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Abstract 

The reduction of fuel consumption and the reduction of toxic emissions are the main goals of 
research and development in the area of internal combustion engines. The use of exhaust gas 
recirculation (EGR) to come further in that direction is today an established method for diesel 
engines. EGR reduces the emissions of nitrogen oxides with a low penalty in fuel consumption.  

The increasingly hard regulations on emissions put high pressure on the manufacturers to 
improve these systems. The present work aims at increasing the knowledge in the area of EGR. 
Two of the main challenges when applying EGR are addressed, efficiency and mixing. 

The efficiency of the EGR-system is analyzed, focusing on keeping the fuel penalty low for a 
given EGR-rate. Different layouts of the EGR system are studied and compared regarding their 
stationary and transient properties. Exergy analysis is used to show the potential for 
improvement in different system components. In the same time, exergy analysis as a tool is 
introduced and compared to energy analysis of a system. The usefulness of exergy analysis of the 
entire gas exchange is shown by the example of a heavy-duty diesel engine. 

The problem of EGR and air mixing is approached by a detailed study of the mixing process in a 
heavy-duty diesel engine. Different methods for the measurement of EGR distribution are 
presented and compared. Additionally, the possibility to predict the mixing effects by 1-D and 3-
D simulation is assessed. It is shown that the mixing between air and EGR is highly dependent 
on the pulsating nature of the flow. The EGR is shown to be transported in packets in the air 
flow. This leads to the conclusion that mixing not only at the mixing point, but also mixing in 
flow direction needs to be optimized, as the distribution of EGR between the cylinders is 
dependent on the timing between the passage of the EGR packets and the valve opening time. 
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1 Introduction 

1.1 Motivation 
The concern about the environment and the influence of humans on it is growing throughout 
the world. In 1994 the United Nations framework convention on climate change entered into 
force. It states that the emissions of greenhouse gases (GHG) need to be limited to an amount 
that prevents dangerous human interference with the climate system [1]. Since then, more and 
more scientific evidence has been published that proofs human influence on the climate [2]. 

The transport sector is one of the major sources of GHG in Europe, with the road transport 
standing for almost 18 % of the total emissions, see Figure 1. It is therefore of high importance 
to reduce these emissions. 
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Figure 1: EU27 greenhouse gas emission by sector and mode of  transport, 2009 [3] 

Another part of the engine emissions are toxic gases that cause health problems to humans and 
damage the environment. To decrease these emissions, a number of laws have been 
implemented throughout the world, limiting the amount of these emissions that a vehicle may 
emit. Figure 2 shows the development of the emission legislation in Europe for heavy duty diesel 
engines. The x-axis shows the emission norms, starting with Euro 0 from 1988 until the 
upcoming Euro VI that will be compulsory from 2014. The y-axis shows the fraction of the 
Euro 0 emission limits in per cent. 

 

Figure 2: Emission legislation for heavy duty diesel engines [4] 

One of the harmful emissions of diesel engines are nitrous oxides (NOX), that can cause health 
problems and smog. A common way to reduce NOX emissions in internal combustion engines is 
the use of exhaust gas recirculation (EGR). However, the extensive use of EGR may counteract 
the goal of reduced fuel consumption and therewith reduced GHG emissions [5].  
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This work aims at increasing the understanding how EGR can be used in the most effective way, 
to reduce both NOX emissions and fuel consumption penalty. 

1.2 The Diesel Engine 
In a diesel engine, the chemically bound fuel energy is converted to heat through combustion. 
The heat leads to a pressure increase in the combustion chamber and from this high pressure 
gas, work is extracted by a moving piston. 

For land vehicles, 4-stroke engines are the most common engine variant. Here, the engine cycle 
is divided into four strokes. In the first stroke, the intake valves are open and air enters the 
combustion chamber while the cylinder volume is expanding through the piston motion. In the 
second stroke, the valves are closed and the piston compresses the air inside the cylinder. When 
the piston is approaching top dead center, where the combustion chamber volume is the 
smallest, fuel is injected into the combustion chamber. The high pressure and temperature in the 
combustion chamber lead to self-ignition of the fuel and it burns during a short period. Figure 3 
shows a photograph of the combustion in an optical access engine. The view is from the bottom 
of the cylinder through the piston that is made of glass in this engine. In the center, the injector 
is visible with the burning sprays, one for each injector hole. The black ring through the flames is 
due to an optical effect where the glass piston contains a piston bowl and is bent. 

 

Figure 3: Diesel combustion image from an optical HD diesel engine [6] 

With the valves still closed, the in-cylinder pressure increases rapidly and during the expansion 
stroke the piston moves downwards thus extracting mechanical work from the high-pressure gas. 
The longitudinal piston motion is converted into a rotational motion by the crankshaft. This 
stroke is also referred to as the work or power stroke, as it is here the useful work is extracted 
from the process. 
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To come back to the starting point, the exhaust valves are opened during the last stroke and the 
exhaust gases are expelled from the combustion chamber by the piston that is moving upwards. 
Figure 4 illustrates the four engine strokes. 

 

Figure 4: 4-stroke cycle [7] 

The amount of fuel that can be burned during one engine cycle is dependent on the amount of 
oxygen that is available in the combustion chamber. To increase the power output of an engine 
the fuel amount is increased, thus more air is needed for the combustion. To increase the air 
mass in the cylinder it is common to compress the air prior to entering the cylinder, thus 
increasing the air density. In most modern engines this is achieved by a turbocharger. A 
turbocharger consists of a compressor and a turbine that are coupled together by the 
turbocharger shaft. The turbine is driven by the hot exhaust gases from the engine and drives the 
compressor via the shaft. The compressor then raises the pressure of the intake air to increase its 
density. To augment the air density even further, a charge air cooler (CAC) that cools the air 
after the compressor and before entering the cylinders is standard in today’s engines. The CAC 
also lowers the combustion temperature which helps to limit NOX formation. 

1.3 Emission formation in Diesel Combustion 
During Diesel combustion, several toxic and non-toxic gases are formed. The non-toxic parts are 
water and carbon dioxide. While water is unproblematic, the emission of CO2 has negative 
impacts on the environment. CO2 is believed to be the main cause of global warming and 
therefore, its emission has to be reduced. The formation of CO2 is directly proportional to the 
fuel consumption of an engine, if hydrocarbon fuel is burned. This means that for a reduction of 
CO2, the fuel consumption has to be reduced.  

The two most problematic emissions in diesel engines are nitrogen oxides and soot particles. HC 
and CO emissions are quite low and can be reduced further with the help of an oxidation 
catalyst. 

How the different toxic emissions are formed is described below. 
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1.3.1 Nitrogen Oxides (NOX) 
Nitrogen oxides, NO and NO2, are referred to as NOX. They are harmful for the lungs when 
local concentrations get too high. They also contribute to acid rain and form smog in 
combination with hydrocarbons. [8] 

NOX formation takes place in combustion zones with high oxygen concentration and high 
combustion temperatures. The most important mechanism for NOX formation in internal 
combustion engines are thermal NOX and prompt NOX. A theoretical approach to the thermal 
NO formation is the extended Zeldovich mechanism. It consists of three chemical reactions that 
form NO [9]: 

∗ ↔ ∗  (1) 

∗ ↔ ∗  (2)	

∗ ↔ ∗  (3) 

The triple-bond in the N2 molecules makes a high kinetic energy necessary to activate these 
reactions. Therefore, the chemical rate is only high enough to form significant amounts of NOX 
if the temperatures are above 2200 K. [10] 

The equilibrium of these reactions is not reached in combustion engines, because the needed 
temperature level is only maintained a very short while. Instead, the reactions ‘freeze’ as soon as 
the local temperature falls below 2200 K. This explains the steep decrease of the NOX formation 
rate during the expansion stroke in Figure 5, where the NOX formation rate is plotted over crank 
angle degrees (CAD). If the temperatures stay below a certain level during the whole combustion 
process, the formation of NOX can be avoided almost completely, Figure 6. 

 
Figure 5: Simulation of  NOX formation in a diesel engine [11] 

The prompt NOX, or Fenimore NOX, occurs in a process initiated by the rapid reaction of CH-
radicals with molecular nitrogen to build amines or cyano compounds, subsequent reactions then 
form the NO [12]. As Figure 5 shows, they are of minor importance in diesel combustion [11]. 
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1.3.2 Particulate Matter (PM) 
Particulate matter, mainly consisting of soot, is the other problematic emission from diesel 
engines. They are suspected to be carcinogenic [8]. In addition to that, they have been shown to 
increase respiratory symptoms and increase mortality in cardiovascular and respiratory diseases 
[13]. 

Figure 6 shows the combustion path of conventional diesel combustion in a Φ-T-map. The 
equivalence ratio Φ is defined as the ratio between the actual fuel-to-oxidizer mass ratio and the 
stoichiometric fuel-to-oxidizer ratio. Another common way to describe the air to fuel ratio is the 
use of λ, which is defined as the inverse of Φ. It can be seen in Figure 6 that soot is formed in 
parts of the spray where the oxygen concentration is low. Later in the combustion, when the 
local temperature and oxygen concentration get higher, most of the formed soot is oxidized.  

 
Figure 6: Emission formation in conventional diesel combustion [14] 

Soot formation is not entirely understood. A widely accepted explanation divides it into several 
steps, as Figure 7 illustrates.  

It starts with the formation of molecular precursors of soot, polycyclic aromatic hydrocarbons 
(PAH). These PAHs build up from benzene under addition of C2, C3 or other small units to 
PAH radicals. 

During the next steps, the nucleation of particles, the PAHs collide with each other and stick 
together to build clusters and evolve into solid particles. 

The mass of these particles is then increased via the addition of gas phase species such as PAH 
and acetylene. Coagulation occurs via particle-particle collisions which decreases the particle 
number while the particle size grows. The coagulation takes place shortly after the formation of 
particles while the agglomeration occurs in later stages of soot formation. Here, three-
dimensional structures are formed that stick together. [15], [16] 

As mentioned before, the soot is then partly oxidized in to CO and CO2 when there is sufficient 
oxygen around and the temperatures are high enough, as seen in Figure 6. 
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Figure 7: Soot formation steps [15] 

The emissions of soot and NOX are highly connected, which makes it problematic to decrease 
both of them in the same time. In general, measures that reduce soot lead to an increase in NOX 
emissions and vice versa. There is a trade-off between the soot and NOX emissions of the engine 
[17]. The challenge in engine development is to find ways to decrease both NOX and soot 
emissions at the same time. Figure 8 shows an example of this dependency for a variation of the 
EGR rate in a diesel engine. 
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Figure 8: PM/NOX Trade-off  for a variation of  EGR-rate [18] 

1.3.3 Hydrocarbons (HC) 
HC formation is usually not problematic in diesel engines. It occurs when combustion is not 
completed which can happen when there is a lack of oxygen or close to cool walls. Another 
phenomenon that leads to HC formation is caused by the injector sac volume. In this volume, a 
small fuel portion is left at the end of injection. It is evaporated by the combustion heat and 
enters the combustion chamber with a low pressure. This leads to a slow mixing with air and 
thus some fuel can escape the combustion [9].  

As diesel combustion usually is run with excess air, the fuel is burned almost completely. Modern 
combustion systems with high EGR-rates tend to have HC-emission problems. An oxidation 
catalyst can be used to eliminate occurring HC and CO emissions. 

HC is suspected to be highly carcinogenic and is one of the exhaust components that cause 
smog. 

1.3.4 Carbon Monoxide (CO) 
The formation of CO is an intermediate step in the combustion of hydrocarbons. The next step, 
the complete oxidation to CO2, is mainly done with the help of OH-radicals. For this process, 
temperatures above 1200 K and sufficient available oxygen are needed. The oxidation of CO can 
locally stop due to incomplete mixing and thus lack of oxygen or due to low temperatures close 
to cylinder walls [19].  

If inhaled, CO binds to the hemoglobin in the blood which otherwise transports oxygen. This 
makes it impossible for the hemoglobin to transport oxygen which in turn leads to internal 
suffocation. If air with a volumetric concentration of 0.3 % is inhaled this can cause death after 
ca. 30 min exposure [8]. This can be a problem in closed rooms like garages. Even in lower 
concentrations CO can lead to cell death as it is a toxic gas [20]. 

1.4 Exhaust Aftertreatment 
To reduce the emissions of a vehicle, it is today common to add aftertreatment systems to the 
exhaust systems. These systems reduce the content of toxic gases and PM in the exhaust gas, 
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before it is released to the environment. For a diesel engine, common components are an 
oxidation catalyst, a diesel particulate filter (DPF) and a selective catalytic reduction (SCR) 
catalyst. 

The oxidation catalyst is fairly simple; it uses the excess air in the exhaust gases to oxidize 
unburned hydrocarbons. CO is oxidized to CO2 and thus made harmless. 

The DPF is a filter that filters out particulates from the exhaust gases. It needs to be regenerated 
regularly which leads to increased calibration efforts and fuel consumption.  

The SCR catalyst uses an ammonia solution, urea, to reduce the NOX emissions to N2 and H2O. 
The urea management leads to increased calibration effort and the handling of urea adds an extra 
tank and injection system to the engine. The customer needs to refill the urea tank regularly 
which leads to increased operational cost. 

Common for all these three methods is that they increase the exhaust back pressure for the 
engine and thus the pumping work. This in turn leads to increased fuel consumption. 

1.5 EGR Basics 
Instead of, or in addition to, aftertreatment systems it is possible to reduce the formation of 
emissions during the combustion to comply with exhaust emission legislation. The raw emissions 
are reduced and thus no or less aftertreatment is needed. 

It is common practice nowadays, to use EGR to reduce the formation of NOX emissions. A 
portion of the exhaust gases is recirculated into the combustion chambers. This can be achieved 
either internally with the proper valve timing, or externally with some kind of piping, Figure 9 
shows this schematically. 

 
Figure 9: EGR - Exhaust Gas Recirculation 

In a spark-ignited engine running at =1, the recirculated exhaust gases are virtually inert as they 
contain almost no oxygen. In a diesel engine, the exhaust gases always contain oxygen but their 
oxygen concentration is lower than that of fresh air. They have instead a larger concentration of 
the inert three-atomic gases carbon dioxide and water vapor. By mixing the exhaust gases with 
the intake air, the oxygen concentration of the cylinder charge is lowered. This leads to a 
reduction of the combustion temperature by different effects. 

Air Exhaust

Exhaust Gas Recirculation

Air

Exhaust Gas Recirculation

Air Exhaust

Exhaust Gas Recirculation

Air
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As the air is diluted with exhaust gas, the mass of a gas portion containing the needed amount of 
oxygen gets bigger. The fuel molecules need to mix with a larger volume of gas to find the 
oxygen molecules they need to react. The energy of the same fuel amount is thus used to heat up 
a larger gas portion than it would without EGR, resulting in a lower temperature.  

Another effect is the change in heat capacity. Exhaust gas has a higher specific heat capacity than 
air, due to the CO2-molecule’s higher degree of freedom. So for the same amount of combustion 
heat, a gas mass containing EGR will have a lower temperature than pure air. 

The lower combustion temperature directly reduces the NOX formation, as the NOX formation 
rate is highly temperature dependent. Figure 10 shows the influence of the oxygen concentration 
on the peak combustion temperature and the NOX emissions.  

 
Figure 10: Oxygen dependency of  peak combustion temperature and NOX emission [21] 

The X-axis shows the mass-percentage of oxygen. This is a way to express the amount of EGR 
that is recirculated. The oxygen concentration is dependent on both the EGR-rate and the 
current lambda or air/fuel ratio. This is done mostly in studies where the combustion is studied, 
as the oxygen concentration is a more relevant parameter for the combustion than EGR-rate.  

Throughout the present study, the EGR-rate is used as it gives information about the analyzed 
flows in a more direct way. It is defined as follows: 

% ,

, ,
∗ 100 (4) 

Where ,  represents the mass flow of exhaust gases in the intake piping and 

,  represents the mass flow of fresh air in the intake piping. 

Several difficulties have to be taken into account when EGR is used. If the exhaust gas is taken 
out of the exhaust system upstream of the turbocharger, the energy of this gas is lost for the 
turbocharger. This decreases the useable exhaust energy for compressing the intake air and thus 
the amount of air that gets into the cylinder. This amount of air is directly coupled to the amount 
of EGR that the engine can run, because the limiting factor is the air/fuel ratio in the cylinder.  
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As mentioned earlier, NOX and soot formation are connected. The use of EGR decreases the 
air/fuel ratio, so the risk of excessive soot formation increases with an increase of the EGR-rate. 
Therefore, the EGR-rate is limited by the smoke-limit. If the air/fuel ratio is decreased beyond 
this limit, soot formation increases drastically. 

Another problematic area is the control of emissions during transients. As it is desirable to get a 
maximum acceleration of the vehicle, the EGR is usually shut off when the load is increased. 
This way, pure air is led to the cylinders rather than a mix of air and EGR, with a higher oxygen 
concentration. More oxygen allows more fuel to be burned and thus a faster load increase of the 
engine. This strategy leads to NOX peaks in the transient parts of the new European driving cycle 
(NEDC) as can be seen in Figure 11.  

 
Figure 11: NOX formation during the NEDC [22] 

Advances in the development of aftertreatment systems lead to a competition in the 
development between systems with high EGR and less aftertreatment and systems that rely more 
on the aftertreatment and have lower EGR rates. However, future combustion systems such as 
low temperature combustion rely on very high EGR-rates if they are to be used in a broad 
operation range of the engine [23]. This is likely to put more focus on EGR-systems in the 
future. 

1.5.1 EGR Systems in Literature 
The EGR-path can be build up in different kinds of ways. This section gives an overview over 
the most common ones that are discussed in literature or are commercially available. 

1.5.1.1 High-Pressure System (HP) 
The high-pressure (HP) system is the standard system in today’s production engines, both for 
passenger car engines and for heavy duty applications. It is also referred to as the short-route 
(SR) system, as the EGR is routed on the high-pressure side of the turbocharger, taking the 
“short” way back to the intake. In the HP-system, a pipe leads some of the exhaust gases from 
the exhaust manifold into the intake manifold where it is mixed with the fresh air. The system 
usually contains one or more EGR-coolers and a valve to regulate the amount of EGR. The 
valve can be placed on either the hot or the cold side of the cooler. A placement on the hot side 
gives advantages in transient response [24] as the exhaust pulses are damped less with the smaller 
volume, thus giving more energy to the turbine. A placement on the cold side makes the choice 
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of valve easier, as it will be placed in a colder environment. For cold conditions there can be 
bypasses around the EGR-coolers. Figure 12 shows a sketch of the system layout. 

 
Figure 12: HP-system, 1: EGR-cooler, 2: CAC, 3: DPF, 4: EGR-valve 

A certain pressure difference over the EGR loop is needed to drive the EGR from the exhaust 
side to the intake side. At load points with good turbocharger efficiency, this pressure difference 
does not always exist naturally and can even be in the wrong direction. To achieve the required 
pressure difference, variable geometry turbine (VGT) turbochargers can be used as well as 
throttles in the exhaust or intake piping. A VGT has the possibility to decrease the incoming 
flow area of the turbine, thus creating backpressure that can drive the EGR. In the same time the 
efficiency of the turbine is decreased so that the intake pressure increase is lower than the 
exhaust backpressure increase. The VGT also helps to improve transient response and turbine 
efficiency at low exhaust mass flows. 

As the exhaust contains soot, fouling of the EGR cooler can be an issue [25]. Also the EGR 
valve has to be able to handle the fouling effects. 

The advantages of the short-route system are its simplicity and its fast response on EGR 
demands. Drawbacks are the throttling that often is needed and the risk of soot deposition in the 
whole intake system. Another problem can be the turbochargers ability to deliver sufficient 
charging pressure, as only part of the exhaust gas passes the turbine while another part is used as 
EGR. 

1.5.1.2 Low-Pressure System (LP) 
In the low-pressure (LP) system, the EGR is taken out of the exhaust system downstream of the 
turbocharger and driven into the intake upstream of the compressor, Figure 13. Therefore it is 
also called long-route (LR) system. This routing leads to a higher power input into the 
turbocharger, as the whole exhaust stream passes the turbine. On the other hand, it leads to a 
higher mass flow in the compressor, as both EGR and fresh air have to be compressed.  
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Figure 13: LP-system, 1: EGR-cooler, 2: CAC, 3: DPF, 4: EGR-valve, 5: Exhaust throttle 

In the low-pressure system, also the compressor and the charge air cooler have to withstand the 
passing exhaust gases. Especially the compressor is a sensitive part. Any droplet that could build 
due to condensation could possibly damage the compressor wheel. Therefore, attention has to 
be paid to the cooling effect of the EGR-cooler, to avoid condensation. The problem of 
clogging in the LP-system can be avoided by placing the EGR-loop downstream of the diesel 
particulate filter (DPF). This way, the recirculated exhaust gas is almost free from soot particles 
and the clogging risk for the intercooler is limited. 

There is also a risk for corrosion in the intake system and the compressor as the EGR gas has 
acidic contents [26]. 

Downstream of the particulate filter, as well as upstream of the compressor, the gas pressure is 
close to ambient pressure. This means, that there is almost no natural pressure drop that could 
drive the flow of EGR. It has to be created either by throttling the exhaust or by throttling the 
intake air. Simulations have shown that a throttling of the exhaust is to prefer with respect to fuel 
economy [24]. 

A negative aspect of the LP-system is the long piping that is filled with EGR. Almost the entire 
intake piping, including compressor and intercooler, is filled with a mix of fresh air and EGR. 
This results in a poor reaction to changing EGR demands, as the volume has to be emptied 
before the gas with a new EGR-rate arrives in the combustion chambers. Another drawback is 
the risk of fouling of the intercooler, as the exhaust gas is not perfectly soot free after the DPF. 

An advantage is the increase in mass that passes both the turbine and the compressor. Especially 
at low load points of the engine, where EGR-rates are high and the overall gas flow is small, the 
operating point of the turbocharger is moved into areas with higher efficiency. This helps to 
improve the engines fuel economy, compared to a HP-system. Another point that helps to 
reduce the fuel consumption is the higher cooling capacity in the LP-system. As the EGR is 
cooled by the EGR-cooler and by the intercooler, the intake temperatures for the LP-system will 
be lower and thus the heat losses inside the engine cylinders can be reduced [27]. On the other 
hand, this also increases the risk for condensation in the intake system. The distribution of the 
EGR between the cylinders is more even for the LP-system as compared to the HP-system [28], 
[29], [30]. 

When used in systems with high boost, such as two-stage turbocharging, thermal limitations due 
to high compressor-out temperatures may occur according to Varnier [31]. The problem is 
known for non-EGR systems but becomes worse when the compressor inlet temperature is 
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increased by adding exhaust gas. This may however be solved by using different materials for the 
compressor.  

1.5.1.3 Hybrid EGR System 
The hybrid EGR system combines the HP and LP system, as Figure 14 illustrates. This way, it is 
possible to use the EGR-path that fits the actual driving situation best. Even a combination of 
both ways can lead to the best engine efficiency in certain load points [32], [33]. For transients, 
this system allows to choose the path that gives the quickest response and thus the least 
emissions. The hybrid system can also be used with an uncooled HP-loop to increase the EGR-
temperature in certain situations such as cold conditions or low load [34], [35]. That way, the 
exhaust gases get a higher temperature which helps the aftertreatment system to work properly 
and decreases the risk of condensation. 

 

Figure 14: Hybrid system, 1: EGR-cooler, 2: CAC, 3: DPF, 4: EGR-Valve, 5: Exhaust throttle 

1.5.1.4 Reed Valve in EGR System 
A Reed valve, or one-way valve, is a valve that only allows flow in one direction. It closes when 
there is a pressure ratio that would otherwise lead to reverse flow. As the exhaust gas flow is 
highly pulsating, the idea is that there could be flow in the top of each pulse, even with an 
average pressure that is too low to drive theEGR flow. Figure 15 shows how the idea works in 
principle.  

 
Figure 15: Exhaust pulses that could be used with a Reed-valve [36] 
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The peak pressure of the exhaust pulses lies over the boost pressure and would allow EGR flow. 
Between the peaks, the EGR pressure is to low and there is a risk for backflow. This risk can be 
eliminated by using a Reed-valve. Figure 16 shows what such a valve could look like, the reed 
petals are opened by the pressure of the gas flow and close in a back-flow situation. 

 
Figure 16: Example of  a reed-valve, showing the flexible reed petal, base and stopper [37] 

1.5.1.5 Venturi in EGR System 
The venturi system works after the same principle as an ejector pump. At the EGR-mixing point, 
the intake pipe is contracted. This leads to a locally reduced static pressure. At the point with the 
lowest pressure, the EGR is introduced. This makes it possible to locally increase the pressure 
drop that drives the EGR flow. Downstream of the mixing point, the diameter is increased to 
regain the static pressure.  

 

Figure 17: Venturi system, 1: EGR-cooler, 2: CAC, 3: DPF, 4: EGR-valve, 5: Venturi 

A system that is marketed with this technology is the Varivent system by Concentric, Figure 18. 
Here, a moveable body in the center of the venturi pipe allows a regulation of the pumping 
effect. A higher pumping effect with more EGR-flow leads to an increased pressure drop in the 
intake piping, as not all static pressure is regained at the venturi outlet.  
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Figure 18: Varivent system sketch [38] 

1.5.1.6 Fast Rotating Valves 
A method to increase the pressure drop that drives the EGR is to throttle the intake air. But this 
decreases the intake pressure and thus affects the overall efficiency of the engine by increasing 
the pumping work. In the same time the delivered amount of air is reduced which also reduces 
the amount of tolerable EGR.  

 

Figure 19: Fast rotating valve system, 1: EGR-cooler, 2: CAC, 3: DPF, 4: EGR-valve, 5: Fast 
rotating valve 

To come around this problem, a system has been promoted by Mahle that shall reduce the intake 
pressure temporarily for better EGR-performance, while the average pressure drop is kept low. 
This system consists of a fast rotating throttle in the intake system, Figure 19. The intake air 
pressure is reduced just in time for the exhaust pulses to press some EGR into the intake, as 
Figure 20 illustrates. SLV stands for the German “schnellschaltendes Ladeluftventil” meaning 
“fast switching charge air valve”. 

 
Figure 20: Fast rotating intake valve, detail [39] 
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1.5.1.7 Pump 
A pump can be used in the EGR-system, to drive the flow. This enables to deliver the desired 
amount of EGR in any driving situation and no throttling is needed. A drawback is the fact that 
the pump needs energy to be driven. This can be provided either mechanically from the 
crankshaft or electrically from the generator. In both cases it increases the fuel consumption and 
the most efficient way has to be chosen. Electric drive has the advantage that the speed 
regulation is independent from the engine speed. 

 

Figure 21: Pump EGR-system, 1: EGR-cooler, 2: CAC, 3: DPF, 4: EGR-valve, 5: Pump 

1.5.1.8 Turbocompound 
A different kind of throttling the exhaust gas is the use of a turbocompound turbine [40]. Here, 
an extra turbine is mounted after the turbochargers turbine. This results in a higher exhaust gas 
backpressure which enables higher EGR-flow. The increased pumping work is not entirely lost 
in this case, as the power turbine recovers some of the work and transmits it to the crank shaft 
via a transmission, see Figure 22.  

 
Figure 22: Exhaust system of  Daimler HD engine [29] 
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1.5.2 EGR challenges 
The use of EGR for emission management leads to a number of challenges that need to be 
addressed as compared to a non-EGR engine. A short list of challenges follows, without the 
ambition of being a complete list. 

Efficiency 
As the EGR-flow needs to be driven around the engine, some pumping work is required to 
achieve this. It is therefore an important task to reduce the energy that is needed for this. All 
energy that is available in the engine comes from the fuel, thus a more efficient EGR system will 
result in reduced fuel consumption.  

Cost 
Any extra engine part costs extra money. Both manufacturers and costumers want to avoid a 
raise in price for their vehicles. Therefore, it is an important challenge to keep the price of an 
EGR-system low. Some of the parts that make an EGR-engine more expensive than a non-EGR 
engine are EGR-cooler and valve, VGT if needed, extra piping and extra calibration effort. 

Mixing 
The emission formation inside a cylinder reacts sensitively to changes in the amount of EGR in 
the cylinder, as stated earlier. To be able to calibrate the combustion system and to achieve low 
emissions it is therefore important to have good knowledge of the amount of EGR that enters 
each cylinder. The easiest way to achieve this is by having the same amount of EGR entering 
each cylinder. To make sure that each cylinder receives the same amount of EGR it is necessary 
to have good mixing between air and EGR. This can be challenging especially because the space 
is limited and the flows are pulsating. 

Control 
The amount of EGR that enters the cylinders is an important parameter in the engine control. 
Along with the fuel injection timing and mass, the air and EGR-flows are the parameters that are 
calibrated to achieve a certain emission level, fuel consumption or power output. The control of 
EGR has different difficulties. In steady-state, the EGR-regulation should be stable and not 
varying too much. In transient, a quick reaction of the EGR-system is desirable, to avoid 
emission peaks. In the same time, the most important input for the EGR-regulation, the EGR-
amount, is hard to measure on the engine with good precision.  

Dirt 
EGR, being a part of the exhaust flow that is rerouted, contains the same emissions as 
mentioned earlier for the exhaust gases. This means, there can be a considerable amount of soot 
particles carried in the EGR. Over time, these soot particles lead to fouling on pipe walls, in 
valves, coolers and for the low-pressure system even on the compressor wheel. It is therefore a 
challenge to develop these parts in a way that withstands fouling or to find a way to prevent 
fouling. For compressor wheels for example, a special coating can be applied to the aluminum 
that makes it more resistant to aggressive parts of the dirt. To avoid particle collision with the 
compressor wheel, a particulate filter is incorporated in the EGR-path for low-pressure EGR-
systems. 
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Condensation 
A large portion of the exhaust gas is water vapor. This means that when the EGR is cooled, 
condensation may occur leading to water in liquid phase in the intake. In small amounts, this is 
not a problem. However, when the condensation is excessive, it can lead to high amounts of 
water entering the cylinders. And in the worst case this can lead to engine failure when the water 
is filling the compression volume of the engine. Therefore it is important to limit the cooling 
capacity of the EGR-cooler, especially at low environment temperatures and cold start. 

Another problem that can occur as a result of condensation is the formation of sulfuric acid if 
the fuel contains sulfur, as is the case in several markets, e.g. India, Russia [41]. This acid then 
corrodes the aluminum parts of the engine. Even the engine oil can be a source of sulfur and 
lead to sulfur emissions in the exhaust [42]. 

1.6 Research formulation 
From the above list of challenges related to the EGR-system, two were chosen to be studied in 
depth within this project: Efficiency and Mixing. 

This means, the project and therewith this thesis are separated into two branches. Figure 23 
visualizes this separation into a mixing part and an efficiency part. Both branches are explained 
in more detail in the following two sections. 

 

Figure 23: Project breakdown 

1.6.1 Mixing 
The mixing part investigates the hypothesis that a pulsating EGR-flow enters the rather steady 
airflow as plugs or packets. The study is carried out on the HP-system where the pulsations are 
much more violent than in the LP-system and where the mixing is a larger problem. 
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When looking at the pressure trace in the air path and the EGR path on the engine, it becomes 
obvious that the pulsations from the exhaust are transported through the coolers and still exist at 
the mixing point for air and EGR. Figure 24 shows that the air has a much lower pulsation level 
than the incoming EGR. From this, one can speculate that the mixing is strongly influenced by 
these pulses. 

 

Figure 24: Pressure pulsations over time (crank angle degree) for EGR and air before mixing 
point 

The hypothesis that is scrutinized in the mixing section (chapter 4) of this thesis is that the EGR 
mixes into the air in small packets that follow the air. It is analyzed how fast the mixing is in the 
flow direction, e.g. how far the packets travel in the intake manifold before they mix with the air. 
The methods that are used for this are 1-D and 3-D CFD simulation as well as measurements. 
Another question that is answered is how well this kind of mixing can be predicted by 1-D and 
3-D simulation methods. 

1.6.2 Efficiency 
In the efficiency section of the thesis (chapter 3), the losses that occur in the EGR-system are 
analyzed. The question is where in the system losses occur and how the efficiency can be 
increased. 

To start with, a comparative study between low-pressure and high-pressure EGR is conducted. 
Then, a deeper analysis of the influence of the different system components is performed. To 
answer the question where the exhaust exergy is going, the exergy flows throughout the entire 
gas-exchange system are studied in detail. A number of alternative EGR-systems are also studied 
in GT-Power. 
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2 Methods 

To perform the studies of EGR-system efficiency and the EGR/air-mixing process, different 
experimental and simulation methods have been used. In this section, the methods that are 
common for both studies are explained. Each of the studies will than have its own method 
section explaining the methods used in more detail. 

2.1 Experiment 
The experimental setup for both studies consists mainly of an engine test cell with an 
instrumented engine. In addition to that, emission measurement equipment is used. 

2.1.1 Engine Test Cell 
During the project, two different engine test cells were used. The measurement system in both 
of them is almost identical. The difference lies in the engine dynamometer with one cell being 
adapted for light-duty engines while the other one is for heavy duty engines. 

2.1.1.1 Measurement system 
The engine is equipped with measurement systems to observe pressure and temperature of the 
gases on various points of the system. Additionally, the speed of the turbocharger, the position 
of the VGT, air/fuel ratio and engine emissions are measured. Cylinder 1 is equipped with a 
pressure sensor to obtain heat-release data. The intake system has emission-probe inlets, to allow 
measurements of EGR-distribution between cylinders. Figure 25 shows the locations of the 
different sensors for pressure (p), temperature (T), turbocharger speed (n) as well as the lambda-
sensor (LA) and the emission sampling points (EM).  
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Figure 25: Sensors placed on the engine 

2.1.1.2 Data Acquisition System 
Two different systems are used to control both the engine and the test-cell with the 
measurement equipment, as well as to record measurement data. 

To control the test-cell environment and the measurement equipment, a locally developed 
software, Cell4, is used. It allows data acquisition with high time resolution, 0.1, 0.2 or 0.4 CAD 
timestep, and data acquisition with low time resolution for slower measurements like 
temperatures or emission concentrations. In the same time, Cell4 is used to give commands to 
the engine and the engine dynamometer, such as torque demand and engine speed. 

For communication with the engine, an open engine control unit (ECU) is used, which is 
connected to a computer with communication software. This software allows access to the 
engine calibration data. Thus, parameters such as VGT-position or EGR-valve position can be 
controlled. In the same time, the signals from or to the ECU can be recorded. 

2.1.1.3 Engine Dynamometer 
The engine dynamometer allows controlling the torque and speed at which the engine is run.  

The dynamometer used for the light duty engine is a Schenck W260. It is designed for steady 
state driving conditions, but with a modern control unit it is now possible to run load transient 
with an acceptably stable engine speed. 
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For the heavy-duty engine an AVL dynamometer “DynoDur” is used that allows running the 
engine at full power and in dynamic situations. 

2.1.2 Light-duty Engine 
The engine used was a 1.9 liter direct injection diesel engine with a VGT-turbocharger and 
cooled HP-EGR. More details can be obtained from table 1, Figure 26 shows the engine in the 
test cell. 

Table 1: LD-engine details 

Engine type DI turbocharged diesel, Euro 4 

Displacement 1.91 liter 

No. of cylinders 4 

Power 110 kW / 150 hp at 4000 rpm 

Torque 320 Nm at 2000-2750 rpm 

Injection system Common Rail w. 1600 bar max. pressure 

Turbocharger Single-stage with VGT 

EGR system High-pressure system with one-stage cooling 

 

 
Figure 26: Light-duty engine in test cell 

For the run in the test-cell, the original air/air intercooler is replaced by an air/water intercooler. 
The flow of the cooling water is controlled in order to result in the same intake temperature as 
measured on the original configuration. The change of the intercooler also leads to a change in 
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the piping. Another modification on the test cell engine is that the exhaust system is shortened 
and a throttle provides the pressure drop that originally was caused by the aftertreatment 
systems.  

2.1.3 Heavy-duty Engine 
As for the light-duty engine, the heavy-duty engine is adapted for test cell usage. In the case of 
this engine, the charge air cooler and the second stage EGR-cooler are usually cooled by air flow. 
In the test cell environment, such high air and heat flows are hard to handle. Therefore, the 
coolers were modified to carry water instead of air on the outside, thus allowing a high cooling 
capacity and the ability to regulate the cooling. The first stage EGR-cooler on the engine is 
included in the engines cooling water circuit. 

Table 2: HD-engine details 

Engine type DI turbocharged diesel, Euro V 

Displacement 12.7 liter 

No. of cylinders 6 

Power 265 kW / 360 hp at 1900 rpm 

Torque 1850 Nm at 1000-1300 rpm 

Injection system Common Rail w. 2500 bar max. pressure 

Turbocharger Single-stage with VGT 

EGR-system High-pressure system with two-stage cooling 

2.1.4 Engine load points 
For both engines, a number of load points were defined on which the tests and analyses were 
performed. 

For the light-duty engine, nine steady-state load points were chosen that represent the most 
common engine loads that are used during the NEDC. For transient studies, load transients were 
defined starting at the lowest load point at each speed and going up to either full load or to the 
highest steady state load point. To analyze the response of the EGR-system, negative load 
transients were defined going from full load to the lowest load point at each speed, thus 
requiring an increase of the EGR-rate from 0 to up to 45 %. Figure 27 shows the load points 
and the full load curve in the engine map. 
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Figure 27: Engine map with load points for LD-Engine 

For the HD engine, the load points from the European stationary cycle (ESC) were used. These 
are the points at which the engine is certified for emissions in the steady-state part of the 
emission testing. They cover the entire load range and a large part of the speed range of the 
engine. They are defined according to formulas found on the dieselnet homepage [43] and 
shown in Figure 28. 

 

Figure 28: Engine map with load points for HD-Engine 
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2.1.5 EGR flow measurement 
In engine research the measurement of emissions is one of the most important tools as the 
exhaust emissions are one of the main issues that have to be addressed. In this project however, 
the focus lies on the gas-exchange system. So the main use of emission measurement equipment 
is to understand the gas flows. As EGR is a hot and dirty pulsating gas, it is not very easily 
measured. Standard air mass flow meters do not survive in these conditions. Another gas flow 
measurement method, the use of some kind of device creating a pressure difference and then 
measuring this difference is not so appropriate either. It creates a pressure drop that influences 
the whole system and the high pulsations in the EGR flow make it inaccurate.  

The standard method for measuring the EGR-amount in lab environment is the measurement of 
the CO2 concentration in the exhaust pipe and in the intake pipe. With the knowledge of the 
CO2-concentration in fresh air, one can conclude that all additional CO2 in the intake originates 
from the EGR. The ratio between the intake molar CO2-concentration and the exhaust molar 
CO2-concentration then approximates the EGR mass-concentration in the intake, equation 5 
[44]. Both in intake and exhaust the ambient CO2-concentration, 0.04 %, is subtracted [45]. 

% 100 ∗ , .

, .
  (5) 

In this work, three different measurement systems were employed for CO2 measurement. For 
steady-state measurements two CO2 analyzers from Maihak were used, functioning after the 
non-dispersive infrared absorption (NDIR) principle. Due to transportation time of the gas 
through a hose and response time of the instrument, together in the order of 45 seconds, the 
instrument was only useable for steady-state measurements with a stable EGR-rate. For transient 
EGR conditions, a Horiba MEXA 1300 FIR was used. This instrument has a short 
transportation pipe to the sensor and a response time of about 30 ms. This allows the calculation 
of EGR-rates during a transient event of the engine. To be able to achieve an even higher time 
resolution, allowing resolving the fluctuations of EGR-concentration during one cycle, a fast 
laser measurement equipment was used. It is presented in more detail in section 4.1.3.3. 

The basic difference between these three measurement systems is the distance between the 
analyzer location and the location of the measured gases. For the slowest system, the analyzer 
stands outside the test cell with a transport length of around 5 meters. The faster system moves 
closer to the engine and has only one meter of transport length. In the case of the laser system, 
the measurement point is actually inside the intake pipe, meaning that no time at all is lost for gas 
transport. 

2.2 Simulation 
Simulation is an important tool for engine analysis. It allows quick changes in system setups and 
thus a larger number of different systems can be analyzed as compared to real engine test. 
Furthermore, simulation results contain more information about the flows in an engine than can 
be measured; therefore they are a good tool to understand flow phenomena. The simulation tool 
that was most frequently used in this work was the commercial software GT-Power.  

In the mixing study, 3-D CFD simulations were used as well. These were performed by another 
PhD student within the competence center of gas exchange (CCGEx), Alexander Sakowitz, in 
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collaboration with the author of the present thesis. More details about the 3-D simulation can be 
found in section 4.1.2.2 and in the work of Sakowitz [46], [47], [48], [49], [50]. 

2.2.1 GT-Power 
To simulate different EGR systems, the engines were modeled in a one-dimensional simulation 
environment, the commercial software GT-Power. In GT-Power, engine models can be built up 
from library parts like pipes and bends, where the dimensions of the parts are adapted to match 
the real engine.  

For the presented work, base models were supplied by the engine manufacturers. The models 
then had to be adapted to the test-cell engines.  

Once the geometrical model is set up, the model has to be calibrated thermodynamically. This 
means that heat transfer coefficients, flow coefficients and efficiencies of mechanical parts are 
tuned in, so that the model behaves like the real engine. 

2.2.1.1 Flow calculation in GT-Power 
The flow calculation in GT-Power is based on the solution of the mass conservation, 
momentum conservation and energy conservation equations. These equations are solved for a 
discrete number of sub-volumes of the piping. As Figure 29 shows, the pipes are separated into 
different volumes. As the model is a 1-D code, the equations are only solved in the flow 
direction, averaging over the cross-section. The vector quantities such as mass flux, velocity and 
mass fraction fluxes are calculated for each border between sub-volumes. The scalar quantities 
such as density, pressure, temperature are assumed uniform over the entire sub-volume. This is 
called the staggered grid approach, as illustrated in Figure 29. 

 

Figure 29: Schematic of  staggered grid approach [51] 

2.2.1.2 Discretization length 
The discretization length for a model describes the length of a sub-volume in GT-Power. Every 
pipe part that is longer than the discretization length will be divided into sub-volumes. The 
choice of the discretization length is a trade-off between accuracy and simulation time. A shorter 
discretization length leads to a better accuracy as all gas variables are calculated with shorter 
distances in between. On the other hand, the computational time rises for a shorter discretization 
length. This is due to two effects: The number of equations to solve rises with a larger number 
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of sub-volumes; the time step has to be shortened to fulfill the Courant condition (stable 
solution of the equations). 

2.2.1.3 Turbocharger simulation 
The turbocharger is a rather complex part, where flow energy is converted to work on the 
turbine side and work is put into the gas on the compressor side. The turbine and compressor 
rotor rotate at high speed and the interaction between the moving gas and the rotating 
components is hard to simulate accurately. A multi-dimensional model is needed and the 
simulation of the flow field is complicated enough to be a subject for entire theses itself [52] [53]. 

To make reasonable prediction of turbocharger behavior in GT-Power possible, mapped data 
from a gas stand is used. At the gas stand the pressure ratio, the gas temperatures, mass flow and 
rotational speed are measured at steady flow conditions. This data is then put into a map and 
GT-Power is using the map to predict the turbocharger behavior. The flow on the engine and in 
the GT-Power model is a pulsating flow, especially on the turbine side. This leads to some errors 
in the prediction, since the quasi-stationary assumption that is made is not accurate, as the high 
pressure part of the pulses carries a lot of energy. To correct for this difference, the model has to 
be calibrated by changing the efficiency multipliers when comparing to engine data [54]. 

When a variable geometry turbine is used, several maps for different rack positions of the 
turbine are put into GT-Power. The software then interpolates between the maps to find the 
conditions for the current rack positions. 

2.2.1.4 Combustion in GT-Power 
A problematic issue in 1-dimensional simulations is the combustion. It is time consuming to 
calibrate and hard to predict correctly. To come around this, it is common practice to use 
measured combustion profiles from real engines as an input to GT-Power. This is 
straightforward if running in steady-state, if measurement data of the simulated engine is 
available. During transients it can be more complicated to find the right burn rate for a certain 
cycle. For the transient simulation used in this work, a database of heat-release rates was built up. 
During the transient, the heat-release is then chosen individually for each cycle, using intake 
pressure and actual EGR-rate as the sorting criteria. This procedure is described in detail in 
paper 2. 
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3 Efficiency Analysis 

Before discussing the efficiency of a system or a process, it is important to clearly define what is 
meant by the word efficiency. In general terms, efficiency is the ratio of the wanted output of 
system or process, divided by the input. For an internal combustion engine, the input to the 
system is the fuel and the output is the work that is delivered at the crankshaft. Similarly, 
efficiencies can be defined for engine sub-systems. 

This section contains a method section that gives more details of the methods that are specific to 
the efficiency analysis. It then gives a summary of selected results. More detailed results can be 
found in papers 1, 2 and 3. 

3.1 Methods for Efficiency Analysis 
GT-Power simulations of different EGR-systems were used to produce data for further analysis. 
In a first step, the models were built and run in GT-Power. The results were then compared 
directly in GT-Post to find differences in fuel consumption and turbocharger efficiencies. In a 
second step, GT-Power flow data were analyzed from an exergy standpoint. This analysis 
allowed identifying the magnitudes of work losses as well as their locations in the system [55]. 

3.1.1 Analyzed EGR-systems 
For the light-duty engine, a number of different EGR-systems were simulated in GT-Power. The 
HP-system, the LP-system with exhaust throttle, LP-system with EGR-pump, the hybrid system 
and the reed-system. Section 1.5.1 in the introduction shows these setups, paper 1 and paper 2 
describe them in more detail.  

The heavy-duty engine model was modified to simulate a HP-system and a LP-system. For 
creating the LP EGR-system, the EGR loop was moved and its diameter adapted to the 
increased volume flow. Additionally, the VGT-turbine was replaced by a twin-scroll turbine and 
both turbine and compressor were matched to the increased mass flows. 
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3.1.2 Exergy Analysis 
Second law analysis expressed as an exergy analysis can be used to gain insight in the distribution 
of work losses inside a system. Exergy is defined as the amount of work that can be extracted 
from a gas flow in a given surrounding. As opposed to energy, exergy can be destroyed. For 
example a pressure loss over a throttle, where work is dissipated and the entropy increased, 
causes exergy destruction. The amount of work that can be extracted from the gas is decreased. 
In the same time, the energy for the system and its surrounding still remains constant and is just 
changing its form.  

This difference can be illustrated by an example. The air in a pressure vessel with an internal 
pressure of 10 bar and ambient temperature contains the same internal energy as the ambient air. 
However, one can intuitively tell that there can be work extracted from that gas, given its high 
pressure. This work amount is quantified by the exergy. 

Another important property of exergy is that it is not an absolute value. Exergy is a relative value 
that compares the state of a system to a defined reference state, also called the dead state. The 
dead state is often the state of the surroundings of a system, but any other state can also be 
defined as the dead state if it is more useful for the current analysis.  

An advantage with exergy analysis is that it can reveal the potential for improvement that can be 
achieved for a system. So it gives an upper limit to how much work that can be extracted from a 
system in a certain environment. This can help to decide where the focus should be put when a 
system optimization is carried out [56]. 

Figure 30 illustrates the difference between energy flow and exergy flow for some typical energy 
systems. The electric heater for example converts all incoming electric energy to heat, thus the 
energy that comes out of it as heat is the same as the incoming electric energy, according to the 
first law of thermodynamics. 

The exergy flow looks quite different. Electric energy has a high exergy, the same amount as the 
energy it contains, because it can be converted to work without losses. On the other hand, the 
warm air that comes out of the heater is only slightly warmer than the surroundings. So even if 
the energy content is as high as that of the electricity, there is much less work that can be 
extracted from it and thus the exergy is much lower. The exergy efficiency is in the order of 5% 
as compared to an energy efficiency of 100% [57]. 
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Figure 30: Energy and exergy flows through heaters [57] 

3.1.2.1 Exergy calculation  
For the calculation of exergy, different ways are found in the literature. A common way is to 
calculate from tabulated values for entropy and enthalpy [58]. The specific exergy of a gas flow is 
defined as: 

∗ ∗ 					 /   (6) 

The total exergy contained in a mass flow then becomes 

∗ ∗ ∗ 					 /  (7) 

Where  is the specific enthalpy,  the temperature,  the specific entropy,  the flow speed and 
 the mass flow of the gas. Index 1 indicates the actual gas state, index 0 the ambient state. 

To perform the exergy analysis for the whole engine, the gas exchange system was cut into a 
number of control volumes, one for each important part in the system. Figure 31 shows the 
control volumes in a sketch of the engine. 



32 
 

 

Figure 31: Control volumes for HP and LP EGR-system 

The abbreviations used in Figure 31 are shown in Table 3. 

Table 3: Abbreviations used in Figure 31 

CAC Charge air cooler 

Comp Compressor 

DPF Diesel Particulate Filter 

ExhMan Exhaust manifold 

ExhOut Flow out of the system 

ExhThr Exhaust throttle 

HPEGR High-pressure EGR-loop, containing cooler and EGR valve 

HPM High pressure mixing point 

IntMan Intake manifold 

LPEGR Low-pressure EGR-loop, containing the cooler 

LPM Low pressure mixing point 

Turb Turbine 

 

As an example, the exergy balance for the exhaust manifold is shown. The arrows in Figure 32 
depict the direction of the exergy flow. The exergy destruction within the control volume 
through heat and pressure losses is calculated according to equations 8 to 10. The different 
incoming flows are assumed to have the same mean temperature, pressure and mass flow. 
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Figure 32: Exhaust manifold with exergy flows across control volume borders, HP-system 

∆ , ,    (8) 

,   (9) 

 , , , 	

		 							

																																				 	  (10) 

Another way to calculate the exergy that is contained in a gas is to calculate the work that can be 
produced in reversible processes, bringing the gas state to equilibrium with the environment. 
This method may be more easily accessible to the engine engineer. Note that this example only is 
valid for a closed system. To calculate the exergy, the work of an isentropic expansion from the 
actual pressure to ambient pressure is calculated. The temperature difference that remains after 
this expansion between gas and environment can then be used in a Carnot process to gain work. 
For this calculation it does not matter whether the gas temperature after the expansion is below 
or above the ambient temperature. As long as there is a temperature difference, work can be 
gained by using this difference for the Carnot cycle. The order of the processes involved does 
not matter for the amount of work that can be produced, as long as the processes are reversible.  

In some applications it can be interesting to separate the exergy into a pressure and a 
temperature part. In engines for example, the coolers need to cool the gas thus destroying 
exergy, while their pressure drop is unwanted in most cases. By separating pressure and 
temperature part, the exergy destruction that is useful for the engine can be separated from the 
exergy destruction that should be avoided. According to Voldsund et al. [59] this is most 
commonly done as follows: 

  (11) 

and 

  (12) 

With  and  being the enthalpy and entropy evaluated at the initial pressure  of the 
stream and the dead state temperature . 

3.1.2.2 Exergy studies in literature 
Exergy analysis can be used for a wide range of applications, such as heating of houses [60], 
power plants [55], the exergy use of whole societies [57] and of course internal combustion 
engines. The use of exergy methods is becoming more and more popular as the need for 

,  

,  ,  
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efficiency improvements is increasing while it is harder to improve a system the closer it gets to 
its maximum efficiency. 

In a comprehensive literature review, Rakopoulos et al. [61] summarize the results of a large 
number of publications treating the internal combustion engine. Most of them, however, focus 
on the analysis of combustion processes and combustion irreversibility. Only a small number of 
publications focus on engine sub-systems such as turbochargers and intake or exhaust manifolds, 
e.g. [62], [63]. No publication was found by the author that applies exergy analysis methods to 
the entire gas exchange system including EGR.  

Rakopoulous concludes in his paper that “Second-law analysis cannot be isolated from first law 
modeling. In fact, as Gyftopoulos [64] argued, it is actually misleading to separate the first- and 
second-law analyses and claim that one is better than the other, but, instead, use should be made 
of both approaches for every process study.” 

3.1.3 Transient simulation 
Transient simulations in GT-Power have some extra difficulties as compared to steady-state 
simulations. For the transient reaction of the turbocharger, some extra calibration and knowledge 
of the turbocharger’s inertia is needed. To get this information, inertia measurements were 
performed as proposed by Westin [54]. 

Furthermore, the changing EGR-rate during a transient has high impact on the combustion. As 
the combustion in the performed simulations was not simulated, but imposed from 
measurements, a database was built containing a number of heat-release rates in dependence of 
intake pressure and EGR rate. This way, a correct heat-release rate could be chosen for each 
cycle during the transient simulation. More details about the transient calibration can be found in 
Paper 2 and in [65]. 

3.2 Selected Results and Discussion 
The results of the efficiency analysis are based on calibrated 1-D simulations. Parts of the 
simulations are performed on a model of a light-duty (LD) engine for passenger cars, others on a 
heavy-duty (HD) truck engine. For the LD-engine, the comparison of the high-pressure and low-
pressure are performed both in steady state and in transients. They focus on the different usage 
of the turbocharger in HP and LP EGR-systems. For the HD-engine, only steady-state 
conditions are analyzed. The focus here is on the exergy analysis of the entire system, with a 
detailed study of the single components efficiencies. 

3.2.1 Results from Light-Duty Engine 

3.2.1.1 Steady-state 
For the light-duty engine, EGR is used only in the area of the engine map that is included in the 
European driving cycle. This is the area with rather low engine speed and load, see Figure 27. As 
the turbocharger of the engine is matched so the full power can be reached, this means that the 
turbocharger is always run in the lower left area of the map while EGR is used, Figure 33. This 
means that the flow is rather low and therefore the operation point is not in the area of high 
efficiency. By using low-pressure EGR, the mass flow through turbine and compressor can be 
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increased, thus shifting the operation point towards higher efficiency. This change in 
turbocharger efficiency leads to an increase in overall engine efficiency as well.  

 

Figure 33: Compressor efficiency map with working points for HP (SR) and LP (LR) system 

It is visible in Figure 33 how the operation points in the map come in couples. The HP-
operation point is the left one of each couple; the shift to LP-EGR moves the operation point 
further right towards higher mass flow and efficiency. A similar shift occurs in the turbine map 
as well. 

3.2.1.2 Transient 
Transient simulations were performed for the light-duty engine with a calibrated 1-D simulation 
model. Two different types of transients are analyzed: positive and negative load transients. For 
the positive load transient the EGR is switched off at the beginning of the transient. The 
interesting result here is the time it takes for the engine to arrive at the goal of the transient, 100 
% load. The negative load transient is used to analyze the response time of the EGR system. 
When the load is decreased, the EGR-rate needs to be increased. A faster build-up of the right 
EGR-rate leads to lower peak in NOX-emissions. An overshoot of the EGR-rate on the other 
hand leads to excessive soot production. 

3.2.1.2.1 Positive load transient 
In the positive load transient, a transient from 5 bar IMEP to full load is run. Figure 34 shows 
the increasing load over cycle number. At the starting point, 5 bar IMEP and 2000 rpm, the 
EGR is distributed in different portions between the LP and the HP EGR-loop. 80 LR in the 
legend means that 80 % of the total EGR amount are routed via the LR (LP) loop. The transient 
starts at cycle number 10 for all cases.  

Two distinct events can be observed in the transient. The first one is a step after very few 
moments, the second one the reaching of full load torque. The step can be explained by the 
turbocharger lag. The height of the step is dependent on the amount of fresh air that is available 
for the combustion right away. This corresponds to the behavior of a naturally aspirated engine. 
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For the later increase the engine has to “wait” for the turbocharger to speed up and deliver more 
fresh air.  

The HP loop delivers most fresh air directly, as can be seen by the highest level of the first step 
in the figure. When the EGR-valve is shut, the EGR-delivery stops almost immediately. For the 
LP-system, after the EGR-valve is shut, there still is a mixture of air and EGR in the piping from 
the mixing point to the cylinders. This means, that there is a delay between the EGR shut-off 
and the delivery of pure air to the cylinders. This delay depends on the volume between the 
EGR-mixer and the cylinders. For the partitions of EGR between LP and HP loop it can be 
seen that the step height increases for lower portions of LP-EGR.  

Even with a lower level first step, the maximum torque is achieved earlier for the LP-loop than 
for the HP-loop. In Figure 34 it becomes clear that the higher the LP-part of the EGR was 
before the transient, the faster the full load torque is delivered. 

 

Figure 34: Full load transient at 2000 rpm for different EGR route distributions between LP (LR) 
and HP (SR) path before transient start 

The reason for this can be seen in Figure 35. The larger the LP-portion is, the higher the 
turbocharger speed is from the start of the transient. This is due to the fact that more gas passes 
the turbine. This higher starting speed results in an advantage for the LP-system when the engine 
is waiting for the turbocharger to speed up. The higher speed is maintained throughout the 
transient resulting in a faster delivery of fresh air. This in turn allows a faster increase of injected 
fuel and therefore the maximum torque is reached earlier.  
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Figure 35: Turbocharger speed for full load transient at 2000 rpm for different EGR route 
distributions between LP (LR) and HP (SR) path before transient start 

3.2.1.2.2 Negative load transient 
The negative load transient is the inverse of the positive load transient, meaning that the torque 
demand is reduced from full load to the low load point at 5 bar IMEP. In the same time, the 
EGR demand is raised from 0 % to 45 % EGR. As the study is focused on the reaction of the 
gas exchange system and not on controls, the positions for VGT, EGR-valves and exhaust 
throttle are simply set to the known positions for steady state running in the low load point when 
the transient starts. 

Figure 36 shows the transient EGR-rate for different EGR-routings. As earlier, the routing is 
split up between the LP and the HP path. One additional case is added, where all the EGR is 
routed in the LP-loop, but instead of using an exhaust throttle, a pump is placed in the EGR-
loop that creates the driving pressure for the EGR flow.  

Several effects can be observed in Figure 36. The first is the reaction time of the different 
systems. The higher the LP-fraction of the total EGR, the longer it takes for the EGR to be 
delivered to the intake manifold.  

In addition to that, there is an overshoot in EGR-rate for the cases with a large part of LP-EGR. 
This is due to the simple control approach used here. As the exhaust mass flow is high at the 
start of the negative load transient, the sudden closing of the exhaust throttle leads to a rise in 
exhaust back-pressure, leading to a high mass flow in the EGR-loop.  

The LP-loop with the pump does not have the overshoot, as the pump is not influencing the 
backpressure but simply pumping some exhaust gas to the intake side. This does however not 
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affect the time delay. For all cases where part of the EGR is going the LP-path, there is a time 
delay to deliver the EGR due to the longer gas transport distance. 

 

 

Figure 36: Transient EGR-concentration for negative load transient at 2000 rpm for different 
EGR route distributions between LP (LR) and HP (SR) path during the transient 

3.2.2 Results from Heavy-Duty Engine 
For the heavy-duty diesel engine, two models were built in GT-Power. One model represented 
the standard engine and was calibrated to match measured engine data. The second model 
represented a modified engine. Instead of the standard HP EGR-system a LP EGR-system was 
realized. The turbocharger and the EGR-piping were adapted to the changed mass flows. 

In Figure 37, the normalized exergy and energy drops for the different components are shown. 
The normalization is done with the exergy or energy that enters the first control volume, the 
exhaust manifold. The outgoing exergy or energy ExhOut is included here although it is not a 
drop over a component. It represents the exergy or energy that leaves the system and is released 
to the environment unused, therefore it is also considered as a loss for the system. 
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Figure 37: Normalized exergy and energy rate drops for the HP-system, 1225 rpm, 50% load  

It becomes clear that the energy analysis does not resolve all losses in the same way the exergy 
analysis does. For turbine and compressor, the energy analysis does not see any drop, meaning 
that it does not take the efficiency of the two components into account. In contrast to that, the 
exergy destruction in turbine and compressor are a direct measure of the efficiency of these 
components.  

For all components, the drop in energy is only related to the change in temperature and flow 
speed for the gas. The exergy analysis takes also the pressure drops into account. This way, it 
allows a comparison of the different components influence on the total efficiency. Pressure 
drops and temperature drops at different points in the system can be compared in one common 
unit, the maximum available work. This way, the exergy analysis can be a helpful tool when a 
system shall be optimized and it needs to be decided where the development efforts should be 
focused. 

For the comparison of the two different systems, HP and LP EGR, the exergy losses for single 
components can be compared. Figure 38 shows a comparison of the exergy loss over the EGR-
cooler control volume. This control volume includes even the EGR-valve in the HP-system. To 
be able to understand whether the EGR-valve plays a large role in the total exergy loss, the 
exergy loss is divided into the thermal and the pressure part. The EGR-valve only induces a 
pressure loss, while the cooler has both a temperature and pressure drop. 
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Figure 38: Normalized exergy rate loss divided into pressure part and temperature part for the 
HP and LP EGR-loop 

The dominance of the temperature exergy part is evident in Figure 38. This means that the 
largest part of the exergy loss is caused by the cooler. This cooling is however crucial for the 
engine and cannot be excluded. Instead, the heat that has to be removed from the EGR flow 
could be used for another process. In the standard engine it is just removed to the environment 
by the cooling water. As it represents 20-30 % of the total exhaust exergy for the HP-system, it 
would be interesting to recover some of the available work by a Rankine cycle or a 
thermoelectric device. It is also clear from Figure 38 that the usage of such a device is more 
beneficial in the HP-system than in the LP-system. This is due to the fact that the turbine already 
has taken out some work from the exhaust before it is recirculated in the LP-system. 

Another gas flow where it can be interesting to exploit the exergy is the exhaust flow that leaves 
the modeled system, ExhOut. Figure 39 shows the comparison of the exergy flows out of the 
system, ExhOut, in all considered load points, for the HP and LP systems. 
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Figure 39: Comparison of  normalized exhaust out exergy for HP and LP system in all load cases 

This figure shows that the exergy out of the system (ExhOut) is a large portion of the total 
exergy. It lies between 30 and 45 % for both systems in all load points. For the LP-system, it is 
larger in the range of low to medium speed and load. This exergy, which consists of heat, can be 
used either to increase the temperature in an aftertreatment system, or to be transformed to by 
some Rankine cycle or thermoelectric device. Especially in the low load and speed region, it can 
be problematic to heat the aftertreatment system enough to achieve optimum working 
conditions. The LP-system could provide a means to improve that situation as compared to the 
HP-system. 

The common unit for the exergy rate in all components, kilowatt (kW), allows not only to 
compare the effect of pressure and temperature drops at different positions, it also gives the 
possibility to summarize different components in functional groups.  

In the HP-system for example, the VGT has two tasks at once. It extracts work from the exhaust 
gases to drive the compressor and in the same time it provides the necessary backpressure to 
drive the EGR flow. In the LP-system, the turbine only needs to extract work from the exhaust 
in an efficient way. The pressure difference that drives the EGR-flow is created downstream of 
the turbine by the exhaust throttle. Therefore, it is interesting to compare the exergy destruction 
of the turbine in the HP-system with the sum of the exergy destructions of both turbine and 
exhaust throttle in the LP-system. This is shown in Figure 40. 
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Figure 40: Turbine exergy drop, HP vs. LP system, LP system including exhaust throttle 

The HP-system destroys less exergy than the LP-system in the high speed points and at the 25 % 
load points. This result is in contrast to the comparison of the turbines only, where the HP-
system destroys a larger portion of the exergy even at the highest engine speed. 

This kind of comparison is enabled by the exergy analysis and can be used for different kinds of 
analyses in the system that help to increase the understanding why different setups are more or 
less efficient. 

3.3 Conclusions of the Efficiency Analysis 
For the LD-engine, the LP EGR-system has several advantages. In steady-state conditions, it 
leads to higher total engine efficiency, meaning that for the same amount of work output, less 
fuel is used. For load transients, where the EGR is shut off, the LP-system showed to deliver a 
faster engine reaction. Both these advantages are mainly caused by the usage of the turbocharger 
on the LD-engine. The higher gas flow through the turbocharger in case of a LP-system 
increases the efficiency of the turbocharger and thus of the entire engine. 

In a negative load transient, i.e. a positive transient of the EGR-rate, the HP-system shows a 
faster reaction. This is due to the shorter gas transport way.  

As a result, the best EGR-system in terms of engine efficiency and transient reaction would be 
hybrid EGR-system, combining HP and LP system. This way, the best EGR passage can be used 
for the current driving situation. 

The exergy analysis of the HD-engine allows several conclusions. As a first conclusion, regarding 
the method, the exergy analysis has advantages over the energy analysis as it allows a separate 
analysis of the single components in the system. Additionally, components can be summarized in 
functional groups and their total influence on the efficiency can be analyzed. 
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For the comparison of HP and LP EGR-system on the engine, some conclusions can be drawn 
regarding the possibility of using waste heat recovery. If one wants to build a system that uses 
the heat from a cooler, the HP-system’s EGR-cooler is an interesting part. Here, up to 30 % of 
the total exhaust exergy is wasted. If one is interested in heating the after-treatment system, more 
heat is left for that purpose in the exhaust of the LP-system, especially at low load and speed 
conditions where this is most problematic. 
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4 Mixing Analysis 

The mixing that occurs between air and EGR can be divided into two different mixing types: 
steady flow mixing and pulsating mixing.  

For given gas flows and pipe diameters the steady flow mixing is mainly dependent on the 
geometry of the mixing point. This kind of flow pattern is invisible for 1-D simulations, as a 
constant concentration over the entire cross-section is assumed. 3-D simulations can resolve this 
kind of flow pattern and depending on the resolution and modeling approach can give very 
accurate results. When it comes to measuring, this kind of flow pattern is rather easy to measure 
as there is a steady situation. A moveable probe and a slow CO2-analyzer are enough to get an 
idea about the situation. 

When it comes to a pulsating flow that mixes with a steady flow, the situation becomes more 
complex. As illustrated in Figure 41, the pulsating EGR-flow might only enter the air flow from 
time to time. This would mean that even with perfect mixing at the mixing point, an unequal 
distribution of the EGR between the cylinders is possible. The amount of EGR entering a 
cylinder is dependent on timing effects and not only on mixing at the mixing point. 

 

Figure 41: Pulsating flow mixing 

This kind of time-dependent non-uniformity can theoretically be resolved by 1-D simulations. If 
the discretization length and time-step are short enough, the simulation can show the movement 
of the EGR-packets in the air flow. However, the 1-D simulation assumes a perfect mixing at 
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the mixing point by averaging over the entire cross-section. This may deteriorate the quality of 
the results. Whether the mixing in flow direction is handled correctly by 1-D simulation is also 
questionable. It is therefore important to investigate the situation by other means to gain 
understanding about the flow and the quality of the 1-D results. 

For 3-D simulations, this flow pattern is resolvable. The quality of the results is mainly 
dependent on the employed modeling approach, the grid density and time resolution. Different 
approaches like URANS and LES can be used with different levels of accuracy as a result. 

If one wants to measure the pulsating EGR-concentration in the intake, a measurement system 
with a high time resolution is needed. The pulse frequency of the EGR pulses is the same as the 
frequency of the exhaust pulses. At an engine speed of 1200 rpm the pulses have frequency of 60 
Hz in a six-cylinder engine. This means the minimum measuring frequency to resolve the signal 
is 120 Hz, according to the Nyquist sampling theorem. 

The mixing study contains two parts. The first part is the analysis of the cylinder-to-cylinder 
distribution of EGR by slow measurements and 3-D simulations. In this part, the EGR-rate is 
measured with the help of moveable CO2-probes in the intake manifold. According to 
information found in literature, the mixing of air and EGR can be improved by using a venturi 
mixer [66]. Therefore, the standard mixer present on the heavy-duty diesel engine was exchanged 
to a variable venturi device and their mixing performance was compared.  

In the second part of the mixing study the focus lies on the pulsating nature of the EGR flow 
and the influence that has on the mixing. The hypothesis is that the EGR is transported in the air 
flow in discrete packets, caused by the incoming EGR pulses. Two different measurement 
methods were employed in this part, one based on fast soot measurement, the other one based 
on laser measurements in the intake, to proof the existence of EGR pulses. 

4.1 Methods for Mixing Study 
This section summarizes the methods that are used in the mixing study and which differ from 
the general methods section in chapter 2. For the mixing study, only measurements and 
simulation of the heavy-duty engine are used. 

4.1.1 Engine 
In the mixing study the heavy-duty engine was used as described in chapter 2.1.3. For the first 
part of the study, the mixing point of air and EGR was altered. The standard configuration was 
used without alteration and compared to a setup with a variable venturi in the mixing point. In 
the second part of the study the engine was used with its standard mixer. In both parts the intake 
manifold was adapted to the respective measurement system, as described later. 

4.1.1.1 Variable Venturi (VV) 
The venturi system consists of a pipe with contracting and widening cross-section, and a 
moveable inner body. Right after the contraction, the EGR-flow is blended into the air flow via a 
slot that goes around the whole pipe. This design leads to a different mixing than in the standard 
mixer. The mixing area is located in the region with the lowest static pressure, in the beginning 
of the pressure recovery cone. By moving the droplet shaped inner body, the pumping effect of 
the system can be adapted to the actual driving situation. When the body is moved into the pipe, 
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the flow area for the air flow decreases. This leads to a higher flow speed and thus a lower static 
pressure, which in turn increases the EGR-flow. Figure 42 and Figure 43 show a cut through the 
variable venturi with the cone moved to the two end positions. In the result section, the position 
will be indicated in per cent with 95% being the full stroke position seen in Figure 43.  
 

 

Figure 42: Cut through the variable venturi, indicating the fully open "home" position [67] 

 

Figure 43: Cut through the variable venturi, indicating the closed "full stroke" position [44] 

4.1.2 Simulation Methods for Mixing Study 
In the mixing study both 1-D and 3-D simulations were used. On one hand this provides 
detailed information about the flow and the mixing process, on the other hand it allows to 
analyze the capabilities of the different simulation methods. 

4.1.2.1 1-D simulation 
For the one-dimensional simulation of the pulsating mixing a GT-Power model was used. To be 
able to resolve the EGR pulses as they mix with the fresh air, the discretization length was 
reduced from a standard 52 mm to 1 mm. This leads to a higher resolution and avoids 
unphysical mixing phenomena.  

Air in 

EGR in
separation plate

movable body
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The shorter discretization length also leads to an increased simulation time, as both the number 
of sub volumes and the number of time steps are increased by a factor of 50, approximately. To 
cut down the simulation time, a simplified engine model was set up, only containing the intake 
geometry and the cylinders. As incoming boundary conditions mass flows from a calibrated full 
engine model were used. As the cylinders were included in the model, the intake valves provided 
the proper boundary condition on the outlet of the intake manifold. The boundary condition for 
the model was the exhaust pressure which was set at a constant value corresponding to the 
average backpressure from a model of the complete engine. 

Figure 44 illustrates the simplified model. More details about the model can be found in paper 4. 

 

Figure 44: The simplified model for the mixing study 

4.1.2.2 3-D simulation 
For this study, the engine intake was modeled in 3-D. This work was performed by Alexander 
Sakowitz in corporation with the author. Here, only a short description of the model is given. 
The interested reader can find more detailed information about this model in Sakowitz’ thesis 
[46] and publications [47], [48], [49], [50].  

The CAD-model of the intake manifold including the air/EGR mixer was provided by the 
engine manufacturer. The mesh was then created by Sakowitz and a large eddy simulation (LES) 
was performed. Figure 45 shows the geometry with the inlets for both EGR and air into the 
intake manifold. The geometry even includes the intake ports and ends at the intake valve plane. 
The flow out of the geometry is the same as the time resolved flow that enters the cylinders 
according to a 1-D simulation. 
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Figure 45: Geometry for the 3-D simulation 

The boundary conditions that were used in the study were a combination of experimental results 
and 1-D simulation results. The inlet boundary conditions are measured pressure and average 
temperature data from engine tests. For the outlet, the mass flow from a 1-D simulation is used 
as boundary condition. The pressures and mass flow curves are shown in Figure 46. 

 

Figure 46: Boundary conditions for the 3-D simulation, left: measured pressures at EGR and air 
inlet, right: 1-D simulated mass flow out of  manifold into cylinders 

4.1.3 Measurements 
The standard method to measure the EGR-rate in an engine while in a lab is to measure the 
CO2-concentration in the intake and the exhaust and to compare those two. Most of the time, a 
rather slow instrument is used for the measurement which implies that the measured 
concentrations are time averages at the probe position. As the flow into the cylinders is not 
constant, with the valves being open only one quarter of an engine cycle, slow measurements 
indicate the time average of the CO2 concentration in the intake, but it is hard to measure what 
really enters the cylinders. To be able to get this information, it is desirable to have a time 
resolution that resolves cycle events and a probe position close to the intake valves [45]. Other 
ways to measure the cylinder-to-cylinder distribution include optical in-cylinder measurements 
[68] and measurements at the exhaust of each cylinder, to calculate the amount of EGR that was 
present in each cylinder from the cylinder individual emissions [69]. 
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In this work, two different methods were employed, trying to come close to the intake with the 
first, and having a good time resolution with the second. Additionally, measurements at the 
exhaust side were performed to estimate the EGR distribution from the individual particulate 
emissions of the cylinders. 

4.1.3.1 CO2-probe measurements 
For spatial resolution in the CO2 measurement, a system with moveable emission probes was 
designed. For each intake runner of the engine an access was made for the emission probe. This 
access was placed opposite to the intake runner and equipped with a flexible entry. This made it 
possible to place the probe in the plane between intake manifold and intake runner, with the 
possibility to move the probes around in that plane. As the ports are of rectangular shape, much 
higher than wide, three positions were chosen in each intake to make measurements. Top, center 
and bottom position are shown in Figure 47. 

 

Figure 47: CO2-probes at different positions in the cross-section between intake manifold and 
intake port, seen from port towards intake manifold 

The emissions are then measured with the same emission analyzer as described in the general 
method section, with a low time resolution, thus resulting in an average value of the 
concentration.  

To measure in each engine port requires 12 emission outtakes for the six-cylinder engine with 
two ports per cylinder. With three probe positions per port, 36 measurements per load point are 
needed to cover all possible measurements positions. As the instrument was equipped with two 
probes only, the engine was stopped for moving the sensors. After each shutdown and start, a 
stabilization period of around ten minutes was run to achieve stable conditions in the load point. 
Especially the temperatures of the mixed gases needed time to stabilize. 

4.1.3.2 Particulate probe measurements 
As the soot formation in the cylinders is highly dependent on the EGR-concentration, 
particulate emission measurements for individual cylinders can give information about the 
distribution of the EGR between the cylinders. 

To measure the particulate emissions from individual cylinders, a measurement system is needed 
that samples from each cylinder outlet. Another way is to sample all cylinders exhaust with one 
probe in a central position with a time resolution that allows matching the particulate 
measurements to the exhaust valve openings of the different cylinders. The second method has 
the advantage that all cylinder exhausts are measured in the same measurement and in the same 
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device. This eliminates problems with unstable conditions or calibrations that could occur with a 
setup including several sensors.  

At an engine speed of 1000 rpm the exhaust pulse frequency of a six-cylinder engine is 50 Hz. 
With a modified version of the Pegasor M-sensor that was provided by the manufacturer, a 
measurement frequency of up to 800 Hz could be achieved. This allows measuring particulate 
emissions fast enough to be able to separate the emissions from different cylinders. 

The device was mounted centrally on the exhaust pipe to minimize the volume between the 
cylinder exhausts and the measurement location, thus avoiding dilution between the cylinders 
exhaust. Two sampling locations were tested, one for each half of the exhaust manifold. Figure 
48 shows the mounting of the measurement device on the engine. It is mounted with short, 
flexible pipes in order to keep the volume small and to prevent a transmission of vibrations from 
the engine to the measurement device. 

 

Figure 48: Fast particulate measurement system on the exhaust pipe [70] 

The operation principle of the fast particle sensor is shown in Figure 49. Clean air is ionized by a 
corona needle in the first chamber. It is then mixed with sample gas in a second chamber. The 
sample gas is sucked in by the venturi effect with the help of the clean air. Due to a high amount 
of ions in the clean air, all particles present in the sample gas are ionized. The gas mixture then 
passes an ion trap before it leaves the measurement device. The ion trap removes all free ions 
from the gas. Only the charge that is carried by the particles leaves the measurement device. The 
difference of the voltages for the corona needle and the ion trap is therefore proportional to the 
number of charged particles that leave the system.  

Pegasor M‐sensor 

Sensor outlet 
Sensor intake

Exhaust manifold
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Figure 49: Operation principle of  the fast particle sensor [71] 

A first measurement series with this device gave promising results. Further investigation, 
however, showed that the measurement results were strongly influenced by the violent pressure 
pulses present in the exhaust manifold. Several approaches were made to attenuate these 
pressure disturbances. The inlet and outlet pipe were arranged concentrically in order to ensure 
that pulses would arrive simultaneously on both intake and exhaust side. Experiments with 
throttles and ventilation pipes were made to decrease the strength of the pulses. All efforts were 
in vain, it was not possible to decouple the pressure influence from the particulate number 
measurement.  

Experiments on the intake side where pressure pulsations are less strong were conducted. The 
goal was to show the existence of EGR packets in the intake manifold. Also here, the pressure 
pulsations had a too large influence on the measurement to make the results reliable. 

As a consequence, the fast laser measurement method described in the next section was 
introduced. Results of the fast particulate measurements are omitted from the results section as 
they were not beneficial for the current study. 

4.1.3.3 Fast laser measurements 
To be able to measure the EGR pulsations in the intake manifold, a laser measurement method 
was applied. This method, a line of sight method, measures the CO2-concentration of the gas 
volume between a laser and a detector unit and allows a measuring frequency of up to 5 kHz, 
thus in the order of 100 times higher than the expected pulsation frequency. 

The intake manifold was modified to allow the placement of laser and detector unit opposite to 
each other at different locations along the manifold, Figure 50 and Figure 51. Neither the laser 
nor the detector unit were placed directly on the engine but a bit further away, connected via 
optical fiber. This was done to isolate the instruments from both vibrations and heat of the 
engine. Especially the laser unit is sensible to temperature changes and has to be maintained at a 
constant temperature. 
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Figure 50: Cross-section of  the intake manifold with laser adapters 
 

 

Figure 51: Modified intake manifold with laser ports 

During the testing, it was discovered that the presence of EGR could be detected an additional 
method. It utilizes the damping of the laser intensity by EGR-contained water droplets.  

4.1.3.3.1 Measurement by CO2 absorption  
Most gases have certain peak absorption frequencies for electromagnetic radiation. This means 
that a gas species absorbs more radiation at that exact frequency than at the surrounding 
frequencies. The knowledge of this effect can be used to gain information about the 
concentration of certain species in a mixture of gases. This is done in many emission 
measurement devices and the measurement principle is called absorption spectroscopy. The 
frequency of a light source is swept over a certain range and at the absorption frequency a dip in 
the intensity that reaches a detector is observed. The magnitude of this dip indicates the 
concentration of the gas.  

In the present case, the light source is a laser and the measurement chamber is the intake 
manifold. Basically, instead of moving the gas to the analyzer as for the slow measurement, the 
analyzer is moved to the gas. This removes all delays that are caused by gas transport for classical 
instruments. In the same time, the flow is not disturbed as there is no mechanical interaction 
between the flow and the probe. 

This measurement method did not work out in the two test series that were done during this 
project. The reason for that is currently under investigation; a suspicion is that the used laser was 
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faulty. For this reason, the measurements that are presented here are all based on the intensity 
measurement method described below. 

4.1.3.3.2 Measurement by intensity 
When the engine was run with EGR and the laser system in place for the first time, a very low 
signal intensity was observed. Further experiments and changes in parameters showed that the 
water contained in the EGR formed droplets at low EGR temperatures. These droplets scatter 
the laser light thus leading to a low intensity at the detector side. 

With a higher laser power, this effect can be used as an indicator for the presence of EGR. This 
way, the packets of EGR and fresh air can be identified. It is however not possible to determine 
the exact concentration of EGR at a given time. This method is therefore useful for measuring 
the timing of the pulses and a rough indication of their behavior. For quantitative measurements 
of the EGR concentration the CO2 absorption method is needed. Advantages of the intensity 
measurement are that it does not rely on a special laser and that results are shown online, without 
the need for lengthy post-processing. 

4.1.3.4 Method for comparison 
All three methods, 1-D simulation, 3-D simulation and laser measurements give results in a 
different format or resolution. The 3-D simulation offers the highest level of detail in the results. 
The EGR concentration, pressure pulses and temperatures can be extracted with a high temporal 
and spatial resolution.  

The results of the 1-D simulation also have a high temporal resolution. The spatial resolution is 
high in flow direction, but being a 1-D simulation, there is no resolution at all in the plane 
perpendicular to the flow direction.  

The results of the laser measurements have an even lower spatial resolution. They only include 
the volume that is inside the laser beam and average the concentration inside the beam. The time 
resolution is however good. 

To compare the 1-D results to the 3-D results, the 3-D results are averaged over a cross-section 
of the intake manifold. This way, the spatial resolution is reduced to the same level as in the 1-D 
simulation. The placement of the different cross-sections is shown in Figure 45. The locations of 
cross-sections 2, 4, 5, 6 and 7 are the same as the locations 1, 2, 3, 4 and 5 of the laser probes for 
the fast measurements. This way, they can be compared as well. The measurement data contains 
however only information about a “beam” that lies inside the cross-section. This means that the 
timing effects of the pulses are comparable, while the total concentration does not have to be the 
same. 

The 3-D simulation delivering spatial resolution, it is also possible to compare the EGR 
distribution inside the cross-section with the EGR that is measured by laser beam. This 
comparison can give information whether the spatial distribution is simulated in a correct way. 

4.2 Selected Results and Discussion 
This section summarizes the most important results of the mixing study. More detailed results 
can be found in [48] for the comparison of slow measurements and 3-D simulation. Paper 5 



55 
 

gives more details about the study comparing the standard mixing geometry to the venturi mixer. 
In paper 4 the study of pulsating effects by means of fast measurements and simulation is 
presented in depth. 

4.2.1 Slow measurement vs. 3-D simulation 
When the 3-D simulation result is compared to the slow measurement, it is necessary to take an 
average over time for the simulation, as this is what the slow measurement can show. In Figure 
52, the red crosses show a cycle average while the blue dots show the concentration only during 
the time the intake valves are open. The green diamonds are measured results, averaged over all 
three positions in the intake manifold. The bars around the symbols show the spatial RMS of the 
simulated concentration.  

Several conclusions can be drawn from this figure. It becomes obvious that the concentration 
average over a cycle can differ significantly from the average during the valve opening time. This 
indicates that a higher time resolution for the measurements is desirable. It can also be seen that 
the simulation shows results that are reasonably close to measured results. The third observation 
is that the simulation predicts a decreasing spatial RMS, the further downstream in the intake 
manifold the cylinder intake lies. 

 

Figure 52: Cylinder-to-cylinder distribution of  EGR from 3-D simulation, 1200 rpm, 1250 Nm,   
30 % EGR. Bars indicate the spatial RMS of  the concentration over the outlet cross-sections [48] 

The slow measurements however, do not show the trend of less spreading over the port further 
downstream. As Figure 53 shows, the air and EGR seem to travel stratified throughout the 
intake manifold. All intake ports have an increasing CO2-concentration towards the bottom, 
parting from the top position. To assure the repeatability of this result, the measurement was 
repeated at six positions, showing the same trend. 
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Figure 53: Normalized in-port deviation, CO2-probe measurement at 1200 rpm, 1250 Nm, 27 % 
EGR, standard mixer  

According to William et al. [66], the geometry of the air and EGR mixer has an important 
influence on the mixing quality. Especially, a venturi shaped mixer was shown to improve the 
mixing. Therefore, a test was done with a variable venturi as a mixing device. The variable 
venturi has a variable width at the air/EGR contact area, so that the flow of the incoming EGR 
can be varied. More details about this device can be found in paper 5. Figure 54 shows the 
coefficient of variation (CV) for the standard mixer (Std.) and the variable venturi mixer (VV) 
for two load points, 1250 Nm at both 1000 and 1200 rpm. The percentage of the VV-opening as 
well as the EGR-percentage is varied. It becomes clear that the coefficient of variation can be 
decreased when the variable venturi is closed more. For the open position it is however not 
better than the standard mixer. 

 

Figure 54: Coefficient of  variation for measurement in port center position for all load points, 
standard mixer (Std.) vs. variable venturi mixer (VV), engine load: 1250 Nm 

For the emission formation, the most important measure is not the coefficient of variation, but 
the maximum deviation from average for a single cylinder. The cylinder with the maximum 
positive deviation is the one most likely to have excessive soot formation while the one with the 
largest negative deviation will produce more NOX.  
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Figure 55: Maximum deviation for 1000 rpm and 1250 Nm, standard mixer (Std.) and variable 
venturi mixer (VV), with varying EGR-rate 

 

Figure 56: Maximum deviation for 1200 rpm and 1250 Nm, standard mixer (Std.) and variable 
venturi mixer (VV), with varying EGR-rate 

Figure 55 and Figure 56 show the maximum deviations from average for the standard mixer and 
the variable venturi mixer. Especially for the 1000 rpm case the variable venturi does not 
improve the mixing. In the contrary, the maximum deviation is highest for this mixer.  

This is the opposite of what was expected when reading the literature and looking at the 
coefficient of variation. This led to the suspicion that the mixing at the mixing point is not 
enough of an explanation for this. Especially as the cylinder with the highest positive deviation is 
cylinder one for the variable venturi mixer, the hypothesis came up that the EGR is transported 
in packets in the intake manifold, as mentioned in the introduction to this chapter. Therefore a 
study of the EGR and air pulses was conducted, by 1-D and 3-D simulation and by a fast 
measurement method. 

4.2.2 Fast measurements vs. 3-D and 1-D simulations 
The 1-D simulation showed a strong dependency between the discretization length and the 
presence of EGR-rate fluctuations over time. A fluctuation over time means also that the EGR 
is non-evenly distributed over the length of the intake manifold, for a given point in time. In 
Figure 57 the EGR rate along the intake is shown locally resolved for different discretization 
lengths. 
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Figure 57: EGR-rate along the intake manifold at 0 CAD, for different discretization lengths, 1200 
rpm, 1250 Nm, 30 % EGR, 1-D simulation 

It becomes clear that the standard discretization length of 52 mm is not suitable to resolve the 
EGR-packets that enter the intake manifold. With shorter discretization length, however, the 
effect of the EGR pulsations becomes visible and the concentration varies significantly over 
time. 

The same kind of variation can be observed in the 3-D simulation. Figure 58 shows 1-D and 3-D 
simulated EGR-concentration over time during one engine cycle. The location lies directly 
downstream of the EGR/air mixing point approximately at the left end of the geometry seen in 
Figure 57.  
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Figure 58: EGR-concentration over CAD, 3-D simulation vs. 1-D simulation, directly 
downstream of  the mixing point, 1200 rpm, 1250 Nm, 30 % EGR 

Common for both simulation results are the number of pulses during one cycle and the 
amplitude of those pulses. This is a result in favor of the hypothesis that the EGR is transported 
in the EGR in packets. Every second pulse of the 3-D simulation is out of phase as compared to 
the more regular pulses that are seen in the 1-D simulation. This is due to the higher detail in the 
3-D simulation that takes the mixing phenomena into account in a more physically correct way 
than the 1-D simulation. The six concentration peaks in the 3-D simulation merge in couples 
and further downstream in the intake they form only three peaks.  

The same behavior can be observed in the measurement results, while this is not captured by the 
1-D simulation. 

As the CO2-concentration measurement with the laser setup failed, results from the intensity 
measurements are shown here. The measured intensity is shown in Figure 59 for different 
locations on the intake manifold in one load point. Each intensity signal is normalized by its own 
mean. A dip in intensity corresponds to a peak in EGR-rate, as the laser light is scattered by 
more water droplets the higher the EGR-rate gets. The amplitude of the fluctuations cannot be 
translated into EGR-concentration, only the frequency of the pulses is information that can be 
used for comparison with the simulation results.  
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Figure 59: Normalized light intensity from measurement, 1000 rpm, 1250 Nm, 30 % EGR 

This measurement result shows a similar behavior with respect to the grouping of the pulses as 
was observed in the 3-D simulation results. The legend shows the measurement locations on the 
intake manifold as indicated in Figure 51. The time axis is truncated at 600 CAD because the 
data acquisition system needed a reset time before each cycle start. At laser positions 1h, 2 and 4 
no pulsations are visible in the measurement. This can be explained by the fact that the air and 
EGR are stratified when they travel through the intake manifold as shown by the slow 
measurements and the 3-D simulation. Therefore, EGR might pass besides the laser at certain 
positions. Another possibility is that the condensation was not perfectly stable in the load point 
and that no droplets were present at the measurement time. 

In Figure 60 the pulsations that are simulated in 1-D are compared to the measured intensity. To 
make the comparison easier, the intensity signal is inverted and both signals are normalized by 
their own mean.  
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Figure 60: Normalized and inverted intensity from measurements and normalized EGR-
concentration from 1-D simulation over CAD, 1000 rpm, 1250 Nm, 30 % EGR, cross-section 2 

It becomes clear that the number and the timing of the pulses are simulated correctly by the 1-D 
model. The difference in amplitude cannot be evaluated, as the used measurement method only 
gives a qualitative indication about the amount of EGR that is present. 

4.3 Conclusions of the Mixing Study 
It was proven by 1-D simulation, 3-D simulation and measurements that the EGR is transported 
in the air flow in packets. This has a large influence on the EGR distribution between the 
cylinders.  

To mix the two gases, not only a good mixing across the pipe in the mixing point is needed, but 
also the mixing in flow direction needs to be improved. The measurements on the variable 
venturi show that it does not improve the cylinder to cylinder distribution significantly. Similarly, 
the 1-D simulation with its perfect mixing at the mixing point shows that the mixing in flow 
direction is of high importance. The timing effects between the valve openings and the passing 
EGR-packets have a big influence on the final cylinder-to-cylinder distribution of the EGR. 

The large-eddy simulation method predicts some of the mixing phenomena well. The behavior 
of the EGR-packets in the air flow, to merge into couples, is seen in both the 3-D simulation 
results and the measurements.  

For an estimation of the magnitude of the EGR-rate fluctuation in the mixing point and shortly 
after, a modified 1-D model can be useful. Later downstream however, it fails to predict the 
attenuation of the pulses correctly. The probe measurements show that with the present mixer, 
air and EGR remain stratified throughout the entire length of the intake manifold.  
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The simulations as well as the measurements show that air and EGR are mixed more and more 
homogeneously the further downstream they get in the manifold. This is not only caused by the 
increased transport length but also by the oscillating movements induced by the intake events of 
the cylinders. 
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5 Summary and Contributions 

The efficiency analysis showed advantages for the LP EGR-system in the light-duty engine. This 
is mainly due to a different usage of the turbocharger in combination with the definition of the 
European driving cycle. For the heavy-duty engine the result is less clear. As the entire engine 
range is covered during the emission certification, the turbocharger size needs to be adapted to 
the increased mass flow in the LP-system. Therefore, no shift in the map towards higher 
efficiency is caused by the change from a HP-system to a LP-system. 

In the LD-engine, the faster turbocharger speed at low load for the LP-system leads to a faster 
transient response than when a HP system is used. The opposite transient, from high load to low 
load, needs a fast response of the EGR system to avoid peaks in the emission formation. Here, a 
HP EGR-system delivers the EGR faster than a LP-system due to the shorter way for the 
recirculating exhaust gas. To combine the advantages of a HP and a LP EGR-system, a hybrid 
system can be built that includes both EGR paths. 

The usefulness of the exergy analysis for the gas exchange system of an internal combustion 
engine was demonstrated. The exergy analysis complements the energy analysis as it gives the 
possibility to study the influence of individual components on the total efficiency of the system.  

It was shown that the main exergy losses on the analyzed engine are the exergy loss in the EGR-
cooler and the exergy that leaves the system at the exhaust. On the present HD engine, the 
EGR-cooler of the HP-system destroys up to 30 % of the exergy from the exhaust gas by 
cooling it and rejecting the heat to the environment. In the LP-system the corresponding exergy 
destruction is only in the order of 20 %. The exergy that leaves the system lies in the order of 30 
to 45 % of the available exergy at the exhaust valves. This portion is larger for the LP-system for 
most cases, especially at low loads and speeds, which is an advantage for reaching the working 
temperature of an aftertreatment system. In case a waste heat recovery (WHR) system shall be 
designed, exergy analysis can provide significant information. The higher exergy destruction by 
cooling the EGR in the HP-system makes this the more interesting choice if the EGR-heat is to 
be recovered. 
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Another benefit of the exergy analysis is the possibility to understand the role of the 
turbocharger efficiency better. The exergy analysis allows adding and comparing the influence of 
components of completely different nature on the total efficiency. Different components can be 
summarized in functional groups. As an example, the VGT can be compared to the twin-scroll 
turbine plus exhaust throttle, as both have similar functions in their respective systems.  

In the study of mixing between air and EGR, the influence of the pulses in the EGR stream on 
the cylinder-to-cylinder distribution of EGR was shown. Both in fast measurements and in 
simulation models the presence and significance of pulses could be proven. 

1-D simulations can be used in order to estimate the intensity of the pulsations shortly after the 
mixing point. It was also shown that 1-D simulations fail to correctly predict mixing throughout 
the intake manifolds length. In order to use a 1-D model to analyze the pulsation effects, the 
discretization length of the model has to be short in comparison to the standard discretization 
length. 

The flows of air and EGR may be stratified and may remain so for the entire length of the intake 
manifold. Therefore, the location of a CO2-probe in the intake in order to measure EGR is of 
great importance for the results. 
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6 Future Work 

To further improve engine systems, it can be interesting to incorporate possible waste heat 
recovery systems in the model and to analyze their exergy efficiency under the conditions given 
on the engine. With the help of exergy analysis, it can be judged how much of the maximum 
available work that can be recovered by these systems. 

The exergy analysis can be expanded to cover the entire engine system, including combustion 
and in-cylinder heat transfer, exhaust after treatment and other drivetrain components. This way, 
all losses that occur on the vehicle can be directly compared to the fuel exergy input. The exergy 
analysis can then be expanded by including the cost of each possible improvement. This results 
in an exergoeconomic analysis, as can be found in literature [56], that allows understanding 
which improvements give the highest economic benefit. 

For the mixing study, further improvement of both simulations and measurements is interesting. 
The coupling of 1-D simulation and 3-D simulation would be interesting in order to combine 
the possibility of simulating the entire engine from 1-D with the resolution of the mixing 
processes in 3-D. 

To be able to make more exact measurements of the EGR-rate in the intake manifold, the laser 
measurement methods needs several improvements. The objected ability to measure the CO2-
concentration is one of them. To increase the spatial resolution of the method, it would be 
interesting to have access to the intake manifold from more directions and at more positions. A 
laser sheet over the cross-section or a moveable laser/detector combination could provide both 
spatial and temporal resolution to better understand mixing phenomena. This measurement 
could also be used for further validation of the 3-D simulation. 

In theory, temperature information is contained in the signal from the laser/detector. A method 
to read this temperature could provide a means to measure the temperature in the exhaust 
manifold with high time resolution. This could give valuable information about the conditions of 
the gases entering the turbocharger. 
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To improve the mixing of air and EGR and to create a more even distribution of EGR between 
the cylinders it would be interesting to study different types of EGR/air mixers with the help of 
fast measurements. The new mixers need to provide mixing not only over the cross-section but 
also in longitudinal direction. A mixer with a mixing section large enough to cover the length of 
one EGR-concentration pulse could be a possibility for this. 

Alternatively, the pulsations in the EGR can be damped to mitigate their influence on the 
distribution. Ways to achieve this can be a damping volume in the EGR-path or a resonating 
pipe connected to the EGR-path. 
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8 Summary of Appended Papers 

Paper 1 - Transient EGR in a Long-Route and Short-Route EGR-
System 
S. Reifarth, H.-E. Ångström, ASME ICES2009-76107 

Reifarth performed all measurements, calculations and analyses and wrote the article under supervision of 
Ångström. 

This paper compares the behavior of a short-route (HP) and a long-route (LP) EGR-system in 
both steady-state and transient conditions.  

In steady-state, the two systems are compared at a number of load points and it is shown that the 
LP-system has potential to decrease the engines fuel consumption. This is mainly because of the 
higher efficiency of the turbocharger. The working points of turbine and compressor are shifted 
towards higher efficiency in the maps, due to the larger mass flow. Another reason is the lower 
intake temperature due to a higher cooling capacity in the long-route system, as the EGR passes 
both EGR-cooler and intercooler. 

The transient section is divided in two parts, transients with EGR and transients without EGR. 
The systems are compared with respect to the transient response they provide. In transient with 
closed EGR valve, there is almost no difference in the load response of HP and LP system.  

For the transients with open EGR-valve, it is analyzed which system allows to run the transient 
with EGR and thus to decrease the transient NOX emission peak. Here, the long-route (LP) 
system shows a clear advantage as it allows running the transient with EGR and without 
compromising the transient response, while the EGR-rate is even higher than in the short-route 
system. 
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Paper 2 - Transient EGR in a High-Speed DI Diesel Engine for a 
set of different EGR-Routings 
S. Reifarth., H.-E. Ångström, SAE Int. J. Engines 3(1):1071-1078, 2010, doi: 10.4271/2010-01-
1271 

Reifarth performed all measurements, simulations and analyses and wrote the article under supervision of 
Ångström. 

In this paper, several EGR-systems are compared. The HP and the LP system were combined to 
build a hybrid EGR system. In addition to that, a reed-valve was tested, placed between the 
EGR-cooler and the mixing point. As a third system, a pump was included in the EGR loop of a 
LP-system, to be able to avoid throttling.  

It was shown that the hybrid system allows optimizing each driving point with regard to fuel 
consumption, by choosing the right combination of HP and LP EGR. The reed system did not 
provide any benefit on the analyzed engine. The pump can help to reduce pumping losses, as 
long as the pump has a sufficient efficiency. 

In the transient analysis, both positive and negative load transients were tested. It was shown 
that the LP-EGR system has advantages for the positive load transient, as the turbocharger 
operates at higher speed from the beginning thus leading to a faster response. In the negative 
load transient the speed of the EGR-delivery was analyzed and the SR-system had advantages as 
the transport ways are shorter. 

Paper 3 - Exergy Analysis of high-pressure and low-pressure EGR 
systems 
S. Reifarth, N. Tillmark, H.-E. Ångström, submitted to Int. J. Exergy 

Reifarth performed all measurements, calculations and analyses and wrote the article under supervision of 
Tillmark and Ångström. 

An exergy and an energy analysis of a high-pressure and low-pressure EGR system on a heavy-
duty diesel engine were performed.  

The main conclusion about the two analysis methods is that the exergy analysis is applicable for 
the analysis of single components in a more detailed manner than the energy analysis. With the 
help of the exergy analysis, single components influence on the overall engine efficiency can be 
compared. This gives important information for engine developers. 

For the comparison of the two EGR-systems on the engine, the main conclusions regard the 
availability of exergy for heat recovery systems. In both systems, the exhaust exergy and the 
exergy drop over the EGR-cooler are the two largest portions of the total exergy loss. In the HP-
system, the EGR-cooler destroys more exergy than in the LP-system. This makes this setup 
interesting in case a system is planned that can recover the heat from the EGR-cooler into work 
or electricity. The LP-system contains a larger exergy in the exhaust in a large part of the engine 
map. Here, the heat can be used for heating of the aftertreatment system or for work recovery. 
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Paper 4 - EGR Mixing Analysis by Experimental and Simulative 
Methods 
S. Reifarth, E. Kristensson, J. Borggren, A. Sakowitz, H.-E. Ångström, to be submitted 

Reifarth performed the measurements together with Kristensson and Borggren. Sakowitz calculated the 3-D 
simulation with boundary conditions delivered by Reifarth. Reifarth ran the 1-D simulations, evaluated 
measurement and simulation data and wrote the article under supervision of Ångström. 

The hypothesis that is tested in this paper is that the EGR travels in the air flow in packets. To 
test the hypothesis, simulations in 1-D and 3-D as well as a fast laser measurement technique 
were used.  

It was proven that the hypothesis is correct and that the EGR travels in packets in the air for 
some distance in the intake manifold. It was also shown that this behavior was reproduced by 
both 3-D and 1-D simulations. For 1-D it is important that the discretization length is shortened 
as compared to the standard discretization length. 

The 1-D simulation does however not resolve the mixing details, as the cross-section is not 
resolved. The pulsations of EGR-concentration show the correct amplitude and frequency 
meaning that the 1-D simulation can be used to gain information about the severeness of the 
mixing issues in a certain setup and load point. 

Paper 5 - Measuring and simulating EGR-distribution on a HD-
diesel engine 
S. Reifarth, V. Rajagopal, K. Gritzun, H.-E. Ångström, submitted to SAE PFL2014 conference 

Reifarth supervised Rajagopal and Gritzun executing the slow measurements. Reifarth performed the fast 
measurements together with Kristensson and Borggren. Reifarth built and ran the 1-D model, evaluated all data 
and wrote the paper under supervision of Ångström. 

Fast and slow measurement methods for the EGR-distribution measurements on an engine were 
used and compared. It was shown where the advantages and weaknesses of the methods lie.  

The slow measurements at different positions in each intake port showed that the air and EGR 
have a tendency to remain stratified throughout the entire intake manifold length for the 
analyzed engine.  

Two different mixing geometries were tested to see the influence of different local mixing 
processes on the cylinder-to-cylinder distribution. It was shown both by measurements and 
simulation that the distance between the mixing point and the first cylinders intake port plays a 
major role in the distribution of the EGR. 


