 

individual exhaust pulses are much easier to identify in the signal 

obtained from position 9.  

 

By using this method on the signals from all remaining positions as 

well, it was soon found out that only positions 9,10 and 13 have the 

potential to obtain clear exhaust pulses at all tested engine speeds and 

loads.  

 

To be able to visually identify the exhaust pulses at positions 9 and 10, 

a lower cut off frequency than 1000 Hz was needed. It was found that 

the low pass filter should be of at least 2nd order and have a XX 

to YY Hz cut off frequency, as these filter characteristics produce a 

smooth pressure signal where the individual pulses are clearly visible 

at all engine speeds, see Figure 45. Using a lower cut off frequency 

increases the risk of filtering out the exhaust pulses at high engine 

speeds, while setting the cut off frequency higher includes pressure 

wave frequencies which are not of interest at this moment in time. At 

position 13 the filtering is of no importance at all as this position 

produces clear exhaust pulses even when just observing the raw 

unfiltered signal.  

 

Exhaust pressure sampling frequency 
 

As was already mentioned in the section about sampling of the intake 

pressure, a good compromise between sampling frequency and signal 

smoothness is needed. Here the same assumptions are made as for the 

intake pressure sampling. The signal which the ECU receives is 

filtered by an RC-filter with a cut off frequency of 1000 Hz.  

 

Therefore, the raw signal, which was sampled at 200 kHz, was first 

filtered by using a 1st order low pass filter with a cut off frequency of 

1000 Hz. The purpose of this filter is to mimic the RC-filter. The 

resulting signal corresponds to the raw signal which the ECU receives. 

Some different sampling frequencies have been tested on this signal, 

to see which ones follow the raw signal without losing information, 

see Figure 46.  

    

 
Figure 46: The pressure signal at position 9 sampled at different sampling 

frequencies. The signal has been filtered by a 2nd order low pass filter with a 
cut off frequency of XX Hz. The engine speed and load for the signal in this 

graph are 2300 RPM and 100% respectively. 

 
A sampling frequency of XX Hz seems too low, as there are some 

pressure peaks which are not being sampled. The YY Hz sampling 

frequency also cuts some signal content at approximately 750º crank 

angle. For a magnification of the signals in Figure 46, see Figure 47. 
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Figure 47: Magnification of the signal at different sampling frequencies from 

Figure 46. 

 

A sampling frequency of ZZ Hz works quite well though, and follows 

the raw signal closely. To create a good representation of the pressure 

signal in the exhaust manifold it is therefore recommended to use a 

sampling frequency of at least ZZ Hz. 

 

Standard exhaust pressure sensor vs reference sensor 
 

The standard exhaust pressure sensor is positioned on a pressure tube 

of about 0.5 m in length. This pressure tube is mounted on a duct which 

goes from the exhaust manifold to the EGR cooler. As has been 

discussed earlier, the longer the pressure tube is, the lower the natural 

frequency of the sensor assembly will be. The natural frequency for 

the pressure tube on this engine model, has been calculated to be 

approximately 200 Hz at 200ºC. This means that the exhaust pressure 

pulses (40-115 Hz) are expected to be influenced by resonance at some 

extent.  

 

The frequency spectrums of the standard exhaust pressure sensor and 

the reference sensor at position 13 are shown in Figure 48.  

 

 
Figure 48: Comparison of the frequency content in the pressure signals from 

the standard exhaust pressure sensor and the reference sensor at position 13. 

The engine speed and load are 1100 rpm and 100% respectively. The signals 

have been anti-aliased by a low pass filter with a cut off frequency of XX Hz. 

 

The frequency content for both sensors is equal and dies off just after 

XX Hz. Figure 49 shows a visual representation of the same signals. 

As already can be predicted by the frequency spectrum in Figure 48, 

the standard sensor tracks the reference sensor very well.   

 

 
Figure 49: Comparison of the engines standard pressure sensor and the Kistler 

reference sensor at position 13. The engine speed and load for the signals in 
this graph are 1100 rpm and 100% respectively. The signals have been filtered 

by a 1st order low pass filter with a cut off frequency of XX Hz. 

 

Note the additional pressure pulses which occur after each primary 

exhaust pulse. When the exhaust valves at cylinders 3 and 4 open, there 

is only one additional pulse. After the opening of the exhaust valves at 

cylinders 2 and 5 there are two additional pulses, one large and one 

small. At cylinders 1 and 6 however, two large pulses are generated in 

addition to the primary exhaust pulse. Thus, there seems to be a pattern 

where the cylinders at both ends of the exhaust manifold produce two 

large additional pulses, and that these pulses decrease in amplitude for 

each step closer to positions 3 and 4. It is believed that these additional 

pulses arise due to the reflexion of pressure waves inside the exhaust 

manifold. At the other positions these additional pulses can also be 

detected but they are very suppressed compared to the signal obtained 

at position 13. This might be due to the resonance in the pressure tube 

at position 13, by which these additional pulses are amplified.    

 

Figure 50 shows a comparison of the standard exhaust pressure sensor 

and a reference sensor mounted at position 3. As can be seen straight 

away, the standard pressure sensor registers a much higher 

peak-to-peak amplitude than the reference sensor, even though the 

reference sensor is mounted just outside the exhaust ports.  

  

 
Figure 50: Comparison of the engines standard pressure sensor and the 

reference sensor at position 3. The engine speed and load for the signals in this 

graph are 1100 rpm and 100% respectively. The signals have been filtered by 
a 1st order low pass filter with a cut off frequency of XX Hz. 

 

This increased pressure amplitude could contribute to an increased 

mean value of the signal. Therefore, it was found necessary to further 

analyse these differences. Figure 51 illustrates the mean pressure 

difference between the standard exhaust pressure sensor and the actual 

mean value in the exhaust manifold (mean pressure obtained at 

positions 1-6).  
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Figure 51: Difference in mean pressure over 720 CAD between the standard 
exhaust pressure sensor and the sensors at positions 1-6. The signals have been 

filtered by a 1st order low pass filter with a cut off frequency of XX Hz. 

 

The main trend in Figure 51 seems to be that the standard exhaust 

pressure sensor outputs a higher mean pressure overall. The difference 

in mean pressure between the standard sensor and the reference sensors 

seems to increase with an increasing engine speed. Probable reasons 

for this behaviour could be resonance due to the natural frequency of 

the sensor assembly. As the engine speed increases the exhaust pulse 

frequency will approach the natural frequency of the system, leading 

to an increase in registered pressure.   

 

Even though the mean pressure measured at position 13 does not 

deviate greatly from the mean pressure measured by the sensors at 

positions 1-6, there are some reasons which make this position a poor 

choice for obtaining the pressure pulses. Firstly, observations have 

been made that the performance at this position is inconsistent with 

regard to engine speed. At 50% load and 1300 or 1500 rpm engine 

speed for example, the sensor outputs an unclear signal, see Figure 52. 

 

 
Figure 52: Comparison of the pressure signal at position 13 during two 

different engine speeds. The load is 50% and the signals have been filtered by 

a 1st order low pass filter with a cut off frequency of XX Hz. The mean pressures 
have been removed to remove the offsets and make the differences clearer.   

 

As can be seen in Figure 52, the sensor at position 13 registers clear 

exhaust pulses during an engine speed of 1100 rpm. When changing 

the speed to 1500 rpm however, the pulses are less distinct and they 

get hard to identify. Out of the tested engine speeds and loads this 

phenomenon occurs at 1300 and 1500 rpm at 50% load. 

 

Another problem with mounting the sensor at position 13 is that it will 

be located at a considerable distance from the exhaust ports. This 

means that one would expect a phase shift in the pressure signal. This 

was investigated and it was found that obtaining this phase shift was 

very difficult due to the different appearances of the signal at 

position 13 and the signals obtained at positions 1-6. However, a phase 

shift was detected, see Figure 53. 

 

 
Figure 53: The signals are phase shifted in the direction of the red arrow due 
to the sensor distance. The pink dotted line is a marker for when the exhaust 

valve at cylinder 5 starts to open. The engine speed and load related to the 

signals above are 1100 rpm and 100% respectively. The mean pressures have 

been removed from both signals to eliminate the offsets and make the phase 

shifts clearer. The signals have been filtered by a 10th order low pass filter with 

a cut off frequency of XX Hz. 

 

By using the same method as discussed in the section on phase shifts 

in this report, it was found that the travelled distance of the pressure 

pulse from exhaust port 3 to position 13 is roughly 1.5 m, which is not 

a bad estimation of the actual distance between the sensors. To 

compensate for the phase shifts will be difficult, as they will depend 

on variable parameters such as the exhaust gas temperature. 

 

The overall conclusion regarding pressure measurement in the exhaust 

manifold is that positions 9 or 10 are the preferred locations for the 

pressure sensor. At these positions the pressure sensors register the 

individual pressure pulses during all tested engine speeds and loads. It 

has also been shown that the resonance in the pressure sensor assembly 

can impact the measurements, especially if long pressure tubes are 

being used [2]. When using non-cooled sensors these pressure tubes 

are a necessity as they cool the exhaust gas temperatures down to 

manageable temperatures.  

 

Result D: Temperature in the exhaust manifold 

The locations of the thermocouples used to measure the exhaust gas 

temperature have been marked out in Figure 1. In ideal conditions, all 

cylinders will receive the same amount of fuel and air. In these cases, 

the temperature differences between the different exhaust ports would 

be very small. In real world conditions however, there will always be 

a difference in the amount of fuel, air and EGR in the different 

cylinders, which thus leads to differences in exhaust temperature. 

Figure 54 shows an example of the temperature distribution at the 

exhaust ports at 1100 rpm and 100% load.  
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Figure 54: Temperatures at positions 1-6 at 1100 rpm and 100% load.  

 

Just as on the intake side of the engine, the thermocouple at position 2 

registers the highest temperature in the majority of the conducted 

measurements. This probably means that cylinder 2 runs slightly hotter 

than the other cylinders due an increased amount of fuel. Analysis of 

the exhaust pressure confirmed this theory. 

 

The thermocouples which are located at the exhaust ports 

(positions 1-6) are exposed to a pulsating flow which frequency is 1/2 

the rotating frequency of the engine. This means that at an engine speed 

of 1200 rpm the sensors which are located at the exhaust ports will be 

subjected to an exhaust pulse with a frequency of 10 Hz. If instead the 

sensors are moved to a position closer to the turbocharger (position 9 

for example), this exhaust pulse frequency will increase. This is due to 

the configuration of the exhaust manifold, where the exhaust pulses 

from cylinders 1,2 and 3 converge before entering the turbocharger just 

as the exhaust pulses from cylinders 4,5 and 6. At positions 9 and 10 

the exhaust pulse frequency will therefore be 30 Hz when excluding 

standing and reflecting waves. In reality, part of the pulses do move 

from position 9 to 10 and vice versa. The exhaust pressure 

measurements confirmed this, see section “Pressure in the exhaust 

manifold”.  

 

Intuitively one might think that the measured exhaust temperature is 

higher close to the exhaust ports, but it has through all experiments 

been confirmed that this is not the case. As can be seen from Figure 55 

the temperature signals from the thermocouples placed at position 9 

and 10 show a higher overall temperature than the thermocouples 

placed at positions 1-6. Reasons for this phenomenon could be that the 

thermocouples which are located closer to the engine block are more 

susceptible to the cooling effect of the engine coolant, thus showing a 

lower overall temperature. 

 

 

Figure 55: Load increase from 25% to 100% in approximately 10 

seconds. The engine speed during the measurement is 1100 rpm. 

 

Another phenomenon, which can be seen in Figure 55, is that the 

thermocouples at positions 9 and 10 have a slightly steeper curve when 

the temperature starts rising. Thus, indicating that they are reacting 

faster than the thermocouples at positions 1-6. This is probably due to 

the higher exhaust gas flow rate at these points. This is also valid when 

comparing positions 7,8 and 11,12 as the thermocouples at positions 9 

and 10 remain the fastest.  

 

Figure 56 shows a change in load from 100% down to 0%. This will 

lead to a temperature decrease which is clearly visible. Again, the 

sensors located at positions 9 and 10 react faster than the sensors which 

have been mounted at the exhaust ports (positions 1-6). 

 

 

 
Figure 56: Load decrease from 100%-0% in approximately 10 

seconds. The engine speed during the measurement is 1100 rpm. 

 

There are no major differences between the registered signals at 

positions 9 and 10. But it could be worth to mention that the signal at 

position 10 showed a higher value during most of the tests. This is 

probably due to a higher overall temperature at cylinder 2, which then 

contributes to a higher mean value of cylinders 1,2 and 3 combined, 

compared to the combined temperature mean value of cylinders 4,5 

and 6.  

 

The fastest thermocouple response was measured at position 9 at all 

ramped load cases. This is probably due to a higher gas mass flow, 

leading to quicker response of temperature changes.  

 

As a high gas mass flow is important for quick sensor response, and as 

the engine block cooling seems to affect the thermocouples negatively 

it can be concluded that the best positions for measuring exhaust gas 

temperatures is position 9. 

 

Conclusions 

Here the results are summarized and important aspects that have not 

been discussed in the “results” section of this report will be discussed 

here.  

Regarding pressure in the intake manifold, it was found that one wants 

to measure at position 6. This position gives rise to the highest 

peak-to-peak amplitude compared to the other positions, which is 

desirable for detecting the valve events. The pressure signal 

oscillations on the intake side of the engine were shown to be strongly 

dependent on the engine speed. For positions 5,6 and 7 it was found 

that an increase in engine speed corresponded to an increase in the 

pressure signal’s peak-to-peak amplitude. For the other positions the 

highest peak-to-peak amplitude was found at 1900 rpm, and not at 
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2300 rpm. It was also found that the mean pressures at the different 

positions in the intake manifold deviate slightly from the actual mean 

pressure. These deviations were virtually constant at all engine speeds 

and the two different loads, and are thus easy to compensate for. The 

sensor at position 6 always measured a higher mean pressure than the 

actual mean. When the performance of the standard boost pressure 

sensor was investigated, it was shown that its capability of detecting 

the valve events in the intake manifold is sufficient, and that it copes 

well with measuring pressure at frequencies below XX Hz. When 

gathering pressure data in the intake manifold, the signal should be 

filtered by a low pass filter of at least 2nd order. The sampling 

frequency for the pressure signal should be at least XX Hz, as this 

ensures a signal which includes all relevant information regarding the 

valve events. 

On the exhaust side of the engine, pressure measurements should be 

done at position 9 or 10 due to an increased exhaust pulse signal clarity 

compared to the other positions. It was also discovered that the clarity 

of the exhaust pulses in the pressure signal depended on both load and 

engine speed. Generally, the exhaust pulse clarity decreased as the 

engine speed increased and the load decreased. At high engine speeds 

and low load, the pressure sensors at other positions than 9, 10 and 13 

did not manage to detect clear exhaust pulses. It is also worth 

mentioning that at these running conditions, one should use a low pass 

filter of at least 2nd order and with a cut off frequency of XX Hz. The 

comparison between the standard exhaust pressure sensor and the 

reference sensors showed that at frequencies below XX Hz the 

standard sensor copes just as well with the pressure signals as the 

reference sensors did. The relative mean pressure deviations at the 

different measuring positions in the exhaust manifold are moderate. 

However, they are not constant and will therefore be slightly more 

difficult to compensate for than the deviations of the mean intake 

pressure. The lowest sampling frequency which should be used for the 

exhaust pressure signal to ensure that relevant data is captured is 

XX Hz. 

When measuring temperature in the intake and exhaust manifolds it 

was found that overall the temperature sensors perform the best at 

positions with high air mass flow as this reduces their response time 

during transients. In the intake manifold this means that one should 

place the temperature sensor at position 12 and in the exhaust manifold 

either positions 9 or 10 should be used. It was also found that placing 

the sensors close to the engine block is disadvantageous, as the engine 

block temperature affects the temperature sensors negatively.  

It is believed that the results regarding sensor placement which were 

obtained in this report, can be generalized and used for other 

heavy-duty diesel engines of different configurations.  

Future work 

Below follow some suggestions regarding future work within the field 

of sensor placement in the gas exchange system of a heavy-duty diesel 

engine.  

- To remove or reduce the effect of resonance in the pressure 

signals, a low pass filter with a cut off frequency below the 

resonance frequency was used. This means that some of the 

signal content was lost. Some measurements without 

pressure tubes should be done to be able to closer observe 

the high frequency content and its behaviour.  

 

- The temperature sensors seemed to be affected by conducted 

heat from the intake and exhaust manifolds. But to what 

extent are they affected?  
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Abbreviations  

CAD   Crank angle degree(s) 

ECU   Engine control unit 

EGR   Exhaust gas recirculation 

EGT   Exhaust gas temperature 

rpm   Revolutions per minute 

VGT   Variable-geometry turbocharger 
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Appendix A 

Table 2: The different sensors that were used during the tests including the 

standard sensors on the engine. 

Pressure Amount Temperature Amount 

Kistler pressure 

sensor  

Model: 4075A10 

8 

Pentronic 3mm 

thermocouple 

model:  

5677111-001 

8 

Kistler cooling 

adapter 

Model: 7505B 

8 

Pentronic 3mm 

Pt100 sensor  

model:  

5677203-001 

8 

Std boost pressure 

sensor:  

Kavlico 22863 

1 - - 

Std exhaust pressure 

sensor: Kavlico 

PE2000-5103 

1 - - 

 

Table 3: Data acquisition system including the separately installed modules. 

System Amount 

Dewetron Unit 

Model: DEWE-2010 
1 

Thermocouple module  2 

Pt100 module 

Model: PAD-CB8-RTD 
2 

Pressure sensor module  

Model: MDAQ-SUB-V-200 
1 

Frequency module 

Model: DAQP-FREQ-A 
2 

 

Table 4: The engine type as well as the engine dyno 

Engine Scania DC13, 6-cylinder diesel engine 

Dyno AVL DynoDur500/1.5-4 Rx 
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Appendix B 

 

  

 

Load point

[ - ]

Engine speed

[ RPM ]

Load 

[ % ] Type

Time

[ s ]

Measuring

Time [s]

Load point

[ - ]

Engine speed

[ RPM ]

Load 

[ % ] Type

Time

[ s ]

Measuring

Time [s]

Settling 1000 50 Steady State 300

Reference 1 1000 50 Steady State 20 20 Settling 2300 100 Steady State 180

1 800 - 2300 50 Engine Speed Sweep 180 180 16 2300 100 Steady State 20 20

2 2300 - 800 50 Engine Speed Sweep 180 180 Settling 1000 50 Steady State 300

Settling 1000 100 Steady State 180 Reference 4 1000 50 Steady State 20 20

3 800 - 2300 100 Engine Speed Sweep 180 180 Settling 800 25 Steady State 180

4 2300 - 800 100 Engine Speed Sweep 180 180 17 800 25-100 Load Step 20 20

Settling 1000 50 Steady State 300 Settling 1100 25 Steady State 180

Reference 2 1000 50 Steady State 20 20 18 1100 25-100 Load Step 20 20

Settling 800 50 Steady State 180 Settling 1300 25 Steady State 180

5 800 50 Steady State 20 20 19 1300 25-100 Load Step 20 20

Settling 1100 50 Steady State 180 Settling 1500 25 Steady State 180

6 1100 50 Steady State 20 20 20 1500 25-100 Load Step 20 20

Settling 1300 50 Steady State 180 Settling 1900 25 Steady State 180

7 1300 50 Steady State 20 20 21 1900 25-100 Load Step 20 20

Settling 1500 50 Steady State 180 Settling 2300 25 Steady State 180

8 1500 50 Steady State 20 20 22 2300 25-100 Load Step 20 20

Settling 1900 50 Steady State 180 Settling 1000 50 Steady State 300

9 1900 50 Steady State 20 20 Reference 5 1000 50 Steady State 20 20

Settling 2300 50 Steady State 180 Settling 800 100 Steady State 180

10 2300 50 Steady State 20 20 23 800 100-0 Load Step 20 20

Settling 1000 50 Steady State 180 Settling 1100 100 Steady State 180

Reference 3 1000 50 Steady State 20 20 24 1100 100-0 Load Step 20 20

Settling 800 100 Steady State 300 Settling 1300 100 Steady State 180

11 800 100 Steady State 20 20 25 1300 100-0 Load Step 20 20

Settling 1100 100 Steady State 180 Settling 1500 100 Steady State 180

12 1100 100 Steady State 20 20 26 1500 100-0 Load Step 20 20

Settling 1300 100 Steady State 180 Settling 1900 100 Steady State 180

13 1300 100 Steady State 20 20 27 1900 100-0 Load Step 20 20

Settling 1500 100 Steady State 180 Settling 2300 100 Steady State 180

14 1500 100 Steady State 20 20 28 2300 100-0 Load Step 20 20

Settling 1900 100 Steady State 180 Settling 1000 50 Steady State 180

15 1900 100 Steady State 20 20 Reference 6 1000 50 Steady State 20 20
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