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Abstract

Exhaust gas recirculation (EGR) can be realized on the external or internal way. The main goal of EGR is to
decrease the combustion temperature of the combustible mixture by increasing the relative heat capacity of the
working medium. An additional effect is to reduce the oxygen content in the gas mixture flowing into the combustion
chamber. To quantify the exhaust gas recirculation some descriptive parameters are defined, including: — exhaust gas
recirculation rate R, — multiple of exhaust gas recirculation K, — relative exhaust gas recirculation W. The analysis
concerns the effective oxygen excess ratio Aerin the combustible mixture and the so-called internal oxygen excess ratio
Aw,, which additionally takes into account the supplied oxygen with the recirculation stream. It was found that with
increasing of the exhaust gas recirculation degree systematically decreases the content of the oxygen [O:]q in the
combustible mixture, while increases the oxygen excess ratio Ao observed in the exhaust gases. Changes of this all
parameters influence the combustion coditions in the engine cylinder, and next the achieved specifaic work, energy
efficiency and emission of the combustion engine. An advanced system with independent, early exhaust valve closing
enables realization of an internal EGR. Effectiveness of internal recirculation is lower than the external recirculation.
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1. Introduction

Exhaust gas recirculation (EGR) means the recycling of the flu gases generated in the device
into the combustion chamber of the same unit. The main goal of EGR is to decrease the
combustion temperature of the combustible mixture by increasing the relative heat capacity of the
working medium. An additional effect is to reduce the oxygen content [O2]4 in the gas mixture
flowing into the combustion chamber.

Both of these effects contribute effectively to a significant reduction of nitrogen oxides [NOx]
emission, produced during fuel-mixture combustion. In this respect, exhaust gas recirculation is a
fundamental element of the so-called low-emission fuel combustion.

Exhaust gas recirculation can be realized on the external (bypass of exhaust gases) or internal
way. Using the external EGR the mass stream and parameters (e.g. temperature T) of recycled flu
gases can be more precise programmed and conditioned.

An advanced new system with e.g. independent early exhaust valve closing enables realization
of an internal EGR. Therefore, effectiveness of internal recirculation is significantly lower than the
external recirculation. The analysis concerns the effective oxygen excess ratio Aer in the
combustible mixture and the so-called internal oxygen excess ratio Aw, which additionally takes
into account the supplied oxygen with the recirculated stream. On this way effective changes of
the exhaust gas recirculation influence the content of the oxygen [O2]4 in the combustible mixture
too. This both parameters influence the combustion conditions in the engine cylinder, and next the
achieved specific work, energy efficiency and emission of the combustion engine.
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2. Quantitative parameters of the EGR

Exhaust gas recirculation (EGR) is an important element of low-emission fuel combustion.
To quantify the exhaust gas recirculation some descriptive parameters are defined, including:

— exhaust gas recirculation rate:

R,=—", O0<R, <I, (1)

df n
K,=—, 0<K <o, 2
n S
— relative exhaust gas recirculation:
df
Wszﬁ”, 0<W, <o, 3)

where:
n ., kmol/s — stream of recirculated exhaust gas (recirculation) within the system,

n, ., kmol/s— the total flue gas stream flowing from the combustion chamber,

n,, kmol/s — exhaust gas stream (net) flowing out from the system to the environment.
The above listed definitions of EGR parameters illustrate a model system shown in the Fig. 1.
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Fig. 1. Typical system with the external exhaust gas recirculation

The substance balance of the exhaust gas node (at the outlet, fig. 1) follows the relationship:
; “4)

from which, having regard to the definitions (1), (2), (3), the relationships are obtained:

ns,c :ns,r +ns

K, =—2, W:K[n—j (5)
na
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Exhaust gas stream n, kmol/s flowing out from the system to the environment is closely
associated with a stream of fresh air n,, kmol/s flowing into the system, and therefore usually
holds the following inequality 7, > n, , from where results relation: Ws > K.

Likewise, with regard to the dry flue gases can be enter the appropriate quantitative parameters
of the flu gas recirculation, which include:
— dry exhaust gas recirculation rate:

R,=—2, O0<R_<I, (6)

K =—=r (<K <o, (7)

W, =—2, 0<W_ <o, (8)

where:
N ., kmol/s — substance stream of the recirculated dry exhaust gas within the system,

N ., kmol/s — dry flue gas stream flowing from the combustion chamber,
N, kmol/s — dry exhaust gas stream (net) flowing out from the system to the environment.

The stream n, kmol/s of dry exhaust gas flowing out from the system into the environment is

Ss ?

closely linked with the dry air stream n_ , kmol/s, flowing into the system, and therefore usually

as?

the following inequality holds: n <n, , from where results relation: Wss < Kss.

as

The quotient of these mentioned streams is as follows:

I:lss 1 n;,s,min
— = H ; ]+(7»ef —1)} 9)
N 55 7\‘ef nas,min

where:

hef — effective air (oxygen) excess ratio, and stoichiometric quantities:

n, n.. . depend only from the composition (elements) of the combusted fuel,

as,min, Ss,min

e.g. for the standard composition (for given mass contents: ¢ = 0.84, h=10.14; 0 = 0.01,

= 0.005, s = 0.005) of engine fuel can be taken: 2 - 2407
Mo 04996

For the global system (fig. 1, when recirculation located inside the control surface) it may be
written an effective Aef air (oxygen) excess ratio, at assuming that the combustion is complete and
total, then:

=0.9302.

iy = i i+ (A = 1) T i (10)

ss nss,min

and using (7), the substance stream of the recirculated dry exhaust gas results:

};zss,r = Kss ' [n + (ﬂ'ef - 1) ) ’;lax,min ] (1 1)
The oxygen content [O2]s in combustion products leaving the system can be calculated using
relation:

s§,min

; (12)

Y, 021-(A, ~1)
nss ’jlss,min + (/1 o 1)

(4
as,min
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and principally is independent from the recirculation ratio R occurring in the system.
Taking into account that the combusted fuel is a standard engine fuel: (mass contents: ¢ = 0.84,
h=0.14,0=0.01, n=0.005, s = 0.005), then on base of eq. (12) can be written:
0.21-(4, -1

[0,], = ¢ . (13)
0.9302 + (4, 1)

With the increase of the effective oxygen excess ratio Aer the oxygen content [O2]s in dry flue
gas leaving the system increases, approaching to the value of oxygen standard content (0.21) in the
air, supplied from the environment into the system.

By measuring the oxygen content [O2]s in the flue gas and next using the achieved eq. (13) the
values of actual effective air excess ratio Aer can be determined.

It can be proved on the basis of the given definitions, that at the end occur some beneficial
identities:

R, =R, =R, 0<R<I, (14)
K, =K, =K, 0<K<oo, (15)
furthermore also:
K
R = , 16
1+ K (16)
whereas:
1+X
w, =W, ——=, (17)
1+XZ,a
where:

Xza , Xzs— molar humidity degree (respectively of the air and exhaust gas),
and as usually: Xzs > Xza so therefore: Ws> Wi .

3. Effective and internal oxygen excess ratio and its content

The combustion of fuel inside the system with realized exhaust gas recirculation does not occur
in an atmosphere of pure air but in a mixture of air and exhaust gas. The essential is the presence
of oxygen in the real combustible mixture. Oxygen flows into the combustion chamber with both
fresh air stream in an amount of [0.21- 2], as well as a component of the recirculating exhaust

gas stream, in an amount 7, .
An illustration of this is the diagram shown in the Fig. 2. The total oxygen stream n, which

flows into the combustion chamber is: n, =nq , +0¢  ,and then:
’;102 = 021 ' ’;las + [02]s : ’;lss,r . (18)

It is expedient to define the so-called. internal oxygen excess ratio Aw , which is:

U n n
A, = & - C (19)
0217, , 021-n . -m

as,min P

and determines the fuel burn conditions in the combustion chamber.
After taking into account formulas (9), (18) and using the recirculation rate R — form. (1), the
equation (19) takes next the finally form:

R
Ay =Rt +H(}"ef -1 (20)
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Fig. 2. Air (oxygen) excess ratio in the system with external exhaust gas recirculation

and next:
Ay =Ag +K(A, —1). (21)

From eq. (20) and (21) it shows clearly that the oxygen excess ratios: Aw > Aef. Further an
increase of the exhaust gas recirculation rate R, while keeping constant value of the effective air
(oxygen) excess ratio Aef=idem, the value of the internal oxygen excess ratio Aw gradually
increases, as illustrated in the Fig. 3.
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Fig. 3. Influence of the exhaust gas recirculation rate R on the internal oxygen excess ratio A,

Usually with an increase of the exhaust gas recirculation stream is reduced flow n,, of fresh
combustion air, and thus the stream m, of the fuel consumed (while maintaining the unchanged

value of the effective air (oxygen) excess ratio Aef = idem). This is somewhat connected with
a decrease of the effective engine torque Me and next its power Ne, which is proportional to the
stream 7, of the fuel consumed.
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Exhaust gas recirculation causes that the combustion chamber is fed with the stream of gaseous
mixture n,, kmol/s, which is formed after mixing the two streams: fresh air n, and exhaust gas

recirculating n_, that is:

Iid = 1:ls,r + I‘121 ’ 1:lds = 1iss,r + 1:1as 5 (22)
whereby the second equation relates to the dry gas occurring in the system.
Interesting is the oxygen content [O2]4 in the gas stream at the inlet to the chamber, which is:
4 n,, 021-n, +[0,] -ny,
(0,1, 2 Rt L 22 Moy *LO My 23)

nd,s nss,r + na,s

where equations (12), (22) should be taken into account.
In order to use the degree (rate) of recirculation R, then using the formula (23) can be written:

R (/1(;/' -1
-B 4

R nu .
1+ A=+, -D
(1 - R) ﬂ’ef nzlzs,min A

and then for the standard engine fuel (at mass contents: ¢ = 0.84, h = 0.14, o = 0.01, n = 0.005,
M min _0.4647

0.21~|:1+

(0,1, = ; (24)

s =0.005, and = =0.9302 ) the relationship can be written:
Mo 0.4996
A, —1
0.21-[“ a RR) ! 2 )}
[0,], = R (25)
- R (4, —0.0698)
(1 - R) ﬂ’ef

Equation (25) shows that an increase of the recirculation relation rate R, the oxygen content
[O2]a at the inlet to the combustion chamber steadily decreases and approaches the values of
oxygen [Oz]s - commonly found in the flue gases leaving the system.

Using equation (25) in the Fig. 4 is shown the oxygen content [O2]q in the mixture of gases at
the flow into the combustion chamber (see Fig. 2), as a function of the exhaust gas recirculation
rate R, while retaining the value of the effective air (oxygen) excess ratio Act.

0.0 0.2 0.4 0.6 0.8 1.0
exhaust gas recirculation rate, R

Fig. 4. Influence of the exhaust gas recirculation rate R on the internal oxygen content [O:]4

By measuring the oxygen content [O2]q in the gas mixture at the inlet channel and next using
the achieved eq. (25) the values of actual exhaust gas recirculation rate R can be effective
determined.

320



Influence of the Exhaust Gas Recirculation on the Oxygen Contents and Its Excess Ratio in the Engine...

The obtained relationships inform that the increase of the exhaust gas recirculation rate R
causes systematically increasing (Fig. 3) of the internal oxygen excess ratio Aw, while at the same
time decreasing the oxygen content [O2]d of combustible mixture (Fig. 4) — all for the effective air
(oxygen) excess ratio Aef.

In case of internal recirculation the flue gas temperature equals (or is higher) the temperature of
flue gas leaving the combustion chamber, so the effectiveness of the internal recirculation is not so
high than the external recirculation. In the case of an external recirculation temperature of Ts; is
close to the temperature of exhaust gases leaving the engine, or may be lower if cooling of
recirculating gas is performed.

4. Closing remarks

The fuel combustion process, in the system with implemented within the exhaust gas
recirculation takes place in a mixture of air and exhaust gases; for the combustion process is
important the effective content (concentration) of oxygen [O:2]a in the combustible mixture.
Oxygen flows into the combustion chamber with both fresh air stream, as well as a component of
the recirculating exhaust gas stream.

The analysis also concerns the effective excess oxygen ratio Aer in the combustible mixture,
which is observed directly in the exhaust manifold. The increase of the exhaust gas recirculation
rate R causes systematically decreasing the oxygen content [O2]d in combustible mixture, for all
values of the effective air (oxygen) excess ratio Aer> 1.

For a full evaluation of stoichiometric conditions it was advisable to define the internal oxygen
excess ratio Aw too, in which account is also the oxygen supplied with the recirculating exhaust gas
stream. It was found that an increase of the exhaust gas recirculation rate R reduces the content of
oxygen in the combustible mixture and simultaneously increases the internal oxygen excess ratio
Aw.
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