48

redin

Estimation

recirculation in Internal Combustion Engines
Evaluacion del grado de recirculacion interna en motores de combustion interna

Leonid Matiukhin 2"

Revista Facultad de Ingenieria, Universidad de Antioquia, No.110, pp. 48-55, Jan-Mar 2024

the degree of internal

UNIVERSI

1803

Il)

Check for

"Department of Heat Engineering and Internal Combustion Engines Faculty of the Energy and Environmental, Moscow upsies
Automobile and Road Construction University, Leningradsky Ave, 64. P. C. 125319. Moscow, Rusia.

CITE THIS ARTICLE AS:

L. Matiukhin. "Estimation of
the degree of internal
recirculation in Internal
Combustion Engines”, Revista
Facultad de Ingenieria
Universidad de Antioquia, no.
110, pp. 48-55, Jan-Mar 2024.
[Online]. Available: https:
//www.doi.org/10.17533/
udea.redin.20230213

ARTICLE INFO:

Received: October 05, 2021
Accepted: February 20, 2023
Available online: February 20,

2023

KEYWORDS:

cylinder’s filling, fuel's
molecular mass, volumetric
fractions, gaseous fuels,
hydrogen

Llenado del cilindro, masa
molecular del combustible,
fracciones volumétricas,
combustibles gaseosos,
hidrégeno

1. Infroduction

* Corresponding author: Leonid Matiukhin

E-mail: panam1@mail.ru
ISSN 0120-6230
e-ISSN 2422-2844

OPENaAccsss

ABSTRACT: The concepts of residual gas and admission (or volumetric efficiency)
coefficients are used exclusively by specialists in the field of piston Internal Combustion
Engines. However, it is preferable to apply the concepts of volume fractions of
components of the working mixture consisting of air, fuel, residual, and recirculating
gases, for the evaluation of filling. This simplifies and makes it more easy-to-grasp the
influence of individual factors on the results of gas exchange processes. The proposed
approach makes it possible to take into account the impact on the engine indicators of
the molecular weight of the fuel used and the degree of external recirculation, as well
as to reduce the number of independent variables. At the same time, the displacement
coefficient A proposed by the author characterizes a decrease in filling when an engine
with external mixing is switched to a gaseous fuel with a lower molecular weight. A
change in the valve timing made it possible to produce an effect on the composition
of the working mixture and, thereby, the environmental characteristics of the engine.
In the case of external recirculation, it becomes necessary to estimate the summary
fraction of neutral combustion products in the working mixture, on which all engine
operation depended. This "overall degree of recirculation” can also be determined using
the proposed approach.

RESUMEN: Las nociones de coeficientes de llenado y de gases residuales son utilizadas
exclusivamente por especialistas en el campo de los motores de combustidn interna de
piston. Sin embargo, se pueden utilizar las nociones técnicas generales y desde hace
mucho tiempo conocidas de la termodindmica - es decir las fracciones de volumen de
los componentes de la mezcla. Usandolos, es posible evaluar el llenado y la composicion
de la mezcla de trabajo que consiste en aire, combustible, gases residuales y de
recirculacidn. En este caso, la fraccidn de gases residuales en el cilindro determina de
forma Unica el grado de recirculacidn interna. Metodoldgicamente, el uso de fracciones
no solo simplifica, sino que también hace que sea mas facil de interpretary comprensible
de analizar la influencia de factores individuales en los resultados de los procesos
de intercambio de gases. Tal enfoque permite tener en cuenta la influencia del peso
molecular del combustible utilizado, del grado de recirculacion externay la de la fraccion
total de productos de combustion neutros en la mezcla de trabajo en los indices de
llenadoy los de desempefio, asi como reducir el nUmero de variables independientes. Al
mismo tiempo, el coeficiente de desplazamiento A propuesto por el autor caracteriza la
disminucién del llenado cuando el motor con formacion de mezcla externa se transfiere
a un combustible gaseoso con un peso molecular mas bajo.

The systems of external recirculation are now widely used
in Internal Combustion Engines. The main alternative
to these systems can be the organization of internal
recirculation - a change in the amount of residual gases
in the working mixture (VM], that is, the air-fuel-residual
gas mixture. To analyze its effect on the engine’s
characteristics, it is necessary to have a criterion that
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estimates the degree of internal recirculation.

As is known, the external recirculation is estimated by the
degree of recirculation R., which is the ratio of the number
of kilomoles Nr or mass Mg, of recirculation gases to the
number of kilomoles Ny¢p / mass Mycp of new charge
(NCh) [1-3]:

N, N,
R =1 — i (1)
Nycn  Ni—a+ Ng
_ Mg _ M
Or k. = MNIZ‘h, - I\/If—aiMR

A new charge is a mixture of air, recirculation gases
and (in engines with spark ignition) fuel coming into
engine cylinders.

A reciprocal recalculation of the values of R, and R, is
possible using expressions [1, 4, 5]:

/ R.
and RC = I’uNCh

where the u,- and the puncp, are the molecular masses of
combustion products and a new charge.

In fact, the degree of recirculation is a volumetric / mass
fraction [1, 4] of the recirculation gases in the new charge.
In this regard, as shown in [6], thermal calculation of the
piston engines solely on the basis of volumetric fractions is
very convenient. In this case, there is no need to use such
traditionally used observables as the volumetric efficiency
1, and the residual gases coefficient ,.

Key points

It can be stated that volumetric efficiency assesses not
the filling per se, but its deterioration in comparison
with some virtual filling in the absence of residual gases,
heating of new charge, and hydraulic resistance [5, 7]. At
the same time, unrelated coefficients 7, and ~,, as well
as the excess-air coefficient, only indirectly characterize
the composition of the working mixture (WM)], which
determines all engine properties and performances. A
big drawback of volumetric efficiency is the lack of its
permanent ultimate magnitude, which should be sought
to achieve maximum power. In addition, it is impossible
on the basis of 7, to judge the reserves of filling or loss of
new charge as a result of scavenging [7-9]. The volumetric
fraction of air o, or new charge oncp in the working
mixture, and the estimation the degree of air filling of the
cylinder’s total volume, are devoid of these deficiencies
[6, 10-12].

Because the total volume of the cylinder is equal to the
amount of the partial volumes of the components of the
working mixture (Figure 1], one can write [10-13]:

Vv =Vo=V, +Vair + V5 + Vg

Here V, is the total volume of the cylinder, Vi
- the volume of the working mixture, V; - partial

BDC
o

rr

:

recirc) gases

DC
BDC

Figure 1 Total cylinder volume as the sum of partial volumes of
components of the working mixture

volumes, respectively, of residual gases (RG], air, fuel, and
recirculation gases.
After dividing the given equality by the volume of V, we get:

l=0,+04r+op+0or=0r+0NChH (2)

that allows estimating the content of RG in the working
mixture by the difference 0, = 1 — oncp, since the sum
of the fractions is equal to one.

At the same time, it is obvious that in the absence of RG
(o, = 0) the volume of the cylinder is completely filled with
a new charge. Therefore, the best to achieve maximum
power should be considered a filling corresponding to
the oncn = 1. The lower values of the oy, indicate
the availability of filling reserves, and the exceeding unit
shows the loss of a part of the new charge as a result of the
scavenging during overlapping of valves[13].

In general, the volumetric fraction of new charge is
the sum of air, fuel and recycling gases fractions. In turn,
the fraction of the NCh is represented by the sum of

! / / _ / !/ !/ !/
Uair+0f+ UR_Uf—a+UR_0f—a+RC_1

Therefore, the fraction of fuel-air mixture in NCh is equal
to the difference

! _ /
o, =1—-R,

In these equations, one stroke in the designation of the
fraction corresponds to the composition of the new charge.
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Consequently, according to the expression (1), R, = o’.

An approach based on the proportion of volumetric
fractions reveals under external mixture formation the
effect of the molecular mass of the fuel used on the filling
of cylinders with air. Indeed, the excess-air coefficient
a (the relationship of the quantity of air involved in the
combustion reaction to that theoretically required for the
complete combustion of fuel) is the ratio:

Gair  — Nair fair __ Nair

= Gflo - pr,flg - pr,fLo'

(07

Here N, and Ny - are quantities of kilomoles of air and
fuel; piqi;r and py - their molecular mass; lg and Ly =
o _ are the stoichiometric ratios, that are respectively
the mass and the number of kilomoles of air needed for
complete combustion of 1 kg of fuel. Therefore, one can

record the following:

Nair —_ 24
Ny Hair lo-
i Noe  — Var Vae — B —
But, for ideal gases Ny TV and 7 Oéumlo

aqiy Lo Onthe other hand, after dividing the numerator and
the denominator by the total number of kilomoles of the

fuel-air mixture N we get J\]f{;fr = I\J[gf’}\],\[ = % and then:
Var _ Gair _
v = ‘(ij = apurLo.
Thus, in the case of the stoichiometric mixture, this
ratio for gasoline vapors is equal to “% = aurly =
1 - 113,389 = 58,4 and for hydrogen - only

% =1- 2% = 2.4 (Here p = 113.3 is the value of
0 .

the apparent molecular weight of gasoline, corresponding
to a mixture of 95% isooctane CsHg and 5% n-heptane
C7Hig). In other words, in the latter case, under external
mixture formation and the excess-air coefficient a = 1 about
a quarter of the cylinder’s volume is occupied by hydrogen.
At o = 0.8, the partial volume of air, exceeds the volume
of hydrogen by less than 2 times, which, with the constant
cylinder’s volume means a reduction in the volume of
air due to a corresponding increase in the fraction of
hydrogen. This means that the impact of the type of fuel
used on the results of gas exchange must be taken into
account [13-20].

As we know from experience, the converting transfer
of engines to power gas fuel is accompanied by a
change in its performances [21-26], including volumetric
efficiency.

In the case of spark ignition engines with external mixture
formation, the link between the fractions of the new charge
and the air is easily found with the so-called “displacement

factor” A [13]. I
A = oKy 3]
aLopy +1
In the given relation, Ly is a stechiometric ratio in

kilomoles of air per kilogram of fuel, a— excess-air

coefficient and puf— fuels molecular mass. The
dimensionless complex A inevitably appears, including
when the volumetric efficiency is deduced on the basis of
the partial volumes of working mixture’s components [13].

If the displacement
_ alLo
4T )
clear, it is equal to the volumetric fraction of air in the
fuel-air mixture. The volumetric fraction of fuel in the
fuel-air- , as well as in the working mixture, under the
constant value of excess-air coefficient o, increases as the

molecular mass of the fuel used decreases.

Similarly, the fraction of air in the fuel-air mixture [i.e.,
factor A) decreases in the case of enrichment of the
fuel mixture (fig. 2). Therefore, it can be concluded
that the volumetric (molar] fractions of air and fuel in
the fuel-air- and in the working mixture are linked by
the excess-air coefficient and the (seeming) molecular
fuel mass. Consequently, any change in the excess-air
coefficient or switching to fuel with a significantly different
(seeming) molecular mass in engines with external
mixture formation should affect the fraction of air o, in the
WM, i.e,, the filling. In turn, the average indicated mean
pressure is a function of the o4, which is illustrated by
equations [6, 13]:

factor is presented as a
, then its physical meaning becomes

_ _e H,mn a L

pi = e—1 1o Elo—azrpair and Pi =
1 Hy ,EpaTr_prTa‘Ps A _ !

e—1 1o 'I* 2871, T, [eY (1 R C) :

Here, £ is the compression ratio, H,, is the lower working
combustion heat, n; is the indicator efficiency, p§;. is the
air density at point "a” parameter of the indicator diagram
and g is the coefficient of purging, which is the ratio of
the actual quantity of kilomoles of the RG to the calculated
one. The product g4;rp5;, is the density of air at its partial
pressure in the working mixture.

stoichiometric_composition

1.1 ,/
e sssaseire
A

i

0.3 Jr=0=—hydrogen —m— petrol — i- —> =propane
0.2 "w'n'F'I'}'Fﬂ"w"‘!'n'w'T'w'}'f'w"l"}'w'l’ﬁ'

0.2 0.7 1.2 1.7 2.2 a

stoichiomeltric composition

displacement coefficient 4
[=]
~

Figure 2 Effect of the excess-air coefficient on the value of
displacement factor A [13]

From the last expression, it can be concluded that the
efficiency of qualitative regulation of engines with external
mixture formation depends on the magnitude of the ratio
A/a. The smaller the molecular mass of the fuel, the
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lower the displacement factor A (3) and the greater the
effect of the enrichment of the fuel-air mixture on the
reduction of the air fraction in the working mixture (figure
3). As a result, the qualitative power governing in gas
engines with spark ignition is less efficient than in gasoline
engines [6, 13].
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Figure 3 The plot of the effectiveness of quality regulation,
which is determined by the ratio of displacement- and excess air
factor A/ in the function of the coefficient a[é]

The partial volume of air and its fraction in the
air-fuel-residual gases WM are determined by expressions
[6, 13]:

aTr — ¥s rTa
Vair = V. (”11”) A1 - R.) and
paT, ]Zpa pr T 1
i = altr — ¥YsPlrita A 1 _ R/
e = (PEE P ) A - )

Unlike the expression of the volumetric efficiency
7, traditionally used in calculations (e.g., 7, =
<p16_%£—‘;W_ATTW [5, 271, the formula deduced to
determine the air fraction o, contains fewer variables.
In addition, the value of o, = 1 indicates the maximum
possible filling in the absence of loss of fresh charge. The
corresponding value of the 7, at which maximum power
is reached cannot be called due to its dependence on
constantly changing atmospheric conditions ( from pg and
T0).

In (4) € is the compression ratio, V, is the volume of the
combustion chamber, the p, and T, are the parameters of
the working mixture at the beginning of the compression,
pr and T}, - parameters of residual gases at the end of the
exhaust.

Since all characteristics of piston ICE are determined
by the composition of the ignition working mixture, it is
important to know the proportion of individual components
obtained during the gas exchange process.

Knowing the value of the air fraction o4, it is easy to find
the volumetric fractions of the remaining components of
the working mixture (table 1).

At a known frequency of rotation of the crankshaft
and hourly air consumption, its volume in the WM can be
determined by the expression

actual _ (e=1) Vi -10® pp Tyn

Gair = T2 30-niVh pyr Th

The required pressure values (see Fig. 1) are determined
by the results of the indication of processes. Volume-based
calculations make it easier to obtain equations to
determine the number of kilomoles of new charge and
recirculation gases [6, 10, 13]. The expression below
shows the link between the recirculation degree and the
composition of the fuel-air mixture (with the displacement
factor A)
Re= NB‘:‘I\I/X?VR.

From this expression, it follows [6, 13] that, all other things
being equal, the convert an engine to another fuel, as well
as the variation in excess-air coefficient, are accompanied
by a change in the recirculation degree (see fig. 4).

0.25 ‘ L
R > =%
€ 02| AR A _ oo —o
Lo ro o T*
0.15-— {47~
0.1
0.55 0.75 1.256 1.76 225 o
~—4— hydrogen ==g=methane —m= petrol

Figure 4 Effect of excess-air coefficient and fuel type (its
molecular mass) on the value of recirculation degree R, under
constant amounts of air and recirculation gases (the values of
"Naire” and "N remain unchanged)

2. Estimation of internal recirculation

Currently, engines with variable phases of gas distribution
have been widely distributed. By variable valve timing,
neutral combustion products can be thrown into the intake
tract and therefore increase their fraction in the working
mixture. In other words, modern technologies allow for
internal recirculation.

The volume of residual gases is determined by the
assumption that the working mixture at the beginning of
the compression stroke contains the amount of RG equal
to their content in the combustion chamber at the time of
the piston was found in the top dead center (TDC).

Thus, the partial volume V;. of residual gases can be found
by its reduction to the conditions at the point "a” indicator
diagram: V%—f’” = VTT‘—f“. Hence, the volume of RG at
parameters of the point "a” is V. = ch—:% or, given the
coefficient of purging g, is equal to

T,
Ve = Vc%f@s

After dividing the partial volume V,. by the volume of the
WM, equal to the total volume of the cylinder V,, we get an
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Table 1 Proportions of the components of the working mixture [13]

03 OR gcC3 agrc aT oB g;
_ _Rcop _ __oB _ 9B _ _oB
oB OR = A(l*Ré) 0C3 = A(A_R,) orc = 1 OT = anrLo 1 OB
_ RiaLouror _ or(l+aLopt) _ _
or | op =R o) oc3 = =) orc =o1 (1 4+ aLopr) 1 o = aLouror or
T
orc OR = ?1:[;{,(5 oc3 = OZFTC/C) 1 oT = wﬁ op = Aorc orc
c
ocs(1 R/
oC3 OR = R,CO'C3 1 orc = o0C3 (1 — R,C) oT = W Oy = chA (1 — R,c) oC3
7 7
_on _ or(1-R() _ _or(1-R;) _ Aor(1-Fp)
OR 1 0C3 = R/, oarc = T oarT = R (i+aLopt) 0B = R OR

expression to determine the volumetric fraction of residual
gases [13, 28]
Pl

5
YepaT, o

op =
The coefficient of additional charging ¢; is the ratio of the
number of moles of fresh charge actually received in the
cylinder to the calculated one. It takes into account the
increase in filling as a result of better cleaning during the
period of overlapping of valves, as well as due to inertial
phenomena during the delay in closing the intake valves.
It follows from the last equation that the fraction o,
increases when covering the throttle (when the p, is
lowered) and the pressure of residual gases goes up.

As shown in the [24, 25], the additional charging- and
purging coefficients [28] are interlinked in the result
that the sum of all partial volumes of working mixture
components is equal to the total volume of the cylinder V5,
and the sum of their volumetric fractions is equal to unit.
The relationship between these coefficients is determined
by expressions.

l—psor
1—0,

_ l-piocs

05 = Topq, andyr =

It is an expression (5) that can describe the influence of
various factors on the quantity of combustion products
remaining in the cylinder, i.e., the volume of residual gases
o, is the sole estimated criterion for the degree of internal
recirculation. As the temperature 7). increases, RG reduce
their density and mass. As a result of cooling by the
subsequent mixing with a new charge, there is a decrease
in the volume of RG, which results in a slight decrease
in the fraction of RG and a corresponding increase in the
fraction of the new charge in the working mixture.
According to expression (5], the volumetric fraction of RG
in the working mix is proportional to their pressure. In this
regard, the increase in pr means an increase in the density
and mass of RG, and therefore (as the example suggests
in fig. 5), after mixing with a new charge, their fraction in
the working mix increases by 0.011, while the fraction of
new charge, defined by the expression oxch, = 1 — 0., it
decreases by the same value.

As will be recalled, the worsening of clearing is the main
way of organizing internal recirculation. By increasing the
pressure and organizing the ingress of RG into the inlet

o o T II|L_HHLH!‘|_J‘
R el

11 115 1.2 1,25 1.3

1.35 P, [bar]

Figure 5 The effect of residual gases pressure p,- [bar] on the
fraction o,

manifold during the valves overlap period, it is possible to
increase the proportion of neutral combustion products
in the working mixture in order to reduce the toxicity of
exhaust gases.

By influencing the RG parameters at the end of the exhaust
process, which appear in the expression (5], and therefore
on the parameters of the working mixture at the beginning
of the compression stroke, it is possible to change the
composition of the working mixture and influence the
properties of the engine - environmental, economic, as
well as its power [6, 13, 19].

Thus, the thermal calculation of the cycle based on
the composition of the working mixture allows evaluating
the degree of internal recirculation quantitatively and,
because of that, controlling the composition of the working
mixture.

As it follows from figure 5, due to the high degrees
of compression and the small volumes of the combustion
chamber of modern engines, it is impossible to achieve any
significant values of the fraction of ¢,. only by increasing
the pressure of the combustion products in the combustion
chamber. In order to implement internal recirculation,
it is necessary to organize the backstreaming of residual
gas from the exhaust to the intake manifold during the
valve overlap period. Re-entering the cylinder and mixing
with a fresh charge, these combustion products increase
the fraction of RG in the working mixture.

The actual value of the fraction o,., at a known value

of the new charge fraction U%gﬁ”, will be determined by

H actual __ actual
the expression o =1-0%5%-
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With the known value of air hourly consumption Gy,

the consumption per minute is Gir /60[ kg/min| and the
. . : cycle Gair

cycle consumption in grams is G;i7° = gga=—[g/cycle

]. Here «i» is the number of cylinders, and «n» - the

frequency of rotation of the crankshaft.

. L
In view of the fact that GZ*° = VEpp = V2p,,
the volume that air takes up in the cylinder upon the
parameters of the working mixture at the point "a” of the

indicator chart, is determined by the expression.

cycle
ya — Gar
air Pa

In this equality p, = pki—:% and, therefore,

Ve — _Gar  peTa o

— ve — Var PeTa
air 0,031in py. pa T

air 7 0,03in pa Tk

Here Vjir is a hour’s volume air consumption.

And, after dividing by the volume of the working mixture
equal to the total volume of the cylinder V,, we get the
actual value of the air fraction in the working mixture

actual _ Glair PeTa
air T 0,03pxniVy pa Tk

g

or, more conveniently,

actual __ Viair piTa

Tair = 0,030V, paTh"

We use the displacement factor A to determine the fraction
of the new charge.

O_actual _ Vair prTa
NCh 0,03AniV, paTs

Consequently, the total fraction of RG in the cylinder by the
beginning of the compression stroke will

be determined by the difference g&ctva! qctual _

V, T T =1- ONCh & =
— __VYar __ Pk-a .
L= 503amvs pats OF finally,

actual _ 0,03AniVapa T, —=Vepr Ty

O 0,03An1VopaTh

But the total volume of the cylinder V,, can be represented
by displacement volume Vj, as V, = V. + V}, = %

because V. = (s‘ﬁLl)' In this case

actual _ (e=1) 0,03AniVepa T —VeprTa
r =z 0,03AniVypaTs

ag

where iV}, is the total displacement volume of an engine.
The difference in the values of a;.“t““l and o, thatis,Ac =
aﬁ‘cmal —0,, equals the increase in the fraction of residual
gases as a result of their backstreaming from the exhaust
to the intake manifold. This value, in fact, characterizes a
change in the degree of internal recirculation.

The degree of internal recirculation is the volume / molar

fraction of RG in the working mixture

actual actual
Vr — Nr

Vwn Va - N

actual
Vi actual

/!
Rcii s

= 0.

and (under the absence of external recirculation) is
equivalent to the total fraction of neutral combustion
products in the working mixture.

In the case of external recirculation, the total fraction of
combustion products in the working mixture is determined
by the expression.

RI . Vractuu,l+VR
(S N

__ ~actual _ ! !/
Vw m = 9r tor=R,+ R, =

1~ (oair + Jf)
Thus, from (2] follows:
R(Izz = 17(0’3“’ +Jf)

Because the combustion process of the working mixture is
affected by the value of R’CE, it seems preferable to analyze
the environmental, economic, and power performance
data of the engine in the function of this quantity.

The author’s approach to estimation filling by volume
fractions [(in contrast to the traditionally based on the
concepts of the volumetric efficiency and coefficient of
residual gases) equally applies to the calculation of
supercharged engines, two-stroke ICE [28], and engines
operating on the Miller-Atkinson cycle [29]. It allows
deriving equations for calculating the composition of the
working mixture, taking into account the actual, rather
than geometric, compression ratio.

3. Conclusions

The totality of all WM components determines its
composition. All engine performance data are a function
of the WM composition. At the same time, the fraction of
new charge / air unequivocally characterizes the state of
fullness of total cylinder volume V, that is, its filling.

To determine the optimal magnitudes of the degree
of internal recirculation, a certain quantitative value is
needed to estimate this degree. This is the fraction of
residual gases in the working mixture. If the volumetric
composition of the air-fuel-residual gases mixture is
known, the fraction of residual gases is defined as the
difference o, =1 — oncn-

The displacement factor A, based on the ratio of the
partial volumes of the components in the new charge,
allows analyzing and considering the effect on the filling
of each particular fuel (its molecular mass), which is
important in the case of gaseous fuels and, above all,
hydrogen. Is it clear from the expression o, = 1 — onch,
that in order to achieve maximum capacity without
loss of the new charge as a result of the scavenging,
it is necessary to tend to oxycop, = 1. At the same
time, the magnitude of the fraction of o, unequivocally
characterizes the reserves for filling, and its negative
value indicates that there are losses of part of the new

b3
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charge as a result of the scavenging.

Basing the thermal calculation of the engine on the
composition of the working mixture makes it easier to
analyze the impact of any characteristics of the mixture
on the main indicators of the cycle and on the degree
of internal recirculation estimated by the volumetric
fraction of residual gases. An additional advantage of
this approach is the opportunity to visualize the effects
of different factors on the composition of the working
mixture, which is very important for didactic purposes.
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