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THE INFLUENCE OF THE INTERNAL
EXHAUST GAS RECIRCULATION (EGR)
ON THE PUMPING LOSSES
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Abstract: The exhaust gas recirculation (EGR) is one of the most used
methods to control the start of combustion in the homogeneous charge
compression ignition engines. To obtain the homogeneous combustion
starting from a gasoline engine the internal EGR strategy has to be used to
raise the temperature of the fresh charge. Internal EGR is achieved closing
the exhaust valve before the top dead centre to trap a part of the burned
gases into the cylinder. This paper presents the results of the simulations
made to investigate the effects of the internal EGR on the pumping losses.
The simulations were made for three operating where the exhaust valve is
closed with different advances before the top dead centre.

Key words: homogeneous charge compression ignition engines, internal

EGR, pumping losses, variable valve timing.

1. Introduction

The internal EGR is used at the gasoline
HCCI engines to control the start of the
combustion [3]. The internal EGR can be
obtained in two modes: by closing the
exhaust valve with an advance before the
top dead centre (TDC) or by reopening the
exhaust valve during the intake process.
Using the first method the burned gases are
trapped inside de cylinder and compressed
by the movement of the piston to the TDC
[1]. To avoid the repression of the gases
into the intake manifold, due to the higher
pressure from the cylinder, the intake valve
has to be opened with a delay after the
TDC. During the beginning of the intake
stroke the trapped gases are expanding due
to the piston movement from the TDC to
the bottom dead centre BDC.

To obtain different EGR rates variable
valve timing (VVT) mechanisms have to
be used. The cam phasers shown in Figure
1 are used to displace the lifts of the intake
and exhaust valves. The disadvantage of
this type of mechanisms is the fact that the
lift curve can not be modified, it can only
be displaced.

Fig. 1. VVT with cam phasers
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Fig. 2. The cylinder pressure during the gas exchange process and the valve lifts

Due to the compression of the burned
gases at the end of the exhaust stroke and
to the expansion during the beginning of
the intake stroke a pressure raise appear on
the indicated pressure diagram near the
TDC corresponding to the gas exchange
process [5], as shown in Figure 2 together
with the valve lifts used.

Due to the increase of the pressure
during the gas exchange process the
pumping diagram is different. To
investigate the effects of the increase of the
cylinder pressure a simulation was made
for three operating points with different
EGR rates.

2. The Simulations

The simulation was made using the
software AVL BOOST, an advanced virtual
engine simulation tool. Three operating
points were used with different exhaust valve
lifts. The intake valve lift was maintained

constant during the measurements. The
valve lift strategies can be seen in Figure 3.
The parameters used during the gas
exchange simulations can be seen in Table 1.
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Fig. 3. The valve lifts

The engine model is made from 2 system
boundaries, 2 plenums and one cylinder. The
intake and exhaust pipes are connecting the
system boundaries to the cylinder through

Engine model parameters Table 1
Point | Engine Intake valve Intake valve Exhaust valve Exhaust valve
speed opening closing opening closing
[-] [rpm] [*CA] [*CA] [*CA] [*CA]
1 2000 76 183 567 668
2 2000 76 183 587 688
3 2000 76 183 627 8
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Fig. 4. The cylinder pressure during the pumping

the plenums. The engine model was design
only to study the influence of the variable
valve timing on the pumping losses. The
variable valve timing is achieved by
displacing the valve lifts (the use of cam
phasers is simulated).

The results of the simulations can be
seen in Figures 4 and 5. When the exhaust
valve is closing with a delay after the TDC
(no EGR) the pumping losses are higher.

This can be due to the fact that the
exhaust valve is opening later (the valve
lift curve is displaced) and less gases are
evacuated due to the difference of pressure
between the cylinder and the exhaust
manifold and more gases are evacuated

due to the piston movement from the BDC
to the TDC. The main reason of the higher
pumping loses when a lower EGR rate is
used is the fact that more burned gases are
passing through the exhaust valves during
the exhaust stroke and more fresh air is
passing through the intake valves during
the intake stroke and the gasodynamic
losses are higher. The admission of the air
inside the cylinder starts earlier so the
intake pressure drops more when the air is
aspirated due to the piston movement from
the TDC to the BDC.

Figure 5 shows the cylinder pressure
during the gas exchange process depending
on the crank angle position. The pressure
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Fig. 5. The cylinder pressure during the pumping
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during the gas exchange process is rising
when higher EGR rates are used because
of the higher advance used for the moment
when the exhaust valve is closing.

3. The Data Analysis

The pumping work can be calculated
using the cylinder pressure diagram during
the gas exchange [4].

Figure 6 shows how the pumping work is
calculated. It is calculated as the difference
between the aria under the exhaust curve
(ABC) and the aria under the intake curve
(ADC) as shown in equation (1):

Wp = Sapco = Sansce' — Sanapcces (1)

where W, represents the pumping loses.

The areas needed for the pumping work
determination can be calculated using the
trapezoidal rule [2], [7].
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Fig. 6. The pumping work

Figure 7 shows how the aria under a curve
is calculated using the trapezoidal rule.

The aria under the curve is spited in n-1
intervals. The area of the intervals is
approximated as the area of a trapeze. If
the area is split in more intervals the errors
are smaller.

The area of one trapeze is calculated
using equation (2):

S.

=P R, @)

where S; is the area of the interval i, p; is
the pressure at point i and V; is the volume
where the pressure p; is obtained.
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Fig. 7. The trapezoidal rule

The area under the curve can be
calculated as the sum of all trapezes under
the curve using equation (3):

S=Zn:si. 3)

In Figure 8 the results obtained using the
curves resulted from the simulations are
presented. The results are showing that the
pumping work which is lost during the gas
exchange process depends on the internal
EGR rate.

The pumping losses during the
compression and the expansion of the
burned gases consist in: the loses due to
the blow-by (the gases from the cylinder
are passing into the crankcase) and the
losses due to the heat exchange from the
burned gases to the cylinder wall.

The pumping losses due to the blow-by
depends on the blow-by gap and on the
crankcase pressure. The blow-by losses
appears only when the cylinder pressure
exceeds the crankcase pressure. The
effective flow area can be approximated
using the following equation [6]:

Ay =D-m-8, “4)
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where Ag is the effective flow area, D is
the cylinder bore and § is the blow-by gap
of the engine.

The losses due to the heat exchange
between the gases and the cylinder walls
depends on the temperatures (of the gases
and of the walls) and on the time interval
when the gases are in contact with the
walls. During the compression of the
burned gases the temperature is increasing,
so the heat exchange is increasing. During
the expansion of the burned gases the
temperatures are decreasing, so the heat
exchange is decreasing.

When the EGR rate is increased the
exhaust valve is opened and closed earlier.
The trapped gases are compressed during
the end of the exhaust stroke which leads
to a higher pressure at the beginning of the
intake stroke. Due to the higher pressure
the intake process is starting later and the
pressure drop due to the piston movement
from the TDC to the BDC is decreasing.
The burned gases are filing a part of the
cylinder. Less burned gases are evacuated
from the cylinder and less air is aspirated.
This leads to much lower gasodynamic
losses due to the lower exhaust flow
through the exhaust valves and due to the
lower intake flow through the intake
valves, so the pumping loses are
decreasing with the increase of the EGR
rate.

In Table 2 the pumping work obtained
during the simulations can be observed.

The pumping work Table 2
Point Exhaust_ valve Pumping
opening work
(-] [*CA] [J]
1 668 15
2 688 27
3 8 48

Figure 8 also shows the dependence of
the pumping loses on the exhaust valve
opening. The results show that the

pumping work W, has an almost linear
increase when the exhaust valve opening is
delayed. The pumping losses can be
estimated using a first degree polynomial:
W, -W

L =m-(EVO-EVO)), (5

where m is the slope of the pumping loss
trace and can be calculated using equation

(6):
me e Wp (6)
EVO, - EVO, ’
where W, and Wy, are the pumping losses
obtained during the simulation for the
exhaust valve openings EVO,; and EVO,.

The Pumping Work
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Fig. 8. The pumping work
4. Conclusions

The pumping work can be calculated
using the cylinder pressure diagram during
the gas exchange using the trapezoidal
method. The trapezoidal rule can be used
to approximate the areas used to calculate
the mechanical work of the pumping
losses. If the aria is split in a big number of
intervals the error is decreasing.

The increase of the EGR rate leads to a
lower pumping work due to the lower
gasodynamic loses (less burned gases are
passing through the exhaust valves at the
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end of the exhaust stroke and less air is
passing through the intake valves during
the intake stroke).

The compression and the expansion of
the trapped burned gases at the end of the
exhaust stroke and the beginning of the
intake stroke has a small influence on the
pumping losses, due to the heat transfer
from the compressed gases (which have a
higher temperature) to the cylinder walls
(which have a lower temperature) and due
to the blow-by.

There is also a leakage of a small part of
the gases from the combustion chamber
into the crankcase due to the differences of
the pressure from the combustion chamber
and the crankcase.

These losses during the compression and
during the expansion of the burned gases
are negligible. On the cylinder pressure
diagram it can be seen that the traces
during the compression of the trapped
gases and during the expansion of the
trapped gases are one over the other, so the
pumping work on that area is null.

The compression and the expansion of
the burned gases during the gas exchange
process are similar to the spring effect.
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