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Abstract: Diesel engine is one of the enormously used technologies in mobile and stationary
application. Although, this enormous use boomed the economic development but it also caused
serious environmental hazards. Diesel engine uses combustion phenomenon that gives birth to
SOx, NOx;, soot particles and other dangerous compounds. Exhaust Gas Recirculation (EGR)
technology was developed to control the emission of NOx. EGR technology today is not as it
was a few decades ago. It evolved with the passage of time. The study of evolution in previous
two and half decades is the scope of this review paper. Work on the control and sensing
technology is also discussed but major scope of this paper is to review advances in EGR
technology from mechanical perspective. Addition of new components along the timeline in
the choronological sequence is briefly described. An effort is made to gauge the work in
different areas and to direct future work to improve EGR technology.
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1. Introduction
Ever increasing energy demand and stringent regulation to control environmental pollutants

like the emission of SOx and NOx are pressurizing the researchers to find energy viable and
environmental friendly engine emission technologies [1]. Various techniques were applied to
make IC engines especially Diesel engines energy efficient. One of these was the use of
turbocharger that uses exhaust from the engine to drive turbine that in turn drives the air
compressor to feed air at elevated temperature to the compression ignition engine [2]

In olden times smoke out of the chimney was considered the sign of prosperity of nation and
then time changed and stringent laws was imposed to bring pollutants especially SOx, NOx
and Lead (Pb) emission from engines to acceptable concentration in order to avoid their effects
on human health, property, and aesthetics of the environment [3].

Scientists and engineers around the globe targeted to control NOx emission from internal
combustion engines. Exhaust gas recirculation technology was brought into play to control
mainly the NOx emission produced during the combustion of fuel. When Air enriched with
oxygen react with Nitrogen at elevated temperature due combustion flame then NOx are
produced [4].

Exhaust Gas Recirculation (EGR) system diverts a part of the exhaust to the air inlet of diesel
engine to make it diluted. It causes reduction in flame temperature due to reduction in
availability of oxygen and an increase in heat capacity. It creates barrier in the reaction of
nitrogen and oxygen to produce NOx. Hence, EGR is also a tool to manipulate with combustion
processes like Premixed Charge Compression Ignition (PCCI), Homogeneous Charge
Compression Ignition (HCCI) and Low Temperature Combustion (LTC) [5-8].

Table 1: An overview of the effects of EGR on NOx and pollutants emission [9-11]

No. Effects Reason of the effect Consequences

1 Dilution of engine intake e Oxygen e Reduced
displancement form flame
intake temperature.

2 Chemical effect e Dissociatio of H,O e Reduced
and CO2 due to power
endothermic process production.

3 Thermal effect e Heat capcity e Increased fuel
increase of the comsumption.
intake mixture e Engine noise

e Hight soot
production

e High HC and
CO
generation.

e High soot
formation.

e Lube oil

degradation
e Engine wear
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Effects of Exhaust Gas Recirculation System are summarized in the Table 1. It explains that
EGR technology causes dilution effect which in turn reduces flame temperature. Low flame
temperature forces higher soot emission. The amount of air circulated by the Exhaust Gas
Recirculation System is decided by the number of operating points set by the environmentalists
to bring the emission below legislated limits.

Exhaust gas recirculation Technology was improved and evolved with passage of time to find
a compromise between an acceptable NOx emission and efficiency of the engine. Important
modifications in EGR and their effectiveness will be discussed in the literature review section.
Contribution of various authors is summarized in Table 2.

Novelty of this work is (a) to study evolution in EGR technology, (b) to compare the work of
various authors regarding EGR, (c) various design modifications, and (d) Assessing the
researches already done and suggesting future direction.

Table 2. Summary of contribution of various authors to study the impac of EGR on engine
performance and emissions.

Contribution Ref.
Agarwal et al. experimentally investigated the performance and emission for various [12]
EGR rates for direct injection diesel engines at constant speed. Hydrocarbons, NOx,
and carbon monoxide, smoke opacity and exaust gas temperatue were measured. High
wear rate of piston rings and high carbon deposits were observed.

Millo et al studied various architectures of EGR system by experimental tests and 1D  [13]
model. A combination of short an long route called Dual loop was evaluated. Dual
loop was found to have 5% reduction in NOx esmission.

Wei et al. studied the impact of EGR on gasoline engine and conluded that the [3]
technology can enhance fuel economy, reduces knocks and NOx emission.

Asad et al. proposed a global equation to assess steady state and transient [8]
concentration in the exhaust.

Peng et al. investigated the impact of EGR on Direct Injection diesel engines during [14]
cold start. It was found that high EGR led to higher white smoke production. NOx
emission is affected by increment in fuel intake. EGR impact on NOx reduction
become significant when combustion become stable.

Hansen et al. investigated control architectures. Reference tracking and disturbance [15]
rejection are studied using model uncertainity.

Divekar et al. developed an EGR model for the quantification of interaction between [10]
oxygen intake and engine operating variable including EGR amount, intake boost,
and fluel type.

Min et al. studied dual loop EGR with turbocharger for light duty diesel engines using [16]
sensors and product engines.
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Jafarmadar and Nemati investigated the impact of EGR on exergy efficiency for diesel [17]
engine operating with hydrogen and diesel oil.

Chen et al. assessed the impact of EGR on heavy duty diesel engine using disesl with [18]
40% butanol. It was concluded that EGR dramatically reduced NOx emission with no
effect on soot.

Galloni et al. studied the influence of EGR on turbocharged Sl engine using both [19]
numerical and experimental approach. The impact of EGR on octane requirement,
engine performance, and exhaust gas temperature was studied for different roational
speeds.

2. Literature review

Diesel engine was considered low emission and environmentally promising technology until
1995 when United States Environmental Protection Agency (USEPA) put stringent policy and
asked the state governments to enforce emission standards. Before that secondary emission
control technology such as catalytic converter was not mandatory. It was difficult to fulfill the
standards without secondary emission technology after USEPA’s legislation [20].

Before that only catalytic activities are used to somehow control the NOx emission. Use of
ammonia was proposed as a reducing agent to control NOx emission. Its usage on
passenger’s vehicle was hardly feasible [21]. It was suggested by certain laboratories to use
CO and HC in the intake to control NOx emission. This is how this technology came into

play [20].
4ANO + 4NH3 + O2 » AN, + 6HO?
2NO2 + 4NH3 + O3 » 3Nz + 6HO:

Exhaust Gas Recirculation (EGR) initially was a just conduit from exhaust channel to intake
channel of the diesel engine [22]. EGR valve was integrated later in this conduit (Fig. 1). It
reduced the oxygen nitrogen ratio in the intake and resulted in low combustion temperature
and less availability of oxygen for the oxidation of Nitrogen contents of the intake in order to
avoid NOx emission. Unluckily the integration of EGR technology resulted in high emission
of soot particles. Thus it was targeted by the researcher to reduce enhanced particulate
concentration due to the integration of mentioned technology[23].

Diesel

v
Ajr . ———— Dies_el
| Engine

Exhaust

EGR Valve

X

Fig.1. Exhaust Gas Recirculation (EGR) Conduit with EGR Valve.
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Modeling and proportional integral derivative (PID) controller loop was investigated and
control valves were integrated in the conduit that allows some of the combustion product into
the intake tract of the engine. The problem in the use of this technology was that variation in
pressure and EGR rate were dependent on the both variables named Turbine vane Position and
Value Position (degree of openness or closeness). Problem was solved by activating only one
loop while keeping other variable constant. PID controller was proved more effective than
Model Predictive Control (MPC) [22]. PID was designed to change set point on the change of
variables and it ultimately caused strong EGR Rate Change for optimum value. In this way the
EGR was made better and effective to control the composition of the mass that was to be
charged to diesel engine[24].

Air  EGR EGR
Valve  Cooler

Fig. 2. Integration of Exhaust Gas Recirculation (EGR) Cooler.

The EGR technology was improved when new generation of control valves came in and
accuracy was improved by electronic systems. Further, EGR cooler was used for more
reduction in NOx emission than the conventional one. Therefore Exhaust Gas Recirculation
Cooler (EGR) was also integrated in to the EGR system to get the emission controlled (Fig. 2).
G.H. Abd-Alla [25] used Ricardo E6 Engine and installed an EGR system. Temperature of
exhaust gas was noted by inserting thermocouple in the EGR pipe near the intake manifold.
Part of the EGR pipe was manufactured by using flexible stainless steel. Flexible Stainless steel
was used to absorb engine vibrations those can destroy exhaust system and measuring
instruments. Pipe of EGR was insulated by using Glass wool. It helps to reduce temperature
drop. The schematic is shown in the Fig. 3.
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Fig.3. Exhaust Gas Recirculation (EGR) system with flexible steel pipe design for vibration control.

Inlet air was removed and equal volume of combustion products were inserted into the air
intake channel. That resulted in 14% reduction in flow rate due to EGR. Some of the air is
displaced by water vapors and CO which are integral parts of combustion products. The
application of EGR reduced N2 flow rate by 15% and O2 by 19%. Dilution of intake mass with
exhaust increased the mass temperature that significantly affected combustion process. The
effect of reduction of O, concentration by dilution of CO2, N2 and exhaust gas was traced as
shown in Fig. 4 [25].

600 T T T ‘ T T T T T T T T T
i —@-Exhaust gas

| —@—Nitrogn, Ny
| —@—-CO.

.\ 1 1 ‘ 1 1 | 1 | | 1 | | | 1
17 18 19 20 21

Oxygen concentration, vol %

Fig.4. Effect of reduction in oxygen concentration by different diluents (EGR, CO2, N2) on NOx
emissions in diesel engine.

It was also found that the use of EGR system had several draw backs as well. Use of EGR
increased specific fuel consumption and particulate emission especially at high loads. It has an
adverse effect on lubricating oil quality and engine durability. The emission of CO2 was
enhanced due to this technology. However NOx emission was reduced with the combined use
of superchargers and EGR System [25].
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Initially control valves along with PID were used to enhance the performance of EGR system.
PID was designed to change set point on the change of variables and it ultimately caused strong
EGR Rate Change for optimum value. Latter design was modified and EGR cooler was
introduced along the EGR duct [26]. M. Zheng et al. [22] proposed to use a Catalytic Oxidation
Box to maintain a safety margin of ash contents in 2004 (Fig. 5). It was proposed that it could
make EGR more stable during inconsistencies of the operation of EGR [8].

Diesel
)

Air.———— Diesel £ paist
| Engine | i

Oxidization

EGR
Catalyst\ Valve

)

Fig.5. Catalytic Oxidation Box integration in Exhaust Gas Recirculation System.

M. Zheng et al. [22] proposed the use of EGR Reformer in the same study (Fig. 6). Reformer
can be used to produce carbon mono-oxide and hydrogen so they might facilitate premixed
combustion enhancement in the cylinder [22].
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Fig.6. Integration of Reformer in Exhaust Gas Recirculation (EGR) System.

R. Moss et al. [27] tried to put sensor technology in order to measure EGR rate. Position sensor
was used to determine the degree of opening of the throttle valve enabling EGR control loop.
EGR control rate depends on temperature, pressure difference, intake and exhaust restrictions
or exhaust gas recirculation fouling. To compensate these environmental factors direct
measurement of EGR rate is mandatory. He used temperature sensor, mass flow meter and
back pressure sensor to get the direct measurement of EGR as shown in the Fig. 7.
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Fig. 7. Layout to put sensors in order to directly measure EGR rate.

Integration of Air Box was reported by Agarwal et al. [12] in his work in 2009. The flow of
exhaust fluctuates when the exhaust is allowed to pass through Exhaust Gas Recirculation
(EGR) channels. It happens due to the large pressure difference of intake air in the intake
manifold and exhaust manifold. Exhaust pressure is higher due to higher temperature of
exhaust as compared to fresh air. This difference in pressure caused fluctuations and turbulence
in the flow of exhaust in the EGR loop. The problem was taken in to account by Agarwal et al
by introducing Air Box in the EGR loop having a diaphragm as shown in the Fig. 8 below [12].

Aidr Box and
Diaphragm

Orifice

Exhaust Muffler

EGR Loop

-,—]
Mixture Exhaust
EGR Temperature Temperature Tem perature EGR Contral Valve Back Pressure Valve

Exhaust Gas

To Smoke Opacity Meter

To Exhaust
Gas Analyzer

Load
Bank

Temperature

Laminar Flow

Equipment

Generator

=
=

Fig.8. Air Box Technology in the Exhaust Gas Recirculation (EGR) Loop.

They used an orifice to measure flow rate and EGR temperature sensors to monitor temperature
of exhaust that need to be mixed with fresh incoming air.
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High Pressure or Short Route (SR) Layout and Low Pressure or Long Route (LR) Layout was
discussed by F. Millo et al. [28] in 2012. They also used Diesel Particulate Filter (DPF) to
capture particulate matters from the exhaust. It saves compressor damage from particulate
matters as well. Both Short Route (SR) and Long Route (LR) architecture can be combined to
get a mixed one or Hybrid Layout. But in that case it must have a bypass system as extremely
cooled EGR can increase unburned hydrocarbons and carbon mono-oxide emission especially
during start up due to combustion instability. Although, SR is preferred for vehicles but LR
layout of EGR is more environmentally friendly due to integration of DPF. Both system of
layout of EGR are shown in the Fig. 9 [9].

7 EEGR cooler 3

Air cleaner Throttle
5T

1 (TN
OQQQ
JTOTOTOTL

1

Inter cooler

Fig.9. Short Route (SR) and Long Route (LR) Exhaust Gas Recirculation Layouts.

DPF reduces the damage to compressor wheel and charge air cooler fouling. It has the
capability to hinder carbonaceous contents from the exhaust. Therefore it saves not only
compressor wheel damage but also stops accumulation of these matters in the intercooler
channels. Diesel Particulate Filter (DPF) also produces necessary plumbing effect in exhaust
gas recirculation circuit that in turn offers optimum resistance to the flow of exhaust [28].

DPF is also called Diesel Particulate Trap (DPT). It uses different types of technology like
honey comb aluminum mesh, aluminum wire mesh, and ceramic fiber technology. Honey comb
mesh is the most recent technology. Regeneration process was designed to clean the filter from
particulate matters. Active and passive regeneration processes are used to convert particulate
matters into CO, without causing a damage to filter. Temperature is build up to 500 °C upon
receiving a signal from particulate stack monitoring system to burn the particulate matters in
the active regeneration. But now a day a passive or catalytic regeneration is preferred due to
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economic limitations. Catalytic oxidation is used in the passive technique to achieve the same
purpose as shown in Fig. 10 [29].

Oxygen

HC,CO.PM Buffer [
ey H20, CO2 HC.COPM PR— ' \

Oxidation catalyst Soot filter

Fig.10. Advancement in Regeneration Process from Active to Passive Regeneration in DPF

F. Millo et al. [28] also studied the soot and NOx emission for both Short and Long Route EGR
systems. Schematic diagrams for both long and short route exhaust gas recirculation system
are shown in Fig. 11.

Low Pressure

Fig.11. High Pressure and Low Pressure EGR loops in modern engines.

Mostly diesel engines in this age use High Pressure (HP) EGR while others rely on Low
Pressure (LP) EGR. High Pressure EGR is prominent technology for production engines while
low to moderate pressure EGR systems are used in common application. Both HP and LP EGR
systems used in modern diesel engines. Their comparison with respect to soot emission is
summarized in Fig. 12. Exhaust is allowed to pass first through compressor due to which it
loses its temperature energy. Reduction in temperature causes reduction in pressure as well
[10].
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Fig.12. Soot and NOx emission as a function of EGR rate for both short and long route EGR.

Exhaust Gas Recirculation (EGR) cooler was used by many researcher before its injection into
the intake manifold of the engine. Combustion residue including soot particles, unburned
hydrocarbons and their mixture is allowed to pass through the EGR cooler. Soot particles and
unburned hydrocarbon deposits an insulating layer that causes a significant reduction in the
thermal efficiency of EGR cooler [30] . Beside reduction in thermal efficiency, it affects intake
pressure, and engine efficiency. In order to minimize these losses Janabi and Malayeri [31]
investigated different design modifications in the EGR cooler. They experimentally
investigated the effects of grooved plates, straight and inclined ribbed plates as shown in Fig.
13. They concluded that although ribs developed a flow separation and turbulence but have
better overall thermal efficiency. Flat ribbed are particularly suitable in term of low thermal
resistance as compared to other structural designs. Groove plates performance depends on the
dimension of grooves that need to be investigated yet.
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Fig.13. Design of grooved plates, straight ribbed plates, and inclined ribbed plates in the EGR cooler.

3. Summary

Exhaust Gas Recirculation (EGR) was no more than an orifice that allowed the exhaust of the
engine from exhaust manifold to the intake manifold. Pressure difference was the driving force
to push the exhaust from exhaust to the intake mixture. The technology evolved with the

passage of time. Evolution in EGR technology with time is shown in the form of flow diagram
below.

65



(JESC) The Journal of Engineering, Science and Computing Issue 111, Volume I, April, 2020

EGR evolution Tree

EGR Oirrifice
(Orifice that allowed the flow of exhaust from exhaust manifold to intake manifold)

¢

Duct based EGR
(Duct from exhaust manifold to intake manifold)

¢

Valve integration in EGR duct

¢

Sensors and PID controller
(To control the composition of intake mixture)

¢

Improvement in valve and sensors technology
(To improve accuracy)

¢

Flexible stainless steel pipe usage for EGR duct (aluminized steel tubing/stainless steel)
(To reduce vibrations)

¢

EGR cooler technology
(To reduce the temperature of exhaust)

¢

Catalytic Oxidation Box Technology
(Oxidation of particulate matters)

-

Reformer Technology
(For premixed combustion enhancement)
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EGR control loop integration
(For direct measurement of EGR Rate)
(Used flow meter, back pressure sensor, and temperature sensors)

.

Air box technology having a diaphragm
(To minimize turbulence in the EGR channel)

nd

High pressure and low pressure EGR
(Loops)

3

Hybrid EGR technology
(Mix of both high and low pressure EGR)

g

Use of diesel particulate filter (DPF/DPT)
(To capture particulate matters to avoid fouling, compressor damage and others)

4

Advance in the design of diesel particulate trap (DPT)
(Honey comb, wire mesh, ceramic fiber technology)

4

Active and passive regeneration technology
(Coordinates with Particulate Stack Monitoring System to clean the filter in DPT)

3.1. Critical analysis and future work recommendations

EGR diverts a part of exhaust to reduce the concentration of oxygen. It is done to control the
NOx emission as limited oxygen deprive of nitrogen to oxidize. It also reduces flame
temperature for combustion.

Although EGR is promising technology to reduce NOx emission but it deteriorates engine
efficiency as well. Researcher tried to find a compromise between the two. Therefore, it is
desired to improve the effectiveness of EGR with minimum impact on engine efficiency.
Although a lot of work was done to improve control technology to make EGR more effective
but major concern of this paper is to critically review mechanical advances in EGR technology.
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Beside Efficiency reduction another problem caused by the EGR technology is soot emission
enhancement (Fig.14). Soot is the major source of fine suspended particle that are carcinogenic
for human health. They enter human body through respiratory systems and cause damage to
brain cells as reported by B. Rajesh Kumar et al. [32].
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Fig.14. (a) Decreasing NOx and (b) increasing soot emission with increasing EGR Rate [33].

Therefore, we must look for alternate fuels like biofuels as they are comparatively better
option regarding energy security concerns. Efforts should be made to maximize the
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utilization of other energy sources like electricity. Best advancement is hybrid cars
technology that can be operated at electricity beside fossil fuels.

G.H. Abd-Alla [25] used flexible steel pipe for Exhaust Gas Recirculation System so that
vibration may be controlled as vibration might be disastrous for the instruments. More research
can be done in this area to find the most effective way of vibration control.

Similarly Agarwal et al. [12] reported the use of air box to control turbulence phenomenon
inside EGR system. Turbulence in EGR was not studied in detail. Research is needed to study
the flow of exhaust in different geometries of EGR to minimize turbulence effect.

F. Millo et al. [28] used Diesel Particulate Filter (DPF/DPT) to trap matter particulates. It is
very useful technology as it will hinder most dangerous carcinogenic particles to enter in the
atmosphere. But efficiency of DPF deteriorates due to blockage of wire frame like structures.
It means it is to be cleaned out repetitively for good performance. Researcher needs to
concentrate to improve DPF such that it does not require regular cleaning. Same is the case
with fouling effect in the intercooler and EGR cooler.

Janabi and Malayeri [31] took and initiative to investigate change in the design of EGR cooler.
They studied the effect of grooved plates, straight and inclined ribbed plates and preferred to
use flat ribbed plates. But they have not investigated fluid dynamics of exhaust passing through
holes of grooved plates and have not optimized grooved size according to flow requirement.

Similarly, ribs geometry, number of ribs, and ribs angle with the flow are all need to be
investigated in detail to optimize the exhaust flow in EGR cooler with minimal thermal
resistance.

4. Conclusion

This paper summarizes the evolution in the design modification in Exhaust Gas Recirculation
(EGR) technology in chronological order. EGR is a technology that pushes a portion of exhaust
from exhaust manifold into the intake manifold of diesel engine. This reduces oxygen
availability for nitrogen to oxide and hence create barrier for production of NOx during
combustion process.

EGR causes reduction in flame temperature. Reduction in flame temperature reduces power
production by IC einge. Benefits and side effects of EGR technology are discussed and various
improvement in public literature are assessed. A lot of work has been done in previous few
decades but more work needs to be done in certain area like DPT cleaning, intercooler design
and air box design optimization to minimize turbulence in the channels of EGR. It is also
proposed to carry out research to modify the geometry of EGR, may be through CFD analysis,
to minimize resistance and turbulence. Following can be established in the current review:

1. Increase in oxygen concentration in the intake of IC engine results in increase in exhaust
gas, nitrogen and carbondioxide emission.
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Soot emission is reported to have increasing trend with decrease in NOx emission.
Soot emission is comparatively lower for long route exhaust gas recirculations system.
NOX emission decreases with increase EGR rate.

Soot formation increases with increase in EGR rate.

Flame temperature is reduced due to EGR technology.

Power produced by IC is reduced by the use of EGR technology.

Use of intercooler and EGR cooler reported to increase the effectiveness of EGR
technology.
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Appendix
Comp. compressor
Cat. Catalytic converter
C compressor
DPF Diesel Particulate Filter
DPT Diesel Particulate Trap
EGR Exhaust Gas Recirculation
HP High Pressure
HCCI Homogeneous Charge
Compression Ignition
IC Internal Combustion
LR Long Route
LP Low Pressure
LTC Low Temperature Combustion
NOXx Oxides of Nitrogen (NO and NO2 etc.)
PID Proportional Integral Derivative
PCCI Premixed Charge Compression Ignition
SR Short Route
SOx Oxides of Sulphur
Turb. turbine
USEPA United Sates Environmental Protection Agency
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