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ABSTRACT  
 
The paper offers the basis of calculating the internal 
combustion engine duty cycle based on the volume fraction 
of air in the working mixture. Such an approach makes it 
possible to take into account the influence of the molecular 
weight of the fuel used and recirculation ratio on the filling 
of cylinders and indicator parameters of the engine, reduce 
the number of independent variables and use the fraction of 
residual gases in the working mixture to assess the degree of 
internal recirculation. Comparison of calculated and 
experimental air consumption of the diesel and gas diesel 
engines was carried out which confirmed a good accuracy of 
the results if the proposed engine filling method is 
implemented. 
 
Key words: IC engine, working mixture, volume fractions, 
cylinder filling 
 
1. INTRODUCTION 
 

With an infinitely large number of sizes and operating 
modes of reciprocating internal combustion (IC) engines, a 
certain idealization was required to study and describe the 
working cycle which takes place in their cylinders. As a 
result, the operation of the four-stroke idealized cycle was 
represented as the sum of the processes realized when the 
piston moves between the top dead center (TDC) and the 
bottom dead center (BDC) on the assumption that the intake 
and exhaust valves open and close at these points. 

Such a consideration required the introduction of a number 
of dimensionless parameters. If refinement coefficients are 
used, one can transfer to real engines the results of 
conclusions obtained by analyzing the mentioned model. The 
main dimensionless quantities include, for example, such 
simplexes as: 

Compression ratio ε=Va/Vс (the ratio of the total volume of 
the cylinder to the volume of the combustion chamber - 
Figure 1).Indicator efficiency ηi=li/Qc  equal to the ratio of 
indicator work (performed by gases as a result of the cycle) 
to the amount of heat introduced with the fuel with the cycle 
fuel portion. 

Excess air coefficient α=L/L0 (the ratio of the actual 
number of kilomoles of air participating in the combustion to 
the minimum amount theoretically required for complete 
combustion of the cycle fuel portion). 

Filling factor ηv=Gair/(Gair.th), which is the ratio of the 
amount of air actually entering the cylinder to its 
“theoretical” quantity, which could enter the cylinder’s 
displacement volume Vh=Va-Vcif the charge density losses 
during the cylinder intake process are neglected. 

Coefficient of residual gases γr=Gr/Gfc- the ratio of the 
amount of residual gases (Gr) to the amount of fresh charge 
(Gfc) entering the cylinder. 

 

 
 
Figure 1: Composition of the working mixture as the sum of the 
partial volumes of its components (notations of volumes: Vh – 
displacement volume; Vair– air volume; Vf – fuel volume; Vr - 

residual gases volume; VEGR - recirculation gases volume; Vmix = 
Vair + Vf - combustible mixture volume; Vfc = Vair + Vf + VEGR - 

fresh charge volume; Vwm = Vair + Vf + Vr+ VREZ - working mixture 
volume, equal to the total volume Va 

 
It is noteworthy that, traditionally (for example, in [1]), 

when assessing the filling, the main cylinder is not the full 
cylinder ௔ܸ, but the piston displacement volume ௛ܸ, which is 
passed by the piston when it travels between the TDC and 
BDC. But upon completion of filling and mixing with the 
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exhaust gases, the fresh charge received in the engine 
cylinders occupies the full, and not the displacemet volume. 
As a result, basing the calculations on the value of ௛ܸ makes 
it impossible to determine the value of the coefficient ߟ௩ 
corresponding to the optimal filling (and maximum engine 
power) in case of a perfect cleaning of the cylinders from 
residual gases. In addition, it is impossible to assess the 
reserves for improving filling or the fresh charge losses as a 
result of purging by the value of the coefficient η௩. Another 
drawback of this approach based on ௛ܸ is the lack of 
correlation between the dimensionless complexes mentioned 
above. These and other shortcomings of using the filling 
coefficient as the main evaluation criterion for the quality of 
engine filling were noted by various authors [2-4]. 

It is known that power, economic and environmental 
engine parameters depend on the composition of the working 
mixture burning in the cylinder, which is a mixture of fresh 
charge in general consisting of air, fuel (vapors) and 
recirculation gases (EGR), as well as residual gases. 
However, due to the basing of the main dimensionless 
indicators and calculations on the value of ௛ܸ, an analysis of 
the effect of the working mixture composition on engine 
performance is difficult. 
 
2. METHOD PROPOSED 
 

An analysis, which is based on the total volume of the 
cylinder is free from the indicated drawbacks. Such an 
approach makes it possible to evaluate the results of gas 
exchange of air fractions in the working mixture and to 
establish the relationship of this fraction with the excess air 
coefficient α, apparent molecular weight of the fuel, 
stoichiometric ratio ܮ଴, composition of the combustible air-
fuel mixture, and engine performance indicators. 

Indeed, at the beginning of compression, when the piston is 
in the BDC (Figure 1), the total volume of the cylinder is 
filled with the working mixture, i.e. fuel, recirculation and 
residual gases. As a result of dividing by the value of 
௔ܸ = ௪ܸ௠ = ௔ܸ௜௥ + ௙ܸ + ாܸீோ+ ௥ܸ, we obtain the sum of the 

volume or molar fractions of the components of the working 
mixture: 
σ௔௜௥ + σ௙ + σாீோ+σ௥ = 1orσ୤ୡ+σ୰ = 1. 
 
And if the filling and residual gas coefficients are used 

only in the calculations of reciprocating IC engines, the 
fractions are general technical concepts used in all areas of 
science and technology. 

The value σ௙௖, which estimates the fraction of the total 
cylinder volume ௔ܸ filled by the fresh charge, characterizes 
the filling itself, and not the degree of its degradation 
reflected by the coefficientη୴ [5]. As can be seen from the 
last dependence, the maximum filling corresponding to the 
ideal cleaning of the cylinder from exhaust gasses, under any 
conditions at the inlet of the engine cylinders and on any 
modes of its operation, is characterized by the value of the 
fraction of the fresh charge ߪ௙௖ = 1. The values of the 

fraction ߪ௙௖ < 1 indicate the presence of reserves for filling; 
the values  ߪ௙௖ > 1 indicate the loss of a part of the fresh 
charge as a result of purging. It is impossible to judge neither 
of the filling reserves, neither of the loss of fresh charge 
during the valves overlap period by the value of the 
traditionally used filling coefficient ߟ௩. 

 In general, the value of the fraction of the fresh charge is 
found by the expression [6], [7], [8] 

  

σ௙௖ =
ε݌௔ ௥ܶ − ௥݌ ௔ܶφ௦

ε݌௔ ௥ܶ
 (1) 

Obviously, the fraction of residual gases in the working 
mixture is σ௥ = 1 − σ௙௖, and, therefore, with a known value 
of σ୤ୡ, there is no need to introduce an additional quantity to 
account for the amount of exhaust gas. The value of the 
fraction σ௥ of residual gases in the working mixture is the 
only evaluation criterion for the degree of internal 
recirculation. 

In traditional assessment of filling by the value of the 
filling coefficient η௩, the mixture composition is only 
indirectly characterized by a combination of this coefficient 
and the coefficient of residual gases γ௥, but there is no 
unambiguous relationship between these two coefficients. 
There is also no relationship with the excess air coefficient α, 
which, unlike η௩and γ௥, is widely used in calculations of the 
combustion processes of any heat engineering devices. In 
addition, despite the influence of the type of fuel used on 
filling, which is known from experience, expressions for 
determining the coefficient ߟ௩ presented in publications 
ignore this influence. At the same time, from the definition 
of the coefficient α as the equality α =  ଴a dependenceܮ/ܮ
can be obtained that takes into account the influence on the 
filling of the excess air coefficient α, the stoichiometric ratio 
 ଴ and the apparent molecular weight of the fuel. Reallyܮ

 

ߙ =
ܮ
଴ܮ

=
௔௜௥ܩ
݈଴ܩ௙

, 

whereܩ௔௜௥  and ܩ௙ are air and fuel consumption per hour, 
and ݈଴ is the minimal amount of air required for complete 
combustion of 1 kg of fuel. The last expression can be 
rewritten using the quantities of kilomoles and the 
corresponding molecular weights 

 

α =
ܰ௔௜௥μ௔௜௥
݈଴ ௙ܰμ௙

. 

After dividing the numerator and denominator by the total 
number of kilomoles of combustible mixture N'' (consisting 
of air and fuel), we obtain 

 

α =
σ"௔௜௥ߤ௔௜௥
݈଴σ"௙μ௙

=
σ"௔௜௥

଴σ"௙μ௙ܮ
=

σ"௔௜௥
−଴(1ܮ σ"௔௜௥)μ௙

 
(2) 

  
In this expression, σ"௜ is the fraction of air and fuel in the 

air-fuel mixture, and ܮ଴ = ݈଴/μ௔௜௥ is the number of 
kilomoles of air theoretically required for the complete 
combustion of 1 kg of fuel.From the last equation, we have: 
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αܮ଴μ௙ =
σ"௔௜௥

(1 − σ"௔௜௥) 

This is the relationship between the excess air coefficient α, 
composition of the fuel-air mixture (expressed as ஢"ೌ

஢"೑
=

஢"ೌ
ଵି஢"ೌ

), stoichiometric ratio ܮ଴ and characterizes the type of 

fuel with a molecular mass of μ௙. It follows from this 
relation that the proportion of air in the air-fuel mixture 
σ"௔௜௥, as well as in the working mixture, should in all cases 
depend on the excess air coefficient and the properties of the 
fuel used. This dependence is reflected by the dimensionless 
complex, called the “displacement coefficient” A [6], [8]. 
The proposed complex has a clear physical meaning. Indeed, 
from equality (2) we obtain 

 

ܣ = σ"௔௜௥ =
αμ௙ܮ଴

൫αμ௙ܮ଴ + 1൯
=

αܮ଴
൬αܮ଴ + ଵ

ஜ೑
൰

, 

Since for a fixed value of the excess air coefficient α, the 
power indicators (power, torque, mean effective pressure et 
al.) of the engine depend on the amount of air 
(oxygen)which remained in the cylinders after the intake 
valves closure, it is important to determine the amount of air 
entering the cylinder. For this reason, one should know its 
fraction, since ܩୟ୧୰ = σୟ୧୰ ௔ܸρ௞. Here ρ௞ is the air density at 
the engine inlet (before the intake valves). The shares of all 
other components of the working mixture can be represented 
through the value of σ௔௜௥ (Table 1). According to the results 
of the experiment, the value of this fraction is found by the 
expression presented in [4]-[6]: 
 

௔௜௥ߪ =
ߝ) − 1) ௔ܸ10ଷ

30݊ε݅ ௛ܸ

௞݌
௔݌

௔ܶ

௞ܶ
.

Table 1:The formulas for the ratios of the components of the working mixture 
࢏࣌  ࡾࡳࡱ࣌ ࢉࢌ࣌ ࢞࢏࢓࣌ ࢌ࣌ ࢘࢏ࢇ࣌ 

௔௜௥ 1 σୟ୧୰ߪ = αܮ଴μ௙σ௙ σ௔௜௥ =  σ௠௜௫ܣ
σ௔௜௥
= σ௙௖1)ܣ −ܴ′௖) σ௔௜௥ =

σாீோ(1−ܴ′௖)ܣ
ܴ′௖

 

௙ σ௙ߪ =
σୟ୧୰
αμ௙ܮ଴

 1 σ௙ =
σ௖௠

൫1 + αμ௙ܮ଴൯
 σ௙ =

σ௙௖(1−ܴ′௖)
൫1 + αܮ଴μ௙൯

 σ௙ =
σாீோ(1−ܴ′௖)
ܴ′௖൫1 + αܮ଴μ௙൯

 

௠௜௫ σ௠௜௫ߪ =
σ௔௜௥
ܣ  σ௠௜௫ = σ௙൫1 + αܮ଴μ௙൯ 1 

σ௠௜௫
= σ௔௜௥(1− ܴ′௖) 

σ௠௜௫ =
σாீோ(1−ܴ′௖)

ܴ′௖
 

௙௖ σ௙௖ߪ =
σ௔௜௥

σ௙௖ (௖′ܴ−1)ܣ =
σ௙൫1 + αܮ଴μ௙൯

(1 −ܴ′௖)  σ௙௖ =
σ௖௠

(1− ܴ′௖) 1 σ௙௖ =
σாீோ
ܴ′௖

 

 ாீோߪ
σாீோ =

=
ܴ′௖σ௔௜௥

 (௖′ܴ−1)ܣ
σாீோ =

ܴ′௖αܮ଴μ௙σ௙
1)ܣ −ܴ′௖)  σாீோ =

ܴ′௖σ௖௠
(1 −ܴ′௖) σாீோ = ܴ′௖σ௙௖ 1 

 
The degree of impact of the molecular weight of the fuel on 

the engine filling process can be illustrated by the example of 
hydrogen. So, when it is used as a fuel, the number of 
kilomoles in one kilogram of fuel is 0.5, that is, it exceeds 

the number of kilomoles of gasoline ൬ ௙ܰ = ଵ
ஜ೑
≈ ଵ

ଵଵ଴
=

0.009ቁ by more than 55 times! But, in accordance with the 
law of Avogadro, the volume of onekilomole of any 
substance under given thermodynamic conditions is a 
constant value. Thus, even if we imagine gasoline vapors as 
an ideal gas, the volume occupied by them will not exceed 
22.4 ⋅ 0.009 ≈ 0.202m3 under normal physical conditions. 
In fact, its volume will be significantly smaller. At the same 
time, hydrogen under the same conditions should occupy a 
volume of 11.2 m3. In this regard, the proportion of air in its 
stoichiometric mixture with hydrogen is significantly lower 
than in the petrol-air mixture, and this means a decrease in 
filling by air of the engine cylinders. 

The dependence of the displacement coefficient on the 
molecular mass of the fuel and the excess air coefficient is 

shown in Figure 2. 
 
3. RESULTS OF CALCULATIONS 
 
Thus, a change in the proportion of air in a combustible air-

fuel mixture results in a corresponding change in its share in 
the working mixture. Enrichment of the mixture means an 
increase in the fraction of fuel vapor with a decrease in the 
fraction of air (since σ′′௙ = 1− A = 1− σ′′௔௜௥). 

In case of external mixture formation, the enrichment of 
the mixture is accompanied by the replacement of a part of 
thecylinder volume with fuel - gaseous or vaporized liquid. 
As a result, a decrease in the displacement coefficient A 
unambiguously means a corresponding decrease in the 
proportion of air in combustible and working mixtures (as 
well as a decrease in the filling coefficient), which indicates 
a deterioration of the mass filling and, as a result, leads to a 
decrease in the power-to-volume ratio. 
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Figure 2: The influence of the molecular mass of the fuel and the 

air excess coefficient on the displacement coefficient A 
 

Since the exhaust gas recirculation rate is their volume 
fraction in the fresh charge ቀܴ′ୡ = ேಶಸೃ

ே೘೔ೣାேಶಸೃ
= σ′ாீோቁ, 

consisting of the air-fuel mixture and neutral combustion 
products, their introduction into the intakesystem also 
should lead to a decrease in the amount of air entering the 
cylinder [9, 10]. As a result ([4], [10]), the fraction of air in 
the working mixture decreases, since the difference 
(1 − ܴ′ୡ)represents the fraction of the air-fuel mixture in 
the fresh charge. In this case, the product ܯ = −1)ܣ
ܴ′௖)characterizes a certain total displacement coefficient, 
which allows to find the fraction of air in the working 
mixture 

 
σ௔௜௥ = σ௙௖1)ܣ− ܴ′ୡ) = σ௙௖ܯ . 

 
The analysis shows that the degree of recirculation 

depends on the displacement coefficient 
 

ܴ′ୡ =
ܰாீோ

௙ܰ௖ + ܰாீோ
=

ܰாீோ
ேೌ೔ೝ
஺

+ܰாீோ
 ݎ݋

ܴ′௖ = ஺ேಶಸೃ
ேೌ೔ೝା஺ேಶಸೃ

     (3) 

 
It follows from this equality that, with a constant number 

of kilomoles of recirculation gases and air, transfer to a 
lighter fuel (which is accompanied by a decrease in the 
displacement coefficient A, all other things being equal, 
leads to a decrease in the degree of recirculation (Figure3). 
Accordingly, the enrichment of the mixture accompanied 
by a decrease in the displacement coefficient at constant 
values of ܰாீோ and ୟܰshould also lead to a decrease in the 
degree of recirculation. The reason for such a decrease is 
an increase in both cases of the number of fuel moles ୤ܰin a 
fresh charge, which results in an increase in the 
denominator in (3). 

The number of moles of fresh charge can be determined 
by the universal dependence [13] 

 

ଵܰ = ቆαܮ଴ +
1
μ௙
ቇ ൬

1
1 − ܴ′௖

൰. 

 
The real molecular change coefficient μrealcharacterizes 

the increase in the number of kilomoles (or the volume of 
the working mixture) as a result of combustion and is 
found from the expression indicated in [4] 

 
Figure 3: The effect of the fuel used and the excess air 

coefficient on the degree of recirculation 
 

μ௥௘௔௟ =
φଵܰଶ + φଵ ௥ܰ௘௔௟ +φ௦ ௥ܰ

φଵܰ௠௜௫ +φଵ ௥ܰ௘௔௟ + φ௦ ௥ܰ
 

 
In the above expression, φଵ is the additional charge 

coefficient and φ௦ is the cleaning coefficient. After 
dividing the numerator and denominator by the number of 
kilomoles of combustible mixture we get: 

 
μ௥௘௔௟ = φଵμ଴σ௠௜௫ + σ௥ஊorμ௥௘௔௟ = μ଴σ௠௜௫

୰ୣୟ୪ + σ௥ஊ, 
 
since in this case the denominator turns into a unit 
 

φଵσ௠௜௫ + φଵσாீோ +φ௦σ௥ = 1. 
 
Here μ0 is the theoretical coefficient of molecular 

change, taking into account the change in the number of 
kilomoles of combustible air-fuel mixture as a result of 
combustion, andσ௥ஊ = σாீோ+σ௥.It is the total fraction of 
combustion products. Thus, the actual coefficient of 
molecular change is numerically equal to the sum of the 
shares of neutral combustion products in the working 
mixture and the fraction of the combustible mixture 
increased by μ0 times. Since the sum of the fractions of the 
components of the working mixture is always equal to 
unity (σ௖௠௥௘௔௟ + σ௥ஊ = 1), the value of the actual coefficient 
of molecular change is μ௥௘௔௟ > 1. As shown in [6], [12], in 
the case of assessing the filling of air shares, the average 
indicator pressure is determined by the expression 

 

௜݌ =
ε

ε − 1
௨ܪ
݈଴
η௜
α
σ௔௜௥ρ௔௜௥ , 

 
explicitly taking into account the effect of the compression 
ratio on ݌௜. This dependence can also be represented as 

 

௜݌ =
η௜ρ௞
ε − 1

௨ܪ
݈଴
η௜
α
φଵ(ε݌௔ ௥ܶ − ௥݌ ௔ܶ)

௞݌ ௥ܶ

௞ܶ

௔ܶ

ܣ
α

(1− ܴᇱ௖). 

 
The last expression, in particular, shows the dependence 

of ݌௜ on the ߙ/ܣratio, which characterizes the 
effectiveness of a quality power control in the case of 
external mixture formation [4, 13]. The value ஺

஑
=

௅బ

ቆ஑௅బା
భ
ಔ೑
ቇ
is equal to the ratio of the number of kilomoles of 

air, theoretically required for complete combustion of 1 kg 
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of fuel, to the actual number of moles of a combustible 
mixture consisting of 1 kg of fuel and used to burn air. 

 
Figure 4:The dependence of the ratio A/α on the value of the 

excess air coefficient α 
 

As follows from Figure4, the lighter is the fuel used, the 
less efficient is quality control of power in the case of 
external mixture formation.The specific effective fuel 
consumption and indicator efficiency can be found using 
the dependencies indicated in [14]-[16].From the above 
formula, for finding the average indicator pressure, it 
follows that the engine power indices cannot depend on the 
degree of recirculation ܴᇱୡ and the displacement 
coefficient A determined by the type of fuel. A decrease in 
the latter when switching to lighter grades of fuel should 
lead to a decrease of the value of ݌௜and, consequently, to a 
deterioration in engine power indicators. This drop is 
successfully compensated by the use of boost [17]. 
 

η௜ = ଵ
ுೠ஢೑

ஜೌ೔ೝ
ஜ೑

(கିଵ)
க

௣೔
஡ೌ

and ௜݃ = 3600 க
கିଵ

஢೑ஜ೑
ஜೌ೔ೝ

஡ೌ
௣೔

 . 

 
It follows from the above expressions that the indicator 
efficiency η୧increases, and the specific indicator fuel 
consumption ݃௜decreases when the engine is switched to 
lighter fuel, that is, as is known from experience, the 
economic performance of the engine improves. 

It should be noted that using the proposed approach to 
the analysis of gas exchange processes, a universal 
dependence was obtained for calculating the traditionally 
used excess air coefficient, both in the presence and 
absence of recirculation [17]. Using this technique, it was 
also convenient to analyze the effect of the pre-
opening/delayed closing of the intake valves on the 
efficiency of engines with a shortened intake/compression 
[18]. 
 
4. EXPERIMENTAL RESULTS 
 

In Figure5, the load characteristic of the Cummins 6.7l 
gas diesel engine which was converted from the base 
diesel engine in MADIis presented [19]. The use of 
specially developed gas supply and electronic engine 
control systems jointly with the Common Rail diesel fuel 
supply system enabled to get a very high substitution of 
diesel fuel by natural gas. Here the following parameters 
are presented: ps – boost air pressure, pt– pressure before 
the turbine, ηe – effective efficiency, Gd – diesel fuel 
consumption, Gg – gas fuel consumption, α – excess air 
efficiency, Ga – air consumption, Ts – boost air 
temperature.The gas fuel consumption decreased smoothly 

as the load decreased. The diesel fuel consumption 
decreased to the value 0.85 kg/h which corresponded to the 
fuel rate 2 mg/cycle and further remained constant. The 
reason is that the fuel rate 2 mg/cycle was the lowest value 
which could be reliably ensured by the injectors used. In 
addition to experimental curves, modeling results are 
shown. Calculations were carried out using a one-zone 
model of MADI [20, 21]. In Figure6, the curves of the air 
consumption of diesel and gas diesel versions of the 
Cummins 6.7l engine by the load characteristic are 
presented.  
 
 

 

 
 
 
 
 
 
 
 
 
 

Figure 5: Load characteristic of the Cummins 6.7l gas diesel 
engine at n=1420 rpm 

 
5. DISCUSSION 
 

As seen from Figure 5, the results of the calculations 
demonstrate a high accuracy of the model. At full load, the 
experimental and calculated parameters practically 
coincide, but at low loads, the difference reaches 3-5% 
which may be partly explained by not very good 
description of experimental compressor and turbine maps 
used in the model in the area of the engine low load 
operation. In Figure 6, it is seen that the gas diesel engine 
air consumption is by 4-7% lower than that of the base 
diesel engine due to the substitution of a portion of intake 
air by natural gas. It correlates pretty well with calculations 
by formula (3) showing how much the air consumption 
Gair is lower than the working mixture (air-gas mixture) 
consumption Gwm. Formula (3) is based on the universal 
dependence [13] and fractions of working mixture offered: 
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௔௜௥ܩ = G௪௠ ቆ
଴ܮߙ
μ௔௜௥

+
1
μ௙
ቇ 

(3) 

 
Figure 6: Experimental comparison of air consumption of 

the diesel and gas diesel versions of the Cummins 6.7l 
engine by the load characteristic at n=1420 rpm 

 
Calculations by formula (3) show that the values of the 

air consumption of the diesel engine and the gas-air 
mixture consumption of the gas diesel engine are close to 
the experimental values 4-7% mentioned above especially 
at high loads where the percentage of diesel fuel is pretty 
low (about 6%). At low loads, the percentage of the diesel 
fuel increases and of natural gas – decreases. Therefore, 
less air is substituted by gas and the difference between the 
air consumption and gas-air consumption becomes lower. 
 
6. CONCLUSION 
 

The main importance of the present work is using the 
fraction of air/fresh charge in the working mixture as the 
basis for calculating the working cycle of reciprocating IC 
engines. This enables us to obtain dependences that 
quantitatively evaluate the effect of the molecular weight 
of the fuel used on the main engine indicators. The 
fractions of the remaining components of the working 
mixture are expressed in terms of the fraction of air, which 
makes it possible to determine the composition of the 
working mixture, which influences on all the IC engine 
parameters.  

A possible future work will be the comparison of 
experimental and calculated parameters of the filling 
processes of more IC engines operating at different modes 
using the presented method.  
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