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Sammanfattning 
För att klara de allt hårdare emissionskraven utan efterbehandling kan blandning, kontroll och jämn 

fördelning av EGR mellan dieselmotorns cylindrar komma att bli allt viktigare. Genom att åstadkomma 

högre inloppstryck än avgasmottryck kan vinster i bränsleförbrukning uppnås men detta skapar problem 

att tillföra EGR till motorns insugsida. Variabel turbo geometri, VGT kan skapa tillräckligt avgasmottryck 

men detta ökar pumpförluster, komplexitet och kostnad samt bidrar inte till att lösa problemen med 

ojämn EGR-fördelning. En möjlig lösning till dessa problem är att använda en variabel venturi för tillförsel 

av EGR under positivt pumparbete.   

I detta arbete har prestandan hos en variabel venturi utvärderats med avseende på EGR-fördelning 

genom att mäta CO2 koncentrationen vid varje inloppsport på en Scania DC1307 Euro 5 motor. 

Motorinstallationen med variabel venturi har jämförts med referensmätningar på en standard Scania 

Euro 5 motor utan någon tillämpad motor/konstrollsystemanpassning för venturin. Samtliga mätningar 

tyder på att EGR-fördelningen sker stokastiskt vid olika körfall för båda motorinstallationerna. Under 

vissa förutsättningar visar den variabla venturin på förbättrad EGR-fördelning mellan cylindrarna jämfört 

med standardmotorn.   

Ytterligare undersökningar av EGR-fördelning har gjorts genom att mäta CO2 koncentrationen vid 3 olika 

positioner på standardmotorns samtliga inloppsportar. På samma sätt gjordes dessa positionsmätningar 

för inloppsport 1-4 med den variabla venturin installerad. Standardmotorn visade på större EGR-

variation inom inloppsportarna för den senare halvan av inloppsröret vid 1000 rpm samt stora 

variationer över hela inloppsröret vid 1200 rpm. Portfördelningens karaktär förändrades markant med 

ändrad EGR-halt för standardmotorn.  

Stora skillnader i EGR-fördelning upptäcktes när alla uppmätta portpositioner jämfördes med de enbart 

mätta i portarnas centerposition. Detta visar att placering av mätinstrumentet enbart i portens 

centerläge inte är tillräckligt för att utvärdera motorns EGR-fördelning.  

En ny metod för att bestämma EGR-fördelning genom att mäta partiklar i avgassamlaren med 

vevvinkelupplöst precision har prövats. Befintlig partikelsensor har modifierats för att optimera 

funktionen mot att vevvikelupplöst kunna mäta sot från motorns cylindrar. Ingen slutsats gällande 

korrelation mellan partiklar från förbränningen och EGR-fördelning har kunnat fastställas men produkten 

har visat potential ur detta avseende.  
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Abstract 
Precise control, good mixing and uniform distribution of EGR between cylinders are crucial to 

fulfill the increasingly stringent diesel emission legislation without after treatment. The 

prevalence of higher intake pressure compared to exhaust back pressure can enable savings in 

fuel consumption, yet this generates difficulties when exhaust gases need recirculation over to 

the engine intake side. Variable turbine geometry, VGT can generate sufficient back pressure to 

drive the required amount of EGR into the intake side. This however increases the pumping 

losses, cost and doesn’t help in resolving the problems associated with mixing and distribution of 

EGR. 

In this project the effectiveness of a variable venturi EGR control valve to improve EGR 

distribution was evaluated by means of measuring the CO2 concentration in the intake ports of a 

Scania DC1307 Euro 5 engine. The variable venturi setup installed was compared with the 

standard Scania Euro 5 engine without any engine recalibration or control system optimization. 

The measurements show that the distribution of CO2 and hence the EGR between cylinders is not 

consistent in both of the engine setups. At certain load points the variable venturi EGR mixer 

improves the mixing and distribution of EGR compared to the standard engine.  

The distribution of EGR was also evaluated by measuring CO2 concentrations in 3 different intake 

port positions throughout all intake manifold ports on the standard engine and for port 1-4 with 

the variable venturi. On the standard engine it was found that the in-port variations are larger in 

the later part of the intake manifold at 1000 rpm and large variations was also found throughout 

the manifold at 1200 rpm. The pattern of position dependent EGR distribution changes 

significantly between different EGR rates for the standard engine. 

By comparing all measured port positions with only center port position significant differences 

were seen, validating that probes positioned only in the center of the ports are not sufficient to 

determine EGR distribution.  

To further enhance the credibility of investigation the intake CO2 concentration measurements of 

the standard engine setup a fast response soot particle sensor mounted in the exhaust manifold 

was tested. The existing particle sensor was upgraded to dedicate its performance towards crank 

angle resolved soot measurements. However the potential of the product has been shown, a 

conclusion based on correlation between particulates from combustion and EGR distribution has 

not yet been drawn. 
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1. Introduction 
In 1893, Rudolf Diesel showed the world his novel design of a compression ignition engine and 

conveyed to the human society its significance as an effective energy converter. From that point 

of time onwards the production of diesel engines and diesel engine powered cars has never 

ceased and has always followed a growing trend. In specific diesel engines with their desirable 

performance characteristics such as high torque at low engine speed has always been regarded 

as one of the most efficient solution for the transportation of commercial goods by road. 

Similarly the flexibility of diesel engines to use diesel produced from variety of different 

unconventional sources adds to their popularity and wide spread usage. 

During the latter part of the 20th century rising environmental concerns necessitated 

implementation of emission legislation for both gasoline and diesel powered vehicles. This in turn 

demanded further improvement in the emission characteristics and thermal performance of the 

diesel engine. In specific to diesel engines nitrous oxides (NOX) emission and particulate matter 

(PM) have always been the most important ones to control. Since 1992 to 2009 from the 

implementation of Euro 1 to Euro 5 in Europe substantial improvement in the emission 

characteristics of the engine has been achieved without compromising the engines performance. 

This advancement was effected primarily by means of utilizing sophisticated technologies such as 

common rail diesel injection, variable geometry turbo charging (VGT), exhaust gas recirculation 

(EGR), selective catalytic reduction (SCR) etc. 

The large displacement, high power output and long service life of heavy duty diesel engines 

used in trucks adds to the complexity of reducing the above mentioned pollutants in these 

engines. Furthermore the rigorous emission certification procedures followed in emission testing 

of HD diesel engines and the need to pass these stringent procedures without compromising on 

performance, cost and reliability of the engine mandates the need to stay with in strict 

boundaries to achieve the target. As a result to meet the future emission legislations even the 

minute inefficiencies in the engine have to be resolved. And at most care should be shown to 

optimize and enhance the performance of different ancillary systems such as EGR and the 

interaction between them. 
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1.1 Project background 
The amount of EGR and the quality of mixing and distribution of EGR between cylinders play a 

major role in soot particulates and NOx emission from the engine [1]. A precise control of the EGR 

amount is therefore crucial to fulfill the increasingly stringent emission legislations with respect 

to NOx and particulates. Similarly research has shown that the EGR distribution has a definite 

influence on the smoke levels [3]. When the EGR is more evenly distributed among the cylinders 

the allowed EGR rate before reaching the smoke limit can be increased which results in lower 

NOx emissions. 

Thus the EGR system and its interaction with the other parts of the gas exchange setup such as 

turbocharger; intake manifold etc. deserves greater attention and importance. The existing EGR 

systems effectiveness in controlling the quantity of EGR and the quality of mixing and distribution 

of EGR has to be improved for the benefit of better emission and performance characteristics. As 

a result, resolving the following shortcoming of the present EGR systems are crucial to meet 

future emission legislation around the globe. This is particularly valid when no engine after 

treatment is used such as SCR and DPF. 

 The higher intake pressure in forced induction engines and pressure pulses in the EGR and air 

flow makes it difficult to precisely control the amount of exhaust gases recirculated. 

Technologies like variable turbine geometry, VGT, and the increase in exhaust back pressure 

due to the inclusion of new after treatment systems such as DPF, SCR helps in driving the EGR 

over to the intake side. This however generates pumping losses which increases fuel 

consumption as well as the new components contributes to higher engine cost. 

 

 Due to the geometric design of the intake system and due to flow characteristics of air and 

EGR, the distribution of EGR between subsequent cylinders and the mixing of EGR with air is 

not consistent. It varies between cylinder to cylinder and between different load points 

which make it difficult to precisely determine the engine settings that minimizes NOx and 

particulate formation. 

One possible solution is to use a variable venturi EGR control valve. This enhances the control 

over the quantity of EGR by means of varying the pressure drop in the intake and improves 

mixing by means of having lobes on the inner side of the valve. The variable venturi EGR control 

valve can generate positive pumping effect when positioned in the intake manifold, enabling the 

admission of exhaust gases into the intake manifold even at higher intake pressures.  This system 

can also vary the magnitude of positive pumping enabling control of the amount of exhaust gases 

admitted into the intake system.  

In addition, to further enhance the credibility of the study an attempt was made to correlate the 

CO2 measurements in the intake with fast response soot particle measurements in the exhaust. 

This is based on the fact that the amount of EGR supplied to a cylinder has a definite influence on 

the amount of soot produced by that cylinder. As a result the soot emissions between the 

cylinders vary according to the variations in the EGR distribution in the intake manifold.                
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By means of measuring the difference in the soot emissions between the cylinders in the exhaust 

manifold the quality of EGR distribution between the cylinders can be estimated. This prediction 

when correlated with CO2 measurements in the intake provides a credible picture about the CO2 

distribution of the engine and improves the validity of the CO2 measurements in the intake.  

1.2 Project objectives 
The primary objectives of this project are to: 

 Experimentally measure and analyze EGR distribution and mixing in a heavy duty CI engine 

during steady state conditions.  

 Evaluate the EGR mixing and distribution performance using a variable venturi compared with 

a standard engine setup.  

 Establish a method to compare CO2 distribution measurements with crank angle resolved fast 

response soot particle measurements. 

1.3 Methodology  
To estimate the mixing and distribution of EGR, measurements are carried out using CO2 probes 

mounted on the intake manifold at entrance of each intake port leading to the cylinders. To 

further enhance the accuracy of the measurement, these measurements are carried out at 3 

different positions in the intake port. This helps in accurately estimating the distribution of EGR 

over the intake port area. Due to the relatively slow response time of the CO2 sensors the time 

resolved CO2 measurements at the intake ports which helps in estimating the EGR distribution 

during the intake valve opening cannot be obtained. Fast response soot particle counter are 

employed to correlate and compliment the measurements made with the CO2 probes.  

1.4 Limitations  
Due to time constrains and availability of resources the experiments were conducted with the 

limitations mentioned below.  

 

 The retro fitment of the variable venturi EGR control valve on the standard engine was not 

extensively optimized. In specific to this engine, by means of further optimizing the design 

parameters better performance can be obtained. 

 In all the experiments crucial engine parameters were kept fixed using the in-house 

developed software Scania ECU communication program, Scania com. This software allowed 

access to control a part of the parameters in the ECU however some crucial parameters were 

not possible to control. The values of the controllable parameters were kept very similar to 

the values used by ECU during the standard control. Even with this measure the engine 

performance characteristics varies considerably between the ECU standard control and fixed 

parameter control used in the experiment.  

 The variable geometry turbine (VGT) equipped on the engine were used in all measurements. 

This reduces the scope of the variable venturi EGR control valve in controlling the amount of 

EGR entering the intake manifold. Although the Scania com ECU control software was used to 
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fix the VGT in a particular position marginally variations in its position were detected; this 

also applied to the EGR valve where a “fixed” valve tended to drift in position over time.  

 The low frequency CO2 measurement equipment fails to record the minute CO2 variations 

occurring in the inlet manifold at a higher frequency. 

2. Experimental setup 
The communication between the different parts of the experimental setup is shown in Figure 1. The 

primary hardware of the experimental setup, the dyno and the engine, are controlled by AVL BME 

controller to control the dyno and Scania ECU com software interface to control the ECU. 

 

Figure 1, schematic layout of the test cell and equipment 

In all of the experiments conducted in this project N/α mode in AVL BME was used. In this mode 

the speed of the engine is controlled by the dyno, while the engine torque is controlled by means 

of the throttle input set on the AVL BME controller. The AVL BME dyno controller sends control 

signals to the dynamometer and to the Scania ECU corresponding to the values of speed and 

throttle set. The throttle value set in the AVL BME is sent to the Scania coordinator box where it 

is interpreted into throttle signal understandable by the Scania ECU.  

It should be noted that crucial parameters such as injected fuel mass, injection timing, EGR valve 

position, VGT position, EGR reference consistently varied when the ECU was controlling the 

engine. To ensure repeatability and at most similarity between the different experiments the 

above mentioned parameters have to be fixed. Scania ECU com was used to fix the above 

mentioned parameters, in addition to this Scania ECU com monitored various parameters 

controlled by the ECU and fed the details to the Cell4 data logging software.  
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2.1 Engine used in the experiments 
A Scania DC1307 13 liter inline 6 cylinder Euro 5 engine located in the engine lab at KTH Stockholm 

was used for the experiments. A schematic layout of the gas exchange system on the production 

engine with the focus on the EGR and intake system is shown in figure 1 below, and the function of 

the different components in this setup are briefly explained in the following text.  

  

Figure 2, Gas exchange system with EGR coolers for a Scania 13 liter Euro 5 engine. [10]  

1. The manifold collects the exhaust gases after the combustion in the cylinders. The major part 

of the exhaust gases are supplied to the turbocharger (not in the figure) while a fraction of 

the gases (EGR) are led via a valve to the intake of the engine. 

2. This fraction of exhaust gases passes through the water cooled EGR cooler to decrease the 

temperature of the gases. 

3. After the cooler at certain engine operating conditions the exhaust gases are routed directly 

to the intake side of the engine and mixed with the charge air; however at most conditions 

the gases instead pass through the second cooler to even further reduce the temperature. 

1 

2 

3 

4 

5 

6 

7 
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4. The second EGR cooler labels the system as 2-stage EGR cooling. On the production engine 

setup this works with air as coolant. 

5. Intake of the charge air cooler where the fresh air is supplied to from the compressor (not in 

the figure). The air is cooled with air as coolant and supplied to the inlet manifold. 

6. Here the charge air and the 2-stage cooled EGR are mixed. The two gases should ideally mix 

completely with each other to ensure that the EGR supplied is distributed as evenly as 

possible between the cylinders.  

7. The inlet manifold collects the charge air and the EGR and supplies the gases to the intake 

ducts for each cylinder.  

Though the engine available at KTH Stockholm is similar in most ways to the production version 

some adjustments has been done on the engine. These modifications were executed to adapt the 

engine into the test cell and for taking measurements needed in this project. The modifications 

of importance for this project are the second stage EGR cooler and the charge air cooler. These 

are air cooled by standard however with the engine fixed in the test cell and with no fan installed 

the cooling package is modified to use water as coolant, which is required to sufficiently cool the 

gases entering the engine.  

2.2 Venturi installation 
To evaluate the performance of variable venturi EGR control valve as a functioning component of 

the engine the choice of installation is crucial in order to closely match the present configuration. 

Here the mixing point of EGR and charge air needs to be as close as possible to the original setup 

and simultaneously keeping deviating disturbances of the flow to a minimum. To fulfill the 

requirements the venturi should be installed where the mixing presently occurs on the engine 

where also space is available to properly fit the component. Figure 3 shows where the Variable 

venturi is planned to be installed to minimize the interference with the present setup. The EGR 

pipe for 1 stage cooling needs to be disabled so all exhaust gases are routed through the second 

cooler to meet the allocated mixing point on the Venturi.  
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Figure 3, installation of Venturi on the present Scania Eu5 engine [10] 

 

 

 

 

 

 

 

  

 

EGR pipe  
(1 stage cooled) 
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2.3 Variable venturi 
The variable venturi EGR control valve evaluated during this project is a product developed by 

Concentric Group AB (former Haldex hydraulics). 

 

Figure 4, one design of the Venturi 

Figure 4 shows a prototype of one design of the Venturi where the connections to the engine are 

visible. The charge air intake is connected to the outlet of the engine’s charge air cooler for 

supply of fresh air. The EGR intake receives cooled exhaust gases which are mixed with the 

incoming air, see Figure 5, before reaching the intake manifold of the engine. The 

aerodynamically shaped cone inside the housing is adjusted axially by a regulator which can be 

controlled pneumatically. This cone is visible in Figure 5 together with the intended flow path of 

the charge air and the EGR.   

  

Figure 5, schematic cut through of the Venturi showing the principle of the EGR and charge air mixing point [13]  

Charge air intake 
EGR intake 

Outlet to intake manifold 

Internal cone regulator 

Internal cone 
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The design of the cone is intended to create minimum pressure drop of the air flow while its 

adjustability makes it possible to obtain a suction effect in order to drive the EGR to the intake. 

This works by adjusting the cone towards the outlet of the Venturi which decreases the flow area 

passage for the incoming air. This increases the flow velocity which in turn decreases the static 

pressure thus obtaining adequate local pressure conditions to suck the EGR from the exhaust 

side. This theory is derived from Bernoulli’s equation for incompressible fluids where the change 

in gas density can be neglected at flow speed below 30% of the speed of sound.  The total 

pressure remains constant and while increasing the flow velocity the static pressure decreases. 

  
 

 
                          (Eq. 1) 

Where    is the static pressure,   is the gas density,   is the flow velocity and    is the total pressure. 

The charge air and exhaust gases flow downstream and simultaneously mixing with each other 

while immediately entering the diffusion part of the Venturi.  The design of the cone allows for 

expansion of the gases as the cross section area increases thus raising the static pressure while 

approaching the inlet manifold of the engine.  This is the active functionality which lets the 

system have higher intake pressure than exhaust pressure thus allowing for positive pump work 

with decreased fuel consumption as the result. One further benefit is the possibility to enhance 

the mixing of the gases before entering the cylinders. Depending on Venturi internal design the 

mixing behavior of the gases can be altered which can show improvements compared to 

standard EGR mixing systems on heavy duty diesel engines.    

2.4 Cylinder specific soot emission measurement 
In order to measure cylinder specific soot emission, measuring equipment capable of measuring 

soot at a frequency higher than that of the combustion frequency of the engine is needed. 

Further the measurement device should be capable of withstanding harsh environments 

prevailing at the sampling locations in the exhaust manifold. Based on these requirements the 

fast response soot particle sensor PPS-M developed by M/s. Pegasor was identified as the most 

suitable instrument to execute the methodology. This sensor in the latest state of tune used 

during the project is capable of measuring soot particles at a frequency of 800 Hz, higher than 

the combustion frequency of 50 Hz at measured load points (1000 rpm, 1250 Nm). 

2.5  Fast response soot particle sensor 
The schematic diagram of the Pegasor PPS-M fast response soot particle sensor used in the 

project is shown in Figure 6. This sensor uses a corona discharge to generate ions; some of these 

ions charge the soot particles entering the sensor through the sample inlet. The charged soot 

particles along with the remaining ions generated from the corona pass through an ion trap, 

which removes the free ions in the flow and allows only the charged particles to exit the sensor. 

The current generated by the ions trapped in the ion trap is measured. By means of equating this 

with the current used to generate the ions the amount of ions consumed by the particles can be 

calculated. This in turn indicates the amount of particles present in the sample flow. The volume 

of sample flow through the sensor depends on the size of the orifice located inside the sensor 
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Figure 6. By means of changing the orifice diameter and by means of using a flow restrictor in the 

sample intake tube different sample flow rates can be achieved and the best flow rate suitable to 

the application can be used. The external supply of clean pressurized air is used to generate 

corona and for generating suction at the orifice. 

 

Figure 6, Schematic diagram of Pegasor PPS-M fast response soot particle counter [12] 

3. Implementation 

3.1 EGR mixing and distribution 
Several investigations shows that the exhaust gases recirculated back to the engine intake should 

be properly mixed with the charge air to enhance the control and distribution of EGR between 

the cylinders [3], [4], [5], and [6]. The difference in the fundamental properties such as density, 

velocity and temperature of EGR and fresh air play an important role in quality of mixing and 

hence its distribution. The quality of mixing can be improved by means of introducing a mixer at 

the point of mixing and by means of using suitable EGR flow routes with sufficient mixing 

distance, the distance between the first port and the point at which EGR and fresh air come in 

contact with each other. But research shows that the mixing distance is more important when it 

comes to mixing performance [3]. The standard engine setup capitalizes on EGR flow path, mixing 

point and intake manifold design to achieve good mixing. Whereas the variable venturi EGR 

control valve capitalizes on varying the suction at the point of mixing, coupled with lobe profiles 

on the inside of the mixing channel to achieve quality mixing between EGR and Fresh air.  

The distribution of EGR between cylinders can be determined by measuring the CO2 

concentration at each intake port to each cylinder. Since dry intake air consists of 0.03% CO2 [1] 

while exhaust gases consists of between 1.3% and 12% depending on operating point [2]. The 

quality of mixing between EGR and fresh air cannot be measured directly. However similarity in 

the percentage of CO2 between the three different measurement points inside each port, 

between the cylinders can give an indication about the quality of mixing.   

 

Orifice 
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To determine CO2 distribution between the cylinders probes (Figure 8) are mounted in the intake 

manifold Figure 7 to obtain a sampling point right before the gases enter the runners to the 

cylinders.   

 

Figure 7, intake manifold with its 12 ports (2 for each cylinder) 

 

Figure 8, probes used in the intake manifold to measure CO2 

The probes are designed in a way that allows adjustment of the sampling location in the inlet 

ports which makes it possible to measure CO2 concentration at any given point on the intake port 

plane. Figure 9 shows 3 different probe positions where the sampling point bottom, center and 

top are used.   

 

Figure 9, the 3 different positions within each port used for the measurements 
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3.2 Load points  
The load points chosen for CO2 measurements where with respect to important steady state 

points recommended by the engine manufacturer. Due to time constrains and practical reasons 

the load points were limited to 50% load at 1000 rpm and 1200 rpm which corresponds to 1250 

Nm for this engine at these speeds for this engine. The load points together with the maximum 

torque curve for the test engine are showed in Figure 10. The engine settings for the load points 

were determined by running each point at steady state to find the approximate average values 

around which the ECU regulates. These parameters were then fixed, leaving out the ECU control, 

to get the same engine settings for all measurements.     

 

Figure 10, the two load points used for measurements 
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3.3 EGR rate 
During normal operation the ECU calculates EGR rate by means of comparing instantaneous 

volumetric efficiency of the engine against a volumetric efficiency reference map stored in the 

ECU. The instantaneous volumetric efficiency of the engine at different load points is calculated 

using the engine speed, inlet air mass flow and temperature measurements. The ECU directly 

correlates the difference between two values of the volumetric efficiency for the same load point 

to the EGR rate. The estimated EGR rate is thus dependent on values of several parameters with 

inherent fluctuations which make it desirable to measure the actual EGR rate for each load point 

using an independent setup. This was done by measuring CO2 for 100 seconds with one probe in 

the intake manifold and one in the exhaust pipe, this provided basis for average EGR rate. The 

intake port number 12 in cylinder 6 was chosen since it is located furthest away from the EGR 

and air mixing point which is assumed to have the most homogenous mixing. This was done to 

get an indication of the EGR rate however the final value was found after using the CO2 

measurements in all intake ports and comparing with the CO2 concentration in the exhaust pipe. 

     
            

             
         (Eq. 2) 

3.4 Engine ECU control during steady state measurements 
The ECU continuously monitors and aggressively controls various parameters during engine 

operation to produce the demanded torque and speed in compliance with desired emission 

characteristics. Without active control over the ECU, the system automatically regulates 

important parameters during engine running; changing the engine performance characteristics 

and thus introducing uncertainties for steady state measurements done in this project.  With the 

test cell setup available, the engine ECU could be controlled by using Scania ECU com software, 

providing limited authority to set certain engine parameters. This functionality proved to be 

crucial when it came to controlling the engine towards stable steady state running.  

The ECU communication software enabled the parameters in Table  to be controlled: 

Table 1, controlable parameters in the ECU communication software 

Parameter Comments 

Injected fuel mass [mg/stroke] Fuel injected from each injector, controls engine torque  

SOI, Start Of Injection [CAD] Fuel injection timing 

Rail pressure [bar] Fuel injection pressure 

VGT [% closed] VGT nozzle positions 
EGR ref [%] EGR reference value which the ECU is aiming to obtain 
EGR valve [% open] Controls EGR valve position 
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In addition the same software enables the important parameters in Table 2 to be read: 

Table 2, readable parameters in the ECU communication software 

Parameter Comments 

EGR rate [%] Estimated rate based on vol. eff. model 

Air mass flow [kg/min] Measured air flow before compressor 

Charge air pressure [Pa] Measured in intake manifold 

Charge air temperature [°C] Measured in intake manifold 

Exhaust gas back pressure [Pa] Measured in exhaust manifold before EGR valve 

Turbine speed [rpm]  

Lambda O2 ref Reference value which ECU is aiming to obtain 

Lambda O2 actual Estimated by total gas flow and injected fuel mass 

Torque demand [Nm] Torque requested from input to ECU 

Acc. pedal position [%] Pedal position corresponding to torque request   

The ECU parameter “Lambda ref” in Table 2 showed to be the decisive parameter when 

measuring during steady state conditions. In cases where the ECU get the feedback of too low air 

flow compared to total gas flow of air and exhaust gases the lambda ref is increased by the ECU. 

This result in EGR valve closing until the higher lambda value is reached, subsequently returning 

to previous lambda ref value. When this occurs during steady state measurements the results 

become inadequate thus manually fixing ECU parameters becomes important.   

The parameter settings were found by running the measurement load points and choosing the 

average values around which the ECU controls. This was done for: 

 Injected fuel mass 

 SOI 

 Rail pressure 

 VGT position 

 EGR ref 

The control parameter “EGR valve” which determines the valve position was left for the ECU to 

regulate. This showed to be the best method to maintain the non-controllable “lambda ref” value 

within a similar range during the experiments resulting in at most similarity between the 

subsequent test runs. When manually controlled, the EGR valve proved not to be fixed at the 

desired value instead tending to drift significantly in position during time creating non 

comparable results between test runs.  

To improve the analyzing accuracy all the parameters available for monitoring via the Scania ECU 

com software were recorded during the measurements.   

3.5 Gas temperatures 
The temperature of the exhaust gases and charge air at the point of mixing is of importance 

when it comes to emission formation and mixing performance [4]. In the test cell, the engine 

mounted charge air cooler and second stage EGR cooler has been replaced with external water 

coolers with high capacity making it possible to manually adjust the inlet temperature to the 
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engine. Attempts have been done to adjust the coolant flow to obtain a temperature difference 

between the EGR and the charge air for the measurement load cases thus creating a more 

realistic situation where the EGR have a higher temperature. During steady state running with 

fixed engine parameters the gas temperatures will ultimately stabilize for each load point making 

it possible to compare the same load point with respect to EGR distribution. 

3.6 CO2 measurement procedure 
Two CO2 probes connected to two BOO instruments emission benches were used simultaneously.  

These instruments have an inadequate sampling frequency for capturing transients thus making 

are suitable only for steady state measurements. The test procedure common for CO2 

measurements: 

 Warm up the engine (oil temperature above 95°C) 

 Go to respective measurement load point and wait for the ECU to stabilize control 

parameters 

 Lock the ECU controllable parameters in Table  excluding EGR valve position 

 Let the engine stabilize for 2 minutes, mainly with respect to inlet gas temperatures 

 Measure during 1 minute 

When a measurement point is completed the engine is shut off and the two CO2 probes are 

moved to a new position and the procedure is repeated. 

3.7 CO2 measurement for standard engine 
The engine parameters used for the standard engine are showed in Table 3 where only the EGR 

ref value is changed for each engine speed to create two levels of EGR rate. These values are 

chosen by experimentally iterate the EGR ref in order to keep the lambda reference and a stable 

engine throughout 1 minute of measurement. The actual EGR rates are though deviating 

significantly from the requested and are explained in paragraph 3.9. 

Table 3, engine parameters for standard engine CO2 measurments 

Engine speed [rpm] 1000 1000 1200 1200 

EGR ref [%] 10 25 1 40 
Engine load [%] 50 50 50 50 
Engine load[Nm] 1250 1250 1250 1250 
Fuel mass [mg/stroke] 152 152 148 148 
SOI [CAD TDC] -7,68 -7,68 -7,12 -7,12 
Rail pressure [bar] 1258 1258 1380 1380 
VGT position [% closed] 79 79 75 75 
Lambda ref (observation value) 1,36 1,36 1,45 1,45 
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3.8 CO2 measurements with variable venturi 

 

Figure 11, venturi mounted on the engine before the intake, showing the charge air and EGR entering paths 

CO2 measurements were due to time constraints performed with different port positions in 

cylinder 1 and cylinder 2 where the following cylinders where sampled using only center position, 

according to Table 4.  Previous research on the engine shows that variations in CO2 more likely 

occurs in the first two cylinders[8] where it was decided to increase the possibility to capture 

these variations by measuring different port positions.  

Table 4, CO2 measurement points on the intake manifold when using the venturi  

 

3.8.1 Venturi control 

The venturi position was controlled by a PWM signal by specifying duty cycles. A duty cycle of 5% 

was considered as the home position of the internal drop where the full stroke was represented 

by a duty cycle of 95% which corresponds to 95% closed cone position. A position sensor for the 

internal drop provided the feedback signal to correlate with the sent PWM. Figure 12 and Figure 

13 show schematic pictures of the internal cone at home position and at full stroke.  

Port 1 Port 2 Port 1 Port 2 Port 1 Port 2 Port 1 Port 2 Port 1 Port 2 Port 1 Port 2

Top x x x x

Center x x x x x x x x x x x x

Bottom x x x x

Measurement point

intake runner

Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4 Cylinder 5 Cylinder 6
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Figure 12, schematic cut-through of the venturi visualizing the cone home position [14]  

 

Figure 13, schematic cut-through of the venturi visualizing the cone full stroke [14] 

3.8.2 Engine settings and venturi positions 

The CO2 measurements were performed for 3 different venturi positions for each load point.  All 

possible parameters were manually controlled leaving only the EGR vale position to be controlled 

by the ECU. By closing the venturi a pressure drop in the intake manifold is detected by the ECU 

which results in EGR valve closing to keep the lambda reference. This leads to a reduction in 

actual global EGR rate while lambda and engine torque is kept constant regardless of venturi 

position. 
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Table 5, engine parameters set for the cases measured with venturi 

Engine speed [rpm] 1000 1000 1000 1200 1200 1200 

Venturi position [% closed] 20 75 95 20 75 95 
Engine load [%] 50 50 50 50 50 50 
Engine load[Nm] 1250 1250 1250 1250 1250 1250 
Fuel mass [mg/stroke] 152 152 152 148 148 148 
SOI [CAD TDC] -7,68 -7,68 -7,68 -7,12 -7,12 -7,12 
Rail pressure [bar] 1258 1258 1258 1380 1380 1380 
EGR ref [%] 25 25 25 27 27 27 
VGT position [% closed] 79 79 79 75 75 75 
Lambda ref (observation value) 1,36 1,36 1,36 1,45 1,45 1,45 

The venturi positions were determined after analyzing the EGR rate measured at different 

venturi settings while keeping the other engine parameters constant. Figure 14 shows a 

measurement for 1000 rpm and 1250 Nm where the average EGR rate is calculated based on 

simultaneous CO2 measurements in the intake manifold and the exhaust pipe. Based on the tests, 

3 positions for the venturi were chosen in order to have as few measurement points as possible 

and at the same time have a widest range achievable between the EGR rates without varying the 

engine settings. In Figure 14 the 50% closed position was neglected since the difference in EGR 

rate from the previous position is too low in magnitude. This compliments the known fact from 

pressure drop tests as a function of venturi position previously performed by Concentric.  

 

Figure 14, measured EGR rate during different venturi positions when keeping all engine settings fixed except EGR valve 
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3.9 Actual EGR rate  
By completing the CO2 measurements in all intake ports, the actual EGR rates for the different 

operating conditions could be determined. This was done by averaging the CO2 results from the 

measurement points in the intake and divide with the CO2 concentration in the exhaust pipe 

according to equation 3.   

     
 

 

∑                   
 
   

             
        (Eq. 3) 

Where N is the number of measurement points in the intake manifold. 

Table 6, standard engine ECU reference values for EGR compared to actual measured EGR, averaged for all intake positions  

STANDARD ENGINE 

Engine speed 1000 1000 1200 1200 
EGR ref [%] 10 25 1 40 
Actual EGR rate [%] 21 23 22 27 

 

Table 6 shows the comparison between the set EGR reference values in the ECU compared to the 

actual EGR rate measured. The variation in actual achievable EGR rate is small due to the fact 

that the ECU controls the EGR flow to meet the lambda ref for each load point. This lambda ref 

does not change when EGR ref is varied. By manually changing the EGR ref the ECU changes the 

EGR valve to certain extent trying to reach the requested value. However the EGR ref is an 

arbitrary value and the ECU does not have any obligation to reach the set EGR ref at the expense 

of changing the lambda which the ECU wants to achieve at that particular load point.  

This coupled with the nonlinearity in the amount of EGR flow with respect to the EGR valve 

opening and engine speed results in large deviations between the set EGR ref and actual 

achievable EGR rate. In other words due to the nature of the ECUs lambda control strategy the 

EGR ref has to be changed extensively to achieve marginal variations in actual achievable EGR 

rate. 

Table 7, ECU reference values for EGR compared to actual measured EGR depending on venturi position, averaged for all 
measured intake positions 

VENTURI 

Engine speed 1000 1000 1000 1200 1200 1200 
Venturi position [% closed] 20 75 95 20 75 95 
EGR ref [%] 25 25 25 27 27 27 
Actual EGR rate [%] 28 26 24 31 29 26 

 

Table 7 shows the similar comparison between EGR ref and actual EGR rate when the venturi is 

used. Here the EGR ref value is kept constant for each engine speed thus the actual EGR rate 

variations are due to the fact that the EGR valve is closing in accordance with closing the venturi. 
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This can be the result of the decreased intake air pressure caused by closing the venturi which 

the ECU detects thus closing the EGR valve to keep actual lambda close to reference. 

By comparing the actual EGR rates between the standard engine and venturi it can be seen that 

the venturi installation receives higher values with the same engine settings. This can be the 

result of the venturi effect sucking EGR to the intake thus only locally creating a sufficient 

pressure drop to emphasize this. Even with a venturi position of only 20% closed the local 

pressure drop could be sufficient since the minor drop in static pressure further downstream 

detected by the ECU is not in the order of magnitude for EGR valve to close, hence resulting is 

higher actual EGR rates than the ECU calculates.    

3.10  Fast soot measurement – Experimental setup  
The fast response soot sensor Pegasor PPS – M described in chapter 2.5 was used to measure 

crank angle resolved cylinder specific soot emission. Preliminary measurements with the soot 

sensor gave information about the factors influencing the accuracy of the soot sensor output. To 

get accurate measurements from the soot sensor necessary corrective measures were taken to 

address the following issues. 

 Low measurement frequency of the soot sensor (100 Hz in standard configuration).  

In the standard configuration the soot sensor has a measurement frequency of 100 Hz and a 

sample flow rate of 6 l/min. The Preliminary measurements at 1000 rpm and 1250 Nm                               

(combustion frequency 50 Hz) showed that, crank angle resolved cylinder specific soot emission 

measurement is not possible in this configuration. Since at 1000 rpm and 100 Hz measurement 

frequency there are only 2 measurements per combustion. This is insufficient to identify the 

marginal difference in the soot emission between the cylinders accurately. And the sample flow 

rate of 6 l/min is not sufficient to handle higher volumes of exhaust produced by the engine 

resulting in peak shaving of the soot sensor output. To resolve these issues Pegasor upgraded the 

soot sensor to 800 Hz measurement frequency and 21 l/min of sample flow rate.       

 The presence of pulsating exhaust pressure waves in the exhaust manifold causes the 

soot particles produced by the cylinders to mix up; this reduces the distinguishability of 

cylinder specific soot emissions. 

 The vibration transmitted from the engine to the soot sensor influences the resolution of 

the output signal significantly.   

To avoid these problems the soot sensor was mounted on the exhaust manifold as close as 

possible to the exhaust ports from the cylinders. The influence of engine vibration on the output 

signal of the soot sensors was minimized by suspending the soot sensor from the roof and by 

means of using flexible pipes in the sampling probes, Figure 15. After implementing the above 

modifications, pressure measurements were carried out at the intake and the exhaust of the soot 

sensor. These measurements indicated that, substantial difference exist between the intake and 

exhaust pressure pulse of the soot sensor.      
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Figure 15, particle sensor mounted on the test engine 

To achieve the least pressure difference between the intake and exhaust of the soot particle 

sensor concentric sampling probes were used, see Figure 15. This eliminated the phase 

difference between the intake and exhaust pressure pulse Figure 16. Further, to achieve similar 

levels of pressure drop across the intake and the exhaust nozzle of the soot sensor a throttle was 

added to the exhaust of the soot sensor. Experiments with four different sample flow rates of 3, 

6, 21, 16.5 l/min, identified the flow rate of 16.5 l/min to be the most suitable and accurate flow 

rate for this project. With all these modifications the pressure pulses between the intake and the 

exhaust of the soot sensor became similar to each other Figure 17. Although the magnitude of 

the pressure pulses in the intake and exhaust of the soot sensor differed slightly, there was no 

phase shift between the pressure pulses. In other words these modifications helped to achieve 

similar pressure drop across the intake and the exhaust of the soot sensor. 

 

 

Soot sensor 

 Common sampling  location  Concentric sampling  probe 
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Figure 16, Soot sensor intake Vs. Exhaust pressure comparison with concentric sampling probes and without throttle in the 
exhaust 

 

Figure 17, Soot sensor intake vs. exhaust pressure comparison with concentric sampling probes and throttle in the exhaust 
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3.10.1    Fast soot measurement - methodology 

After finalizing the test setup mentioned above Figure 15, experiments were carried out to 

measure cylinder specific soot emissions at 1000 rpm 1250 Nm. The output signal from the soot 

sensor showed six distinguishable peaks corresponding to six combustions per cycle and the peak 

value of these six peaks varied noticeably, standard engine in Figure 19. To confirm the identity 

of the peaks experiments were carried out with skip fire mode, where the fuel injection to 

cylinder 1 is deliberately skipped. As a result of misfire in cylinder 1 the output signal from the 

soot sensor loses one peak. The absence of one of the soot peaks correlated with the firing order 

of the engine establishes the identity of the peaks. But the higher level of disturbances in the 

exhaust pressure pulses due to the misfire in cylinder 1 reduces the accuracy of the identification 

of the soot peaks. As a result the identification of the soot peaks cannot be consolidated only by 

means of skipfire test. To consolidate and to improve the identification of the soot peaks, 

experiments were carried out with raised injector in the first cylinder.  

The purpose of having raised injector in the first cylinder is to have poor combustion in cylinder 1 

resulting in more soot production in cylinder1 than others. With raised injector in cylinder 1, fast 

soot measurements at 1000 rpm 1250 Nm were carried out at different lambda values. Figure 18 

shows the result from one of the measurement with lambda 0.9 in which six distinct peaks can be 

identified in the regular cycle. The output from the soot sensor from this measurement 

contained one peak with substantially high peak value compared to the other peaks Figure 18. 

Higher soot production in cylinder 1 with raised injector is the suspected reason for the increase 

in the magnitude of one of the soot peaks.  

To confirm the suspicion, skipfire test was performed when the engine was running with raised 

injector in cylinder 1 at low lambda. During this test the location of the peak with the higher 

magnitude shifted from one location to the other Figure 18 and Figure 19. Indicating the 

significant influence of the variation in the exhaust pressure pulse caused due to the skipfire, on 

the soot sensors output. Similarly when running at low lambda the intake pressure of the soot 

sensor and the soot sensor output are lower than that of the standard engine, Figure 19 and 

Figure 20. This establishes the fact that the variation in the magnitude of the pressure pulses in 

the exhaust manifold alters the concentration of the soot particles entering the soot sensor. 

Normalizing the soot sensor output with the soot sensors intake or exhaust pressure was 

ineffective and doesn’t yield any improvements. Both the experiments, with low lambda and 

skipfire used to establish the identity of the peaks disturb the exhaust pressure pulse 

substantially. This results in the variation of the soot sensor output between the experiments 

with and without skipfire. As a result, without decoupling the interaction between the exhaust 

pressure pulses and their influence on the amount of soot entering the soot sensor the 

identification of the soot peaks cannot be consolidated accurately.  

One effective solution to resolve these issues is to measure the cylinder specific soot emission 

individually by means of having dedicated sampling location for each cylinder. The amount work 

needed to do this is beyond the scope of this thesis project and is dedicated for future work in 

this project. 
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Figure 18, Cylinder specific soot emission, shifting of soot peak between regular and skipfire cycle. When running with raised 
injector in cylinder 1 and lambda 0.9 

 

Figure 19 Cylinder specific soot emission, shifting of soot peak between Standard, Regular and Skipfire cycle 
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Figure 20, Soot sensor intake pressure comparison (Lambda 0.9 for raised injector case and lambda 1.4 for standard engine)  
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4. Results and discussions 
The EGR distribution results are presented by showing the CO2 concentration for each intake 

manifold port and for each engine cylinder. These are abbreviated according to Figure 21 where 

port 1 is located closed to the intake air end EGR entry and port 12 is furthest downstream in the 

manifold. Figure 21 also shows how two ports are combined to enter one cylinder.  

 

Figure 21, intake manifold port numbers and their corresponding cylinders [11]  

4.1 Absolute CO2 concentration 
Very important to mention is that absolute CO2 concentrations in Figure 22 and Figure 23 are 

compared between the standard engine where all intake port positions are used and the venturi 

where port 1-4 uses all intake ports positions while port 5-12 only uses center port position. 

The absolute CO2 concentration is based on actual measured CO2 in each intake port. The 

measurement conditions are mainly compared within the two engine speeds where both 

standard engine with the two EGR rates and the venturi with its different positions and resulting 

EGR rate.  

4.1.1 1000 rpm 

Figure 22 shows the comparison of absolute CO2 concentration measured for the standard 

engine and the venturi when running at 1000 rpm. The magnitude of CO2 concentration follows 

the global EGR rate for each case thus rules out direct comparison however clear trends 

depending on setup can be observed. The standard engine has more EGR present in port 2 and 3 

while the venturi setup indicates higher EGR in port 1 for all measured cone positions.   
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Figure 22, absolute CO2 concentration comparison between standard engine and venturi for 1000rpm, 1250Nm  
(Standard engine: All intake port positions, Venturi: port 1-4, all port positions. Port 5-12, center port position only) 

When observing the whole intake manifold an overall trend can be seen where wave-like 

patterns with distinct peaks and valleys emerge from the variations in CO2. These can clearly be 

seen for the two cases ran with 21% and 23% EGR with the standard engine. Similar behavior can 

be seen for the venturi cases with 20% and 75% closed cone position. However the venturi case 

with 95% closed cone position show a distinguishable trend with least variation in CO2 

distribution in all the ports except port 1. The other two venturi cases show an almost inversed 

pattern showing high and low CO2 concentrations at the same ports where the standard engine 

indicates the opposite. These variations indicate that the flow patterns in the intake manifold 

change substantially between the standard engine and the engine fitted with variable venturi 

EGR control valve.  

 

For the 95% closed cone position this phenomena cannot be seen at the magnitude of the former 

thus indicates that such a closed position can create the potential turbulence for mixing to start 

earlier. This could be due to the result of the internal cone extending to the maximum, moving 

the mixing point closer to the first port. Increase in flow velocity due to extended venturi effect 

at 95% as well can be attributed to this trend. Shorter mixing distance aided with increase in flow 

velocity, increase in turbulence to turbulence from the corrugated shroud enhance the mixing 

effect and result in much more linear distribution of CO2 among the ports. Particularly for the 

venturi cases with 75% and 95% closed cone positions the first port in each cylinder pair receives 

higher EGR from port 5 and onwards. This behavior can be true however the certainty of CO2 

distribution for ports 5 to 12 for the venturi cases are lower than the standard engine since only 

center positions in the ports were used for the measurements.  
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4.1.2 1200 rpm 

When observing the measurements for 1200 rpm in Figure 23 a similar pattern emerges as for 

the 1000 rpm run in Figure 22 and again the inversed CO2 concentration patterns can be seen 

between the standard engine and the venturi.  

 

Figure 23, absolute CO2 concentration comparison between standard engine and venturi for 1200rpm, 1250Nm 
 (Standard engine: All intake port positions, Venturi: port 1-4, all port positions. Port 5-12, center port position only) 

4.2 Normalized CO2 concentration  
Very important to mention is that normalized CO2 concentrations in Figure 24 to Figure 27 are 

compared between the standard engine where all intake port positions are used and the venturi 

where port 1-4 uses all intake ports positions while port 5-12 only uses center port position. 

In order to visualize the distribution of CO2 for comparison between the measured cases a 

normalization with respect to EGR rate was done. The measured CO2 points during each case are 

recalculated to represent EGR rates where the global average for each case can be found. The 

EGR rates for each measurement point are then compared to their respective global average 

where a deviation factor can be compared between the different cases, despite having different 

global EGR rate. 
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4.2.1 Port-to-port distribution 1000 rpm 

At 1000 rpm the trend in EGR mal distribution can be seen in Figure 24 where larger variations 

are found early in the intake manifold.   

 

Figure 24,  normalized CO2 concentration with respect to average EGR rate for each case. Port-to-port distribution comparison 
between standard engine and venturi at 1000rpm, 1250Nm 

(Standard engine: All intake port positions, Venturi: port 1-4, all port positions. Port 5-12, center port position only) 

Here again the wave-like distribution pattern is clear where the venturi and the standard engine 

often deviate with opposite signs from its respective average. The venturi shows a wider spread 

than the standard engine with exemption for the 95% closed case where port 1 stands for the 

largest deviation. The standard engine ran with 21% EGR shows the lowest variation from port-

to-port where only the first two show a slightly higher deviating. This is however of less 

significance when it comes to cylinder-to-cylinder distribution.    

4.2.2 Cylinder-to-cylinder distribution 1000 rpm 

In Figure 25 the port-to-port distribution is compiled into cylinder-to-cylinder for the same cases 

at 1000rpm. Here it can be seen that the deviations in the first ports for standard engine 21% 

EGR are neutralized where cylinder-to-cylinder variation is lower for the first cylinders. Instead 

cylinder 5 is deviating the most being EGR starved.  
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Figure 25, normalized CO2 concentration with respect to average EGR rate for each case. Cylinder-to-cylinder distribution 
comparison between standard engine and venturi at 1000rpm, 1250Nm 

(Standard engine: All intake port positions, Venturi: port 1-4, all port positions. Port 5-12, center port position only) 

A significant difference can be seen between the two standard engine cases where at 23% EGR 

the largest deviation is near twice the magnitude of which can be found at 21% EGR. When 

observing the venturi 95% closed cone position it can be seen that it shows the highest deviation 

from all cases at 1000rpm. Though low variations can be seen in cylinders 2-6 the high amount of 

EGR at the entrance of cylinder 1 results in largest mal distribution thus limiting the maximum 

EGR allowed for this operating case.  

4.2.3 Port-to-port distribution 1200 rpm 

Similar as for engine speed 1000 rpm the larger port deviations are found early in the intake 

manifold for 1200 rpm according to Figure 26. Unlike the 1000 rpm the standard engine port to 

port distribution improves when running with higher EGR rate at 1200 rpm. The venturi shows a 

significant improvement in port to port distribution when the internal cone is closed beyond 20% 

where the maximum port deviation is reduced by more than 50%. 
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Figure 26, normalized CO2 concentration with respect to average EGR rate for each case. Port-to-port distribution comparison 
between standard engine and venturi at 1200rpm, 1250Nm 

(Standard engine: All intake port positions, Venturi: port 1-4, all port positions. Port 5-12, center port position only) 

4.2.4 Cylinder-to-cylinder distribution 1200 rpm 

The standard engine did experience better port to port distribution performance when increasing 

the EGR rate however when comparing the cylinder to cylinder distribution in Figure 27 the 

performance is slightly decreased at the higher EGR rate. Cylinder 5 is the cause of this however 

at this engine speed both EGR rates show similar cylinder to cylinder distribution performance 

unlike at 1000 rpm where the lower EGR rate case performs significantly better. 

Among the venturi cases the cylinder to cylinder distribution improves by closing the cone 

beyond 20%. The magnitudes are not as of the ones seen for port to port distribution however 

the venturi case 95% closed shows almost 50% improvement versus 20% closed when regarding 

maximum cylinder deviation.  Overall the venturi case 95% closed shows best distribution 

performance between cylinder to cylinder when comparing 1200 rpm while the exact opposite 

occurs at 1000 rpm.    
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Figure 27, normalized CO2 concentration with respect to average EGR rate for each case. Cylinder-to-cylinder distribution 
comparison between standard engine and venturi at 1200rpm, 1250Nm 

(Standard engine: All intake port positions, Venturi: port 1-4, all port positions. Port 5-12, center port position only) 

4.3 Comparison between all measured port positions and center port 

position 
Since the venturi cases where only measured with CO2 probes located in center position for port 

number 5-12 a direct comparison between standard engine cases and the venturi can be done by 

exclusively accounting for the center port position throughout the intake manifold. Figure 28 and 

Figure 29 show the normalized CO2 distribution between the cylinders for 1000 rpm and 1200 

rpm. By using this method the standard engine increase the EGR inhomogeneity between the 

cylinders for all cases thus the venturi shows comparably better distribution characteristics.  

 

Figure 28, center port position, normalized CO2 concentration with respect to average EGR rate for each case. Cylinder-to-
cylinder distribution comparison between standard engine and venturi at 1000rpm, 1250Nm 
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Figure 29, center port position, normalized CO2 concentration with respect to average EGR rate for each case. Cylinder-to-
cylinder distribution comparison between standard engine and venturi at 1200rpm, 1250Nm 

4.4 Standard engine comparison between all measured port positions 

and center port position 
The standard engine did increase cylinder to cylinder mal-distribution when only accounting for 

port center position. To visualize the differences this method is directly compared with all 

measured port position in Figure 30 and Figure 31. At both engine speeds the maximum CO2 

deviation can be found when only center position is accounted for indicating that more than one 

port position should be used when measuring EGR distribution.     

 

Figure 30, all port positions - center port position comparison, normalized CO2 concentration with respect to average 
EGR rate for each case. Cylinder-to-cylinder distribution at 1000rpm, 1250Nm 
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Figure 31, all port positions - center port position comparison, normalized CO2 concentration with respect to average EGR 
rate for each case. Cylinder-to-cylinder distribution at 1200rpm, 1250Nm 

 

4.5 Coefficient of variation 
The distribution of CO2 in the intake manifold can be compared among the measured cases as 

the average percentage deviation from a mean value. This coefficient of variation, CoV gives an 

indication of how well the EGR is distributed and can be compared regardless of global EGR rate. 

Lower CoV indicates better mixing and distribution of EGR. 

Standard deviation is obtained by using square root of the variance which is calculated from all 

measured CO2 points in the intake manifold. 

Standard deviation σ = √
 

   
∑ (𝑥 − �̅�)   

      (Eq. 4)  

Where N=number points measured and 𝑥 ̅ is the mean value of 𝑥   𝑥  
 

The coefficient of variation is obtained by division of standard deviation with the mean value of 

𝑥   𝑥   thus giving the magnitude of variation from each mean value.  

Coefficient of variance CoV [%] = 
 

 𝑥 ̅
   (Eq. 5) 

 

 

Figure 32  shows the CoV calculated from the measured CO2 concentration for all cases with the 

standard engine and venturi where all measured port positions are used.  
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Figure 32, coefficient of variation for CO2 distribution among intake ports comparing standard engine and venturi for all 
measured port positions. 

When observing 1000 rpm in Figure 32 the standard engine case ran with 21% EGR shows best 

distribution performance, the trend is that higher EGR rates tend to increase the variation for the 

standard engine. This is however not the case when observing the standard engine runs at 1200 

rpm where higher EGR rate indicates better distribution. For both engine speeds the trend in CoV 

depending on venturi position is clear where closing the internal cone lowers the variation of EGR 

between the ports. A possible reason for this is the assumption of improved mixing performance 

of the gases when increased air speed and turbulence are created by closing the cone. What also 

can be seen when comparing the CoV with the normalized CO2 concentrations in Figure 24 and 

Figure 25 is that the venturi case with 95% closed cone position lowers the significantly larger 

spread in CO2 to the first ports seen for the two other cone positions. By eliminating these larger 

variations early in the intake manifold the CoV is kept lower for the 95% closed case.   

Again values for the venturi are only available with port center position from port 5-12 and to 

make another comparison only measured center positions for both standard engine and venturi 

are compared in Figure 33.   
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Figure 33, coefficient of variation for CO2 distribution among intake ports comparing standard engine and venturi for only 
center port position. 

The trends in Figure 33 are comparable with what can be seen in Figure 32 though the 

magnitudes of variations are larger. This shows the increased sensitivity of evaluating EGR 

distribution with only one port position hence the standard engine for all its cases show 

significantly reduced distribution performance. However this is as close to a direct comparison 

possible between the standard engine and venturi indicating that closing the internal cone to 

75% or 95% significantly improves the mixing and distribution performance.  

4.6 CO2 distribution within intake ports 
Location of the CO2 probe within the ports has shown to influence the results when it comes to 

EGR distribution. To visualize how the EGR is distributed within the ports the measurement 

results are presented based on sample probe position. Figure 34 shows how the CO2 is measured 

within each port, divided into top, center and bottom position for the standard engine case 1200 

rpm and 27% EGR. Each value is shown as an EGR-rate deviation from the global EGR average. 
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Figure 34, EGR deviation from global average for each port position. Standard engine 1200rpm, 1250Nm, 27% EGR 

To further visualize the EGR distribution a port specific average was created for each intake port. 

The deviations from each average depending on CO2 probe position are shown in Figure 35. For 

this operating case it is obvious that the local EGR-rate within the ports vary significantly where 

also a trend can be seen with less EGR entering the port top whereas the port bottom receives 

higher rates.  

 

Figure 35, EGR deviation from each port average depending on CO2 probe position. 1200rpm, 1250Nm, 27% EGR 

To summarize this operating case Figure 36 visualizes the EGR deviations for all intake ports 

which are averaged depending on CO2 probe position. 
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Figure 36, average EGR deviation (from port specific average) depending on CO2 probe position. 1200rpm, 1250Nm, 27% 
EGR 

4.6.1 CO2 distribution within intake ports with variable venturi 

With the venturi the distribution within the ports can only be analyzed for port number 1-4. 

However important trends can be seen for the first ports where change in venturi position 

creates different EGR distribution patterns within each port. Figure 37 and Figure 38 shows 

intake manifold port number 1-4 average EGR deviations from each port average depending on 

CO2 probe position for two engine speeds and the different venturi positions. Common for the 

two engine speeds is that with venturi closing the EGR variations within each port increase. It is 

important to remember that larger EGR deviations within each port do not reflect the total EGR 

amount present at each intake port. Comparing Figure 37 with port 1-4 in Figure 24 shows that 

though the in-port EGR variations increase with venturi closing the total port EGR variations 

decreases.   

 

Figure 37, average EGR deviation (from port specific average) depending on CO2 probe position. 1000rpm, 3 venturi positions 
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Figure 38, average EGR deviation (from port specific average) depending on CO2 probe position. 1200rpm, 3 venturi 
positions 

4.6.2 CO2 distribution within intake ports comparison standard engine and variable 

venturi 

As the venturi EGR variations within ports are only analyzed for port 1-4, a comparison can 

preferably be done by reducing the standard engine analysis to port 1-4 exclusively.  Figure 39 

shows an example of how one case for the standard engine is affected by reducing the number of 

accounted ports from 12 to 4. The EGR variations depending on port position tend to increase 

when only 4 ports are accounted for during the analysis; however this is only indicating that the 

first 4 ports are more consistent in which position the EGR is present.  

 

Figure 39, average EGR deviation depending on port position, comparison between all intake ports and the first 4 ports. 
Standard engine 1200rpm, 1250Nm, 27% EGR 

For a comparison of how the EGR is distributed within the intake ports for all measured cases 

Figure 40 shows engine speed 1000 rpm and Figure 41 shows 1200 rpm; these are valid only for 

port 1-4 for both engine setups. The comparisons indicates to a certain extent the magnitude of 

port EGR deviation from each average however the consistency of EGR present at a specific 
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position have stronger impact on the results. I.e. in Figure 40 the standard engine case with 21% 

EGR on average receives less EGR from port 1-4 at top position compared to the 23% EGR case.  

 

Figure 40, average EGR deviation depending on intake port position for port 1-4. Comparison between all cases at 1000rpm 

By means of this analysis method it can also be seen in both Figure 40 and Figure 41 that with 

venturi closing the pattern of EGR distribution within the ports changes significantly. At 1000 rpm 

(Figure 40) a closing venturi will receive more EGR at bottom positions for port 1-4 and at 1200 

rpm (Figure 41) this trend is reversed while the increase in EGR instead occurs at the top 

positions. Similarly for the standard engine cases the change in EGR rate for each speed has 

major impact on the consistency of EGR distribution within the ports indicating the complexity of 

foreseeing flow and mixing characteristic with minor changes in engine settings. 

 

Figure 41, average EGR deviation depending on intake port position for port 1-4. Comparison between all cases at 1200rpm 
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4.6.3 Coefficient of variance CO2 distribution within intake ports for standard engine  

Since 3 different port positions were measured on every intake port on the standard engine the 

average EGR variation within each port can be analyzed. Figure 42 shows the coefficient of 

variance of EGR within each port averaged for 1000 rpm and 1200 rpm respectively on the 

standard engine. The total CoV for each port is based on average port CoV for each specific 

engine case resulting in a total trend in port variations seen on the standard engine independent 

on specific position deviations.  

 

Figure 42, Coefficient of variance, CO2 distribution within intake ports, standard engine averaged for all cases at 1000 rpm 
and 1200 rpm respectively 

The trend in Figure 42 shows that the second half of the intake manifold (port7-12) has larger 

EGR variations within the ports for 1000 rpm. At 1200 rpm the two parts of the intake manifold 

experience on average similar deviations however the trend with high deviations in some of the 

later ports can still be seen. The specific fact that in-port variation does not reflect the total EGR 

distribution can clearly be seen when comparing port 10 in Figure 42. With the same port 

number in Figure 24 and Figure 26; indicating that a high in-port CoV at the same time can show 

a low total port-port deviation. 
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4.7 Summary of CO2 distribution 
EGR being evenly distributed can be indicated by a low coefficient of variance however the 

maximum cylinder deviation needs to be strongly considered since this indicates if the cylinder is 

limiting the operating case with respect to NOx or soot. When the combination of low CoV and 

high maximum cylinder deviation occurs it is likely only one of the cylinders causing the large 

deviation.  I.e. in Table 8 comparing the different venturi positions at 1000 rpm the 95% closed 

case has the lowest coefficient of variation. This case however shows the highest max cylinder 

deviation and as per Figure 25 it can be seen that cylinder 1 is the cause thus setting the 

maximum allowed EGR rate thus being smoke limited. 

Table 8, maximum CO2 concentration deviation from respective average for all measured port positions. Cylinder deviation 
compared to port deviation and coefficient of variance. 

 

When comparing the standard engine cases in Table 8 the trend for 1000 rpm is clear where an 

increase in EGR rate facilities higher magnitudes of EGR mal-distribution. For 1200 rpm this trend 

is not visible despite that the engine behavior for both speeds are similar when varying the EGR 

rate.  Table 9 shows a selection of parameters affected by the requested EGR rate where the EGR 

valve position is the only controllable parameter for the ECU. One possible reason to the major 

differences in CO2 distribution can be that the EGR valve position might play an important role 

when it comes to pressure pulse characteristics occurring in the intake manifold.  However this 

behavior cannot be justified and can only be valid when this creates a significant pattern change 

in average EGR distribution; the CO2 measurement equipment has too low resolution to capture 

changes due to fast pulsating flow.    

Table 9, measured engine parameters during standard engine tests, averaged over the 1 minute and averaged for all 
measurement points. 

 

When using only port center position when comparing EGR distribution the results in general 

favors the venturi.  The reasons why this occur can be argued however the fact that the standard 

engine measurement points are reduced from 48 to 12 while the venturi measurement points 

are reduced from 20 to 12 can be a possible reason for this. With fewer points to average the 

deviations tend to increase in magnitude; resulting is major loss in distribution performance for 

Cyl Max deviation [%] Port Max deviation [%] CoV [%] Color bar

Standard engine 21% EGR 2,05 5,38 2,93

Standard engine 23% EGR 3,78 6,36 3,57

Venturi 20% closed, 28% EGR 3,65 11,1 4,51

Venturi 75% closed, 26% EGR 3,15 9,56 4,28

Venturi 95% closed, 24% EGR 4,26 8,06 3,23

Standard engine 22% EGR 3,49 7,06 3,56

Standard engine 27% EGR 3,55 5,66 2,99

Venturi 20% closed, 31% EGR 4 8 4,63

Venturi 75% closed, 29% EGR 2,2 3,95 2,65

Venturi 95% closed, 26% EGR 2,1 3,99 2,45

1000rpm

1200rpm

CO2 concentration, All measured port positions

Value 
increase

Inlet temp [degC] Charge air 

temp [degC]

At mixing 

point

EGR temp 

[degC]

At mixing 

point

Inlet 

pressure

 rel. [bar]

Exhaust 

back 

pressure 

rel. [bar]

Actual Lambda Turbine speed [rpm] EGR 

valve pos

[% open]

Standard engine 21% EGR 49,1 29,1 80 0,738 1,07 1,4 61153 22

Standard engine 23% EGR 47,7 26,3 79,8 0,695 1,01 1,34 59518 24,6

Standard engine 22% EGR 57,8 35 92 1 1,33 1,57 70462 29

Standard engine 27% EGR 56,2 31 89 0,89 1,14 1,38 66540 43,2

1000rpm

1200rpm
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the standard engine. At the same time the venturi improves distribution particularly since the 

previous maximum deviations did occur at top or bottom position in the first 4 ports. Table 10 

shows how the venturi outperforms the standard engine with respect to EGR distribution when 

only center port positions are used.  

Table 10, maximum CO2 concentration deviation from respective average for only port center position. Cylinder deviation 
compared to port deviation and coefficient of variance. 

 

To further summarize and conclude the distribution measurements more details from Table 8 are 

presented in Table 11 which reveals the maximum and minimum EGR deviations together with 

the corresponding cylinder and port number. Table 11 is complimented by Figure 43 and Figure 

44 where the maximum and minimum cylinder deviations are combined for each measurement 

case. 

Table 11, maximum- and minimum CO2 concentration deviation between cylinder and ports, indicating occurrence at which 
cylinder/port. 

 
 
 

Cyl Max deviation [%] Port Max deviation [%] CoV [%] Color bar

Standard engine 21% EGR 4,3 6,6 4,43

Standard engine 23% EGR 4,28 7,4 4,54

Venturi 20% closed, 28% EGR 3,9 10,7 4,69

Venturi 75% closed, 26% EGR 1,91 8,4 4,02

Venturi 95% closed, 24% EGR 2,75 6,2 2,68

Standard engine 22% EGR 4,87 7,6 4,36

Standard engine 27% EGR 3,96 6,2 3,47

Venturi 20% closed, 31% EGR 4,06 8,5 4,97

Venturi 75% closed, 29% EGR 2,52 4,2 2,65

Venturi 95% closed, 26% EGR 4,23 4,4 3,13

CO2 concentration, CENTER port position

1000rpm

1200rpm

Value 
increase

Cyl Max. Value 

deviation [%]

Cylinder 

number

Cyl Min. Value 

deviation [%]

Cylinder 

number

Port Max . Value 

deviation [%]

Port 

number

Port Min. Value 

deviation [%]

Port 

number
Color bar

Standard engine 21% EGR 1,04 2 -2,05 5 4,68 2 -5,38 1

Standard engine 23% EGR 3,78 2 -2,13 3 6,36 3 -5,61 5

Venturi 20% closed, 28% EGR 3,08 1 -3,65 2 11,1 1 -6,5 3

Venturi 75% closed, 26% EGR 3 1 -3,15 2 9,65 1 -5,69 3

Venturi 95% closed, 24% EGR 4,26 1 -1,72 6 8,06 1 -3,97 12

Standard engine 22% EGR 3,49 2 -3,33 3 7,06 3 -5,99 5

Standard engine 27% EGR 2,81 6 -3,55 5 3,69 1 -5,66 9

Venturi 20% closed, 31% EGR 3,2 3 -4 2 7,9 1 -8 3

Venturi 75% closed, 29% EGR 2,2 6 -2,1 2 3,95 11 -3,93 3

Venturi 95% closed, 26% EGR 1,5 1 and 3 -2,1 6 3,99 7 -3,29 12

CO2 concentration 

All measured port positions

1000rpm

1200rpm

Deviation 
increase
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Figure 43, maximum- and minimum cylinder EGR deviations based on CO2 concentration deviations from each case specific 
average, 1000 rpm 

The combined maximum and minimum cylinder deviations in Figure 43 and Figure 44 visualizes 

whether each measurement case is EGR limited due to smoke or being EGR starved resulting in 

increased NOx emissions. Again the comparison between standard engine and venturi does not 

favor the later due to less number of port positions measured; nevertheless the venturi shows 

improvements at 1200 rpm when closing the beyond 20%.  

 

Figure 44, maximum- and minimum cylinder EGR deviations based on CO2 concentration deviations from each case specific 
average, 1200 rpm 
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4.8 Crank angle resolved particle measurements 
 
The measurements needed for correlating the CO2 measurements were generated by running 

the standard engine at the chosen load (1000 rpm, 1250 Nm) and measuring the soot 

concentration in the exhaust with and without EGR. The measured cylinder specific soot 

concentrations from different cycles were then averaged. The averaged values of soot emissions 

without EGR are subtracted from soot emission with EGR. The final output indicates the 

difference in the soot emission between cylinders due to the variations in the EGR distribution. 

This result was then correlated with the CO2 measurements taken in the intake. 

During the course of the project several modifications were done on the sensor to get the best 

result. These modifications included upgrading of sensors measuring frequency from 100 Hz to 

800 Hz, adapting lower flows, an analog output to directly correlate the sensors reading with the 

soot sensors intake and exhaust pressure trace. All these modifications consistently improved the 

output from the soot sensor and emphasized the significance of this methodology. The latest 

soot measurements at the chosen load point with 16.5 l/min of sample flow and 800 Hz 

measuring frequency indicated the difference between the soot emissions from different 

cylinders clearly, see Figure 18. But these measurements were not sufficient for executing the 

correlation, primarily because of the following factors. 

 Although the differences between cylinder specific soot emissions are evident from the 

measurements. Due to the influence of the pressure pulse on varying the amount of soot 

entering the soot sensor the output signal from the sensor changes between regular and 

skipfire cycles.  

 The identification of the soot peaks cannot be consolidated with the existing setup.   

 Peak shaving occurred at the chosen load point when 21 l/min sample flow rate was 

used. Hence 16.5 l/min flow rate was used, but theoretically 21 l/min of sample flow is 

the best flow rate for 800 Hz sensor.  

 The distinguishability of the peaks in the sensor output corresponding to cylinder specific 

soot emissions reduces at other engine speeds apart from 1000 rpm. 

The influence of the pressure pulse on the amount of soot entering the soot sensor and common 

sampling location for all the cylinders are the most probable causes for the above inefficiencies. 

When 21 l/min sample flow rate was used the increase in sample flow rate pushes the 

electrometer, ion trap to its threshold resulting in peaks shaving. This mandates the need to use 

lower flow rate which in turn compromises the resolution of the output signal. Attempts made to 

prove the pulsating nature of the EGR flow by means of measuring EGR flow in the intake with 

the soot sensor was unsuccessful. This is due to the noise generated by engine vibration and due 

to the inability of the soot sensor to measure minute quantities of soot in EGR flow. Further 

tuning and modifications to the sensor are dedicated for future work in this project.   
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5. Conclusions  
In general the first intake ports experiences highest variation in EGR rate with few exceptions 

where the largest port deviations can be found late in the intake manifold. The maximum cylinder 

deviation from respective average gives an indication of one cylinder either limiting the EGR 

amount with respect to particulate emissions or being EGR starved resulting in higher NOx 

emissions.  

Cases which show relatively good distribution between ports and similar low CoV can still prove 

to have overall poor EGR distribution between cylinders. At 1000 rpm the variable venturi 

improves both port to port distribution as well as CoV with closing cone positions while at the 

same time the EGR mal distribution increases between cylinders. However the variable venturi 

significantly improves cylinder to cylinder EGR distribution compared to the standard engine 

when closing the cone more than 20% at 1200 rpm. The CoV for EGR distribution is also lowest for 

this case compared to all measured conditions at both engine speeds.   

The EGR distribution within the ports vary throughout all the measured intake ports, however the 

in-port EGR distribution does not affect the total port to port EGR distribution. On the standard 

engine it was seen that the in-port variations are larger in the later part of the intake manifold at 

both the speeds. Similarly in the standard engine the EGR distribution between the three 

positions within the port, vary with different EGR rates. In case of the variable venturi setup the 

EGR distribution between the three positions within the port, vary with different internal cone 

positions, in the first 4 ports.  

The exact reasons behind the changes in EGR distribution between cases cannot be identified 

within the scope of the thesis with the available facilities. Based on the available literature and 

established theories factor such as increase flow velocity, changes in mixing distance, throat 

turbulence inside the venturi are expected to play significant role in causing the variations [9], [8].    

From the investigations it was found that the EGR distribution results are greatly influenced by 

which port positions are used when analyzing, as a result measuring CO2 only in the center of the 

ports are not sufficient to determine EGR distribution. Due to the low frequency CO2 

measurement method fluctuations in EGR distribution due to pressure pulses, opening and 

closing of intake valve and EGR valve adjustments are not captured. Similarly the fuel 

consumption of the engine was not affected by the variable venturi EGR control valve; hence with 

further optimization better performance can be obtained from venturi.   

The fast response soot particle sensor was able to measure cylinder specific soot emission at 

1000 rpm with substantial accuracy. But to establish the correlation between the CO2    

measurement in the intake with the soot measurement in the exhaust the accuracy of the fast 

response soot particle counter has to be further improved. The proposed modifications on the 

sensor discussed in the report are expected to improve the accuracy of the fast response soot 

sensor sufficiently to execute the correlation between cylinder specific soot emission and EGR 

distribution in the intake.    



47 | P a g e  
 

6. Future work 
 

 CO2 measurements when using the venturi should be complimented by measuring all intake 

port positions throughout the intake manifold. This would facilitate a more valid comparison 

with the standard engine, both when it comes to overall EGR distribution as well as in-port 

distribution. 

 

 Manage a reliable thermo control for the charge air and 2-stage EGR cooling system. The 

present setup does not run with any feedback thus only providing a constant cooling capacity 

which limits the engine operating points. Implementation of control valves for the external 

cooling water, similar to the engine cooling circuit could be a solution. 

 

 Implement a fixed geometry turbine to evaluate venturi performance apart from EGR 

distribution. The full effect of the venturi functionality could be evaluated when a positive 

pumping can be achieved removing the present VGT mounted on the engine. Also a change 

in engine control hardware together with a software update is needed to facilitate the fixed 

geometry turbine is a proper manner.  

 

 The present engine setup does not provide reliable steady state conditions, particularly not 

when an engine shut off is needed between measurements. This is problematic as the 

current CO2 measurement setup allows for only one cylinder at the time to be measured at a 

certain position followed by an engine shut off to change CO2 probe position. One possible 

solution to overcome part of the problem is to measure all intake ports simultaneously. The 

probes still need to be moved to capture in-port variation however far less engine shutoffs 

are needed.  

 

 The CO2 measurement equipment used are not always functioning in a proper way; the 

sampling frequency does significantly change occasionally and much time is spent on 

repairing etc. New reliable measurement equipment should be used; and if possible with 

higher sampling frequency to better capture variations in the intake manifold.      

 

 Develop more advanced sampling probes that can reduce the influence of the exhaust 

pressure pulse on the amount of soot entering the soot sensor, especially during the skipfire 

cycle. This coupled with dedicated sampling location on the exhaust manifold for each 

cylinder will enable accurate measurement of cylinder specific soot emission at different 

engine speed and load.  
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Abbreviations 
 

CO2  Carbon Dioxide 

NOx  Nitrous Oxides  

EGR  Exhaust Gas Recirculation 

ECU  Engine Control Unit 

CI  Compression Ignition  

VGT  Variable Turbine Geometry 

DPF  Diesel Particulate Filter 

SCR  Selective Catalytic Reduction 

SOI  Start of Injection  

PWM  Pulse Width Modulation 

CFD  Computational Fluid Dynamics 

PM  Particulate Matter 

HD  Heavy Duty 

 

 

 

 

 


