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Abstract

This work is performed as part of a master thesis at the Department of Mechanical Engineering of
the Technische Universiteit Eindhoven (TU/e). The concept and assignment were defined by
TNO automotive in Delft.

This report describes a concept study of the application of high level Exhaust Gas Recirculation
(EGR) on Heavy Duty (HD) compression ignition diesel engines. EGR (Exhaust Gas
Recirculation) is an effective way of lowering engine-out NOx emissions by lowering local flame
temperature during diesel combustion. Based on previous research at TNO it is determined that
in order to reach engine-out NOx emission levels of future (2010) emission standards for HD
diesel engines, EGR levels should be high in the range of 30- 70% even at full load (high-EGR).

The purpose of this report is to assess engine-design modifications and their implications,
required for achieving high-EGR levels. Furthermore it is aimed at determining which engine
configuration is best suited for achieving high-level EGR with future production engines. The US
EPA emission standard for 2010 currently has the lowest permitted NOx level and is used as a
target level for engine-out NOx emissions and subsequently the required EGR level.

A literature study is performed on the effects of EGR for diesel combustion and on required
engine modifications. From this it follows that ‘additional EGR’ is required in which the AF (air-
fuel) ratio is to remain constant. As a consequence the total cylinder charge needs to be
increased compared to non-EGR engines. It is calculated that high boost-pressure are required in
the range of 5-7 bars, for a 12.9 liter engine with a maximum BMEP of 25bar. For this purpose
two-stage turbocharging offers great potential. In order to maintain engine volumetric efficiency
and avoid thermal throttling, cooling of the EGR-gas is required. Cooling the EGR-gas can also
lower intake charge temperature, which reduces NOx emissions. Cooling of the EGR-gas can be
achieved by additional EGR-coolers.

EGR-gas can be routed through the engine in different ways resulting in different engine
configurations. Based on literature study the following two configurations are best suited for
achieving high levels of EGR:

— External route internally driven high pressure EGR (abbreviated; high-pressure EGR)

— External route internally driven low pressure EGR (abbreviated; low-pressure EGR)

Simulations are performed for both the high-pressure and low-pressure EGR engine configuration
with GT-power. GT-power is an engine simulation tool based on one-dimensional gas dynamics.
The simulation models are based on the 12.9L DAF MX engine rated at 390kW. The simulation
target values are an overall average EGR level of 50% at a minimum air-fuel ratio of 20.3. During
simulations the focus is on maximizing EGR. Emissions, both particulate matter (PM) and NOx,
are not predicted due to limitations of GT-power on this subject.

From simulation model optimization it comes forward that both the high-pressure and low-
pressure configuration require two-stage turbo-charging with the use of a standard VTG and fixed
geometry turbo. Charge cooling after each compressor stage is also required. The high-pressure
configuration requires turbochargers with a 30% lower mass-flow at equal pressure ratio. The
EGR-cooler size needs to be a factor 2 and 5 times the size of a standard DAF EGR-cooler for
the high-pressure and low-pressure configuration respectively. The average EGR-cooler wall
temperature needs to be low in the range of 313-323K. An exhaust backpressure valve and
longer pipe-work is required for the low-pressure configuration compared to the high-pressure
configuration.

Based on simulation results it is concluded that the low-pressure engine configuration is slightly
better capable of achieving high EGR levels while maintaining a minimum air-fuel ratio compared
to the high-pressure configuration. However the high-pressure configuration achieves lower fuel
consumption and requires significant smaller packaging. Therefore the high-pressure
configuration is concluded more favorable for achieving high-EGR.
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1. Introduction

Increasingly more stringent emission standards for Heavy Duty (HD) diesel engines for road
applications, demand lower NOx and PM (Particulate Matter) emissions, as can be seen in figure
1.1. The current most stringent NOx emission level is defined by the US EPA emission standard
for 2010 at 0.27 g/kWh. The dilemma generally faced when lowering emissions from diesel
engines is the NOx- PM trade-off, which can be seen in figure 1.2. A decrease in NOx emissions
has a tendency to increase PM emissions and visa versa at a given engine set-up. Fuel
consumption may also suffer from measures aimed at lowering emission.

Exhaust Gas Recirculation (EGR) on HD diesel engines offers the potential for achieving very low
NOx emissions levels with relatively small fuel economy and PM emissions penalties. However
because of the NOx- PM trade-off the amount of EGR applied, is limited in normal operating HD,
Cl diesel engines. In practice this means that in order to meet the current European EURO IV
emission regulations, a medium level of EGR is applied. Medium-level EGR is maximal up to 30%
EGR and 10 to 15% at high engine load. For future emission regulations towards the year 2010
higher levels of EGR are required. These high levels, also referred to as ‘high-EGR’, are in the
range of 30 to 70% even at full load.

Severe engine design modifications are required in order to achieve high-EGR levels and
simultaneously minimizing detrimental effects of EGR on diesel combustion and engine
performance. Applying EGR on an internal combustion engine can be done in various ways, with
various routes for the EGR-gas to travel. This leads to several possible engine-configurations.

This report describes a concept study of the application of high-EGR on Heavy Duty (HD)
compression ignition diesel engines. The purpose is to assess engine-design modifications and
their implications, required for achieving high-EGR. Furthermore it is aimed at determining which
engine configuration is best suited for achieving high-EGR with future production engines. The
US EPA emission standard for 2010 is used as a target. The focus however is on maximizing
EGR.

In chapter two of this report the effects of EGR on NO formation and on diesel combustion are
described based on literature study. In chapter three results from a literature study on the
consequences of EGR for the engine design are given. Several engine modifications and engine
configurations are given for applying EGR on HD diesel engines. The most relevant engine
configurations are described in more detail, and their suitability for applying high levels of EGR
are assessed. Also other techniques that may contribute to lowering exhaust emissions in
combination with high levels of EGR are given. In chapter four a selection is made of two engine
configurations for further research by means of simulation in GT-power. The construction of the
simulation models is described. In chapter five the results from simulations are given and
analyzed. In chapter six simulation results of both engine configurations are compared. Finally
overall conclusions are drawn and recommendations given.
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figure 1.1 [8] Evolution of European (left) and US (right) emission standards for commercial
vehicles.
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figure 1.2 [8] NOx-PM trade-off for current engine technology without EGR (heutige
Motorentechnologie ohne AGR) and future technology with EGR (zukunftige Technologie mit
AGR). Heavy Duty diesel engines for commercial vehicles.
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2. Effect of EGR on diesel combustion

2.1 NO formation and how to reduce it

Exhaust Gas Recirculation has been successfully applied on internal combustion engines both
with Otto and Diesel cycle in order to reduce the NOx emission. The formation of NOx in internal
combustion engine is often explained by using NO formation theories.

There are two widely accepted chemical pathways that are candidates for NO formation in diesel
systems [1]:

1. Thermal or Zeldo'vich mechanism

2. Prompt NO chemistry

A third pathway, conversion of fuel-bound nitrogen to NO, is important only for fuels that contain
significant nitrogen within the fuel molecules. Most distillate diesel fuels contain little (<<100 ppm)
fuel-bound nitrogen, so this pathway is likely unimportant, and is not considered here [1].

The thermal NO pathway occurs most quickly at high gas temperatures for which equilibrium
chemical thermodynamics favor formation of NO, primarily through dissociation of molecular
nitrogen and oxygen. The activation energies of the reactions that form NO through the thermal
mechanism are relatively high, so formation rates for NO are only fast enough to be significant in
engines at temperatures above about 1900-2000 K. The thermal mechanism is most important
for stoichiometric and lean premixed flames, and on the oxidizer side of diffusion flames [1].The
prompt NO pathway is initiated by hydrocarbon fragments ( e.g., CHx) that react with atmospheric
nitrogen to form intermediate species, such as HCN and NHX [6]. Depending on local conditions,
these reactive intermediates are either oxidized to form NO, often termed “prompt NO,” or react
with NO to re-form molecular nitrogen, as in reburning. Prompt NO chemistry is most active in
rich premixed flames and on the fuel side of diffusion flames, where there are zones of both
significant production and destruction of the intermediate hydrocarbon species [1].

It is generally assumed that in conventional Cl diesel engines, flame temperatures are high
enough for the thermal NO mechanism to be the dominant NO formation pathway [1]. “The
available body of experimental data largely confirms the first-order dependence of engine-out
NOx emissions on adiabatic flame temperature, especially for charge dilution (e.g. EGR) or
oxygen enrichment” [1; Musculus]. The thermal NO mechanism is most frequently employed to
predict engine-out NOx emissions from diesel engines [1]. Therefore the thermal mechanism will
be further explained.

Thermal mechanism

It follows from the thermal NO formation mechanism that NOx formation in internal combustion
engines, depends heavily on the temperature of the combustion gases. In [2] the kinetics of NO
formation are described, it is generally accepted that in combustion of near stoichiometric fuel-air
mixtures the principal reactions governing the formation of NO from molecular nitrogen (and its
destruction) are:

O+N,=NO+N re; 2.1
N+0O,=NO+0 re; 2.2
N+OH=NO+H re; 2.3

These are also referred to as the Zeldovich mechanism.
The initial NO formation rate may be written as a function of temperature and concentration of
oxygen and nitrogen;

16
d[ﬁZO] _ 6><11/0 exp(:%j[oz VAN, L for [NOJ/[NO], <<1 eq: 2.4
T 2
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in which

d[NO] . . . .

R increase of Nitrogen-Oxygen concentration per unit of time ¢
t

T temperature

[02 ]e equilibrium concentration of Oxygen

[N 2 ]e equilibrium concentration of Nitrogen

[NO] local concentration of Nitrogen-Oxgen

[NO], equilibrium concentration of Nitrogen-Oxgen

As can be seen from equation 2.4 the temperature in the exponential term makes the NO
formation rate depends strongly on temperature. High oxygen concentrations also result in
higher NO formation rates.
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Figure 2.1: Initial NO formation rate mass fraction per second, as a function of temperature for
different equivalence ratios ( ®) and 15 atm. pressure. Dashed line shows adiabatic flame
temperature for kerosene combustion with 700K, 15 atm. air. figure 11-4 [2]

Prediction of NO formation

Since, according to the thermal NO formation mechanism, the NO formation depends primarily on
the temperature, it is generally accepted to make use of a correlation known as ‘adiabatic flame
temperature’ to predict engine out NOx emission.

There is evidence however, that the ‘adiabatic flame temperature correlation’ to predict engine
out NOx (thermal mechanism) has its failures under certain circumstances. According to [1;
Musculus}: “it is unlikely that any single parameter (adiabatic flame temperature) could explain all
trends in engine NOx emissions”.

Correlation has been found between premixed burn and engine NOx emission. “It is generally
accepted that exhaust NOx emissions of diesel engines increase with the degree of premixed
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burning” [1; Musculus]. A larger premixed combustion phase can result in higher NOx emission
even under constant adiabatic flame temperature, under certain circumstances.

However it has not been proven that a causal link exits between premixed burn and NO formation
in diesel engines [1].

It is expected that next to the ‘adiabatic flame temperature correlation’ to predict engine out NOx,
a ‘premixed burn correlation’ with NO formation in diesel engines exists. Meaning that the
adiabatic flame temperature can not be regarded as the only parameter in explaining engine NOx
emission trends as premixed burn duration may also be of influence.

Reduction of NOx

In order to lower NOx emission of a HD diesel engine, the NO formation rate should be reduced.
From the thermal NO formation mechanism it follows that NO formation depends primarily on the
temperature, the lower the temperature, the lower NO formation rate. In diesel combustion
reducing (local) flame temperatures reduces the NO formation rate and thus NOx emissions.

In figure 2.2 [8] the exponential relationship between NOx formation and flame-temperature is
illustrated. According to [4] a reduction in flame-temperature by 20 K could reduce the NOx
concentration in the exhaust by as much as 20%.

fsNOx  3°
[gkg]

3
oy

figure 2.2 [8]: NOx formation as function of flame-temperature (Flammentemperatur)

Reducing flame-temperatures in HD diesel engines can be achieved by applying EGR or cool
combustion concepts such as Homogonous Charge Compression Ignition and rich diesel
combustion (A<1).

The use of EGR can be effective in lowering the NO formation in a diesel engine via the thermal
mechanism, meaning lowering the local flame temperature (7) and lowering the oxygen and
nitrogen concentration (eq2.4). However lowering the local flame temperature makes EGR most
effective in reducing NO formation.
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2.2 Effect of EGR on flame temperature

Definition of EGR

EGR can be used on internal combustion engines by replacing some of the fresh inlet charge by
exhaust gasses; ‘replacement-EGR’ or by adding the exhaust gas to the fresh inlet charge;
‘additional-EGR’, keeping the air-fuel (A/F) ratio constant. The percentage of EGR is defined as
[2]:

EGR(%) =

mass of exhaust recycled

x100%
mass of total intake charge

The most relevant components of the EGR (exhaust gas) for combustion are CO, and H,0.

EGR & flame temperature
Lowering the local flame temperature makes EGR most effective in reducing NO formation. The
lower flame temperature is a result of three effects of EGR in diesel combustion:

1. Dilution effect ; reduction in probability that fuel and oxygen molecules meet

2. Thermal effect ; increase in heat capacity of the working fluid

3. Chemical effect ; dissociation of added (EGR) species of the working fluid
In explaining how these three effects can lower local flame temperature use will be made of a
simple thermodynamic combustion equation. This simple combustion equation is based on the
first law of thermodynamics, under the assumption that combustion takes place under
stoichiometric conditions and that specific heat values of the gasses before and after combustion
are about equal. For simplicity, no work is delivered by the system.

mg, -Cp,, AT =m, - Hu eq; 2.5
With;

AT =(Tb—-Tu) eq; 2.6
Further;

Mep = total mass of the charge participating in the combustion

Cp., = specific heat of the charge

AT = difference in charge temperature between after- and before combustion (Tb-Tu)

my = mass of fuel

Hu = ‘Heat of combustion’ of the fuel [kJ/kg]

Tb = temperature of the charge after combustion

Tu = temperature of the charge before combustion

The value mg, in eq. 2.5 increases when applying EGR. Applying EGR causes the local oxygen
concentration to decrease. As combustion takes place in regions where the air-fuel ratio is at
stoichiometric proportions, a lower local oxygen concentration will cause the fuel in a DI diesel
engine to be forced to diffuse over a wider area before sufficient oxygen is encountered for
stoichiometric mixture to be formed. As a consequence a higher mass of charge, m.,, needs to
participate in the combustion. This is as a consequence of the dilution effect of EGR.

The value Cpg, in eq. 2.5 increases when applying EGR. As EGR gas contains relative large
concentrations of CO, and H,O with relative high specific heat values compared to oxygen, the
total specific heat value, Cp.,, of the charge also increases. This is as a consequence of the
thermal effect of EGR.

As a consequence of the increase in Cpg, the differential temperature over the adiabatic
compression by the engine’s compression stroke decreases. Leading to a lower temperature Tu
before combustion.

/department of mechanical engineering
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Applying eq. 2.5; Assume a constant mass of fuel m; is injected with a constant ‘heat of
combustion” Hu. When applying EGR the terms m,, and Cp., increase, this will cause the term
AT to decrease.

Applying eq. 2.6; when applying EGR the value Tu is decreased as a consequence of lower Cpg,
during compression, the value 4T has also decreased as follows from applying eq. 2.5. Together
this leads to a decrease of the value Tb. A decrease in Tb equals a decrease of the flame
temperature.

In figure 2.3 compression and combustion of a Cl engine are schematically represented, with and
without the use of EGR, as a function of temperature T and pressure P. The curved lines
represents the compression phase followed by a jump in temperature, representing combustion.

Besides the already mentioned dilution effect and thermal effect of EGR in reducing flame
temperature a third effect, the chemical effect, exist. The chemical effect is the result of the
potentially dissociation of the CO, and H,0O, from the EGR (exhaust gas), at high temperatures.
The products of this dissociation participate in the combustion process. According to [2, 3] energy
is required to dissociate the CO, and H,O molecules during the combustion process (particularly
H,O which has a highly endothermic dissociation mechanism). The energy is naturally obtained
from the high temperature flame front. Leading also to a decrease of Tb and thus lower flame
temperature.

Tb, with EGR

AT

Tu, with EGR

Figure 2.3: lllustration of simple compression and combustion.
Vertical axis; temperature T
Horizontal axis; pressure P
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NOx emissions

According to [4] the dilution effect of EGR is the major effect in NOx reduction by means of
lowering flame temperature, the thermal effect is of secondary importance. According to [3] the
chemical effect of EGR is non-negligible but considerably less influential than the thermal effect.
According to [3] the dilution effect also has a very small effect on lowering NOx emissions by
means of lower oxygen availability, when applying EGR. This is explained by eq.2.4 in which a
lower O, level leads to a lower NO formation rate.

The degree of premixed burn can have an influence on the NOx emission, however opinions vary
on this subject:

“It is generally accepted that exhaust NOx emissions of diesel engines increase with the degree
of premixed burning” [1; Musculus]. And in contradiction: “for typical diesel conditions virtually all
of the premixed combustion is fuel rich, in the range of an equivalence ratio of 4. This includes
both the initial premixed flame after auto-ignition and the hypothesized standing premixed flame
during the mixing controlled burn. These conditions are not conducive to NO production either by
“thermal” or “prompt” mechanisms. Little oxygen is present and adiabatic flame temperatures
(~1600 K) are far below those required for significant thermal NO production. For prompt NO,
calculations and experiments show little NO produced at equivalence ratios above 1.8 [58; Dec].

The A/F ratio can be of influence on the NOx emission. “Additional-EGR” keeps A/F ratio constant
while “replacement-EGR” leads to a lower A/F ratio when compared to engine operation without
the use of EGR. In case of replacement-EGR the O, concentration will be less than with
additional-EGR. A lower O, concentration will result in an increased dilution effect, increasing the
mass of charge participating in the combustion (m.,). As can be seen in equation 2.7 below, a
higher m, results in a lower temperature Tb. In equation 2.8 it can be seen that a lower
temperature Tb and lower oxygen concentration [O,] result in a lower NO formation rate. As a
consequence the achievable NOx reduction is less with the use of additional EGR and constant
A/F ratio compared to the use of replacement-EGR and lower A/F ratio [6, 7].

The charge temperature prior to combustion proves to have an influence on the NOx reduction, a
higher inlet charge temperature leading to higher NOx formation. This because the higher gas
temperature prior to combustion (7u) will lead to higher temperature Tb. Furthermore it is possibie
that due to the increased inlet charge temperature the combustion will take place closer to TDC of
the engine and thus increasing temperature Tb, this of course also depends on injection timing
[4]. (“.the shortening of the ignition delay caused combustion to take place closer to TDC,
resulting in increased gas temperature and higher NO formation rate” [4; Ladommatos])

Equation 2.7 derived from equation 2.5 and 2.6. Tb: temperature of charge after combustion.

mf-Hu
Ih=Tu+———— eq2.7
mch -Cpch

Equation 2.8 is based on equation 2.4 and shows the dependence of NO formation on
temperature (Tb) and equilibrium oxygen and nitrogen concentration ([O,] & [N2]).

d[;\;o] = f(11;[0,1.:[N,1.) eq. 2.8

/department of mechanical engineering 10
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2.3 Other effects of EGR

Combustion

- lgnition delay

Applying EGR on diesel engine may have an influence on the ignition delay. Applying EGR wiill
cause, the oxygen concentration in the total charge to decrease. According to [3; T. Jacobs]: “By
reducing the oxygen concentration, the mixing time between the direct —injected fuel and the
fresh oxygen increases. This is expected to increase the ignition delay and reduce the burn rate
once diffusion combustion starts, in case all other parameters are kept constant.” However when
applying EGR the A/F ratio may decrease, “a decreasing A/F ratio has a tendency to shorten
ignition delay” [3;T. Jacobs] (also see [57]).

When applying EGR; the gas temperature in the cylinder may increase in case of no, or
insufficient cooling of the EGR-gas prior to recycling it back into the combustion chamber or by
creating large exhaust back-pressure, increasing the internal residual fraction [3]. Increased gas
temperature has a tendency to shorten ignition delay.

The increased temperature and reduced A/F ratio can offset the dilution effect on ignition delay
[3]. In conclusion: depending on the extent in which EGR affects oxygen concentration, A/F ratio
and gas temperature, the ignition delay may increase or decrease, or remain constant.

- Combustion rate

Due to the dilution effect caused by applying EGR, the combustion rates can decrease. According
to [4, Ladommatos]: "The reduction in the local oxygen availability and the presence of CO, and
H,0O reduces the probability that the fuel and oxygen molecules meet and react, resulting in lower
reaction rates”. As a consequence, burn duration may increase [3]. However according to [59;
Ladommatos] an increase in ignition delay caused by the use of EGR, may cause the combustion
process to shift towards the expansion stroke resulting in “earlier quenching of the combustion
process, that is, shorter combustion duration”.

- Incomplete combustion

When applying EGR, the dilution effect as a consequence of lower oxygen concentration,
increases the chances for incomplete combustion. A higher engine inlet temperature caused by
hot EGR gas in case of no or insufficient EGR cooling will however decrease chances for
incomplete combustion. Therefore the level of incomplete combustion may increase in effect of
applying EGR, depending on the level of EGR and EGR cooling. [3, 4]

- Performance

Applying EGR may lead to a lower IMEP. According to [3; T, Jacobs] from tests in which EGR is
applied on a HD diesel engine it comes forward that “both Gross IMEP and Net IMEP decrease
with increasing EGR. The decreasing Gross IMEP indicates a decrease in combustion work. The
decreased combustion work is the consequence of combustion degradation due to lower
combustion temperatures and changes in A/F ratio”.

According to [60; Pickett], “The rate of heat release also tends to decrease with decreasing
ambient oxygen concentration”.

Other emissions

- Soot

The use of EGR can have an influence on the emission of soot and particulate from a HD DI
diesel engine. The “level of particles appearing in the exhaust depends on the competing
processes of soot particle generation and growth on one hand and oxidation on the other” [4;
Ladommatos]. In the oxidation process the availability of oxygen is of importance as well as local
temperature. In relation to oxygen availability the A/F ratio is often mentioned to be of importance
to soot and particulate emission of HD diesel engines. Also the way in which combustion takes
place, premixed or diffuse burn, can have an effect on the particulate and soot emission. It is
indicated by [4; Ladommatos] amongst others, that the premixed burn phase in a DI Cl engine is
relatively soot free compared to the diffusive burn phase. However J. Dec [58; Dec] points out
that “all of the premixed combustion is fuel rich, in the range of an equivalence ration of 4”, and

/department of mechanical engineering 11



TU /e technische universiteit eindhoven T..

that “soot occurs throughout the jet cross-section, rather than only in a shell near the diffusion
flame around the jet periphery”.

In case of applying additional-EGR with a constant A/F ratio, compared to engine operation
without EGR, this will cause an increase in soot emission compared to engine operation without
EGR [6]. This is the result of the lower flame temperature caused by the EGR, which “reduces the
oxidation rate of soot precursors and soot particles, resulting in greater soot formation” [4
Ladommatos]. The increased premixed burn duration that may be caused by the application of
EGR through increased ignition delay, may possibly counter the increased soot formation.

In case of applying replacement-EGR with a decreasing A/F ratio, compared to engine operation
without EGR, this will cause relative high soot emission, compared to engine operation without
EGR and compared to engine operation with additional EGR [6]. An explanation can be found in
the lower flame temperature caused by the EGR, in the same way as with applying additional-
EGR. In addition to that, the oxygen availability decreases in case of replacement-EGR.
According to [4; Ladommatos] “EGR reduces local oxygen availability, leading to lower oxidation
rate of soot precursors and soot particles, resulting in greater soot formation”. Here also the
increased premixed burn duration that may be caused by the application of EGR through
increased ignition delay, may possibly counter the increased soot formation.

In case EGR is applied without sufficient or no cooling of the EGR gas (hot EGR), this may cause
an increase in inlet charge temperature. According to [4; Ladommatos]: “It is possible that the
increase in the inlet charge temperature due to the use of EGR can result in greater soot
formation due to an increase in the pyrolysis rate of the fuel molecules in the fuel-rich regions of
the spray core. Because of little oxygen availability in these regions, soot particles may have a
chance to grow and may ultimately escape oxidation.” Also according to [4; Ladommatos]: “the
use of EGR tends to raise the temperature of the inlet charge and tends to reduce the ignition
delay period. This, in turn, reduces the amount of fuel burned during the relatively soot-free
premixed-combustion period. More fuel is thus burned in diffusion-controlied combustion which is
responsible for most of the soot production.” This reasoning however does not correlate well with
findings from Dec [58] who indicates that the premixed combustion phase is also fuel rich and
soot is not only formed near the diffusive (fuel-rich) flames. Because of the complexity of this
subject this will not be further assessed in this report. Both views from Ladommatos and Dec are
considered.

In a diesel engine “the impact of EGR on soot at high engine load is particularly detrimental,
firstly, because the engine is already working at low air fuel ratio and, secondly, because the EGR
is poor in oxygen content” [4; Ladommatos]. Therefore “in practice EGR is either not used or is
used in small quantities at higher engine loads” [4; Ladommatos].

- HC

The emission of unburned Hydrocarbons or HC's may be affected by the use of EGR. The
dilution effect of EGR on diesel combustion, earlier discussed, increases the chances of
incomplete combustion, causing HC emission. The chemical effect of EGR on diesel combustion
leads to only a slight increase in unburned HC. The thermal effect of EGR on diesel combustion
has virtually no effect on unburned HC emission [4]. In the same way as with soot emission the
increase of inlet charge temperature, due to the use of un-cooled EGR, may have an influence on
the HC emission. In general a higher inlet charge temperature in a DI Cl diesel engine, will cause
a decrease in HC emission EGR [4]. In case of cooled EGR, the dilution effect of EGR will prevail
causing an increase in HC.

Fuel consumption

It is generally accepted that the use of EGR in a diesel engine will have a negative effect on the
fuel consumption, due the decrease in brake thermal efficiency, compared to engine operation
without EGR.

The decrease in brake thermal efficiency is partly due to combustion degradation caused by
EGR. According to [3; Jacobs] combustion degradation is “due to lower combustion temperatures
and changes in A/F ratio”. This causes a reduction in indicated work compared to engine
operation without EGR and equal amount of fuel injected.

Other causes for the decrease in brake thermal efficiency are due to increased pumping work, or
losses, caused by the application of EGR. The increase in pumping work comes from extra piping
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that feed the EGR gas back into the engine and measures to generate the desired EGR flow such
as increasing exhaust backpressure. Also EGR cooling may lead to an increase in pumping work
by increased flow resistance of the EGR-cooler(s). In addition more power will be required for
driving the coolant-water pump and cooling fan(s).

The level of increase in pumping work depends, amongst others, on the level of EGR applied, the
type of engine and the lay-out of the engine i.e. the way in which EGR is applied. Furthermore the
brake thermal efficiency and the contribution of the two causes (increased pumping work and
combustion degradation) too that may vary with different engine operations and settings.
However according to [3; Jacobs], when applying EGR on a HD diesel engine; “negative side-
effects of increased EGR on indicated efficiency appear closely related to the overall A/F level. In
other words when the engine operates with overall low A/F ratios, relative changes of mixture
composition due to EGR have much more impact.”

Test performed by [3; Jacobs] on a HD Cl engine with increasing EGR levels up to 25% for three
engine speeds, keeping engine load constant at each speed, indicate that: “Gross IMEP remains
nearly constant, indicating little degradation of combustion.” “Net IMEP steadily decreases with
increased EGR, indicating an increase in pumping losses”. The brake thermal efficiency
decreases with increasing EGR level at each engine speed and set load.

Also from tests performed by [3; Jacobs] on a HD diesel engine with EGR it is concluded that:
“Combustion deterioration is the predominant reason for efficiency losses under low speed- mid
load conditions where relatively low boost pressure levels might lead to critically low A/F values.
For conditions characterized by higher overall A/F ratio, e.g. low speed- low load and mid speed
(and high boost)- mid load, most of the fuel economy deterioration can be attributed to the
increase in pumping work.”

Heat rejection & cooling

The possible increase of inlet charge temperature as a consequence of applying EGR initiates
thermal throttling and reduces the volumetric efficiency of the engine. Cooling the EGR-gas prior
to recycling the EGR-gas back into the engine is often applied in order to restore the volumetric
efficiency of the engine and in order to increase the effectiveness of the EGR in reducing NOx
emissions [4]. EGR cooling will greatly increase the heat-rejection of the engine.

Applying EGR may increase or decrease the heat rejection from the combustion chamber. Due to
lower combustion temperature as a consequence of EGR, the heat-rejection from the combustion
chamber decreases. However in case of no, or insufficient EGR cooling, prior to recycling the
EGR-gas back into the combustion chamber, the mixture temperature throughout the cycle may
increase, causing an increase of heat rejection from the combustion chamber. This heat rejection
from the combustion chamber may be in the form of convection to the combustion chamber.
According to [3; Jacobs] “the exhaust energy decreases with the increase of EGR, primarily as a
result of lower exhaust flow rate, since a fraction of exhaust energy is re-circulated. This is often
followed by a decrease in exhaust temperature”. However it may be desirable to increase exhaust
backpressure in order to control EGR flow and according to [3; Jacobs] “under certain conditions
the exhaust back pressure may actually lead to higher exhaust temperatures”.

According to [8; MTZ] heat rejection may increase by 100 kW for a typical 12 liter Heavy-Duty
(HD) diesel engine with an average EGR level of 40% (required for euro5, according to [8]), in
comparison to the current Euro 3 level. The total heat-rejection of a 12-liter HD diesel engine in
Euro-5 setup would increase to 125 kW [8].
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2.4 Considerations for further research concerning the effects of EGR on diesel
combustion

For further research in the form of simulations several of the found effects of EGR on diesel
combustion are considered for model construction and optimization. The most important
considerations are given here.

High EGR levels can be very effective in lowering NOx emission. However AF ratios should
preferable not suffer from applying EGR. Low AF ratios cause combustion degradation and thus
low fuel economy. In general PM emission increase at decreasing AF ratio. In order to maintain
AF ratios, additional EGR should be applied. A minimum AF ratio should be determined in order
to prevent excessive loss of combustion efficiency.

In order to achieve high-EGR cooling of the EGR-gas is required. Cooling of the EGR-gas
reduces the loss of volumetric efficiency and increases the effectiveness of the EGR-gas in
reducing NOx emissions. Pumping losses due to EGR-cooling have to be taken into account.

The effects of EGR on ignition delay and the combustion rate require modifications to
conventional (non-EGR) combustion models with simulations. In order to do this the increase in
ignition delay and decrease in combustion rate at high levels of EGR should be further
investigated. Furthermore the start of injection couid be advanced in order to compensate for the
increase in ignition delay.

Soot and particulate emissions most likely increase with the use of EGR, due to low oxygen
availability and low temperatures. However a larger degree of premixed combustion may counter
the increase in soot and particulate emission. There are however contradicting views on this
subject (Ladommatos vs. Dec). Because of the complexity of this subject this will not be further
assessed.
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3. Engine modifications for applying EGR

In this chapter findings from literature are presented concerning the application of EGR on
Internal Combustion diesel engines. It is aimed at giving a complete overview of the various
systems possible for supplying EGR to an engine, plus additional modifications beneficial to
engines with EGR.

3.1 General engine modifications

Engine (turbo) charging

As earlier described EGR can be applied either by replacement-EGR or by additional-EGR,
keeping A/F ratio constant. It is stressed in most literature on this subject that the most beneficial
way of utilizing EGR in DI diesel engines is the use of additional EGR, keeping A/F as high as
possible [89, 90].

According to [7; Pfeifer] in order too achieve high NOx reduction in Cl-Di-diesel engines: “the
oxygen concentration must be as low as possible while the locally required in-cylinder oxygen
mass required to completely combust the injected fuel must remain constant. Practically this can
be achieved by high EGR rates to realize the low oxygen concentration and at the same time
increasing the intake mass to keep the total oxygen/fuel ratio constant.” Others [4, 6] stress that
additional-EGR in DI diesel engines “allows exhaust NOx emissions to be reduced substantially
with little penalty of increased particulate emissions”, [4; Ladommatos], compared to
replacement-EGR. Furthermore according to [3; Jacobs] when maintaining “high enough boost
and hence A/F ratio, combustion deterioration with increased EGR is minimal” unlike applying
EGR with lower A/F ratio’s. According to [33; Morgan, Ricardo] “combustion efficiency
deteriorates significantly at air fuel ratios below 23:1 resulting in a reduction in the rate of increase
of power with increase fuelling”.

Applying additional EGR with high A/F ratios, means increasing the total mass of in-cylinder
charge. In order to do this the boost pressure needs to be increased until approximately 4 to 5 bar
for a typical 12 Liter HD diesel engine in Euro 5 setup with 30% EGR applied at full load [8].
Increasing boost pressure with the use of EGR, will lead to high demands on the (turbo) charging
system. Especially at low loads, where the energy content of the exhaust gas is low (low
temperature), and in case EGR gas is branched off in-between engine and turbine resulting in
less exhaust-gas being fed through the turbine, it proves to be difficult to produce high boost
pressure (>4 bar) with a (single) turbocharger, as less work is delivered to the turbine while more
work is demanded by the compressor. In most literature on the subject of increasing levels of
EGR (15% and higher) in HD diesel engines, it can be found that the efficiency of the
turbochargers needs to be high and the pressure ratio needs to be increased (>4). Furthermore
the operating envelope of the turbo-charging system should be wide, enabling it to perform well at
the entire engine envelope. It is indicated by [89] that the maximum EGR range is up to 22% for a
single stage VTG (Variable Turbine Geometry) turbo, which is insufficient. A solution to these
high turbo-charging demands may be found in the application of 2-stage turbo-charger systems,
placing two turbo-chargers in series.
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As both VTG turbochargers and two-stage turbochargers are capable of delivering relative high
boost pressures and have wide operating envelopes, both types of turbocharging are shortly
explained.

VTG (Variable Turbine Geometry)

In order to create a wide turbo operating field the compressor map should be fully utilized. Ideally
this would mean a small turbine at low engine speed and a large one at high engine speed. A
variable geometry of the turbine can fulfill this need. Variable turbine geometry is achieved by
varying the area of a nozzle, a set of guide vanes that control the flow through the turbine. There
are two types of VTG: the sliding wall and rotating vanes. With the sliding wall system the vanes
slide axially varying the nozzle area. With the rotating vane system the vanes rotate in order open
or close the vanes. By closing the vanes the turbine inlet pressure is increased, which increases
turbine power and drives higher engine boost pressure.

Rotating vanes ™
Sliding wall

figure 3.5 VTG turbos, sliding wall and rotating vane system

Two stage turbocharging

With two-stage turbocharging the turbochargers are connected in series i.e. one turbo boosts the
other one. Relative high boost pressures are achievable, beyond those of conventional single
stage turbochargers. Furthermore the operating envelope can be relative wide i.e. high boost
pressure possible at relative low flow without surge problems.

For almost every application the HP turbocharger has a controlled turbine, either wastegate or
VTG. Further possibilities are HP compressor bypass, interstage cooling (charge cooling in-
between compressors) an LP turbine wastegate. With the HP turbo the overall boost level is
controlled. With the LP turbine the ratio between HP & LP pressure ratio is determined.
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