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Sammanfattning 

Emissionslagstiftningen reglerar mängden utsläppta föroreningar från en 

förbränningsmotor, de vanligaste reglerade föroreningarna för dieselmotorn är 

    och sot. Avgasåterledning (EGR) är ett sätt att kontrollera     utsläppen. 

Införandet av EGR sänker den totala syrehalten hos inloppsgasen samt den 

högsta förbränningstemperaturen (eftersom de återledda avgaserna fungerar 

som en termiskt trög gas), detta försvårar bildandet av    . Motorns 

verkningsgrad blir lidande om för mycket EGR används. 

Att uppfylla emissionslagstiftningen och samtidigt behålla motorns höga effekt 

samt låga bränsleförbrukning kräver att motorns gasflöden kontrolleras noga. 

Gasflöden av intresse är inloppsluften, EGR, totala mängden avgaser och totalt 

gasflödet genom motorn. Exakt kontroll av dessa gasflöden kräver att de 

noggrant mäts eller uppskattas. 

Denna rapport undersöker mätkoncept baserade på flöde eller koncentrations 

mätningar för att bestämma gasflödena i en dieselmotor med EGR. Koncept 

baserade på flöde mäter mängden gas med en flödesmätare t.ex. en varm films 

mätare eller en strypfläns. Koncentrationskoncepten mäter koncentrationen av 

syre. Syre koncentrationen används sedan tillsammans med förbränningskemin 

och en volymetrisk modell för att bestämma gasflödena. Både flöde och 

koncentration koncept utvärderas först teoretiskt, de teoretiska resultaten 

jämförs sedan med experimentella resultat. 

Mätningar av EGR är förknippade med problem som exempelvis pulserande 

flöden och kondens, dessa problem är svåra att utvärdera teoretiskt. Pulsationer 

och kondens utvärderas därför i varsin egen mätserie. 

Resultaten visar att flödesbaserade koncept är överlägsna koncept baserade på 

koncentration, både teoretiskt och experimentellt. Det enda sättet att exakt 

bestämma en väldigt liten mängd EGR är att mäta den. Höga mängder EGR kan 

beräknas genom mätning av luftflödet och uppskattning av totala gasflödet 

genom motorn. 
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Abstract 

The amount of emitted pollutants from an internal combustion engine is 

regulated by the emission legislation. Typically regulated pollutants for the diesel 

engine are     and soot. Exhaust gas recirculation (EGR) is one way of 

controlling the     emissions. The EGR lowers the overall oxygen content of the 

inlet gas, it also lowers the peak combustion temperature (as the burnt gas acts 

as a thermal inert gas); this prevents the formation of    . The engine efficiency 

suffers if too much EGR is used.  

Fulfilling the emission legislation while maintaining high power output and low 

fuel consumption requires that the gas flows of the engine are carefully 

controlled. Gas flows of interest are inlet air, EGR, total amount of exhaust gas 

and total gas flow through the engine. Precise control of these gas flows requires 

that they are accurately measured or estimated.  

This thesis investigates flow and concentration based measurement concepts for 

determining gas flows in a diesel engine with EGR. The flow based concepts 

measure the amount of gas with a flow meter such as a hot-film air meter or an 

orifice plate. The concentration concepts measure the concentration of oxygen, 

which is used together with combustion chemistry and a volumetric model to 

determine the gas flows. Both flow and concentration concepts are evaluated in 

theory; the theoretical results are then compared to experimental results. 

Measuring the EGR is associated with problems such as pulsating flows and 

condensation. These are problems which are difficult to evaluate in theory, they 

are therefore evaluated in dedicated measurements series. 

It is shown that flow based concepts are superior to concentration based 

concepts; both theoretically and experimentally. The only way to accurately 

determine really small amount of EGR is to measure it. High amounts of EGR can 

be calculated from measuring the air flow and estimating the gas flow through 

the engine.  
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Notation 

Abbreviations 
CI Compression Ignition 
CO Carbon monoxide 
DFT Discrete Fourier Transform 
DPF Diesel Particulate Filter 
ECU Electronic Control Unit 
EGR Exhaust Gas Recirculation 
ICE Internal Combustion Engine 
M1 Measurement series one 
MAF Mass Air Flow meter, two types 

    Ammonia 

    Nitrogen dioxide 
    Nitrogen oxides (   and    ) 
NO Nitric oxide 
OFR Oxygen to Fuel Ratio 
PM Particulate matter 
rpm Revolutions Per Minute 
SCR Selective Catalytic Reduction 
SI Spark Ignition 
THC Total hydro carbons 
VGT Variable Geometry Turbine 
XPI Extra High Pressure Injection 
   Flow measurement orifice plate 

   Measured pressure difference orifice plate 

Variables and parameters 
[   ] Air to fuel ratio 
[   ]  Air to fuel ratio stoichiometric  
a Number of carbon atoms in one molecule of fuel, normalised to one 

carbon atom 
A Tested rpm for MAF2 
b Number of hydrogen atoms in one molecule of fuel, normalised to one 

carbon atom 
B Tested rpm for MAF2 
C Concentration based measurement concept, Figure 2.1 
C Discharge coefficient, Equation [3.1] and Equation [4.3] 
d Orifice diameter 
D Inner tube diameter orifice plate 
   Exhaust mass flow element in matrix as function of   
E Measurement error 
   Fuel mass flow element in matrix as function of   
F Flow based measurement concept 
I Physical unit as input to measurement system 
K Ideal straight line slope 
m Mass 
 ̇    Mass flow of air 
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 ̇        Reference measurement of mass flow air 
   Molar mass, carbon 
 ̇    Mass flow of recycled exhaust gas 
 ̇    Total mass flow through the engine 

 ̇    Mass flow of exhaust gas 
     Average molar mass for  ̇    

 ̇     Mass flow of fuel 
      Average molar mass for  ̇     
   Molar mass, hydrogen 
   Molar mass, nitrogen 
   Molar mass, oxygen 
   Mass 
    Number of moles oxygen 
     Number of moles gas and fuel during combustion 
N Revolution per minute, rpm 
N Non-linearity of sensor output, Figure 3.8 
O Sensor output 
p Pressure 
     Pressure engine inlet, above atmosphere 
     Pressure inside EGR-route, above atmosphere 
     Partial pressure of water 

     Saturated vapour pressure, water 
q State matrix 
 ̇   Measured mass flow orifice plate 
r Molar water to oxygen ratio 
R Specific gas “constant”, mass basis 
T Temperature 
V Volume 
   Displaced volume 
VVol Volumetric model for estimation of  ̇    

      Fraction of condensed water 
          EGR-rate compensated for condensation 
     EGR-rate 
     Mole fraction of water 

        Oxygen fraction in atmospheric air 
               Reduction of oxygen fraction due to combustion 
        Oxygen content of  ̇    

        Oxygen content of  ̇    measured downstream of turbine 
             Oxygen content of  ̇    measure at the exhaust manifold 
   Volumetric efficiency 
  Diameter ratio 
         Difference in EGR-ratio due to condensation 
      Difference between measured mean value and reference value,  ̇    
   Pressure drop for orifice plate 
   Total absolute error of state matrix q 
  Expansibility factor 
  Lambda, [                  ] [                  ]   
  Density 
  Standard deviation, indexed according to variable 
   Humidity ratio 
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Outline 

Chapter 1: Thesis background and introduction of emissions and EGR.  

Chapter 2: Introduction of EGR-concepts and engine theory. 

Chapter 3: Description of experimental setup with engine and sensor 

specifications. Short introduction to measurement theory and related 

errors. 

Chapter 4: Theoretical evaluation of EGR-concepts based on the 

propagation of errors. 

Chapter 5: Measurement results and discussion. 

Chapter 6: Conclusions and further work. 

Chapter 7: References.  
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1. Introduction 

The purpose of the internal combustion engine, ICE, is to convert chemical 

energy to mechanical power through a combustion reaction. This combustion 

reaction taking place inside the ICE generates combustion products, of which 

some are classified as pollutants. One of the first countries to introduce emission 

legislation for pollutants from gasoline engines was the United States of America, 

and specifically California during the 1960s [1]. Since then most of the industrial 

countries have introduced legislations that regulate the emissions of pollutants. 

The emission legislations have to be fulfilled in order to certify the vehicles for 

sales. The legislation makes difference between passenger vehicles and heavy 

commercial vehicles; common for both is that the emission limits of pollutants 

decrease every year. Passenger vehicles and light commercial vehicles are often 

certified on a vehicle basis; these types of vehicles are often sold ready built and 

they are usually not modified during their lifecycle. Heavy commercial vehicles 

are often modified to comply with the customer’s needs; these modifications are 

beyond the responsibility of the vehicle manufacturer. To ensure that heavy 

commercial vehicles fulfil the emission legislations the engine itself is certified, 

this is the responsibility of the manufacturer. The certification process is 

extensive and it replicates the real life operation of an engine. The requirement 

set by today’s emission legislation is an important part of the engine 

development. 

1.1. Emissions 
The EURO VI emission legislation for compression-ignited heavy duty commercial 

vehicles in Europe regulates the emissions of carbon monoxide (  ), total 

hydrocarbons (   ), nitrogen oxides (   ), ammonia (   ) and particulate 

matter (  ) also known as soot [2].  

Incomplete combustion due to a lack of oxygen is a major factor for the 

formation of carbon monoxide. Lack of oxygen prevents the oxidation from 

carbon monoxide to carbon dioxide during the expansion stroke. This makes the 

amount of carbon monoxide in the exhaust primarily dependent of the air to fuel 

ratio, [3]. Since diesel engines operate lean with excess of air, the emissions of 

carbon monoxide is usually not a problem.  

The hydrocarbon emissions originate as parts of unburned fuel. The amount of 

hydrocarbon in the exhaust reflects the combustion efficiency. In the diesel 

engine hydrocarbons are formed for an over-lean mixture, fuel and air is mixed 

beyond the lean point and will not auto-ignite [3]. Hydrocarbon emissions are 
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also formed from fuel trapped in crevices around the piston rings, or from the 

needle sac volume. Generally hydrocarbon emissions are not a problem for the 

modern diesel engine.  

Nitrogen is the main component of air. The nitrogen is oxidized during 

combustion into nitric oxide (  ) and nitrogen dioxide (   ); both usually 

called nitrogen oxides (   ). The oxidation process for nitrogen is highly 

dependent on combustion temperature and oxygen concentration [3]. The high 

combustion pressure and temperature for the diesel engine are advantageous 

for generating nitrogen oxides. Consequently the emissions of nitrogen oxides 

are a problem for the diesel engine.  

The emissions of ammonia concerns engines using after treatment systems such 

as the selective catalytic reduction (SCR). The SCR uses ammonia to chemically 

reduce the amount of nitrogen oxides. The legislation forbids excess release of 

ammonia due to overdosing, i.e. ammonia slip.  

Particulate matter is generally carbonaceous material also known as soot. 

Incomplete combustion generates hydrocarbons which act as building blocks for 

soot. Small parts of lubrication oil and unburned fuel stick to these building 

blocks and soot is formed [1]. At the ignition of the injected fuel there is a local 

deficit of oxygen which causes incomplete combustion and the start of soot 

formation. One way of reducing the emissions of soot is to use a Diesel 

Particulate Filter, DPF. In short the DPF prevents the soot particles from leaving 

the exhaust system. The emissions of particulate matter are a problem for diesel 

engines without DPF.  

1.2. Exhaust Gas Recirculation, EGR 
One method for reducing the nitrogen oxides emissions is to recirculate exhaust 

gas back to the combustion chamber. This is done to some extent inside the 

combustion chamber since the process of gas exchange is not perfect, i.e. not all 

combustion gases are ventilated during the exhaust stroke. The residual gas 

remaining after the exhaust stroke acts as a recycled exhaust gas. As a 

complement exhaust gas can also be rerouted externally through a dedicated 

system, this system may contain a cooler that lowers the temperature of the EGR 

gas before it is mixed with fresh inlet air. The recirculated exhaust gas has lower 

oxygen content then the atmospheric air; this lowers the oxygen content of the 

inlet gas as EGR is introduced. Less oxygen content is beneficial for the 

prevention of     formation, because oxygen is needed to form     [3]. The 

recycled exhaust gas also act as a thermal inert gas, not participating in the 

combustion. This reduces the flame temperature and the peak combustion 
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temperature. Since the formation of     is strongly dependent on temperature 

this reduction of temperature also reduces the formation of    . 

One drawback of EGR is that it increases the soot formation [4]. Another is that a 

high EGR-ratio reduces the efficiency of the engine [4]; lowered engine efficiency 

implies increased fuel consumption. Because of these drawbacks it is necessary 

to control the amount of EGR introduced precisely. This precise control of 

introduced EGR requires the EGR amount to be measured or estimated 

accurately.  

1.3. Objectives 

 Evaluate new and existing sensors for EGR estimation with respect to 

measurement accuracy, measurement performance such as sensitivity to 

mounting position and transient response.  

 Create an overview of possible measurement concepts for EGR-flow. 

Including a literature study and a tolerance analysis of the studied 

measurement concepts. 

 Examine the robustness and repeatability of the different concepts for 

measurement of EGR-flow. 

 Experimentally evaluate the most suitable concepts for estimation of 

EGR-amount.  

 Achieve measurements of EGR-amount and total gas flow with high 

accuracy.  
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2. EGR Measurement Concepts 
and Engine Theory 

To sustain the combustion process that drives the ICE both fuel and oxidizer are 

needed. The fuel and the oxidizer can be supplied in a variety of ways. The 

mixture of fuel and oxidizer can also be ignited in different ways. The ICE is often 

classified dependent on the ignition method and the way fuel and oxidizer are 

supplied. The two dominating classifications of ICE are the Spark Ignited (SI/Otto) 

and Compression Ignited (CI/diesel) engines. In this work the focus is on ICE’s 

operating with the diesel cycle.  

The diesel engine normally draws air through the engine inlet system and injects 

fuel directly into the combustion chamber. The fuel is injected at high velocity 

through several nozzles in the injector; this causes the fuel to vaporize as it is 

mixed with high pressure hot cylinder air. Since the temperature and pressure 

are above the fuel’s ignition point the mixture self-ignites. The power output of 

the diesel engine is controlled with the amount of fuel injected. How and when 

this fuel is injected affects the formation of     and PM [1]. Early injection at 

high rail-pressure increases the formation of     but decreases the amount 

of PM. Late injection during low rail-pressure decrease the formation of     but 

increases the amount of PM [5]. The oxygen available during combustion is also 

an important parameter when the emissions form. Both     and soot are 

emissions of interest for the diesel engine (according to Chapter 1).  

As previously mentioned the engine out emission of     and PM are dependent 

on the fuel injection strategy, there is a trade-off between     and PM, [6]. One 

way of addressing the emission problem is to use an aftertreatment system, such 

as SCR and/or DPF; these are external systems mounted in the exhaust pipe. The 

SCR system neutralises     and DPF neutralises soot. Another method to 

prevent the formation of especially     is to use EGR; see Chapter 1. Adding EGR 

to the air changes the    -PM trade-off and reduces the     amount for a given 

amount of PM or alternatively reducing the amount of PM for a given amount 

of    . 

2.1. EGR measurement concepts 
Introducing EGR as a control parameter for emissions equals adding another flow 

of gas. The different gas flows for an engine operating with EGR is seen in 

Figure 2.1. The gas flows of interest are the mass flow of air entering the engine, 

 ̇   , the mass flow of recirculated exhaust gas,  ̇   , the total mass flow of gas 

entering the engine,  ̇    and the total mass flow of exhaust gas  ̇   . The mass 
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flow of fuel,  ̇    , is also important since it is a part of  ̇   . The mass flow of 

EGR is often represented as a percentage of the total mass flow, Equation [2.1]. 

Assuming that no gas or fuel escapes the engine and assuming stationary 

operation, equilibrium gives the gas flows linked together through Equation [2.2] 

and Equation [2.3]. 

     
 ̇   

 ̇   
 (2.1) 

 ̇      ̇     ̇    (2.2) 

 ̇     ̇     ̇     (2.3) 

Fulfilling the emission legislation while maintaining high power output and low 

fuel consumption requires that the composition and magnitude of  ̇    is 

known. How to best determine  ̇    and its composition is investigated during 

this thesis, each possible way of doing this is here referred to as an EGR-concept. 

These EGR-concepts also determine  ̇    which is of importance for engines 

using aftertreatment systems. Each EGR-concept evaluated is based on flow or 

concentration measurement. Oxygen is the substance for which the 

concentration is measured. Oxygen is chosen since its concentration in 

atmospheric air is well known; it is also relatively easy to measure the oxygen 

concentration with a wide-band lambda sensor. The flow measurement can be 

performed with any type of flow measurement device. The flow measurement is 

illustrated with an F in Figure 2.1. The concentration measurement is illustrated 

with a C in Figure 2.1. The C* close to  ̇     in Figure 2.1 indicates that  ̇     

needs to be known for EGR-concepts based on concentration measurements. 

The concept used by Scania today is to measure  ̇    and to estimate  ̇    and 

 ̇    . For the EGR-concepts evaluated both  ̇    and  ̇     are considered 

known. 

 
Figure 2.1: Gas flows for an engine operating with EGR. Flow concept represented with an F and 

concentration concepts with a C. 



 

9 
 

2.1.1. Flow concepts 

Two new devices of flow measurement are evaluated alongside the current 

Scania Mass Air Flow meter, (MAF). The first one is an orifice plate placed inside 

the EGR-route to measure the mass flow of EGR. Combining the orifice plate 

measurement of  ̇    with any type of measurement or estimation of  ̇    or 

 ̇    is enough to calculate the gas flows of interest with Equation [2.2] and 

Equation [2.3]. The second flow device is new type of Mass Air Flow meter 

(MAF2). The MAF2 is used to measure either  ̇    or  ̇   , or both. From the 

measurement of  ̇    with the MAF2 it is possible to use any other 

measurement or estimation of  ̇    or  ̇    to calculate the gas flows of 

interest, Equation [2.2] and Equation [2.3]. If  ̇    is measured with the MAF2 

 ̇    or  ̇    needs to be measured or estimated to obtain the gas flows of 

interest, Equation [2.2] and Equation [2.3]. 

2.1.2. Concentration concepts 

From the measurement of oxygen concentration at the engine inlet or the 

exhaust it is possible to determine  . Combining   with combustion chemistry 

and  ̇     allows calculation of  ̇    [7]. The oxygen concentration is measured at 

three points, Figure 2.1. The first one is at the engine inlet (       ) after the 

introduction of EGR. The second is in the engine exhaust manifold (            ) 

measuring the oxygen concentration before the turbine. The third point is 

downstream of the turbine in the exhaust pipe (       ). Determining  ̇    

from   and  ̇     in combination with a measurement or estimation of  ̇    or 

 ̇    is sufficient to calculate the gas flows of interest with Equation [2.2] 

and Equation [2.3]. 

2.2. Volumetric efficiency 
Several of the evaluated EGR measurement concepts rely on the estimation 

of  ̇   , this estimation has good accuracy during normal engine operation. This 

estimation of  ̇    is based on a volumetric model (VVol), the basics for this 

volumetric model are described below. 

The theoretical mass of the air contained within the engine’s displaced volume is 

derived from the ideal gas law, Equation [2.4]. Where p is the pressure, V the 

volume, m the mass, R the specific gas “constant” on mass basis and T the 

temperature. This mass,   , is expressed as function of total displaced volume, 

  , and density,  , in Equation [2.5]. After combustion this mass is replaced 

through a gas exchange, this occur every other revolution for a four stroke diesel 

engine. Equation [2.6] describes the theoretical rate for this change of mass, 

given that the engine operates with N revolutions per minute.  
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       (2.4) 

   
  

  
     (2.5) 

 ̇  
    

 
 (2.6) 

Volumetric efficiency (  ) is a measurement of the effectiveness of the engine 

inlet system, Equation [2.7]. It is defined as the actual mass flow of gas divided 

by the theoretical mass flow of gas. The volumetric efficiency is affected by 

several factors such as, compression ratio, engine speed, ratio of inlet pressure 

to exhaust pressure, intake and exhaust port design [3]. The volumetric efficiency 

for an engine is determined by running the engine in a test cell while measuring 

the mass flow of gas entering the engine. From the measurement and the 

theoretical mass flow of gas the volumetric efficiency for the engine is calculated, 

this is done for a large variety of engine operating points. Equation [2.7] is 

rewritten to Equation [2.8], which is used to calculate the mass flow of gas 

entering the engine,  ̇   . This is possible because   ,   , p, T, R and N are 

known for the current engine operating point. The gas entering the engine does 

not need to be air it might as well be a mixture of air and exhaust gas. It is 

however important that the specific gas “constant” R is calculated on a mass 

basis for the studied gas composition.  

   
 ̇   

 ̇ 
 
 ̇   

    
 

 (2.7) 

 ̇      
   
  

 

 
 (2.8) 

For any operating point  ̇    is determined by the inlet temperature, the inlet 

pressure, the rotational speed, the displaced volume, the universal gas constant 

and the predefined model for the volumetric efficiency. The accuracy of  ̇    is 

dependent on the accuracy of VVol, the temperature and pressure 

measurements; it is less affected by the rotational speed, displaced volume and 

the gas constant. The gas constant and the displaced volume are considered 

constant and the rotational speed is measured. 

The gas drawn into the engine is pure atmospheric air for a diesel engine 

operating without EGR. For an engine operating with EGR the gas inside the 

cylinder is a mixture of atmospheric air and EGR. Today modern diesel engines 

are equipped with turbo chargers. The turbo charger recovers parts of the 

energy from the escaping exhaust gas with a turbine. The energy is then used to 

compress the air drawn in to the engine with a compressor. The compressed air 

is usually cooled before it reaches the engine inlet. Compressing and cooling the 

air increases the density in Equation [2.6]. Higher density of the air mass allows 
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more air to enter the cylinder which allows more fuel to be burned; this 

increases the power of the engine by allowing more fuel to be combusted within 

the same combustion volume.  

2.3. Combustion chemistry 
For EGR-concepts that measure oxygen concentration, and thus use combustion 

chemistry to calculate the gas flows of interest, an introduction to combustion 

chemistry is given.  

Combustion is a chemical reaction converting chemical energy to heat and 

combustion products. For an ICE this is fuel reacting with an oxidizer generating 

heat and combustion products; the ICE transforms this heat release to 

mechanical power. 

                              

For ICE’s hydrocarbons are commonly used as fuel. Oxygen is the oxidizer used 

for combustion of hydrocarbon fuels in ICE’s. Reaction [2.9] describes 

stoichiometric combustion between an arbitrary hydrocarbon composition and 

oxygen. Stoichiometric mixture is the theoretical correct proportions between 

fuel and oxidiser; every fuel molecule matches up with an oxidizer molecule 

producing only carbon dioxide and water as combustion products. Subscripts a 

and b being the number of carbon and hydrogen atoms in one molecule of fuel. 

Both a and b are often normalised to one carbon atom, that is a = 1 and b = 1.85 

for diesel fuel [3]. 

                   (2.9) 

Table 2.1: Coefficients for stoichiometric balance of Reaction [2.9], arbitrary hydrocarbon fuel. 

Carbon balance     

Hydrogen balance       

Oxygen balance         

Stoichiometry for carbon, hydrogen and oxygen gives the value of j, k and i, 

Table 2.1. Pure oxygen is seldom used as oxidizer for internal combustion 

engines, instead atmospheric air containing oxygen is far more common. Dry air 

contains mainly nitrogen, oxygen and small parts of trace gases. Atmospheric air 

contains 78.09% nitrogen and 20.95% oxygen by volume. The molar ratio 

between nitrogen and oxygen in dry air is 3.773 [3]. The stoichiometric equation 

for combustion with dry air as oxidizer is shown in Reaction [2.10]. The 

stoichiometric air to fuel ratio is defined in Equation [2.11]. Furthermore the air 

to fuel ratio ( ) is defined in Equation [2.12]. That is, the current air to fuel ratio 

divided by the stoichiometric air to fuel ratio. Reaction [2.13] gives the complete 

combustion equation for engines operating with excess air,     1.  
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According to Reaction [2.10] stochiometric combustion consumes 1.46 times 

more molecules of pure oxygen than fuel (assuming        ); or 5.52 times more 

molecules of air. Mole fractions are equal to volume fractions or volume 

percentage as the gases treated in this report are assumed to be ideal.  

2.3.1. Oxygen measurements in the exhaust 

The simple case, the gas entering the combustion chamber is pure air, with 

oxygen content equal to air (       ). Since diesel engines operate with air excess 

it is reasonable to assume that all of the injected fuel is consumed during 

combustion [3]. The remaining oxygen content after combustion is measured in 

the exhaust; the oxygen content corresponds to a specific  . Transformation 

between   and oxygen content is performed with equation [2.14]. The injected 

fuel amount is estimated to a high level of accuracy. Given that  ,  ̇     and the 

stoichiometric air to fuel ratio are known it is possible to calculate  ̇    with 

Equation [2.15]. The exhaust mass flow is obtained from Equation [2.3];  ̇    is 

defined in Equation [2.16] when calculated from the measured oxygen content in 

the exhaust. The calculated  ̇    from Equation [2.15] and the modelled  ̇    

are used to express  ̇    as function of the oxygen content in the exhaust, 

Equation [2.17]. 
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2.3.2. Oxygen measurement in the inlet 

The oxygen content prior to combustion depends on the proportion of recycled 

exhaust gas (    ) that is mixed with fresh air. Measuring this oxygen content 

allows calculation of     . The theory used to calculate the oxygen consumption 

due to combustion is based on a chemical reaction with a fixed amount of 

chemical substances. This is typically one combustion cycle for an engine. 

Averaging these cycle fixed variables over time allows calculating the     .  

Equation [2.18] describes the oxygen content before combustion (       ) as a 

function of     ,         and        . Equation [2.18] is rewritten to obtain      

as function of        ,         and        , Equation [2.19]. A wide-band lambda 

sensor is used to measure         at the engine inlet, Figure 2.1. The content of 

oxygen for atmospheric air is well known, this leaves only         as unknown. 

The         is determined by subtracting the amount of oxygen needed to 

stoichiometrically combust the injected fuel mass from        , Equation [2.20]. 

It is difficult to calculate the reduction of oxygen concentration due to 

combustion; it requires a relation between the number of mole oxygen used 

during combustion and the corresponding reduction of oxygen concentration. 

This relation is given by assuming ideal gases in Equation [2.20]. 
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Stoichiometric combustion requires 1.46 times more pure oxygen than fuel (once 

again assuming        ) on a molecular basis according to Reaction [2.9]. This is 

the oxygen to fuel ratio (    ) in Equation [2.21] and Equation [2.22]. The 

molar mass for  ̇     is       and the molar mass for  ̇    is     . The total 

number of moles oxygen (   ) used during combustion is equal to the      

multiplied by the number of moles of fuel injected. The oxygen fraction 

consumed during the combustion is obtained as the total number of moles of 
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oxygen divided by the total number of moles (    ). The total number of moles is 

equal to the number of moles gas and the number of moles fuel. Equation [2.21] 

gives an approximation to the oxygen content removed during combustion, from 

this it is possible to calculate         with Equation [2.20]. The oxygen content in 

the exhaust is used in Equation [2.22] to calculate the EGR-ratio, and from this 

the EGR-ratio is used to calculate  ̇    with Equation [2.1]. Alternatively         

is transformed to   with Equation [2.14]; this   and the modelled  ̇     are used 

to calculate  ̇    from Equation [2.12]. Equation [2.23] defines  ̇    expressed as 

a function of        . The  ̇    is obtained by adding  ̇     to Equation [2.23] 

which gives Equation [2.24]. Equation [2.2] and Equation [2.24] gives  ̇    as 

function of        , Equation [2.25]. 
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2.3.3. Condensation 

The surrounding atmosphere contains water vapour. Typical values are one to 

four percent by mass [3]. Water vapour is also a product of combustion and it is a 

part of the exhaust gas. There is a risk of condensation when EGR is cooled and 

rerouted to the engine inlet.  

The first problem with condensation is the risk of damaging the wide-band 

lambda sensor measuring at the engine inlet. Inside the wide-band sensor is a 

Nernst concentration cell and an oxygen pumping cell [1]. The pumping cell 

contains a ceramic part which is heated. The heated ceramic part is sensitive to 

contact with water, the heated ceramic part could crack if it were to come in 

contact with water droplets. The second problem with condensation is the 

influence on measurement results, since the ideal gas law is not valid for 

condensation. Test series are planned to investigate how the EGR measurement 

concepts are affected by water condensation inside the EGR-route. Some engine 

operating points are evaluated with and without condensation.  
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Condensation of water vapour to water depends on the partial pressure of 

water [8], which is dependent on total pressure and mole fraction of the water in 

the exhaust gas. The mole fraction of water in the exhaust gas is calculated from 

the reaction describing combustion, Reaction [2.13]. This reaction is rewritten to 

handle EGR and water vapour in the atmospheric air, yielding Reaction [2.26]. 
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The moisture of air is accounted for with the addition of r in Reaction [2.26], 

which gives r moles of water per mole of oxygen. The value of r is dependent on 

the amount of water vapour present in atmospheric air. Equation [2.27] gives the 

humidity ratio, which is the ratio between the mass of water vapour and dry air. 

Equation [2.28] and [2.29] defines the number of moles vapour and air 

respectively. Equation [2.28] is rewritten with the use of [2.27] and is inserted in 

Equation [2.30] which gives the mole fraction of vapour per mole oxygen. 

Inserting the molar masses and the number of moles for water vapour and air in 

Equation [2.30] gives   expressed only as a function of the humidity ratio, 

Equation [2.31]. For a humidity ratio of one mass percent r is equal to       . 

The coefficients   and   describe the carbon to hydrogen molar ratio of the fuel, 

that is a = 1 and b = 1.85 for diesel assuming        . The oxygen content of 

atmospheric air determines the relation between c and d, this gives d = 3.773c. 

The coefficient c is given by Equation [2.32] as function of  . This leaves the 

coefficients e, g, f and h to be determined from the carbon, hydrogen, oxygen 

and nitrogen balance of Reaction [2.26]. The carbon balance gives 

Equation [2.33], the hydrogen balance gives Equation [2.34], the oxygen balance 

gives Equation [2.35] and the nitrogen balance gives Equation [2.36]. 

   (  
 

 
) (2.32) 

    (2.33) 



 
 

16 
 

  
(    )

 
 (2.34) 

    
 

 
   

 

 
 (2.35) 

    (2.36) 

     
    

    
 

 

       
 (2.37) 

The mole fraction of water in the exhaust is obtained by dividing the number of 

moles water with the total number of moles exhaust, Equation [2.37]. This gives 

the mole fraction of water as function of EGR-rate and  . Since the exhaust is 

treated as an ideal gas, this results in that the molar fraction is equal to the 

partial pressure divided with the total pressure. Measuring the total pressure in 

the EGR-route (    ) allows calculating the partial pressure of water (    ) 

with Equation [2.38]. The fraction of water condensed is determined by 

Equation [2.39], it depends on      ,      and the saturated vapour pressure 

(    ). The saturated vapour pressure it determined from the temperature inside 

the EGR-route with the Arden Buck Equation [2.40], [9]. Equation [2.41] is then 

used to determine the true EGR-ratio. 
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Before condensation begins in the EGR-route the exhaust gas is primarily a 

mixture of nitrogen, carbon dioxide, water vapour and oxygen. When water 

vapour condensates to liquid it requires much less volume. This volumetric void 

is filled by other exhaust components, thereby changing the composition of the 

gas mixture at any given pressure. Since the gas behaviour during condensation 

will no longer follow the ideal gas law, Equation [2.4] to Equation [2.8] are no 

longer valid. The calculation of   based on the ideal gas law is not valid without 

compensation. This change in gas mixture affects the engine behaviour and 

therefore the measurements. 
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3. Experimental Setup and 
Measurement Theory 

The experimental part of the thesis includes testing and verification of EGR 

measurement concepts; it is performed in the engine laboratory at KTH. But 

before any testing was initiated an extensive theoretical analysis was performed 

in Chapter 4. The results from this theoretical analyse were later used to 

determine the contents of the experimental plan. This chapter introduces the 

experimental setup, the experimental plan, the engine and also the basics of 

measurement theory. 

3.1. Experimental setup 
Base components in the experimental setup are the standard Scania 12.7 litre 

EURO V EGR-engine and an AVL dynamometer. In addition to the original sensors 

mounted on the engine, the test cell at KTH allows additional sensors to be 

mounted and logged with their own data acquisition system cell4. Since new 

sensors and measurement devices are evaluated at new mounting positions, 

some original parts are modified to allow these new mounting positions. 

3.1.1. Engine 

The engine is an inline six with Variable Geometry Turbine (VGT) and a two stage 

EGR cooler. The first EGR-cooler is a water cooler and the second is an air cooler 

for the original engine, see Figure 3.1. The second cooler is modified from an air 

cooler to a water cooler; the flow and temperature of the water cooling the 

second cooler are controlled externally. The original engine has a bypass valve 

that enables bypass of the second cooler. This option was removed and the 

engine is forced to use two stage cooling. General engine specifications are given 

in Table 3.1. 

 
Figure 3.1: Two stage EGR-cooler, Scania DC13 EUROV [10]. 
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Table 3.1: Technical specification Scania DC13 EUROV [10]. 

Engine type Direct injected turbocharged diesel  

Displacement 12.7 litre 

Cylinder configuration Inline 6 

Torque 2500 Nm between 1000-1300 rpm 

Power 480 hp at 1900 rpm 

EURO V technology 2 stage EGR with VGT 

Fuel system Scania XPI 

3.1.2. Sensors 

The purpose of a sensor is to communicate the environmental reality at their 

mounting position. This environmental reality can be a limiting factor when it 

comes to measuring it. During this thesis high temperatures and condensation 

limited the use of certain sensors. Sensors are often designed to communicate 

one type of physical unit, i.e. pressure, temperature or mass flow. For a sensor 

measuring a proportion of the total quantity it is important that this proportion 

represents the total quantity. For the flow sensors evaluated it is important that 

the velocity profile of the flow is uniform over the cross-section area. For the 

wide-band lambda sensor it is important that the mixture is homogenous, i.e. the 

MAF2 is tested for two positions, one mounted as an original MAF and one when 

it is turned 90 degrees. Part of the objectives with the experimental testing is to 

see problems that cannot be evaluated in the theoretical analysis. This can be a 

change in mounting position, condensation, or pulsating flows.  

3.1.2.1. Mass flow measurement, MAF and MAF2 

This sensor is used by Scania today and measures the mass flow compared to 

most other sensors that usually measures the flow velocity instead. The working 

principle is heat transfer, a gas flowing past a heated object cools the object as 

the gas passes. The air entering the engine represents the gas and the heated 

object is the sensor element. An electronic circuit inside the sensor maintains a 

constant temperature difference between the gas flow and the heated object. 

Measuring the energy needed to maintain a constant temperature difference 

gives the energy as function of mass flow. The total mass flow is dependent on 

cross-section area since the sensor only measures a proportion of the flow. The 

MAF is mounted at two positions, first as a reference measurement in the air 

supply pipe (      ), position four in Figure 3.2. The second MAF is mounted 

downstream of the original Scania mounting position, this is the MAF used by the 

Electronic Control Unit (ECU) see position one in Figure 3.2 for       . 

The MAF2 sensor is evaluated for measurements of air and EGR. The mounting 

position for measuring air is position two, three and five in Figure 3.2. The MAF2 

is also mounted between the two EGR-coolers in Figure 3.3, bottom part. See 

Figure B.3 and Figure B.4 in Appendix B for details on mounting. 
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Figure 3.2: Positions for        (1),        (4),         (5),         (2), and         (3). 

 

 
Figure 3.3: Orifice plate and         between first and second EGR-cooler. 

3.1.2.2. Flow measurement, orifice plate 

The theory of flow measurements in tubes with orifice plates is based on the 

conservation of mass. A stationary flow with uniform density flows through a 

tube with constant cross-section area. An orifice plate is introduced in the tube 

that causes a pressure difference (  ) between the upstream and downstream 

side of the orifice. This pressure difference is known as the dynamic pressure 

according to Bernoulli. From the pressure difference and flow characteristics the 

flowrate is determined, Equation [3.1]. The orifice plate is mounted between the 

EGR-coolers, see Figure 3.3 upper part. Appendix B Figure B.1 and Figure B.2 

shows more details of the orifice plate.  
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 ̇  
 

√    
 
 

 
    √     (3.1) 

 ̇  is the mass flow of the measured gas, C is the discharge coefficient,   is the 

diameter ratio of the orifice plate,   is the expansibility factor, d is the orifice 

diameter,    is the measured pressure difference and   is the density of the 

flowing gas, [11]. The mass flow is proportional to the square root of    and  . 

The consequence from this is that measurement errors in    and   have a 

reduced impact on  ̇ . A linear gain error according to [11] is used during the 

tolerance analysis in Chapter 4. This is done to follow the recommendations of 

the ISO-standard. In Addition to the gain error a constant offset error is 

introduced, see Table 3.1.  

3.1.2.3. Differential pressure measurement 

The pressure difference over the orifice plate affects a flexible membrane; the 

deflection of this membrane changes the average distance between the 

membrane and a fixed metal plate. This change in average distance affects the 

capacity between the plate and the membrane; the change in capacity 

corresponds to a pressure difference [12]. The differential pressure sensor is 

seen in the upper part of Figure 3.3.  

3.1.2.4. Reference flow measurement, annubar 

The annubar itself is a mechanical device to measure the average pressure 

difference between static and dynamic pressure, see Figure 3.4. The advantage is 

that the annubar measures over the entire cross-section making it less sensitive 

to a non-uniform flow velocity profile. The pressure difference is normally 

measured by a differential pressure sensor and Bernoulli’s principle is used to 

calculate the flow. Many parts of the test cell or the equipment used during the 

testing are modified as the work proceeds, but the annubar is kept fixed as a 

reference during all the testing.  

 
Figure 3.4: Measure principle of annubar. 
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3.1.2.5. Lambda sensor oxygen measurement  

Between certain materials and some gases there is an electrochemical response, 

zirconia is an example of a material that is sensitive to oxygen. Zirconia consists 

of zirconium oxide,     , and traces of other metal oxides [12]. These small 

traces of metal oxides allow zirconium oxide to conduct electrons and oxygen 

ions. Placing zirconia between two plates porous to oxygen, (platinum), gives two 

electrodes. Exposing one platinum side to a gas containing oxygen allows the 

oxygen molecules to diffuse into the zirconia. Electrons and oxygen ions travel 

from one electrode to another if the sensor is heated to about 600-700 °C, there 

will be an electrochemical voltage across the two electrodes corresponding to 

the difference in oxygen concentration.  

The wide-band lambda sensor measures the oxygen concentration of the gas 

closest to the sensor. It is therefore important that the gas-mixture is 

homogenous and that the portion measured represents the total concentration. 

Two mounting positions in the exhaust for the wide-band lambda sensor are 

tested. The first one is in the exhaust manifold (      ) seen in the upper part of 

Figure 3.5. Ideally this sensor measures the oxygen concentration from cylinder 

six only. The second wide-band lambda sensor in the exhaust is placed in the 

exhaust pipe approximately two meters downstream of the turbine (    ). The 

wide-band lambda sensor mounted at the inlet (    ) close to cylinder six is seen 

in the bottom part of Figure 3.5. It is placed as far downstream of the mixing 

point for EGR as possible, without mounting it in a corner or a poor flow position.  

 
Figure 3.5: Wide-band lambda sensor at exhaust manifold and engine inlet. 
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3.1.3. Experimental plan 

The flow and concentration concepts discussed in Chapter 2 are theoretically 

evaluated in Chapter 4 with a tolerance analysis. The focus of the tolerance 

analysis is mainly on error propagation, but it also includes a concept 

comparison. The experimental plan is based on the results of the tolerance 

analysis in Chapter 4 and it serves two purposes; to verify the theoretical 

analysis; to evaluate topics that are not covered by the theoretical analysis in 

Chapter 4.  

The experimental plan focuses on three different areas during the testing. The 

first area is stationary operation where sensors measuring the same quantity can 

be compared. It is also possible to detect fluctuations in output signal, range 

limitations and repeatability. The second area is transient behaviour with focus 

on sensor response to a small disturbance in the measured quantity. Response 

time, settling time and overshoot can be analysed. The third area is composed of 

parts that are difficult to evaluate in theory. Tested topics are pulsating flow, 

condensation and geometrical changes in mounted position. Table 3.2 gives an 

overview of the different measurement series.  

Table 3.2: Overview measurement series including focus area and concerned concepts. 

Measurement series Focus Evaluated concepts 

M1 Air flow measurement All concepts 

M2 EGR-measurement All concepts 

M3  -measurement All concepts 

M4 Pressure fluctuations Only    and         

M5 Angle change inlet pipe Only         and         

M6 Condensation Only    and         

3.1.3.1. M1 - flow measurement 

The engine operates without EGR which gives  ̇    equal to  ̇   . This allows 

comparison between Scania’s VVol and external reference systems for flow 

measurement. The MAF2 is mounted in two different inlet pipes and as an 

external air reference meter. A standard Scania MAF is also mounted as an 

external air reference meter. The wide-band lambda sensors are both mounted 

on the exhaust side, one measuring in the exhaust manifold and the other 

downstream of the turbine.  

Three different   values are tested for two  ̇   . The  -values are 1.3, 2 and 3 

each for a  ̇    of 8 kg/min and 20 kg/min. Before changing   to the next 

operating point a small step in injected fuel amount is performed, this changes   

as a step response. After this measurement it is possible to compare different 

sensors and the fluctuations for each sensor. Different mounting positions for 

the MAF2 and the wide-band sensor can be analysed. The transient behaviour 

for each sensor and mounting position can also be analysed.  
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3.1.3.2. M2 - EGR-steps 

The EGR-rate is increased in three steps while  ̇    is kept constant at two 

different gas flows. The EGR-steps are 10%, 20% and 30%, the gas flow is 

8 kg/min and 20 kg/min. The orifice plate and the MAF2 measurement of  ̇    

are compared to each other, and to calculated values of  ̇    based on the 

estimation of  ̇    and measurements of  ̇   . Calculated values of  ̇    and 

 ̇    from the wide-band lambda sensor at the exhaust are compared to values 

from the wide-band lambda sensor at the engine inlet. Values of  ̇    for 

different measurement concepts are evaluated.  

Before switching between engine operating points a small change is done in the 

EGR-valve position. This allows analysing the transient response of different 

sensors, i.e. the change of EGR-valve position can be compared to measured or 

estimated EGR-flow.  

3.1.3.3. M3 - lambda-steps for different EGR-rates and gas flows 

The EGR-rate and  ̇    is kept constant for three different   values. This is done 

for two  ̇    and two EGR-rates;   and  ̇    are equal to those of M1 and M2. 

The EGR-rate is 15% and 30%. Both  ̇    and  ̇    are evaluated for each 

measurement concept as   increases. The temperature and pressure conditions 

at the engine are influenced by different  . From this it is possible to investigate 

how the temperature and pressure changes affect the orifice plate and MAF2 

measurements. A change in injected fuel mass represents a step-response in  , 

this is done between each change of operating point.  

3.1.3.4. M4 – pressure fluctuations 

This measurement series investigates the influence of pressure fluctuations 

inside the EGR-route. This mainly concerns the orifice plate and the MAF2 inside 

the EGR-route. The engine speed is kept low to give as much time between 

exhaust pulses as possible, the load is kept high to increase the amplitude of the 

exhaust pulses.  

A differential pressure sensor with fast response is used to register pulsations at 

the orifice plate; the signal is logged on a crank-angle resolved channel. This 

sensor has a limited range so the EGR-rate has to be kept low; otherwise the 

differential pressure sensor saturates. The engine speed is changed in steps of 

200 rpm from 800 rpm to 2000 rpm. A frequency analysis is performed on the 

measurement results. 

Two equal  ̇    are tested for the MAF2, one with a heavy pulsating flow and 

one with a less pulsating flow. The heavy pulsating flow is generated from 

running the engine at full load, the less pulsating flow is obtained from an 

operating point where the engine is motored. This is done for two EGR-rates and 
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two engine speeds. The EGR-rate is 10% and 20%, the rotational speed is 

600 rpm and 800 rpm.  

3.1.3.5. M5 – angle change of inlet pipe 

The influence of an angular change of the inlet pipe is investigated. Three 

different angles are compared, see Figure 3.6. For each angle  ̇    is increased 

from 4 kg/min to 24 kg/min in steps of 4 kg/min. The MAF2 is mounted in two 

positions on the inlet pipe, see Figure 3.2. Flow measurements are compared to 

reference air meters mounted in the test cell.  

 
Figure 3.6: Angle change inlet pipe. 

3.1.3.6. M6 – condensation 

As mentioned in Chapter 2 condensation affects the measurements in two ways, 

i.e. the risk of damaging the wide-band sensor and the influence on 

measurement results. This measurement series evaluates the impact of 

condensation on the  ̇    measured by the MAF2 and the orifice plate. The 

same operating point is tested for high amounts of condensation and for very 

low amounts of condensation. This is done for two EGR-rates and one  ̇   , the 

EGR-rates are 15% and 30% and  ̇    is 10 kg/min. To initiate condensation the 

temperature is decreased in the external cooling water that cools the first 

EGR-cooler. This reduced temperature of the cooling water through the first 

EGR-cooler, is required to cool the EGR-gas below the temperature for which 

condensation occur. Points with and without condensation are compared for 

each sensor.  

3.2. Measurement theory 
To operate the engine within the emission limits the ECU needs to know how the 

engine is running, to establish this the ECU uses its own measurement system 

Figure 3.7. At the start of this measurement system is a process that generates 

information needed by the ECU (Observer). This information is as previously 
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mentioned often a physical unit such as a pressure or a temperature, it is the 

input (I) to the measurement system. This input is transformed by the sensor to 

an output (O) in a variety of ways, see Section 3.1.3. The output is then used by 

the ECU to control the engine, i.e. inject fuel or adjust a valve.  

 
Figure 3.7: Illustration of a measurement system [12]. 

For an ideal measurement system the input variable is equal to the measured 

output variable. For non-ideal measurement systems the accuracy is defined as 

the difference between the measured value and the true value; the 

measurement error E is equal to I-O.  

3.2.1. Range and span 

The actual measurement of the true variable is often performed by a sensor. This 

sensor have a measurement range, in general      to     . The range depends 

on several factors for example, the required accuracy, the material choice of the 

sensor and physical principle involved [12]. For a pressure sensor measuring the 

deflection of a membrane the range depends on the dimension of the 

membrane. A thicker membrane allows higher pressures and a greater range. 

But a thick membrane deflects less than a thin membrane at low pressures; this 

reduces the accuracy at low pressures. There is often a trade-off between 

accuracy and range. The output range      to      for a sensor is often adopted 

to fit a desired standard, for example a specific min and max voltage. The input 

span for the sensor is defined as the difference between      and      and the 

output span is the difference between      and     .  

3.2.2. Ideal linear sensor 

The sensor is said to be linearly ideal if the values of I and O lie on a straight line; 

    ,      and     ,      is connected by a straight line to the left in Figure 3.8. 

The output of an ideal linear sensor is described by Equation [3.2], where K is the 

ideal straight line slope and   is the ideal straight line intercept. Real sensors are 

often characterised by their deviation from the ideal sensor. This deviation is 

often described by the sensors offset error, gain error and non-linear 

characteristics. The offset error has the same impact over the entire span; it is 

illustrated with A in Figure 3.8. The gain error is proportional to the input 

variable; B shows the gain error in Figure 3.8. The non-linearity, N(I), is expressed 

as the difference between the actual value and the linear value; it is often given 

as a percentage of the output span, see line C in Figure 3.8. The total error is 
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often a combination of the different errors, see the red line to the right in 

Figure 3.8. 

 
Figure 3.8: Left side ideal sensor and error types, right side measurement error as function of physical 

unit. Offset error illustrated by A, gain error B and non linear error by C. 

            (3.2) 

3.2.3. Error types 

Two error types are analysed for the sensors and models used in this project. It is 

the offset error and the gain error. The absolute error of the measured quantity 

is dependent on the offset error when measuring small quantities. The impact of 

the gain error is greater when measuring high quantities. The uncertainty of the 

sensor is often a combination of the offset and gain error; close to      the 

uncertainty is described by the offset error and in the upper range close to      

the gain error dominates. During the tolerance analysis a combination of both 

these errors are used.  

3.3. Model and sensor errors 
Table 3.3 shows the offset and gain errors assumed during the tolerance analysis 

in Chapter 4. If no value is given for   it is equal to 1.3.  

Table 3.3: Offset and gain errors assumed during tolerance analysis. 

Variable Offset error [kg/min] Gain error [%] 

 ̇    0.15 2 

 ̇     0.01 2 

    0.15 2.5 

     0.15 2.5 

   0.15 4.7 

  0.5 [percentage point] 1 and 5 
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4. Error Propagation in the 
EGR-concepts 

The concepts for determining the different gas flows rely on measurements and 

estimations of different gas characteristics, i.e. flow and oxygen concentration. 

Both measurements and estimations contain uncertainties such as measurement 

and model errors. These uncertainties propagate if the measured or modelled 

quantity is used in further calculations. The propagation of errors is examined 

with a tolerance analysis. During this analysis the measurement error and the 

model error are assumed to be composed by an offset and a gain error, 

see Table 3.3.  

4.1. Model for tolerance analysis 
The gas flows of the engine are modelled in Matlab, this allows an efficient way 

to analyse the propagation of errors for the different concepts. Inputs to the 

measurement model are uncertainties of measured and modelled quantities and 

the valid operating points for the engine. The output from the Matlab model is a 

contour plot, illustrating the absolute error of the selected quantity for valid 

engine operating points. The model is only valid for stationary engine operation 

and EGR rates small enough to maintain the requested  . 

 
Figure 4.1: The state-matrices. 

The engine state is represented by five state-matrices. Two of these are 

constructed to represent engine operating points,  ̇    and  ̇   . From these 

two and   it is possible to calculate three additional state-matrices  ̇    ,  ̇    

and  ̇   , all state-matrices are seen in Figure 4.1. The upper triangular part of 

these state-matrices represents valid engine operating points, the lower part are 

engine operating points that are not valid; this is for example points when  ̇    

exceeds  ̇   . State-matrices  ̇   ,  ̇   ,  ̇    and  ̇    define a mass flow 

given in kg/min. For  ̇    every element inside the matrix is represented by   , 

because the mass flow of exhaust depends on   and   is arbitrary here. State-

matrix  ̇     contains the amount of fuel in kg/min needed for the specific 

operating points and the desired  . Each element is represented by    since the 

actual amount depends on   and   is arbitrary here.  
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Every state-matrix is accompanied by an uncertainty that represents different 

errors from modelling or measuring the quantity. The uncertainty is expressed as 

a combination of offset and gain errors; these errors originate from either the 

measurement device or the model. The state-matrix can be a function of several 

different measurements and models, for such cases the uncertainties of each 

measurement and model are added together according to Equation [4.1]. Where 

q represents a state-matrix as a function of    different measured or modelled 

quantities,   (   ) is the contribution to the total absolute error of the state-

matrix from a single measured or modelled quantity,    is the total absolute 

error of the state-matrix. Equation [4.1] is conservative, meaning that it covers 

the worst possible case of error propagation. Practically this is when every 

possible error affects the quantity of interest in the worst possible way. This 

harsh criteria is used when determining the accuracy of systems that have to be 

robust, such as systems intended for engine emission control.  

     (   )      (   ) (4.1) 

For state-matrices that are directly measured or modelled the absolute error is 

obtained by multiplying the state-matrix with its uncertainty. The relative error is 

then obtained as the absolute error divided by the true value for the specific 

operating point. When a state-matrix is calculated from adding or subtracting 

two state-matrices the absolute errors of these two matrices are added together 

to form the absolute error of the third calculated state-matrix, Equation [4.1].  

Figure 4.2 illustrates an example of the output from the Matlab model, the gain 

error is 2% for  ̇   . The contour lines in Figure 4.2 show the absolute error 

of  ̇   . For  ̇    equal to 5 kg/min and a gain error of 2% the absolute error is 

calculated to 0.1 kg/min according to Equation [4.2]. For the state-matrix  ̇    

each column contains elements with the same value. The gain error remains 

constant for every column but the absolute error increases as the mass flow 

increases, see Figure 4.2. 

 ̇   (   )                       (4.2) 

The x-axis is equal to the total mass flow of gas through the engine; the y-axis is 

equal to the mass flow of air drawn into the engine. The air mass flow drawn into 

the engine can never exceed the mass flow passing through the engine, 

considering no leakage. This defines the valid area below the 0% EGR line. The 

contour curves for the absolute error of  ̇    are straight lines parallel to the 

operating points of  ̇   , indicating that the absolute error in  ̇    only depends 

on the mass flow through the engine.  
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Figure 4.2: Output from the Matlab model for the Scania standard configuration.  

4.2. Standard configuration 
The concept used by Scania today is to model  ̇    with VVOl and to measure 

 ̇    with a MAF. This concept suffers from a measurement error in  ̇    and a 

model error in  ̇   . The calculation of  ̇    is based on the  ̇    and  ̇    

Equation [2.2]. The model and measurement errors will propagate to  ̇   . The 

offset error from Table 3.3 for  ̇    and  ̇    appear as a constant absolute error 

in Figure 4.3, see the bottom left corner. This is where the mass flow is low and 

the impact from the offset error is high. At the upper right corner the influence 

from the gain error is most visible. If the model error increase  ̇    and the 

measurement error decrease  ̇    this has the most effect on the calculation of 

 ̇   . The influence of this error is clearly seen when small amounts of  ̇    are 

calculated from large amounts of  ̇    and  ̇   . The absolute error of the 

calculated  ̇    is seen as a contour plot to the left in Figure 4.3. For any fixed 

mass flow of gas through the engine the absolute error of  ̇    is largest when 

the EGR-ratio is low. From this it follows that the relative error of  ̇    increases 

with a decreased EGR-ratio, considering a constant mass flow of gas through the 

engine.  
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Figure 4.3: Absolute error of  ̇    and  ̇    for measured  ̇    and modelled  ̇   . 

The mass flow of exhaust gas consist of the mass flow of air and fuel, the 

uncertainty of  ̇    is dependent on the measurement error of  ̇    and the 

model error of  ̇    . The model error of  ̇     is low and its impact on the error 

of  ̇    is not that significant, since the order of  ̇     is at least one order of 

magnitude smaller then  ̇   . The right plot in Figure 4.3 illustrates the absolute 

error of  ̇    as function of  ̇    and  ̇    . The absolute error of  ̇     depends 

on  ̇    and  , as a result the absolute error of  ̇    has a slight dependency 

of  . Figure [2.1] shows  ̇    as function of  ̇    and  ̇    . 

Some of the drawbacks for the Scania standard concept is that it is particularly 

difficult to accurately calculate small amounts of  ̇    for large amounts of  ̇    

and  ̇   . A low EGR-ratio gives large relative errors in  ̇   , independent of 

operating point. Advantages of this concept are that  ̇    is calculated to 

basically the same accuracy as  ̇    is measured. Practically all gas flows are 

independent of which   the engine is operating at.  

4.3. EGR flow measurement  
This concept models  ̇    and measures  ̇    with two different measurement 

methods. The first method uses an orifice plate in the EGR-route and measures 

the pressure difference over it; from the pressure difference the mass flow of 

EGR is calculated. The second method uses the MAF2, mounted inside the EGR-

route to measure the mass flow of EGR. From the measured  ̇    and the 

modelled  ̇    it is possible to calculate  ̇    and  ̇   , Equation [2.3]. It is only 

possible to introduce EGR at the engine inlet when the exhaust pressure is higher 

than the intake pressure. To enable high amounts of EGR for all operating points 

of the engine a VGT might be used. The restriction of exhaust gas flow due to the 

closed VGT lowers the overall engine efficiency. The focus of this chapter is 

analysis of error propagation and it is therefore assumed that the desired EGR 

rate is obtained.  



 

31 
 

For the orifice plate the uncertainty depends on several factors and an extensive 

analysis is performed in ISO-5167. The result of this analysis is an equation 

describing the gain error of the mass flow measured by an orifice plate, see 

Equation [4.3], [11]. The variables in Equation [4.3] are defined in Section 3.1.2.3, 

the inner diameter of the tube (D) for which the gas flows through was not 

included. The square root relation between    and  ̇  previously described in 

Equation [3.1] is now expressed in a more complex way by Equation [4.3]. The 

contour curves describing the absolute error of the orifice plate are straight lines 

in the figures, i.e. right side Figure 4.4 and Figure 4.5. This is because the Matlab 

model uses the gain error and not the complete equation, Equation [4.3]. 
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 (4.3) 

The uncertainty of the MAF2 is unknown, and accuracy equal to the MAF is 

assumed. Since  ̇    is measured for both methods the absolute error of  ̇    

depends only on the actual mass flow and the errors of the measurement; that is 

the offset and gain error. The offset error is seen as the constant empty area 

below the 0% EGR line in Figure 4.4, the gain error is seen as the contour lines in 

Figure 4.4. The measurement error of  ̇    and the model error of  ̇    

propagate through the calculations to  ̇    see Equation [2.2]. The error of  ̇     

is added as  ̇    is calculated, Equation [2.3]; this makes  ̇    to some extent 

dependent on   because  ̇     is dependent on  . The absolute errors of  ̇    

for both methods are seen in Figure 4.5. 

  
Figure 4.4: Absolute error of  ̇    measured by the orifice plate and the MAF2. 

Both  ̇    and  ̇    suffer from measurement errors in  ̇    and model errors 

in  ̇   . The absolute error of  ̇    and  ̇    is highest when the mass flow of 

 ̇    and  ̇    are large. With respect to realistic engine operation an EGR-ratio 

above 50% is seldom used. This reduces the impact from the absolute error of 
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 ̇    since it reduces the maximum value of  ̇   . As the EGR-ratio increase a 

decrease in  ̇    follows. This decrease of  ̇    affects the relative error of  ̇    

and  ̇   , resulting in a correlation between EGR-ratio and relative error of  ̇    

and  ̇   . The absolute error of the calculated  ̇    and  ̇    mainly depends on 

the magnitude of  ̇   , the gain and offset error of  ̇    and the EGR-ratio. 

  
Figure 4.5: Absolute error of  ̇    calculated from measured  ̇    and modelled  ̇   . 

Measuring the EGR-flow and modelling the flow through the engine has several 

advantages, one is that  ̇    is known to the accuracy of the measurement 

device. The calculated absolute error of  ̇    and  ̇    is somewhat limited by 

the realistic EGR-ratio at which it is possible to operate the engine, meaning that 

poor measurements of  ̇    have a reduced impact on the calculated  ̇    and 

 ̇   , especially for a low EGR-ratio. One of the drawbacks is that the concept is 

quite dependent on the accuracy of  ̇    especially for low a EGR-ratio. 

4.4. Lambda O2-exhaust 
This concept models  ̇   ,  ̇     and measures the oxygen concentration in the 

exhaust with a wide-band lambda sensor. From these modelled and measured 

quantities it is possible to calculate  ̇   ,  ̇    and  ̇   . Equation [2.12] and 

Equation [2.14] are used to calculate  ̇    as function of         and  ̇    . 

During the theoretical analysis it is assumed that the gas mixture is perfectly 

mixed; the sensor measures the true concentration of oxygen. This is not true in 

reality but the uncertainty due to poor mixing is not evaluated here.  

The uncertainty of  ̇    depends then on the model errors of  ̇     and the 

measurement errors of        ; the absolute errors of these quantities have a   

dependency. For  ̇     this   dependency has a small influence on the absolute 

error of  ̇    , due to the increased fuel amount with a lowered  . In the case for 

        this   dependency has a larger effect on the absolute error. This is 

because the difference between         and the oxygen concentration in 

atmospheric air is used to calculate  . At high   values the difference between 
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        and         is small, this makes the measurement sensitive to errors. The 

gain error of the wide-band lambda sensor has the most effect for high  , i.e.   

above 3. From this it follows that it is difficult to accurately calculate  ̇    at high 

  values. Furthermore an uncertain calculation of  ̇    directly gives an uncertain 

 ̇    and  ̇    since the calculation is based on  ̇   , Equation [2.16] and 

Equation [2.17]. The influence of   on the absolute error of  ̇    is illustrated in 

Figure 4.6; the gain error of the oxygen measurement is 1% and the offset error 

is 0.4 percentage point. The absolute error of  ̇    is completely dependent on 

the 0.4 percentage point offset error for both   = 1.3 and   = 3; considering a 

gain error of 1%. For the case with a 5% gain error and   = 1.3 the absolute error 

of  ̇    depends only on the 0.4 percentage point offset error, left side 

Figure 4.7. The gain error of 5% affects the absolute error of  ̇    when lambda 

increases from 1.3 to 3, right side Figure 4.7. A higher gain error results in an 

increased   dependency, since the impact of the gain error increases with a 

higher oxygen concentration. 

  
Figure 4.6: Influence of   on the absolute error of  ̇   , gain error of 1% and offset error of 0.4 percentage 

point in the oxygen measurement. 

  
Figure 4.7: Influence of   on the absolute error of  ̇   , gain error of 5% and offset error of 0.4 percentage 

point in the oxygen measurement. 
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Calculating  ̇    from  ̇    and  ̇    includes adding the uncertainty of the 

modelled  ̇   . The absolute error of  ̇    for   = 1.3 is primarily dependent on 

the 0.4 percentage point offset error, and not the 1% gain error in the 

measurement of        . The gain error of the modelled  ̇    has a slight impact 

on the absolute error of  ̇   , especially for high gas flows through the engine. 

Left hand side of Figure 4.8 and Figure 4.9 shows that the absolute error of  ̇    

is independent of the gain error of         when   = 1.3. However for   = 3 the 

influence of the 1% relative measurement error in         and the poor 

resolution in the calculations of  ̇    results in a slightly larger absolute error of 

 ̇   ; Figure 4.8 right side. With reduced accuracy of the gain error in the 

oxygen measurement the influence of   increases, Figure 4.9 right side. 

  
Figure 4.8: Mass flow of  ̇    calculated from modelled  ̇    and measured        , gain error of 1% and 

offset error of 0.4 percentage point for the oxygen measurement. 

  
Figure 4.9: Mass flow of  ̇    calculated from modelled  ̇    and measured        , gain error of 5% and 

offset error of 0.4 percentage point for the oxygen measurement. 

The absolute error of  ̇    depends on the calculated  ̇    and the modelled 

 ̇    . From comparing  ̇    in Figure 4.6 and Figure 4.7 with  ̇    in Figure 4.10 

and Figure 4.11 it is clear that the influence of the error in  ̇     is very small. For 

  below 1.8 the accuracy of  ̇    depends on the offset error of        , with a 

slight dependency of the model error of  ̇    . At   above 1.8 it is strongly 
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dependent on the gain error of the         measurement; this is due to the poor 

resolution in the calculations and the increased impact of the gain error with 

high oxygen content. The dependency of   in the calculation of the absolute 

error of  ̇    is seen in Figure 4.10, with a gain error of 1% and a offset error of 

0.4 percentage point for        . Figure 4.11 shows the   dependency for  ̇    

with a gain error of 5% and a offset error of 0.4 percentage point for        . 

  
Figure 4.10: The dependency of   for the absolute error of  ̇   , gain error of 1% and offset error of 0.4 

percentage point for the oxygen measurement. 

  
Figure 4.11: The dependency of   for the absolute error of  ̇   , gain error of 5% and a offset error of 0.4 

percentage point for the oxygen measurement. 

One advantage of this concept is that the accuracy of the calculated  ̇    and 

 ̇    is accurate for low   values, considering a gain error of 1% and a offset 

error of 0.4 percentage point for        . Furthermore this also allows calculating 

 ̇    to a relatively high accuracy for low   values. With an increased gain error 

of         to 5% it is still possible to calculate  ̇   ,  ̇    and  ̇    with good 

accuracy for low   values. Drawbacks of this concept are that with a 5% gain 

error of         and high   values it is difficult to accurately estimate any gas 

flow. The concept is sensitive to changes in   especially when         has a high 

uncertainty. This result is large absolute errors for high lambda values. 
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4.4.1. Lambda dependency 

The   at which the engine is operating has a strong impact on the accuracy of the 

calculations based on the measurement of oxygen. When the oxygen content is 

low in the exhaust the offset error of the   sensor has the most affect. The 

reduced measurement interval and the increasing impact of the gain error 

affects the calculated quantity when the exhaust has a high oxygen content. 

Figure 4.12 shows the influence of   for two different  ̇    and four different 

EGR-ratios, a gain error of 1% and 5% is also illustrated. The concepts is less 

affected by   for a small gain error, the impact of the EGR-ratio is also low. For 

high   values in combination with a higher gain error the uncertainty increases. 

The absolute error of  ̇    decreases with an increased EGR-ratio. This is 

because the influence from the absolute error in  ̇    decreases with a higher 

EGR-ratio, the absolute error of  ̇    has a higher influence but a smaller impact 

since it is more accurate.  

  
Figure 4.12: Influence of   on absolute error of  ̇   . 

4.4.2. Dependency of gain error 

The influence of different gain errors and different   values are seen for  ̇    in 

Figure 4.13 and Figure 4.14. The phenomenon is the same for low and high gas 

flows, which is that the impact of a high gain error is amplified by a high   value. 

This phenomenon is slightly reduced with an increased EGR-ratio.  



 

37 
 

  
Figure 4.13: Influence of different gain errors and   for the absolute error of  ̇    with  ̇    equal to 

10 kg/min. 

  
Figure 4.14: Influence of different gain errors and   for the absolute error of  ̇    with  ̇    equal to 

30 kg/min. 

4.5. Lambda O2-inlet 
This concepts model  ̇    ,  ̇    and measures the oxygen concentration at the 

engine inlet. It is assumed that the gas mixture is perfectly homogenous; the 

sensor measures the true oxygen concentration at the inlet. This is not true 

because EGR-distribution is a topic of its own, but it is not investigated during 

this theoretical analysis of error propagation.  

The modelled  ̇     and Equation [2.20] allows calculating the mole fraction of 

oxygen consumed during combustion. The removed mole fraction of oxygen is 

assumed to be a reduction of oxygen content due to combustion. Equation [2.19] 

gives the oxygen content after combustion; from this it is possible to calculate 

 ̇    with Equation [    ].  ̇    is obtained as the sum of the calculated  ̇    

and the modelled  ̇    . Equation [2.2] is used to calculate  ̇   . The difference 

in oxygen concentration between atmospheric air and engine inlet gas is 

measured; this difference appears only when the engine operates with EGR. The 

size of the difference depends on the EGR-ratio and at which   the 
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engine operates. Small amounts of EGR result in a small difference in oxygen 

concentration. A high   value equals a high concentration of oxygen in the 

exhaust, this result in a small difference in oxygen concentration between the 

exhaust and atmospheric air. This is also where a gain error of the measured 

oxygen content has the most effect. Mixing small parts of exhaust gas containing 

a high concentration of oxygen with atmospheric air and measuring the 

difference is difficult. The accuracy of the sensor is insufficient to resolve the 

desired difference. Figure 4.15 shows the absolute error of  ̇   , calculated from 

the modelled  ̇     and the measured        . The gain error of the oxygen 

measurement is 1% and the offset error is 0.4 percentage point. Both  ̇     and 

        are dependent on  . The impact on the absolute error of  ̇    with a 

higher   is also seen in Figure 4.15. 

  
Figure 4.15: Absolute error of  ̇    calculated from modelled  ̇     and measured        , gain error of 

1% and a offset error of 0.4 percentage point for the oxygen measurement. 

The absolute error of  ̇    for both low and high   values increase significantly as 

the gain error of         changes from 1% to 5%, Figure 4.15 and Figure 4.16. The 

influence of a higher   value is smaller if the gain error of         is small, but for 

high gain errors the influence of an increased   is higher.  

  
Figure 4.16: Absolute error of  ̇    calculated from modelled  ̇     and measured        , gain error of 

5% and a offset error of 0.4 percentage point for the oxygen measurement. 
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The accuracy of  ̇    depends on the uncertainty of the calculated  ̇    and the 

modelled  ̇   . For low and high   values and a 1% gain error the absolute error 

of  ̇    is primarily dependent on the offset error of         and the model 

error of  ̇   , Figure 4.17. As   is increased the impact of the gain error 

increases, right side Figure 4.17. The accuracy of the calculated  ̇    suffers 

when the gain error of         increases from 1% to 5%, see Figure 4.18. The 

absolute error of  ̇    is almost completely dependent on the error in  ̇   .  

  
Figure 4.17: Absolute error of  ̇    from calculated  ̇    and modelled  ̇   , gain error of 1% and an 

offset error of 0.4 percentage point for the oxygen measurement. 

  
Figure 4.18: Absolute error of  ̇    from calculated  ̇    and modelled  ̇   , gain error of 5% and offset 

error of 0.4 percentage point for the oxygen measurement. 

The calculated absolute error of  ̇    depends on the calculated  ̇    and the 

modelled  ̇    . The error from the modelled  ̇     affects both the calculated 

 ̇    and  ̇   , even though the effect from it is small. The absolute error of 

 ̇    is mainly dependent on the uncertainty of         and the current  . 

Figure 4.19 illustrates the affect of a higher   given that the gain error is 1% and 

the offset error is 0.4 percentage point for        . Increasing the gain error from 

1% to 5% for the measurement of         increases the absolute error of  ̇    

significantly; see Figure 4.20. This also increases the sensitivity to high  .  
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Figure 4.19: Absolute error of  ̇    from calculated  ̇    and modelled  ̇    , gain error of 1% and offset 

error of 0.4 percentage point for the oxygen measurement. 

  
Figure 4.20: Absolute error of  ̇    from calculated  ̇    and modelled  ̇    , gain error of 5% and an 

offset error of 0.4 percentage point for the oxygen measurement. 

It is possible to calculate  ̇   ,  ̇    and  ̇    to a reasonable high accuracy, by 

measuring the oxygen content in the engine inlet, and calculating the reduction 

of oxygen content due to combustion. The concept is relatively insensitive to 

different   values if the accuracy of the measured         is very good. 

A drawback of the concept is that it is sensitive to measurement errors in the 

oxygen content. The absolute error in the gas flows increase drastically as the 

gain error in the oxygen measurement increases from 1% to 5%; this effect is 

amplified by a high  .  

4.6. Concept comparison 
The absolute error of  ̇    is compared between concepts in Figure 4.21. Each 

colour plane represents a measurement concept. The Z-axis shows the absolute 

error for every  ̇    and EGR-ratio evaluated. The points closest to the viewer, 

and the  ̇    line, are points with 50% EGR, points furthest in or away from the 

viewer are points with no EGR. The EGR-amount varies linearly between 0% and 

50% along a fixed  ̇    line. The flat part at the bottom left corner in Figure 4.21 

shows the offset error of the measurements. During the concept comparison 
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measurement conditions for concentration concepts are kept favourable. That is 

  equal to 1.3, gain error in wide-band sensor of 1% with a 0.4 percentage point 

offset error.  

The red plane in Figure 4.21 shows  ̇    measured by the MAF. The absolute 

error is increased as  ̇    is increased. The yellow plane shows the absolute error 

of  ̇    calculated from  ̇    measured by the        . The absolute error for 

this measurement is dependent on the amount of EGR, the absolute error is 

increased with increased amounts of EGR. The purple plane shows the absolute 

error of the    measurement; it behaves as the         measurement but 

with a higher absolute error. The results from      and      are very similar which 

makes the two colour planes look like one, the blue plane in Figure 4.21.  

The absolute errors of      and      are higher than the    and         for 

EGR-amounts below 26%, but for higher amounts of EGR the absolute error is 

lower. The difference in absolute errors between      and the MAF is roughly 

0.7 kg/min for 50% EGR and  ̇    equal to 40 kg/min, it is approximately 

1 kg/min for 26% EGR with the same  ̇   . But for  ̇    equal to 20 kg/min with 

50% EGR the difference is about 0.4 kg/min, this increases to 0.5 kg/min for 26% 

EGR. 

 
Figure 4.21: Absolute error in  ̇    for different concepts.   is equal to 1.3, the offset error is 0.4 

percentage point and a gain error is 1%. 

Left side of Figure 4.22 shows which concept that has the lowest absolute error 

of  ̇    for every operating point. The right side of Figure 4.22 shows which 

concept that has the highest absolute error. For almost every engine operating 

point the MAF has the lowest error in  ̇   ; see the left side in Figure 4.22. The 

only exception is for an EGR-ratio lower than 4% and  ̇    above 30 kg/min. 
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At this EGR-ratio both the         and    have roughly a 0.04 kg/min more 

accurate measurement than the MAF. 

Second to the MAF is the         which is better than      and      for an 

EGR-ratio below 26%. The largest difference in absolute error between         

and the MAF is about 0.7 kg/min at 50% EGR and  ̇    equal to 40 kg/min. The 

   is also better then      and      but only for an EGR-ratio below 29%. The 

worst concepts for an EGR-ratio below 26% are      and     . It is possible to see 

a small difference between      and      at the right side in Figure 4.22. Above 

26% EGR the worst concept is the    measurement, see right side Figure 4.22.  

   
Figure 4.22: Left side shows the measurement concept with the smallest absolute error in  ̇   . The right 

side shows the concept with the highest absolute error in  ̇   . 

Figure 4.23 shows the absolute error in  ̇    for the same concepts, with the 

same layout and with the same errors as in Figure 4.21. The concepts measuring 

the actual EGR-flow has the smallest absolute error in  ̇   ; these concepts are 

        and   .  

        and    are equal up to about 6 kg/min of EGR. This is because of the 

assumed offset error. For higher amounts of  ̇    the         is better due to 

its lower gain error, see left side Figure 4.24. The largest difference in absolute 

errors between         and    is about 0.4 kg/min for 50% EGR and  ̇    

equal to 40 kg/min. But for  ̇    equal to 20 kg/min and 15% EGR the difference 

is 0.016 kg/min. 
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Figure 4.23: Absolute error in  ̇    for different concepts,   equal to 1.3. 

The MAF measurement and both of the concentration measurements have 

absolute errors that reduce with increased EGR-ratio. The lowest absolute error 

for the MAF is obtained for 50% EGR. At  ̇    equal to 40 kg/min the difference 

between the MAF and the         is, approximately 0.8 kg/min for 50% EGR 

and 1.5 kg/min for 10% EGR. But for  ̇    equal to 15 kg/min the difference is 

0.3 kg/min for 50% EGR and 0.45 for 10% EGR.  

The worst concepts are      and      both with very similar absolute errors. This 

causes the colour planes in Figure 4.23 to look like one plane, which is the blue 

plane. The difference in absolute errors between      and         with  ̇    

equal to 40 kg/min is 1.2 kg/min for 50% EGR, and 2.2 for 10% EGR. The result for 

 ̇    equal to 15 kg/min and 50% EGR is 0.5 kg/min, and 0.7 kg/min for 

10% EGR. Figure 4.24 shows the worst concept for measuring  ̇   . The small 

difference between      and      is possible to see to the right in Figure 4.24. 

  
Figure 4.24: Left side shows the measurement concept with the smallest absolute error in  ̇   . The right 

side shows the concept with the highest absolute error in  ̇   . 
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The absolute error in  ̇    is very similar to the absolute error of  ̇   , the main 

difference is the added error of  ̇    . See Figure A.1 in Appendix A for absolute 

error of  ̇   .  

The best way to determine  ̇    and  ̇    according to this concept comparison 

is to use a MAF and measure  ̇   . If it is not allowed to use a MAF then  ̇    

are preferable measured below 26% EGR with the        , and above 26% EGR 

     is recommended.  

Measuring the actual EGR-flow with the         is the preferred way to 

determine  ̇   . The    measurement is at most 0.4 kg/min off from the 

        measurement, this makes the    to the second best alternative. The 

MAF,      and      concepts all have at least twice as high absolute errors in  ̇    

as the        . If the use of         or    are not allowed the recommended 

concept is the MAF.  

The results from the concentration concepts are based on the previously 

mentioned favourable conditions. The 0.4 percentage point error assumed in 

Table 3.3 was based on public documents from Bosch, this assumption was 

realistic but a bit high for the tolerance analysis. Since a gain error of 5% and an 

oxygen concentration of 10% is required to exceed the offset error. But note that 

these favourable conditions might be hard to achieve during real engine 

operation. It is therefore clear that even for favourable conditions the results 

from      and      are quite poor. During real engine operation the results are 

expected to deteriorate.   
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5. Experimental Results 

As mentioned in Chapter 3 an orifice plate is used to measure  ̇   . The design 

of the orifice plate is based on the ISO-5167 standard which requires that, the 

flow through the orifice plate is subsonic and not pulsating. Not pulsating being 

described by Equation [5.1]. This is not the case for an orifice plate mounted 

inside the EGR-route. Before discussing the accuracy and the possibility of using a 

differential pressure measurement in the EGR-route, it is essential to be aware of 

the fact that these measurements are highly pulsating [12, 13]. Calculating 

Equation [5.1] for the pulsations shown in the left side on Figure 5.15 yields 

1.0025. Similar results are obtained from measurements fast enough to register 

the pulsating flow.  

     

  ̅̅ ̅
     (5.1) 

The results from the six different measurement series are presented for each 

measurement concepts. Table 5.1 gives a recap on how each measurement 

concept obtains the gas flow of interest. The measurement positions for every 

concept are seen in Figure 5.1, the numbers for each concept is given in the first 

column in Table 5.1. It is however possible to combine any measurement of 

 ̇    with any measurement of  ̇    to obtain the gas flows of interest without 

using VVol, but this scenario is not studied. 

Table 5.1: Recap of measurements concepts and how they obtain the gas flow of interest. 

Nr. 
Measurement 

concept 
 ̇     ̇     ̇    

1 Reference Annubar VVol - Annubar Annubar +  ̇     

2 Scania standard        VVol -               +  ̇     

3               VVol -               +  ̇     

4                 VVol –                 +  ̇     

5                 VVol –                 +  ̇     

6                 VVol –                 +  ̇     

7           VVol -           +  ̇     

8               VVol -               +  ̇     

9           VVOL -           +  ̇     

10                +VVol         VVOL –         +  ̇     

11      +VVol    VVol –    +  ̇     
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Figure 5.1: Each concept is represented by a number from Table 5.1, the numbers are placed at the 

measurement positions used for each concept. 

5.1. M1-flow steps without EGR 
Flow and concentration concepts are evaluated for an engine operating 

without EGR. This gives  ̇    equal to  ̇   , which allows comparison between 

Scania’s VVol and an external reference system for measurement of  ̇   . Two 

Bosch wide-band lambda sensors are compared. One is mounted in the exhaust 

manifold prior to the turbine, the second is mounted downstream of the turbine. 

Three positions of the MAF2 are evaluated. Two different inlet pipe positions and 

one position when it is mounted in the test cell air supply pipe. One Scania 

standard MAF is also mounted in the test cell air supply pipe.  

The sensors are evaluated for a mass flow of about 8 kg/min and about 

20 kg/min through the engine. For each mass flow the engine operates at three 

different   which are 1.5, 2.1 and 3.2. 

5.1.1. Results 

The resulting mass flow from both flow and concentration measurements are 

seen in Figure 5.2, the error bars shows one standard deviation ( ). The MAF2 is 

placed as a reference meter in Figure 5.2; there are two similar measurement 

results when the MAF2 is placed in the inlet.  

 
Figure 5.2: Flow measurement without EGR, the error bars are one standard deviation. 
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For  ̇    equal to 20 kg/min and   above 2 the mass flow calculated from        

extends beyond the figure limits. It reaches  ̇    equal to 29 kg/min for   3.3, 

this gives a relative error of 36%, see Table 5.2. For every   at  ̇    equal to 

20 kg/min the         is very high, this is because of the fluctuations in the 

raw-signal for the        measurement. Considering the physical principle behind 

the oxygen measurement, it is than reasonable to assume that the wide-band 

lambda sensor is not able to resolve the individual exhaust pulses. This result in 

that the measurement samples taken by the lambda sensor are each from a 

different gas composition, see Figure A.4 Appendix A for       -signal. The 

average measured   by the two wide-band sensors are also quite different. 

When the wide-band sensor downstream of the turbine measures   equal to 1.3 

the wide-band sensor prior to the turbine measures   equal to 1.4. This 

difference increases to 0.4   when the wide-band sensor after the turbine 

measures   equal to 3. Individual differences between cylinders or post oxidation 

of        could be the reason for this difference. Another possible reason is 

the pressure compensation of the   sensor. The sensor is compensated at high 

pressures to be more accurate, if the pressure compensation and the 

measurement are out of phase the compensation worsen instead of improve the 

result. 

It is also important to note that the results for  ̇        based on        does 

not represent a factory mounted MAF. This is because the MAF2 is evaluated at 

the original mounting position of the MAF. Consequently the        used by 

the engine had to be moved downstream of the MAF2, see position one 

in Figure 3.2. Results from        can be seen as an ideally mounted original 

MAF, position four in Figure 3.2; considering stationary operation. 

The result from  ̇        is very good, it is the best at  ̇    equal to 8 kg/min 

and the second best at  ̇    equal to 20 kg/min. The relative error is 3% for 

 ̇    equal to 8 kg/min and 1.8% for  ̇    equal to 20 kg/min, see Table 5.2. 

The high accuracy of  ̇        indicates an accurate estimation from VVol for the 

case without EGR. 

The absolute error compared to the reference measurement of  ̇    is seen in 

Figure 5.3. The three different mounting positions of the MAF2 are also seen in 

Figure 5.3. The         is generally better than the two different inlet positions, 

this is understandable considering the flow conditions at its mounting position. 

The absolute error of the         is so small that the bar-plot is not visible to 

the right in Figure 5.3. The relative error of the         is never above 5%, see 

Table 5.2. At  ̇    equal to 8 kg/min the         mounted at Scania’s standard 

position and the         mounted turned 90 degrees performs equally, both 

have a relative error of approximately 8% see Table 5.2. But for  ̇    equal to 
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20 kg/min the         performs overall better then        . Doubling the flow 

velocity gives a higher absolute error in         than in        , while          

and          are almost equal. The relative error of         is almost twice as 

high as the relative error of        , see Table 5.2. 

  
Figure 5.3: Absolute error of  ̇    for  ̇    equal to 8 kg/min and 20 kg/min. 

The measurements of      behaves as discussed in Chapter 4. The influence of 

high  -values on the absolute error are clearly seen for      in Figure 5.3. The 

absolute error for      is practically independent on the mass flow.  

Table 5.2: Relative error of  ̇    in percentage for the M1 measurement. Units  ̇    [kg/min] and 

     [bar] above atmosphere. 

Operating point Relative error [%] 

 ̇    rpm                    
  
   

                
 ̇     
   

  ̇    
   

             

20 1200 1.5 1.72 0.04 6.94 4.38 1.70 5.41 1.69 2.14 21.44 

20 1380 2.1 1.42 0.40 5.53 1.82 1.87 3.19 1.58 5.84 21.92 

20 1400 3.3 1.36 0.05 3.39 0.66 1.48 4.61 1.82 8.25 35.93 

8 790 1.5 0.57 3.94 5.09 7.36 8.90 9.61 2.97 4.78 7.01 

8 850 2.1 0.46 3.92 8.32 8.12 8.95 8.14 2.80 11.73 15.91 

8 920 3.3 0.34 4.49 8.25 7.95 8.75 8.00 2.54 15.16 30.18 

A possible source of error is leakage of gas from the high pressure inlet pipes, 

leakage causes differences between VVol and measured  ̇   . This error 

propagates if VVol or measured  ̇    are used in further calculations. If the 

absolute error of  ̇        is very sensitive to the inlet pressure (    ) this would 

indicate leakage, i.e. the absolute error is high at high pressure which indicates a 

difference between measured and estimated gas mass flow.  

5.2. M2: EGR-steps  
The gas flow through the engine is kept fixed as the EGR-ratio is increased. The 

MAF2 and the orifice plate measures the EGR-flow. The measured EGR-flow is 

compared to different calculated flows based on flow or concentration 
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measurements. The MAF2 is also used to measure  ̇   , it is placed at two inlet 

positions and as a reference in the test cell air supply pipe. Two wide-band 

lambda sensors are mounted, the first one downstream of the turbine in the 

exhaust. The second is mounted at the engine inlet after the EGR-mixing point, 

to measure the oxygen content of  ̇   .  

The EGR-ratio is increased in three steps for  ̇    8 kg/min and 20 kg/min. The 

last step for  ̇    equal to 20 kg/min is smaller; this is due to limitations 

associated with the measurement range of the pressure sensor used for orifice 

plate. 

5.2.1. Results 

Measured  ̇    from the orifice plate (  ) and         are plotted as 

functions of EGR-ratio in Figure 5.4;    is plotted twice since it is measured two 

times. The red line in Figure 5.4 is the reference EGR calculated from  ̇    

measured by the annubar and  ̇    estimated by Scania’s VVol. Vertical error 

bars illustrate one standard deviation for both the         and the   .  

 
Figure 5.4: Measured  ̇    for orifice plate and         as function of EGR-rate. 

The         inside the EGR-route follows the reference EGR quite well in 

Figure 5.4. For the 8 kg/min measurement the         have a slight negative 

offset compared to the reference. For the 20 kg/min measurement the first point 

at 10% EGR is above reference while the 20% and 30% points are below the 

reference value. The    measurements follow the references very well for  ̇    

equal to 8 kg/min but have a small offset above reference for  ̇    equal to 

20 kg/min. Judging from the 6 measurements points both the         and the 

   has a linear behaviour.  



 
 

50 
 

Note that the         underestimates  ̇    at 30% EGR with  ̇    equal to 

8 kg/min, but overestimates  ̇    at 10% EGR with  ̇    equal to 20 kg/min, 

see Figure 5.4. The reference amount of  ̇    is higher at 30% EGR with  ̇    

equal to 8 kg/min then at 10% EGR with  ̇    equal to 20 kg/min, see Table 5.3. 

It is difficult to exactly determine which engine parameter that affects the 

        measurement. Flow characteristics through the EGR-route are mainly 

affected by the rpm, EGR-valve position and VGT-position. For example steady 

engine operation with small pulsations in the EGR-route was obtained from, 

running the engine at as high rpm as possible, opening the EGR-valve as much as 

possible and regulating the EGR-amount by closing the VGT. These results were 

obtained during the testing of the orifice plate. The EGR-valve position and the 

VGT-position indicates better flow conditions at 30% EGR and  ̇    equal to 

8 kg/min than at 10% EGR and  ̇    equal to 20 kg/min. The better flow 

conditions might explain why the 20% and 30% EGR points are below reference 

for         at 20 kg/min. To reach 20% and 30% EGR the EGR-valve is opened 

from 11% to 20% and the VGT is closed from 68% to 72%. This would favour the 

flow characteristics and thereby the measurement conditions for the         

Table 5.3: Engine parameters for over and under estimation by the        . 

Engine parameter  ̇    = 8 [kg/min]  ̇    = 20 [kg/min] 

EGR-rate [%] 30 10 

Reference  ̇    [kg/min] 2.35 1.8 

 ̇    MAF2 [kg/min] 2.14 2.06 

rpm [rpm] 910 1390 

     [bar] 0.42 1.42 

Density [      ] 1.4 2.4 

VGT position [% closed] 82 68 

EGR-valve [% open] 23   11 

  1.35 2.31 

The two measurements from    are very similar, both with small   values. Since 

the measurements are performed in pulsating flows   where expected to be 

higher. The raw signal from the differential pressure sensor is relatively smooth 

compared to the signal from the MAF2 inside the EGR-route, see Figure 5.5. The 

   signal is in volt with a range between 0.5 and 4.5 volt. The MAF2 raw-signal is 

a numeric value; this numeric value corresponds to a mass flow. Parts of the 

smoothness of    are explained by the response time of the differential pressure 

sensor, it is not fast enough to register the pulsating flow. The differential 

pressure sensor is also mounted 50 cm away from the orifice plate to withstand 

the environment, especially the high temperature. The volume inside the tubes 

guiding the pressure acts as a damper on the exhaust pulses; this has a 

smoothening effect on the signal.  
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Figure 5.5: Raw signal for    and         with  ̇    equal to 8 kg/min, y-axis equals half range. 

Figure 5.6 shows the absolute error in  ̇    for each EGR measurement concept; 

the MAF2 is indexed according to mounting position. The results from      are 

not included in Figure 5.6 because the values are completely of the scale. The 

measured      fluctuates between 5 and 8; see Figure A.5 in Appendix A for 

    -signal. It is impossible to accurately calculate  ̇    based on a      with 

these fluctuations. The fluctuations are believed to partly originate from 

pulsations at the engine inlet. This is clarified by the same reasoning as in M1 for 

the pulsations in the exhaust manifold. Inhomogeneous mixing between EGR and 

air at the inlet also affects the      measurement. The MAF2 mounted upstream 

of the        at the inlet distorts the measurement results for the       , 

this is why the results for the        are excluded in Figure 5.6. The results 

from        can be interpreted as an ideally factory mounted MAF.  

The absolute error of the      measurement is quite high, see Figure 5.6. But the 

absolute error is reduced with a decreased  . The concept is also relatively 

independent on EGR-ratio; this was expected from the tolerance analysis, see 

Figure 4.6. The relative error for      is never below 27%, see Table 5.5. The 

absolute error of the measurement concept based on        is quite high, 

especially for  ̇    equal to 8 kg/min. This is because the error from the        

measurement propagates to the calculated  ̇   . The absolute errors for 

       seen in Figure 5.6 with  ̇    equal to 8 kg/min and 20 kg/min are the 

same as in Figure 5.2. These large absolute errors give a very high relative error 

since  ̇    is quite low; the relative error is never below 29% for  ̇    equal to 

8 kg/min. But for  ̇    equal to 20 kg/min and a high EGR-ratio the relative error 

is between 7% and 17%, see Table 5.4. 

The absolute error in the         measurement concept is fairly constant, it is 

mainly dependent on the size of  ̇   . The worst result is a relative error of 20% 
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for  ̇    equal to 8 kg/min and 10% EGR. Apart from this the relative error is 

generally below 10%, see Table 5.4. 

  
Figure 5.6: Absolute error  ̇    for  ̇    equal to 8 kg/min and 20 kg/min. 

The absolute errors in         and         are quite high especially for  ̇    

equal to 8 kg/min. The results are the same for similar measurements in M3 see 

Figure 5.11; this was expected from the tolerance analyse see Figure 4.3. But the 

absolute errors are reduced as  ̇    doubles in Figure 5.6, this was also seen for 

the       ,         and         in the M3 measurement, see Figure 5.11 and 

Figure 5.12. It is not fully understood why the absolute error reduces when  ̇    

increase. But the affected concepts all use sensors sensitive to changes in the 

flow velocity profile, i.e. an increased flow velocity affects the boundary layer for 

which the sensor is mounted in. The rpm at the 20 kg/min measurement points 

have indicated problems with pulsations in the EGR-route, see M4 Section 5.4. 

Disturbances in the EGR-route could affect the operating stability for the engine.  

The relative error for  ̇    equal to 8 kg/min is never below 18%, but for  ̇    

equal to 20 kg/min the relative error is about 5% or less see Table 5.4. Comparing 

the absolute error for  ̇    equal to 8 kg/min on the left side in Figure 5.6 with a 

similar measurement from M3; left side Figure 5.11. This gives the two absolute 

errors almost equal, but for the 20 kg/min measurement the results are more 

diverging.  

The absolute error of         is fairly constant, see Figure 5.6. It is slightly 

lower for  ̇    equal to 8 kg/min and 10% EGR and slightly higher for  ̇    equal 

to 20 kg/min and 20% EGR. The maximum relative error is 15% for both 8 kg/min 

and 20 kg/min with 10% EGR, see Table 5.4. As the EGR-rate increases the 

relative error decreases, for 20% and 25% EGR at 20 kg/min the relative error 

is 6%. The MAF2 in general experienced problems with false data when the flow 

velocity of the gas approached the maximum value of the sensor, see Figure A.11 

in Appendix A. This false data had a reduced impact on the mean value. 
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False data was not the case for the deviating point to the right in Figure 5.6, see 

Figure A.12 for raw-signal data. 

The result from the    measurement is very good; see Figure 5.4 and Figure 5.6. 

This gives small absolute errors and fairly small relative errors, see Table 5.4. 

Relative errors around 10% are obtained for  ̇    equal to 20 kg/min with 

20% EGR and 25% EGR. For all the other measurements the relative error is 6% 

or less. It is also interesting to note that the    is more accurate than the 

        for  ̇    equal to 8 kg/min. For  ̇    equal to 20 kg/min the accuracy 

is approximately the same. 

Table 5.4: Relative error of  ̇    in percentage for the M2 measurement. Units  ̇    [kg/min], EGR [%] 

and      [bar] above atmosphere. 

Operating point Relative error [%] 

 ̇    EGR rpm                                                       

20 10 1410 2.4 1.32 10.6 2.9 8.45 17.9 75.4 15.1 8.7 

20 20 1440 2.1 1.26 3.1 1.6 0.45 10.6 33.8 5.1 10.0 

20 25 1440 2 1.24 2.5 4.4 0.0 7.8 27.1 6.1 3.5 

8 10 870 2 0.43 19.8 69.9 91.6 86.1 129.2 11.8 4.4 

8 20 890 1.6 0.38 8.2 32.3 42.6 45.1 54.6 15.3 0.3 

8 30 910 1.4 0.38 6.3 17.9 25.7 29.2 32.6 8.8 1.6 

The experimental results from the    is much better at  ̇    equal to 8 kg/min 

then what was expected from the tolerance analysis. This is partly due to the 

0.15 kg/min offset error assumed in Table 3.3. The offset error is constant for 

every operating point, as a consequence the offset error proved to be too high 

for small amounts of EGR. But for the 20 kg/min measurement the result from 

the experimental testing and the tolerance analysis are the same.  

Every measurement concept shows an error for  ̇    equal to 8 kg/min and 

10% EGR, see Table 5.4. Since all concepts indicate an error it is possible that the 

reference measurements are incorrect. 

The measurement result from the         is very similar to the result from the 

tolerance analysis. This is due to the fairly constant error in         which 

matches the offset error in the analysis.  

The MAF performs worse at  ̇    equal to 8 kg/min and better at 20 kg/min then 

expected from the theoretical analysis. The worst point is the 30% EGR at  ̇    

equal to 8 kg/min when the difference in absolute error is about 0.25 kg/min. 

At the 20 kg/min points the absolute error of the experimental data is half of the 

absolute error from the analysis. 
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Absolute errors between theory and experimental data agrees very well for 

the     . The  ̇    equal to 8 kg/min points are very similar to those on the left 

side in Figure 4.8, and the 20 kg/min points resemble those on the right side in 

Figure 4.8. 

One of the external emission cabinets at KTH’s laboratory was out of order 

during the testing, because of this     measurements was not used to 

determine the EGR-rate. Instead Scania’s VVol was used in combination with 

reference measurements of  ̇   . As a consequence VVol was used in both the 

reference and in the evaluated concept, thereby cancelling out its impact on the 

absolute error between reference and evaluated concept. The same problem 

occurs for  ̇   , but this time it is  ̇     which cancels out. The  ̇     cancelation 

is negligible since the error of  ̇     barley affects the result. The VVol 

cancellation gives the absolute errors of  ̇    equal to those of  ̇   . The only 

difference is the relative errors which are much smaller for  ̇    since the 

amount of gas is much higher. See Figure A.6 in Appendix A for absolute error 

of  ̇   . 

5.3. M3 - lambda-steps for different EGR-rates and gas flows 
This measurement series evaluates different   for the same amount of  ̇   , 

three   are tested for each  ̇   . These   are tested at four different  ̇    with 

two different  ̇    and two different EGR-rates. The wide-band lambda sensors 

are named and mounted at the same positions as in M2, the MAF2 and    also 

have the same setup as in M2. 

5.3.1. Results 

The measured  ̇    for the         and the    are plotted in Figure 5.7 as 

function of  . Reference values are also plotted because of the difficulty to 

maintain exactly the same  ̇    at different  . Figure 5.7 contains results from 

 ̇    equal to 8 kg/min and 20 kg/min, both with an EGR-rate of 15%. For the 

error bars the same reasoning follows as in M2. The effect of a large pressure 

variation in the EGR-route would be visible when changes are made in  . The 

pressure at each measurement point is plotted as function of   in Figure 5.9; 

     is also numerically given in Table 5.5. The influences of pressure variation are 

studied further in section 5.4.  
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Figure 5.7: Measured  ̇    for orifice plate and         as function of  , EGR-rate 15%. 

The         follows the reference line quite well in Figure 5.7, the only 

exception is the first point at  ̇    equal to 8 kg/min. The         have a slight 

negative offset for  ̇    equal to 8 kg/min, and for  ̇    equal to 20 kg/min it is 

a positive offset. The          are roughly the same size as in M2, except for the 

first point of  ̇    equal to 8 kg/min where          is higher.  

The    measurement fluctuates both above and under the reference line in 

Figure 5.7, apart from these fluctuations all points are relatively close to their 

reference value. The two different    measurements are also very similar. Two 

    are approximately a factor three higher than in the M2 measurement. Both 

are for 15% EGR one with   3.4 and  ̇    equal to 20 kg/min, the second is at 

  1.4 with  ̇    equal to 8 kg/min.  

Figure 5.8 compares the raw-signal between two    measurements; both with 

 ̇    equal to 20 kg/min and 15% EGR. One is for   equal to 1.7 with      equal 

to 1.76 bar, the second is for   equal to 3.4 with      equal to 1.15 bar, see 

Table 5.5 for additional data. This is one of the worst fluctuations registered by 

the    measurement, see error bar at right top corner of Figure 5.7. The 

differential pressure sensor in not fast enough to register individual pulsations. 

But disturbance of some kind is registered by the pressure sensor. This is seen in 

the raw-signal and to the right in Figure 5.8, this affects    . 
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Figure 5.8: Raw-signal of    for  ̇    equal to 20 kg/min with 15% EGR, left side   equal to 1.7 right side 

  equal to 3.3. 

The pressure measurements from Figure 5.7 and Figure 5.10 are plotted as 

function of   in Figure 5.9. The left side shows  ̇    equal to 8 kg/min with 

15% EGR and 30% EGR. The right side shows  ̇    equal to 20 kg/min with 

15% EGR and 30% EGR. Left side in Figure 5.9 shows that  ̇    equal to 8 kg/min 

with 15% EGR points for both         and    have pressure fluctuations. It is 

reasonable to assume that these pressure fluctuations are related to the deviant 

behaviour of the same points in Figure 5.7. These pressure variations are not 

registered for  ̇    equal to 8 kg/min with 30% EGR, and as a result the flow 

measurement in Figure 5.10 does not display the same behaviour as 

in Figure 5.7. 

  
Figure 5.9: Pressure as function of   for measurement series M3, left side  ̇    equal to 8 kg/min and 

 ̇    equal to 20 kg/min right side. 

It is possible to see a vague trend between   from the flow measurement and   

from the pressure measurement. For  ̇    equal to 20 kg/min with 15% EGR   

increases with  , see Figure 5.7. This trend is also seen for the pressure   in the 

right side of Figure 5.9, which indicates a relation between pressure and flow. 

Figure 5.10 shows the results from         and    for  ̇    equal to 8 kg/min 

and 20 kg/min with 30% EGR. The         have a negative offset for both  ̇    
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equal to 8 kg/min and  ̇    equal to 20 kg/min. This was not the case for the 

measurement with 15% EGR; the 20 kg/min measurement was above reference. 

It is possible that better flow conditions at 30% EGR allows for a more accurate 

measurement. Apart from this negative offset it follows the reference line much 

better than for the 15% EGR measurement. The          values for         

are also smaller for the 30% EGR measurement than for the 15% EGR 

measurement.  

 
Figure 5.10: Measured  ̇    for orifice plate and         as function of  , EGR-rate 30%. 

The    measurement follows the reference line quite well, but with a negative 

offset. The two different    measurements are also very similar, see Figure 5.10. 

The only point not following the reference is when  ̇    is equal to 20 kg/min 

and   is equal to 2.2, see Figure 5.10. This could be pressure related as the 

pressure variations are quite high, see right side Figure 5.9. It could also be 

because the rpm at this point have shown to be problematic, see Section 5.4.1. 

The values of     are also smaller for the 30% EGR measurement than for the 

15% EGR measurement. According to the reasoning concerning flow 

characteristics from M2 this gives better measurement conditions at 30% EGR 

than at 15% EGR.  

Two measurement concepts are excluded in Figure 5.11 and Figure 5.12, it is the 

       and     . The reasons for excluding them are given in M2.  

The absolute error of the    measurement is almost equal for the 15% EGR 

measurement and 30% EGR measurement, see Figure 5.11. The influence of 

doubling  ̇    seems to have little impact on the absolute error of   , this 

behaviour is also seen for  ̇    equal to 20 kg/min between 15% EGR and 

30% EGR, see Figure 5.12. There is no clear explanation to why the absolute 

errors of    are maintained almost constant, despite large variations in  ̇    
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and pressure variations up to 0.8 bar. The pressure difference between   equal 

to 1.4 and   equal to 3.4 for  ̇    equal to 8 kg/min is almost 0.4 bar. 

A reasonable assumption is that the flow conditions are better at 30% EGR than 

at 15% according to M2, which implies that the absolute error is maintained at 

the same size. The relative error of the    measurement is 15% for  ̇    equal 

to 8 kg/min and 15% EGR, for the 30% EGR points it is approximately 7% see 

Table 5.5. For  ̇    equal to 20 kg/min and 15% EGR the relative error is 

between 4% and 12%. With 30% EGR the relative error is between 2% and 8%, 

see Table 5.5 for relative errors. 

  
Figure 5.11: Absolute error in  ̇    for  ̇    equal to 8 kg/min with 15% and 30% EGR. 

The absolute errors for the         are fairly constant for the different  . But 

with two exceptions, one for   1.4 in the left side of Figure 5.11 and one for   3.4 

left side Figure 5.12. The         performs better than the    for both  ̇    at 

15% EGR, except for   1.4 at  ̇    equal to 8 kg/min and 15% EGR. This was not 

the case in M2 when    was more accurate, the results from    are unchanged 

but the result from         have improved. The difference between    and 

        is largest at  ̇    equal to 20 kg/min with 15% EGR, see Figure 5.12. 

A possible reason for this behaviour is found in the right side of Figure 5.9. The 

offset between the    and         pressure curves are unusually high. This 

pressure difference could explain the differences in absolute error for  ̇    at 

 ̇    equal to 20 kg/min with 15% EGR. As mentioned in M2 the MAF2 in general 

had a problem with high flow velocities, see Figure A.11 in Appendix A. This was 

not a problem for the points with 30% EGR and  ̇    equal to 20 kg/min, see 

Figure A.13 to Figure A.15 in Appendix A for raw-signal.  

The absolute errors in the 30% EGR measurement are higher than for the 

15% EGR measurement, this is the case for both  ̇   . The relative errors are 

also higher for both the 30% EGR measurements, except for the previously 

mentioned point at   1.4 in Figure 5.11. For  ̇    equal to 8 kg/min and 15% EGR 

the relative errors are between 6% and 46%, and for 30% EGR it is roughly 15% 
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for all points. For  ̇    equal to 20 kg/min and 15% EGR the relative error 

reaches 6% at its maximum. For the 30% EGR measurement the relative errors 

are roughly 15%, see Table 5.5 for relative errors. 

The result from the         is very good, but it is not affected by the variations 

associated with different  ; because of its placement far away from the engine. 

Since errors from VVol are not accounted for the results are expected to be this 

good. The worst relative errors are approximately 16% for  ̇    equal to 

8 kg/min and 15% EGR, for the other measurement points the relative error is 9% 

or less.  

The         performs overall better then         at  ̇    equal to 8 kg/min, 

see Figure 5.11. But at  ̇    equal to 20 kg/min the         is better than the 

       , see Figure 5.12. This behaviour is the same in M1 and M2. Comparing 

        and         from M2 Figure 5.6 right side with M1 Figure 5.2 right side 

and M3 Figure 5.12 right side it is clear that the result from M2 was very 

beneficial. The relative errors for both MAF2 are roughly 45% for  ̇    equal to 

8 kg/min and 15% EGR. For 30% EGR the relative error is about 20% for both 

MAF2 at the inlet, see Table 5.5. At  ̇    equal to 20 kg/min the relative error for 

        is between 0.5% and 14% for 15% EGR and 30% EGR. The relative error 

for         is much higher with values between 14% and 40% for 15% EGR and 

3% and 13% for 30% EGR see Table 5.5. 

  
Figure 5.12: Absolute error in  ̇    for  ̇    equal to 20 kg/min with 15% and 30% EGR. 

The        has a rather constant absolute error of 0.4-0.6 kg/min. It is not 

affected by the changes in  , this partly because of its placement far from the 

engine and that the errors from VVol cancel out. The relative error is 60% for 

 ̇    equal to 8 kg/min with 15% EGR, when  ̇    doubles to 30% EGR the 

relative error is reduced to half which is 30%. At  ̇    equal to 20 kg/min with 

15% EGR the relative error is 15% and for 30% EGR the relative error is 6%, see 

Table 5.5 for relative errors. 
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The absolute errors of the      measurements are quite high, especially 

compared to the other evaluated concepts, see Figure 5.11 and Figure 5.12. The 

dependency of   is clearly seen in Figure 5.11 and Figure 5.12. For the 15% EGR 

measurements the absolute error of      seems to be independent of  ̇   . But 

for 30% EGR the absolute error increases as  ̇    increases from 8 kg/min to 

20 kg/min. Results similar to M1 and M2 are seen when the absolute error 

increases with increased  . Comparing left side with right side in Figure 5.11 and 

Figure 5.12, shows that the absolute error of      is relatively insensitive to the 

EGR-rate. This was established in the tolerance analysis, see Figure 4.6. The 

relative error is very high especially for  ̇    equal to 8 kg/min and 15% EGR, the 

best relative error is 13% and it is for  ̇    equal to 20 kg/min and 30% EGR 

with   1.4. 

Table 5.5: Relative error of  ̇    in percentage for the M3 measurement. Units  ̇    [kg/min], EGR [%] 

and      [bar] above atmosphere.  

Operating point Relative error [%] 

 ̇    EGR rpm                                                       

20 15 1190 1.7 1.76 1.1 39.1 13.9 14.9 22.6 4.6 3.7 

20 15 1320 2.2 1.48 0.1 33.4 4.2 14.9 43.3 0.9 8.1 

20 15 1360 3.4 1.15 3.2 13.8 1.8 15.1 50.2 6.3 12.1 

20 30 1280 1.4 1.58 1.1 12.8 0.5 6.3 13.3 14.5 2.1 

20 30 1520 2.2 1.14 0.6 5.7 3.9 6.8 21.0 13.9 8.0 

20 30 1650 3.4 0.95 0.1 2.9 5.3 6.3 37.8 16.1 3.2 

8 15 820 1.4 0.51 16.4 28.5 50.2 60.9 47.6 46.1 12.2 

8 15 960 2.1 0.27 14.7 42.8 58.8 62.2 96.5 11.6 16.7 

8 15 1050 3.4 0.14 17.3 48.9 53.5 61.0 113.4 6.4 15.5 

8 30 910 1.4 0.36 9.1 18.2 25.9 30.4 29.4 12.9 6.1 

8 30 980 2.2 0.23 8.8 18.6 25.1 29.9 35.4 15.1 7.7 

8 30 1040 3.4 0.16 7.9 21.4 24.8 30 44.2 16.4 6.2 

All concepts measuring  ̇    show rather high relative errors for 15% EGR and 

 ̇    equal to 8 kg/. This is because an absolute error of 0.5 kg/min is sufficient 

to obtain a relative error of 40% for this measurement point; the absolute errors 

of the concepts measuring  ̇    are similar to those obtained in M1, Figure [5.6]. 

Scania’s VVol was used in both the reference measurements and the 

measurements of evaluated concepts. A consequence of this is that the errors in 

VVol cancel out. The same problem occurs for  ̇   , but in this case with respect 

to  ̇     which is used in both the reference and the evaluated concept. The VVol 

and  ̇     cancellation gives the absolute errors of  ̇    equal to those of  ̇   . 

The only difference is the relative errors which are much smaller for  ̇    since 

the amount of gas is much higher. See Figure A.7 and Figure A.8 in Appendix A 

for absolute error of  ̇   . 
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5.4. M4 – pressure fluctuations 
This measurement series investigates the influence of pressure fluctuations on 

the measurements inside the EGR-route, this concerns    and        . The 

rotational speed of the engine is kept low to give as much time between exhaust 

pulses as possible, the load is kept high to increase the amplitude of the exhaust 

pulses.  

The         are evaluated at A rpm and B rpm for 10% and 20% EGR,  ̇    is 4 

kg/min for A rpm and 6 kg/min for B rpm.  

For the    measurement a fast responding differential pressure sensor was used 

to register pulsations for the orifice plate; the signal was logged with a crank 

angle resolved channel. The rotational speed is changed in steps of 200 rpm from 

800 rpm to 2000 rpm. A frequency analysis is performed on the measurements. 

5.4.1. Results 

The results from the A rpm measurement with 10% and 20% EGR are seen in 

Figure 5.13. The red line represents a flow with high pulsations (HP) and the 

black line represents a flow with less pulsations (LP). There is a factor seven in 

difference between     and     for A rpm and 10% EGR, see left side 

Figure 5.13. The difference between the measured mean value and the reference 

value is seen in the legend as      . The       is approximately a factor three 

higher for the 10% EGR measurement and a factor four higher for the 20% EGR 

measurement. The mean value of the signal is also written in the legend; this is 

to clarify if the signal is evenly distributed around its mean value.  

The results for B rpm with 10% EGR and 15% EGR are similar, see Figure A.9 in 

Appendix A.  

  
Figure 5.13: High and low pulsation for         at A rpm with 10% and 20% EGR. 

The raw-voltage of the    measurement is seen to the left in Figure 5.14 for 

800 rpm; to the right is the DFT of the raw-voltage. The pressure signal from the 

        should not be interpreted as equal to the raw-voltage signal from 
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the   . This is because engine parameters such as EGR-valve, VGT-position and 

injected fuel amount are different between the two measurements.  

  
Figure 5.14: Measured voltage by    and DFT analysis of voltage. 

The carrier frequency of 40 Hz is clearly seen in the DFT from the    to the right 

in Figure 5.14. Integer multiples of the carrier frequency are vaguely visible for 

the   . Problems occur for the    measurement when the voltage drops below 

0.5 V. This is because the pressure sensor is specified to have an output voltage 

between 0.5 V and 4.5 V. A registered voltage below 0.5 V would mean a 

negative pressure difference according to calibration; if a negative pressure 

difference is inserted to Equation [3.1] this would result in an imaginary mass 

flow. This problem has to be solved for the orifice plate; otherwise measurement 

information is lost every time the pressure sensor registers a negative pressure 

difference. When the pressure sensor saturates at 0.25 V the full extent of this 

information loss is unknown. 

Most of the pressure measurements registered by the    looks like the one to 

the left in Figure 5.14. But when the rpm is increased the shape of the    curve 

changes; Figure 5.15 shows the    raw-signal for 1400 rpm and 1600 rpm. If it is 

assumed that the pressure sensor works as it should, it is clear that the 

pulsations change behaviour when the rpm is increased. This behaviour is 

returned to normal when the rpm is increased further, see Figure A.10 in 

Appendix A for 1200 rpm and 2000 rpm behaviour. It is difficult to determine the 

exact reason for this irregular behaviour at approximately 1400-1600 rpm 

without a deeper analysis. But  ̇    results based on    measurements have 

shown irregular behaviour in previous measurements for these rpm, i.e. the 

point at   3.4 for  ̇    equal to 20 kg/min in Figure 5.7 and the points at   2.2 for 

 ̇    equal to 20 kg/min in Figure 5.10. 
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Figure 5.15: Raw-voltage for    at 1400 rpm and 1600 rpm. 

5.5. M5 – angle change 
This measurement series investigates how an angular change of the inlet pipe 

affects the measurement result of a sensor mounted at the inlet pipe. Two 

different angles compared to the standard angle; see Figure 3.6 for the different 

angles. The only sensor mounted at the inlet pipe is the MAF2, two mounting 

positions are evaluated; see position two and three in Figure 3.2. For each 

evaluated angle and sensor position  ̇    is swept between 4 kg/min and 

24 kg/min. 

5.5.1. Results 

The results from the swept mass flow for the standard configuration, the small 

angle and the large angle are seen in Figure 5.16. The left side shows the 

        mounted in the standard position; the right side shows the         

mounted at a 90 degree angle. Each angle measurement is plotted against its 

own reference measurement by the annubar; the green line is the ideal result. 

The error bars show one standard deviation. The   values for the standard 

measurement are much higher; these measurements were performed earlier in 

the testing plan and not at the same time as the small and large angel change. 

The standard measurement for both         and         shows a tendency to 

approach the ideal line for a higher  ̇   . This behaviour is previously seen in M2 

Figure 5.6 and M3 Figure 5.12. The deviation from the ideal line is also smaller 

for         then for        , this agrees with results from M2 and M3.  
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Figure 5.16:         and         sensitivity to angle change. 

The difference between the standard angle and the small angle is barely visible, 

see red and blue line in Figure 5.16. But the difference between the small angle 

and the large angle is clearly visible, see red and black line in Figure 5.16. 

The absolute error of         and         are of different size due to the angle 

change; but          and          are still equal. Equal   values indicates equal 

amount of disturbances in the flow conditions.  

The difference between         and         for the large angel change could 

depend on a changed flow velocity profile. If the velocity profile is shifts due to 

the angle change, the MAF2 will not measure a flow velocity representing the 

actual flow. This causes the MAF2 to calculate the total mass flow based on a 

faulty flow velocity. The flow velocity profile seems to shift in favour of 

the        . 

5.6. M6 – condensation 
The impact of condensation on  ̇    measured by         and the orifice 

plate is investigated. Points with 15% EGR and 30% EGR are tested with 

condensation (WC) and with almost no condensation (NC),  ̇    is kept at 10 

kg/min for both operating points.  

5.6.1. Results 

The absolute error for operating points with WC and points with NC are 

compared in Figure 5.17. The   values for each point are printed in the figure 

legend. The   for both    and         are slightly higher for the points with 

more WC. Comparing   with values from M2 and the result is higher values for 

all the measurement in M6; see Table 5.6 for   from M2. 
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Table 5.6:   from Figure 5.6 for         and   . 

EGR [%]  ̇    [kg/min]     [kg/min]          [kg/min] 

10 8 0.036 0.08 

20 8 0.029 0.15 

30 8 0.016 0.13 

The    measurement points with WC have a higher absolute error then the 

points with NC; this is the case for both 15% and 30% EGR. Both the absolute 

error and   for the    measurement are fairly equal between 15% EGR and 

30% EGR points; considering only points with WC or only points with NC. The 

absolute error of the NC points for    agrees well with those to the left 

in Figure 5.6. The absolute error of the    points with WC are more similar to the 

points in Figure 5.11. There is no large difference when comparing  , rpm and 

pressure between measurements from M6 with similar measurements from 

previous series. There is no clear difference between       values for NC and WC 

measurements see Table 5.6. This indicates that the pulsations are equal 

between NC and WC measurements.  

The absolute error of the         measurement does not seem to simply 

increase with increased condensation. Both the 15% EGR and the 30% EGR 

points for the         have a higher absolute error when there is less 

condensation; this is the opposite of the    measurement. But the NC points 

agree well with previous points in Figure 5.6. The   between WC and NC is fairly 

equal for the        . This behaviour of         is not fully understood, 

perhaps parameters such as temperature or pressure are more important than 

the presence of condensed water.  

  
Figure 5.17: Influence of condensation on  ̇    measured by    and        . 
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The theoretical fractions of condensed water calculated from Equation [2.39] are 

shown in Table 5.7. The reference EGR-ratio is compared to the EGR-ratio 

compensated for condensation in Table 5.6, see Equation [2.41]. The largest 

difference in EGR-ratio is 0.5 percentage points; this is for 30% EGR and the    

measurement. The error in the EGR-ratio due to condensation is not that 

significant, but it is important to be aware of the problems associated with 

condensation of water in the EGR-route. 

Table 5.7: Fraction condensed water and differences in EGR-ratio. 

Operating point 

           

15% EGR 30% EGR 15% EGR 30% EGR 

NC WC NC WC NC WC NC WC 

      [%] 0 0.25 0 0.18 0 0.21 0 0.37 

       [%] 14.65 11.97 30.48 30.17 14.32 11.98 29.93 30.06 

         [%] 0 -0.31 0 -0.54 0 -0.26 0 -0.01 

rpm 950 950 1000 1010 950 960 1000 1010 

  1.69 1.74 1.33 1.30 1.71 1.71 1.34 1.31 

    , absolute [bar] 1.67 1.56 1.65 1.52 1.65 1.60 1.55 1.52 

     [bar] 0.016 0.017 0.014 0.012 0.015 0.015 0.017 0.014 

Figure 5.18 shows the         dismounted from the engine after the test with 

condensation. It is possible to see deposits of water inside the tube in which the 

        was mounted. Deposits of water were observed for the    

measurement as well.  

 
Figure 5.18: Water deposits in the tube in which the         was mounted. 
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6. Conclusions 

Several different measurement concepts for determining important gas flows in 

a Scania diesel engine have been analyzed on a theoretical and experimental 

basis. The results from the theoretical analysis in Chapter 4 and the experimental 

results in Chapter 5 agree well for some measurement concepts, and not as well 

for other concepts.  

6.1. Flow concepts 
The majority of the evaluated concepts are flow-concepts, i.e. the MAF, the 

MAF2 and the   ; first out is the MAF concept. 

The        is treated as an ideally mounted Scania original MAF. The results for 

the measurements of pure  ̇    are good, it performs better at high  ̇    and 

slightly worse for a low  ̇    than expected from the theoretical analyse. 

A reason for this behaviour could be that the        is mounted in a pipe with 

larger cross-section area than it was originally intended for, thereby reducing the 

flow velocity below a critical point. The measurement results of  ̇    are poor 

when measuring any EGR-rate for a 8 kg/min gas flow through the engine; this 

was seen for all the 8 kg/min gas flows through the engine. It appears as the MAF 

has an offset error compared to the reference, since the relative error is reduced 

to approximately half every time the EGR-rate is doubled, see Table 5.4 and 

Table 5.6 for relative errors. At small amounts of EGR and high gas flows through 

the engine, the MAF performs better than expected form the theoretical analyse. 

However the results are not as good as for the concepts measuring the actual 

EGR-flow. The assumptions made in the tolerance analysis generally agree with 

the experimental results, the exception is the offset error. 

The         and         placed at the inlet measuring  ̇    performs equally 

well for measurements of small amounts of pure  ̇   . When the amount of  ̇    

is increased the performance of the         is much better than the 

performance of        . This was the case throughout the measurements 

series. The         was also better when the inlet angle was changed. The 

result from the angle change may not be valid for inlet pipes that differ from the 

installation at KTH. Since the piping prior to inlet pipe affects the flow conditions. 

But it is safe to say that the sensor is sensitive to mounting position. For the 

 ̇    measurement the results are poor for small amounts of EGR with a  ̇    

equal to 8 kg/min. The results improve significantly when  ̇    increases, 

especially for        . This difficulty of determining small amounts of EGR at 

low gas flows through the engine was expected from the tolerance analysis, since 
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the MAF2 mounted at the inlet behaves as a MAF in the standard concept 

Figure 4.3. Apart from the increased accuracy due to higher  ̇    the 

experimental results agree with the theoretical. 

The         performs well for almost every measurement inside the 

EGR-route. The exception is certain points for  ̇    equal to 20 kg/min with 

30% EGR, these points had large errors. For the MAF2 in general one problem 

was discovered. The MAF2 has a maximum flow velocity and problems were 

encountered before this limitation in flow was reached. Figure A.11 in Appendix 

A shows the raw-data for a measurement with a flow velocity close to the 

maximum. This problem was present for some of the points with 30% EGR and 

 ̇    equal to 20 kg/min, but only to a very low extent not significantly affecting 

the mean value. 

The         was also able to measure small amounts of EGR for small amounts 

of gas flow through the engine. The         showed a factor four increase in   

when it was subjected to heavy pulsations. The measured mean value was also a 

factor three off compared to the reference; considering heavy pulsations. For the 

measurement series evaluating condensation no clear connection between 

condensation and decreased measurement performance could be established. 

These are typical results of importance that was not evaluated in the theoretical 

analysis in Chapter 4. The assumptions made in the theoretical analysis describe 

the measurement results from the          rather well. Different offset errors 

for low and high gas flows are suggested as a future improvement of the 

tolerance analysis. 

As discussed in the introduction of Chapter 5 it is important to know that the 

flow conditions inside the EGR-route are very pulsating, see Equation [5.1]. 

In spite of the flow conditions and the harsh requirements from the 

ISO-standard, the orifice plate performs really well for the measurement of 

 ̇   . Superior results were obtained when measuring  ̇    for small amounts 

of gas through the engine; the results were still good when  ̇    increased. 

Condensation may affect the measurement results in more ways than 

invalidation of the ideal gas law, i.e. water deposits in pressure sensors and 

pressure tubes. The orifice plate showed a factor four in increased absolute error 

when condensation was present, however the absolute error was still kept at a 

reasonable size.  

During the pulsation evaluation of the    a few issues were observed, the first 

one is that pressure measurements from approximately the same operating 

conditions but with different   may differ a lot, see Figure 5.8. A relation 

between   from pressure measurements and   for flow measurements was 

observed, where increased fluctuations in the pressure measurement indicated a 
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more uncertain flow measurement. The second issue is that the behaviour of the 

pulsations changed for a rpm somewhere between 1200 rpm and 1600 rpm, see 

Figure 5.15. This is believed to be engine related since measurement results from 

these rpm diverged throughout the experimental testing. These problems where 

somewhat expected since measurements are done in the EGR-route, but the 

extent of these problems are yet unknown. Pulsations is a typical topic that is 

difficult to evaluate in theory, thereof the dedicated measurement series. The 

theoretical analyse of    suffered from the same problem as the         

which is that only one offset error was used. This explains why the    was better 

during measurements than in theory; considering small amounts of EGR. 

The physical principle behind the orifice plate requires a pressure drop, this 

pressure drop aggravates the problem of pushing EGR from the exhaust to the 

inlet: the highest pressure drop obtained was 0.1 bar at 30% EGR and  ̇    equal 

to 20 kg/min. 

6.2. Concentration concepts 
Three measurement concepts based on an oxygen concentration measurement 

were evaluated. These concepts had less potential according to the theoretical 

analysis in Chapter 4. The result from the experimental testing show that very 

beneficial conditions were required to keep the absolute error low and the 

concept feasible. 

The result from the      measurements were acceptable when   was sufficiently 

low. It is difficult to exactly determine the limit of acceptable  , but a   above 1.5 

is sufficient to severely deteriorate the measurement result. But with sufficiently 

low   the result is independent on  ̇    and the EGR-rate.  

The concepts measuring the oxygen concentration at the inlet or in the exhaust 

manifold suffer from similar problems. Heavy pulsating flow in combination with 

an inhomogeneous mixture at the inlet and heavy pulsating flow at the exhaust 

manifold. This causes the sensitive wide-band sensor to measure faulty values, 

these faulty values affects an already sensitive concept. It is also possible that 

heavy pulsations at the engine inlet or the exhaust manifold disturbs the internal 

control of the   sensor or the pressure compensation for the   sensor. If the 

pressure compensation and the measurement are out of phase the 

compensation worsen instead of improves the result. The consequence of this is 

that it is not possible to calculate the gas flows of interest based concentration 

measurements of oxygen at the inlet or in the exhaust manifold. 
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6.3. Recommendation 
The best way to determine  ̇    is to measure the mass air flow entering the 

engine. The MAF is suggested as concept because the errors are small for both 

low and high gas flows. It is also possible to measure  ̇    with the MAF2; the 

essential part is that  ̇    is measured.  

Results of how to best determine  ̇    follows the reasoning form  ̇   . This is 

because the only difference between  ̇    and  ̇    is the added error of      , 

the influence of this error is very small.  

The EGR-amount is preferably measured with the    for low flows, i.e. when 

 ̇    is approximately 8 kg/min. For  ̇    equal to 20 kg/min and 15-20% EGR 

the         showed better results. For  ̇    equal to 20 kg/min and 30% EGR 

the    was better, but at this point the       ,                 and         

all performed equally well. 

6.4. Future work 
The pressure fluctuations inside the EGR-route are a topic that needs to be 

investigated further. The problems can be attacked in three ways, if the 

measurement is fast enough to register individual pulsations how should the 

data then be interpreted? Interesting reading on the topic is [13].  

Another way to deal with the problem is to reduce the actual pulsations, i.e. a 

flow conditioner or a pulsation dampener can be used. 

The third way is the development of the pressure sensor, during these 

experiments two pressure sensors were evaluated; because the first one failed. 

The first sensor was able to resolve individual exhaust pulses and the second was 

not, still the result from the second sensor was better. Is it beneficial to have a 

sensor averaging the pressure fluctuations and then compensate afterwards? 

To fully determine the influence of condensation the measurement series needs 

to be extended, both the number of experiments performed and the 

parameters/inputs varied. It is also important that the external conditions can be 

carefully controlled, i.e. the cooling temperature.  

Before any measurement concept is chosen it is also important to evaluate the 

transient response of the concepts. This typically concerns the concentration 

concepts, since the wide-band sensor has a limited response time and the 

change in concentration needs to reach the sensor.  
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8. Appendix A 

 
Figure A.1: Absolute error  ̇    for different concepts,   equal to 1.3. 

 
Figure A.2: Absolute error  ̇   for different concepts,   equal to 3. 
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Figure A.3: Absolute error  ̇    for different concepts,   equal to 3. 

 
Figure A.4: Measured        at exhaust manifold,      is 1.3 and  ̇    is 8 kg/min. 

 
Figure A.5: Measured      for  ̇    equal to 8 kg/min, 30% EGR and      equal to 1.3. Fluctuation 

between      5 and 8. 
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Figure A.6: Absolute error  ̇    for  ̇    equal to 8 kg/min and 20 kg/min. 

  
Figure A.7: Absolute error  ̇    for  ̇    equal to 8 kg/min with 15% EGR and 30% EGR. 

  
Figure A.8: Absolute error  ̇    for  ̇    equal to 20 kg/min with 15% EGR and 30% EGR. 
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Figure A.9: High and low pulsation for the         at  B rpm with 10% and 20% EGR. 

  
Figure A.10: Pressure fluctuations    at 1200 rpm and 2000 rpm. 

 
Figure A.11: Raw signal for high flow velocity through the MAF2. 
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Figure A.12: Raw data for         at  ̇    equal to 20 kg/min with 20% EGR. 

 
Figure A.13: Raw signal          ̇    equal to 20 kg/min with 30% EGR and   1.4. 

 
Figure A.14: Raw signal          ̇    equal to 20 kg/min with 30% EGR and   2.2. 
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Figure A.15: Raw signal          ̇    equal to 20 kg/min with 30% EGR and   3.4. 
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9. Appendix B 

  
Figure B.1: Orifice plate with changeable orifice diameter, D and D/2 pressure tapping with differential 

pressure sensor. 

 
Figure B.2: Orifice plate mounted between EGR-coolers with differential pressure sensor. 
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Figure B.3: Custom tube for the         and mounting position inside tube. 

 
Figure B.4:         mounted inside the custom tube placed between the first and second EGR-cooler. 

 




