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Abstract: A major issue with spark-ignition engines is their fuel inefficiency and negative environ-
mental effects, especially in urban driving situations. This topic is of utmost importance considering
the increasing apprehension over environmental contamination and the need for enhanced energy
efficiency. The research’s originality resides in its strategy to tackling this issue without necessitating
intricate engine changes, a manner not commonly used. The research uses a dual strategy that inte-
grates both theoretical and experimental approaches. The theoretical component entails developing
models to forecast the effects of different cylinder deactivation strategies on fuel consumption and
emissions. Important factors to address in this theoretical model are the introduction of air into
cylinders that are not in use and the stopping of fuel supply. The experimental component involves
conducting bench experiments on a modified spark-ignition engine to verify the theoretical conclu-
sions. These tests assess performance metrics, such as fuel economy and environmental effect, under
different load situations. The study’s findings are encouraging. The study reveals that disabling
a specific group of cylinders while permitting unrestricted air intake might result in significant
improvements in fuel economy, anywhere from 1.5% to 10.5%, depending on the engine’s workload.
Bench testing revealed a maximum improvement of 10.8%, which demonstrates the efficacy of this
strategy. The study’s findings indicate that the use of the integrated power regulation approach
greatly improves fuel efficiency and decreases the impact of the environmental consequences of
spark-ignition engines, especially in situations of low load and idling. This technology demonstrates
its feasibility as a solution that can be seamlessly incorporated into current engine designs with few
adjustments, providing a practical and environmentally responsible option for enhancing vehicle per-
formance. The results indicate that this approach has wide-ranging potential uses in the automotive
sector, particularly for urban cars that often function in situations with modest levels of demand. By
using this approach, manufacturers may attain enhanced fuel efficiency and diminish emissions, this
contributing to the development of more sustainable urban transportation options.

Keywords: cylinder deactivation; power regulation; spark-ignition engines; environmental indicators

1. Introduction

The fuel economy and environmental performance of internal combustion engines
(ICEs) largely depend on the operating modes determined by cars’ driving conditions [1].

Energies 2024, 17, 3563. https://doi.org/10.3390/en17143563 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17143563
https://doi.org/10.3390/en17143563
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6006-9470
https://orcid.org/0000-0002-7003-5116
https://orcid.org/0000-0003-2036-8024
https://orcid.org/0000-0001-8995-7180
https://orcid.org/0000-0001-9723-269X
https://doi.org/10.3390/en17143563
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17143563?type=check_update&version=2


Energies 2024, 17, 3563 2 of 27

The fuel efficiency and ecological impact of ICEs are primarily influenced by the operating
modes dictated by the driving circumstances of vehicles [2]. This interdependence is crucial
since ICEs often demonstrate suboptimal fuel economy and increased emissions while
operating under low-load and idle circumstances [3]. Inefficiencies arise from elevated
pumping losses and poor combustion processes under such circumstances, resulting in
elevated emissions of pollutants such as carbon dioxide (CO2), nitrogen oxides (NOx), and
hydrocarbonates (HC) [4]. Hence, enhancing the fuel economy in various operating modes
may greatly diminish the environmental consequences of ICEs, thus highlighting the crucial
need for research and innovation in this domain [5]. Recent research has emphasized the
significance of using novel techniques like cylinder deactivation and optimized fuel–air
mixes to improve the performance of ICEs [6]. Implementing these tactics may result
in significant improvements in fuel efficiency, especially under situations of partial load
and idling. The results highlight the significant impact of operating modes on the fuel
efficiency and environmental impact of ICEs, emphasizing the need for creative solutions
to successfully tackle these difficulties [7].

Cylinder deactivation and variable valve timing are important techniques used to
enhance fuel economy in ICEs. Different approaches are used to improve the effectiveness
of four-stroke spark-ignition engines under partial load conditions. This paper emphasizes
that cylinder deactivation may decrease pumping losses and enhance thermal efficiency by
disabling some cylinders under low-load situations, therefore minimizing fuel consump-
tion [8]. Utilizing alternative fuels is a notable method to enhance the fuel economy of
Spark-Ignition Engines (SIEs). The efficiency and pollutant output of SIEs when fueled
with a mixture of hydrogen and natural gas increases and decreases, respectively. Research
shows how the introduction of hydrogen might augment the efficiency of combustion and
diminish CO2 emissions, thus leading to improved fuel efficiency and a reduced environ-
mental footprint [9]. In a similar vein, [10] investigated the impact of using biofuels in
SIEs, observing enhancements in fuel economy and decreases in greenhouse gas emissions
when compared to traditional petrol. Emission control systems are essential for improving
the fuel economy of SIEs. Jin et al. [11] investigated how sophisticated emission control
technologies, such as three-way catalytic converters and exhaust gas recirculation (EGR),
affect the fuel economy and emissions of SIEs. Studies have shown that integrating these
technologies is effective in maintaining ideal combustion conditions, resulting in enhanced
fuel efficiency and decreased emissions of hazardous substances.

Cylinder deactivation is a crucial element of the integrated power control approach.
The engine effectively decreases fuel consumption and pollution by selectively deactivating
cylinders while operating under low-load situations. Liu et al. [12] investigated the efficacy
of this method and found that cylinder deactivation leads to a significant enhancement
in thermal efficiency. This improvement is achieved by mitigating pumping losses and
enhancing combustion stability, particularly under partial load conditions. This technique
enables the engine to function with a reduced number of active cylinders when maximum
power is unnecessary, hence improving the total fuel efficiency. Advanced strategies for
controlling throttle are equally important. Yang et al. [13] conducted a study to examine the
impact of precise throttle control combined with cylinder deactivation. They discovered
that optimized throttling may improve fuel economy by reducing the losses often associated
with conventional throttling techniques. The meticulous control of the throttle guarantees
seamless transitions between various engine loads, enhancing both driving pleasure and
fuel economy. Variable valve timing (VVT) and variable valve lift (VVL) technologies are
crucial for facilitating the implementation of the combined power regulation approach.
These technologies modify the timing and height of the valves to optimize the intake and
exhaust of air in the engine, which is essential for ensuring efficient combustion under
different load circumstances. Lei et al. [14] found that combining VVT and VVL with
cylinder deactivation improves the engine’s adaptability to different driving conditions
and increases fuel efficiency. This integration enhances the engine’s flexibility and respon-
siveness. The study also suggests that using alternative fuels and advanced combustion
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strategies can further enhance the effectiveness of this combined power regulation method.
Liu et al. and Yang et al. observed that combining these methods with cylinder deactivation
and sophisticated throttle control may result in substantial enhancements in fuel efficiency
and reductions in emissions. For example, the utilization of biofuels or fuels enhanced with
hydrogen may improve the efficiency of combustion, hence further decreasing the impact
of the environmental consequences of SIEs.

Efficient emission management is a crucial component of the integrated power reg-
ulation approach. Advanced emission control technologies, such as three-way catalytic
converters and EGR, are necessary to provide ideal combustion conditions and minimize
the release of hazardous pollutants. Lei et al. [14] highlighted that the integration of these
technologies with cylinder deactivation and VVT/VVL may effectively diminish the emis-
sions of NOx, carbon monoxide (CO), and hydrocarbons, hence enhancing the engine’s
environmental friendliness without compromising its fuel efficiency.

Under intense traffic conditions in populated areas, the main modes of operation of
internal combustion engines, in particular, SIEs [15], which are the main source of energy
for passenger cars, are partial load and high-speed modes [16].

This method of regulation determines the peculiarities of the work process in the
modes of partial loads and idling and its influence on the flow of the indicator engine
efficiency coefficient (EEC) [17], whose value characterizes the fuel efficiency of the work
cycle. Many factors affect the flow of indicator efficiency. One of the most important is the
composition of the air–fuel mixture [18,19].

For this study, we chose two methods to disconnect a group of cylinders:

• The use of an unchanged gas distribution system;
• When air with a different temperature is freely admitted to the disconnected group

of cylinders. This method included air intake at a temperature of 20–300 ◦C and a
temperature of 130–1500 ◦C.

The main goal of this study was to improve the fuel economy and decrease environ-
mental impact of spark-ignition engines while operating at low load and in idle circum-
stances. This is accomplished by using the most appropriate technique for disabling a set
of cylinders, which is paired with a comprehensive approach to regulating engine output.

This paper makes the following scientific contributions:
Our research aims to fill the current knowledge gap in the enhancement of fuel

efficiency and the reduction in hazardous emissions in spark-ignition engines under low
load and in idle circumstances. The study is driven by the need to develop automobile
engines that are both more efficient and ecologically sustainable, especially in metropolitan
environments where cars often operate in such situations.

A unique approach was devised to perform computational assessments on the effects
of cylinder group deactivation on fuel economy and exhaust emissions. This methodology
incorporates a unified approach to controlling engine power, which offers a complete
framework for assessing various tactics for deactivating spark-ignition engines.

This work establishes a novel correlation for determining the recommended thermal
efficiency of the active cylinders. The dependence mentioned is of utmost importance since
it stays uniform across different techniques of cylinder group deactivation and is dictated
by the intake vacuum settings. This enables a uniform evaluation of thermal efficiency,
irrespective of the deactivation technique used.

Another notable addition is the suggested correlation for calculating the mechanical
efficiency of the engine while a set of cylinders is disabled. This dependence employs
empirically acquired data on mechanical loss pressure and the intake vacuum of the deacti-
vated cylinders. This technique guarantees that the estimates of mechanical efficiency are
based on empirical data, hence improving the accuracy and dependability of the findings.

A thorough analysis was carried out to assess the fuel economy and environmental
impact of several techniques of deactivating cylinder groups. This analysis was undertaken
as part of a combined power regulation approach. The results provide useful insights into
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the efficacy of various deactivation approaches, aiding in the optimization of spark-ignition
engine performance under certain operating conditions.

The study greatly enhances the comprehension of cylinder deactivation and power
regulation in spark-ignition engines by addressing these factors. It provides practical
methods for enhancing fuel economy and decreasing emissions in real-world scenarios.

2. Methodology of Improvement of the Power Supply System with the Combined
Method of Power Regulation

An experimental power supply system, the scheme of which is given in the article [20,21],
was used as a basis (see Figure 1).
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Figure 1. The scheme of the experimental power system: 1—fuel tank, 2—electric fuel pump, 3—fuel
filter, 4—electronic control device (microprocessor), 5—battery, 6—ignition switch, 7—main relay,
8—pump relay, 9—ballast resistance, 10—disconnected injectors, 11—electronic unit for controlling
the nozzles, 12—non-inverting nozzles, 13—fuel distributor, 14—cold start system, 15—idling speed
stabilization device, 16—sensor of position and a value of accelerating throttle valve, 17—throttle
valve, 18—air vent, 19—air temperature sensor, 20—λ-sensor, 21—thermal timer, 22—engine temper-
ature sensor, 23—crankshaft angle sensor, 24—speed sensor, 25—throttle control lever, 26—locking
roller, 27—tension roller, 28—throttle valve drive cable, 29—gas pedal, 30—relay for electromagnet
switching, 31—electromagnet, and 32—load sensor.

Two methods of disconnecting a group of cylinders were chosen for the study:

• The use of an unchanged gas distribution system;
• When air with a different temperature is freely admitted to the disconnected group

of cylinders.

To study these methods of disconnecting a group of cylinders and, accordingly, to
determine the effectiveness of the combined method of power regulation, a number of
structural changes were made to the gas distribution system (see Figure 2). To disconnect
the group of working cylinders A (1-2-3) from group B (4-5-6), which are turned off, valve
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4 was used, which is used in a number of Opel engine models. For free air intake into the
disconnected group of cylinders B, valve 7 was installed.
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Figure 2. Diagram of the gas distribution system with changes made to implement methods of
disconnecting a group of cylinders. 1—air filter of the standard intake system; 2—air flow meter;
3—throttle valve; 4—valve for disconnecting groups of cylinders; 5—air filter for free air intake into
the disconnected group of cylinders; 6—catalytic converter; 7—damper for free air intake into the
disconnected group of cylinders.

Such changes in the gas distribution system made it possible to conduct research on
the engine operating on six cylinders when valve 4 is open and valve 7 is closed and to
investigate the following methods of disconnecting a group of cylinders:

• A—disconnection of fuel supply (valve 4 is open and valve 7 is closed) (see Figure 3);
• B—free air intake with and without heating (valve 4 closed and valve 7 open) (see

Figure 4).
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Figure 4. The position of the flaps during free air intake into the disconnected cylinder group:
(a) without heating and (b) with heating.

The six-cylinder in-line engine by the Opel company, with a working volume of
3 L, model C30LE (hereinafter—6Ch 9.5/6.98), was chosen as the object of experimental
research. The engine is equipped with an electronic fuel injection control system, M4.1
Motronic, with feedback and a neutralization system for the exhaust. The engine is installed
on the SGEU-100 motor brake stand and connected to the stand using a standard gearbox.

In order to check different methods of disconnecting a group of cylinders in the
engine intake system, changes were made that allowed for checking of the following
implementation methods:

• Cutting off the fuel supply with an unchanged gas distribution system
• Disconnection of the fuel supply with the supply of fresh air to the disconnected group

of cylinders (with and without heating).

To assess the fuel efficiency of an SIE when using the combined method of power
regulation with different techniques for cylinder disconnection, it is necessary to determine
the fuel efficiency of the engine in the entire range of loads where the engine operates with
cylinders disconnected in one way or another [22]. At higher loads, the engine works on all
cylinders, and the dependence of fuel consumption on the load remains unchanged [23].

It is possible to compare the fuel efficiency of the engine during operation with
disconnected cylinders based on the load from idle to the maximum energy indicators [24].

It is known that the assessment of the fuel efficiency of an internal combustion engine
is based on the brake-specific fuel consumption (BSFC) [25], which is determined by (1)

BSFC =
3600

Huηiηm
, (1)

where Hu is the lower heat of combustion of fuel (kJ/kg), ηi is the indicator EEC when
the cylinders are disconnected—they are classified as working cylinders—and ηm is the
mechanical EEC engine.

It is appropriate to consider the change of the named EEC separately since these EECs
can change differently in a wide range of loads.

Disabling the cylinders using the methods under consideration does not affect the
work process in the working cylinders and the indicator EEC [26].

When determining the dependence of indicators and mechanical EEC on the load,
it is more convenient to estimate the load by the degree of throttling of the working
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cylinders since the indicators characterizing the work process are given depending on
the throttling [27].

Let us consider the factors that affect the dependence of the indicator EEC on the
degree of throttling. The degree of throttling is estimated by the vacuum at the inlet to the
engine (∆pk) or the pressure in the cylinder at the end of the inlet (pa).

The indicator EEC depends on many factors when reducing the external load and
adjusting the fuel–air mixture, as discussed above [28].

A number of dependencies for determining the indicator EEC are known. One of them
is dependency (2):

ηi =
l0

Hu
· λ · pi

ηv · ρk
, (2)

where l0 is the theoretically necessary amount of air for the combustion of 1 kg of fuel,
kg/kg, Hu is the lower heat of combustion (MJ/kg), λ is the coefficient of excess air, pi
average is the indicator pressure (MPa), ηv is the volumetric efficiency, and ρk is the air
density, kg/m3.

The computations (2) were performed using the following conditions: l0 = 14.8 kg/kg,
Hu = 43.5 MJ/kg, and ρk = 1.22 kg/m3.

One of the important indicators in this dependence is the volumetric efficiency ηv.
This coefficient, taking into account the unevenness of heat capacities, cylinder recharging,
and combustion chamber purging, can be calculated according to the dependence [29]:

ηv =
ε

ε − 1
λ1

pa

p0

(
1 −

ψλg

ε

pr

pa

)
T0

T0 + ∆T
, (3)

where ε is the degree of compression, λ1 is the recharge coefficient, pa is the pressure in the
cylinder at the end of the inlet (kPa), p0 is the pressure at the engine inlet (kPa), ψ is the
coefficient that takes into account the difference in the heat capacity of the fresh mixture
and the mixture at the end of the inlet, λg is the coefficient of cleaning the combustion
chamber of residual gases, T0 is the engine inlet temperature (K), ∆T is heating of the fresh
charge in the intake process (K), and pr is the pressure at the end of discharge (kPa).

According to source [30,31], coefficients included in dependence (3) include λ1 = 1.02. . .1.03,
ψ = 1.17 (for λ = 1.0), and λg = 0.97.

Pressure in the cylinder at the end of the intake stroke (4):

pa = p0 − ∆pk − ∆pa, (4)

where ∆pa is the pressure loss in the intake system.
Pressure losses in the intake system are calculated using Equation (5):

∆pa =
(

β2 + ξ IN

)w2

2
ρ0 · 10−3, (5)

where β is the decay rate of the fresh charge in the considered section, ξ_IN is the coefficient
of hydraulic resistance of the intake system referred to as its highest section, w is the
average speed of gas movement in the passage section of the valve (m/s), and ρ0 is the
charge density at the engine inlet (kg/m3).

The w value was chosen by w = 50. . .130. For modern automobile engines β2 +
ξ IN = 2.6 . . . 4.0. Calculations were carried out [32,33], the ultimate goal of which is the
dependence of the indicator EEC on the degree of throttling, which was estimated using
the rarefaction at the inlet ∆pk. Since the filling coefficients were calculated according
to dependence (3), the load was estimated by the pressure in the engine cylinder at the
end of the intake pa, and the losses in the intake system ∆pa were calculated according
to dependence (5). At the same time, the following parameters β2 + ξIN = 2.6. . .3.3 were
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taken: w = 90 (m/s) and ρ0 = 1.22 (kg/m3). The mechanical efficiency of different ways of
disconnecting the cylinders was determined by dependence (6) [34].

ηm = 1 − pm

pi
, (6)

where the variable pm represents the average pressure of mechanical losses when discon-
necting the cylinders using different methods, measured in Mpa, and pi is the average
indicator pressure when the cylinders are turned off, measured in MPa. This pressure’s
dependence on the vacuum at the inlet is the same for different ways of shutting off
the cylinders.

The difference between the ways of disconnecting the cylinders will take place only in
the mechanical losses, which are estimated using the average pressure (pm). As a result, the
average effective pressure (pe) will be different, depending on whether it is necessary to
evaluate the performance of the engine when using different methods of disconnecting a
group of cylinders.

Mass emissions of exhaust per unit of time were calculated according to dependencies [35].

Bi =
C′

i
µi · Mexhaust

, (7)

Bi =
C′′

i
µi · Mexhaust

, (8)

where Ci
′ and Ci

′′ are the concentrations of exhaust in % and ppm, respectively, µi is
the molecular weight of the ith exhaust (kg/kmol), and Mexhaust is the amount of fuel
combustion products (kmol/h).

When calculating the quantity of fuel combustion products, the state of the fuel was
taken into account. For CO, HC, and CO2, the concentrations of which were determined
using the infrared method, the gases were analyzed dry; for NOx, the concentrations of
which were determined in heated combustion products, the gases were analyzed wet [36].

The number of combustion products was calculated according to the dependence (9).

Mexhaust = a
(

bB f uel + Bair

)
, (9)

where Bfuel is hourly fuel consumption (kg/h), Bair is hourly air consumption (kg/h), and a
and b are calculated coefficients that depend on the state of the exhaust and the composition
of the fuel–air mixture.

As can be seen from the load characteristics of the 6Ch9.5/6.98 engine (see Figure 1),
the composition of the fuel–air mixture, except for full load, is close to stoichiometric
(λ = 0.985. . .0.994).

For such a composition

MC
exhaust = 0.02259

(
6.104B f uel + Bair

)
, (10)

MH
exhaust = 0.027

(
5.31B f uel + Bair

)
. (11)

When calculating according to Formulas (7) and (8), the values used in the calibration
of the devices were: MCO = 28 kg/kmol, MCO2 = 44 kg/kmol, MHC = 86 kg/kmol, and
MNOx = 30 kg/kmol [37].

3. Theoretical Studies

The performed calculations showed that the use of these coefficients leads to significant
errors in the calculation of pa and, accordingly, the filling coefficient ηv [38]. Using the data
of experimental studies, in particular, the load characteristic on the 6F9.5/6.98 engine [39],
at the rotation frequency n = 1800 rpm, for work on six cylinders, the volumetric efficiency
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was calculated depending on the vacuum at the intake ∆pk (see Figure 5). Using the
same loading characteristic data, the dependence of the average indicator pressure on the
rarefaction at the inlet was calculated (see Figure 6).
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A comparison of the values calculated using formula (2) and the experimentally
obtained values of the indicator EEC was carried out using graphical dependences of
ηi on ∆pk (see Figure 7). The graphs show that the dependences ηi obtained through
calculations and according to the results of the experiment practically coincide. Engine
performance calculations for three cylinders using different methods of cylinder shutdown
were conducted at a speed of n = 2000 rpm with a ratio of 6F9.5/6.98. With the considered
methods of disconnecting the cylinders, the dependence of the indicator efficiency of the
working cylinders on the rarefaction at the intake is the same (see Figure 6).
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Figure 7. Calculated vs. experimental dependence of indicator EEC on intake vacuum ∆pk

(n = 1800 rpm) for the 6F9.5/6.98 engine.

Figure 8 shows the average indicator pressure pi, the pressure of mechanical losses pm,
and the average effective pressure pe, depending on the rarefaction at the inlet ∆pk with an
unchanged gas exchange system. According to Formula (6), the mechanical EEC from ∆pk
(see Figure 9) is dependent on an unchanged gas exchange system [40].
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for the 6Ch9.5/6.98 engine.

Cranking the warmed-up engine with an unchanged gas exchange system and free air
intake into the disconnected group of cylinders (with and without air heating) determined
the average pressure of mechanical losses. As can be seen from the shown dependencies (see
Figure 10), the average pressure of mechanical losses pm differs significantly for different
ways of disconnecting cylinders.
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Figure 10. EEC dependence on intake rarefaction with three cylinders off (n = 2000 rpm) for the
6Ch9.5/6.98 engine.

The value of pm is much smaller with free air intake into disconnected cylinders
(without air heating and with heating). The difference between them is insignificant; it is
necessary to take into account the complexity of the implementation of the method [41]. A
significant reduction in mechanical losses with these methods is due to a reduction in pump-
ing losses. This leads to an increase in the mechanical EEC. The calculated dependences of
ηm (∆pk) for different methods are shown in Figure 11.
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Figure 11. Dependence of mechanical ηm EEC on intake rarefaction ∆pk for the 6F9.5/6.98 engine
(n = 2000 rpm).

This regularity of ηm (∆pk) for different shutdown methods is explained by the fact
that for the idling mode, the value of ∆pk practically does not differ for different methods;
it is within 2. . .3 kPa. For the maximum load mode, when the throttle valve in the group
of disconnected cylinders is fully open with an unchanged gas exchange system, the
mechanical losses for all methods are practically the same. The difference is 1. . .2 kPa.
Therefore, these points on the graphs coincide.

An objective assessment of the fuel efficiency of the engine is the dependence of the
BSFC on the effective indicators, in particular, the average effective pressure pe [42]. There-
fore, we calculated the dependence pe (∆pk) for the considered methods of disconnecting a
group of cylinders. These dependencies are shown in Figure 12.
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Figure 12. Dependence of pe on intake vacuum ∆pk with three cylinders off (n = 2000 rpm) for the
6Ch9.5/6.98 engine.

Using the dependences pe (∆pk), ηI (∆pk), and ηm (∆pk) according to Formula (1), the
dependence of the BSFC on the average effective pressure was calculated [27]. These de-
pendencies are shown in Figure 13. It can be seen from them that the greatest improvement
can be achieved with free intake and heating of air in the disconnected group of cylinders.
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In comparison with turning off a group of cylinders with an unchanged gas exchange
system, the saving is 1.5. . .13.5%. With free air intake without heating into the disconnected
cylinder group, fuel efficiency improves by 1.5. . .10.5% compared to an unchanged gas
exchange system.
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4. Results and Discussion

In order to accurately assess the environmental impact of various cylinder deactivation
systems under a unified power regulation strategy, it is crucial to standardize the parame-
ters that influence exhaust emissions while ignoring the load factor [43]. More precisely,
this involves ensuring a steady rate of fuel and air consumption every hour, as well as
controlling the levels of pollutants in relation to the vacuum pressure in the engine’s intake,
which indicates the engine’s workload [7].

The investigated techniques of cylinder group deactivation demonstrate a consistent
relationship between environmental indicators, fuel consumption, and air consumption
with respect to the intake vacuum. Experimentally, it is conceivable to deactivate the fuel
supply to a set of cylinders without modifying the gas distribution system. This makes it a
viable reference point for comparison with other approaches.

The load characteristics of a 6Ch9.5/6.98 engine were experimentally evaluated. The
engine was working on three cylinders at a speed of 2000 rpm, and no changes were made
to the gas distribution system. Please refer to Figure 1 for further details. The independent
measure employed was the intake vacuum behind the ∆pk. An installation of a three-
component catalytic converter was conducted, and the levels of pollutants as well as the
composition of the λwere measured using a BOSCH BEA 060 gas analyzer.

The calculated pi for all cylinder shutdown methods will be the same, depending on
the vacuum at the intake.

Figure 14 depicts the relationships between several engine performance measurements
and Me for the 6Ch9.5/6.98 engine. The λ value stays generally stable as the effective torque
rises. The consistency of the air–fuel mixture indicates that combustion is steady at various
levels of torque. The pressure indicator exhibits a small reduction as the effective torque
increases. As the engine load rises, the pressure from the combustion process decreases,
suggesting a possible modest decline in combustion efficiency. As the torque rises, there is
a gradual decrease in effective pressure. Like the indication pressure, the effective pressure
also declines, indicating a modest loss in the engine’s efficiency in turning fuel into usable
work with increasing loads. As the torque increases, the fuel consumption per unit of
energy generated per hour falls. Higher loads lead to improved fuel economy, suggesting
that the engine performs more efficiently when subjected to bigger loads. The concentration
of CO rises as the torque increases. Increased engine loads contribute to greater levels of
incomplete combustion, leading to elevated emissions of CO. The concentration of CO2
stays essentially constant regardless of the varying torque levels. The consistent levels of
CO2 emissions suggest steady combustion efficiency in terms of the by-products produced
throughout full combustion.
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three cylinders.

As the torque rises, there is a modest decrease in engine speed. Under increasing
loads, the engine speed experiences a small reduction, which is a common occurrence
since the increased load demands more power. The mechanical pressure loss exhibits a
consistent reduction as the torque increases. Higher torque levels result in less mechanical
losses, leading to improved mechanical efficiency. The mechanical efficiency is directly
proportional to the effective torque. Increased loads enhance the efficiency of the engine’s
mechanical components, resulting in enhanced performance. The air–fuel ratio and CO2
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emissions exhibit a consistent pattern, suggesting a steady level of combustion efficiency
across various torque levels. As torque rises, fuel consumption per unit of energy generated
falls, indicating improved fuel economy at greater loads. Higher torque levels are associated
with a discernible rise in CO emissions, indicating a greater occurrence of incomplete
combustion under larger loads. Both mechanical losses and mechanical efficiency exhibit
positive trends, with losses declining and efficiency improving as torque rises. The observed
patterns indicate that running the engine at greater workloads may enhance fuel economy
but may lead to increased carbon monoxide emissions. Ensuring a balance between
load and efficiency is essential for maximizing economic and environmental performance.
Ensuring a steady air–fuel ratio is crucial for maintaining consistent engine performance, as
seen by the unchanging nature of the process. The larger loads result in a gain in mechanical
efficiency, which is advantageous as it demonstrates that the engine’s design is capable of
properly handling greater operating demands. These trends provide useful information for
enhancing engine performance and minimizing environmental impact, especially in terms
of fuel economy and emission control.

The pi for all cylinder deactivation mechanisms is determined by the intake vacuum.
By using the loading characteristic data, we were able to determine the mass emissions’
reliance on the intake vacuum. Additionally, we generated the Bi(pe) dependencies based
on the pe(∆pk) relationships, as shown in Figure 12. Figure 15 demonstrates the relationship
between hourly carbon monoxide emissions (BCO) and pe. HC, NOx, and CO2 were assessed
for similar interdependencies.
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Figure 15. CO emissions vs. pe with different cylinder shutdown methods (n = 2000 rpm) for the
6Ch9.5/6.98 engine.

The emissions of CO, HC, and NOx were computed by using Formulae (7) and (8).
Figure 15 demonstrates that CO emissions were greatest when using the deactivation
technique without modifications to the gas distribution system. Conversely, the lowest
emissions were seen when allowing the free intake of warm air into the deactivated cylin-
ders. There were slightly greater emissions when utilizing free intake without air heating.

Under typical operating conditions (with a pressure of around 0.3 MPa), the introduc-
tion of a gas distribution system resulted in an 8.4% reduction in CO emissions compared to
deactivation without any alterations to the system. Additionally, when the system allowed
for free air intake without heating, CO emissions were 6.1% lower. At the average load,
there was a decrease of 11% in NOx emissions when using heated air intake and a decrease
of 8.2% when using unheated air intake.

When comparing the unmodified gas distribution system at medium load to the
systems with heated air intake and without heating, there was a reduction of 5.7% in HC
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emissions with heated air intake and a reduction of 4.2% without heating. The introduction
of heated air intake resulted in a 10.8% reduction in CO emissions, whereas without heating,
the reduction was 8.1%. The implementation of air heating resulted in a 5.7% reduction
in CO2 emissions, whereas without air heating, the reduction was 4.7%. This decrease in
emissions may be attributed to the enhanced fuel economy achieved by the utilization of
free air intake.

In order to assess the practicality of simultaneously regulating power and deactivating
cylinders at partial load and in idle conditions, load characteristics were experimentally
obtained for the engine running at 2000 rpm. This was achieved by applying throttling
and deactivating certain cylinder groups while keeping the gas distribution system intact.
These attributes are shown in the same coordinate system for the sake of comparison.

When reducing engine power by deactivating cylinders, the economizer mode is
not used since it results in greater specific fuel consumption compared to operating all
cylinders. This requires switching to throttling. Comparisons revealed that running with
three cylinders resulted in a maximum torque of about 40% compared to operating with six
cylinders (74 Nm vs. 185 Nm). During idle mode, the intake vacuum was about 72 kPa
when all cylinders were operating and 53 kPa when just three cylinders were operating.
This helped to decrease pumping losses and improve mechanical efficiency.

We analyzed the variations in parameters between the six-cylinder and three-cylinder
operations of the 6Ch9.5/6.98 engine (Figure 16). In the case of working on six cylinders,
the λ value stays consistently stable, suggesting a uniform air–fuel combination. The
initial λ value is greater, suggesting a larger proportion of air to fuel in the mixture. When
the engine is running on just three cylinders, it operates with a lower fuel-to-air ratio,
which might impact the stability and efficiency of combustion. The pressure indicator on
the six cylinders steadily drops as the torque increases. There are three cylinders. The
indicator pressure exhibits a more pronounced decline. Increased indicator pressure in
six-cylinder mode indicates improved combustion efficiency and greater pressure during
combustion. The effective pressure exerted on the six cylinders drops significantly as
the torque increases. There are three cylinders. The drop in effective pressure is more
pronounced. The six-cylinder mode sustains a greater effective pressure, which suggests
superior efficiency and power generation. The hourly fuel consumption falls as torque
increases, suggesting enhanced efficiency in the six-cylinder engine. At lower torques,
there is increased fuel consumption; however, the rate of decline is comparable to that
of the six-cylinder mode as the torque rises. The increased fuel consumption seen in the
three-cylinder mode with low torques indicates that it is less efficient under light loads. The
concentration of CO grows when torque is applied to the six cylinders. The concentration
of carbon monoxide is greater and exhibits a steeper rise in the case of working three
cylinders. Increased CO emissions while operating in three-cylinder mode indicates a
greater occurrence of incomplete combustion. The CO2 concentration in the six cylinders
remains steady, suggesting that the combustion process is efficient. The concentration of
CO2 then decreases slightly but remains constant. The small increase in CO2 emissions
seen in the six-cylinder mode is a result of full combustion, while the lower emissions in the
three-cylinder mode show a reduced amount of fuel being totally burnt. The engine speed
decreases somewhat as the torque increases when operating on six cylinders. The engine’s
speed decreases more prominently. Increased engine speed in six-cylinder mode indicates
an improved capacity to handle heavier loads and maintain stability throughout operation.
The mechanical pressure loss experienced by the six cylinders consistently diminishes as
the torque increases. The mechanical pressure loss exhibits a steeper decline. Reduced
mechanical losses in three-cylinder mode may be attributed to less internal friction and a
lower number of moving components. The mechanical efficiency of a system operating
with six cylinders improves as the torque rises. The initial mechanical efficiency is lower,
but it exhibits a more substantial rise with time. The mechanical efficiency exhibits a more
rapid improvement in three-cylinder mode, suggesting less mechanical resistance and
enhanced performance under greater torque conditions.
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The functioning of a six-cylinder engine often offers improved combustion efficiency,
reduced fuel consumption, and consistent engine speed, making it particularly well-suited
for heavier load situations. Operating with three cylinders leads to increased CO emissions
and fuel consumption when operating at lower loads. However, it shows enhanced
mechanical efficiency and decreased mechanical losses while operating at greater loads.
This mode may be desirable in some circumstances when there is a need for less internal
friction and mechanical drag. These disparities emphasize the compromises between
different modes of operation, aiding in the enhancement of engine efficiency for certain
operational situations.
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Uncertainty ranges u(y) [44,45] of the components are presented in Table 1. When
running on three cylinders, the mean values for most measures, especially Bf uel and Bair,
are often greater, suggesting worse efficiency. The Texhaust is elevated while operating
with three cylinders, indicating a potential increase in engine load or reduced combustion
efficiency. The standard deviation values exhibit greater magnitudes in six-cylinder mode
for most parameters, suggesting more variability in the data. Parameters such as ∆pk,
Bf uel, and Bair exhibit much more fluctuation in six-cylinder mode when compared to
three-cylinder mode.

Table 1. Uncertainty ranges u(y) of the experimental parameters.

Parameter Test Repeatability t Mean Standard Deviation u(y) SE of the Mean

Working on 6 cylinders
∆pk, kPa 7 38 27.03 3.86

Bfuel, kg/h 7 5.89 3.20 0.45
Bair, kg/h 7 83.05 42.58 6.08

BSFC, g/kWh 7 619.84 627.24 89.60
Texhaust, ◦C 7 487.14 69.27 9.89

CO, % 7 0.78 1.15 0.16
CO2, % 7 14.71 0.84 0.12

HC, ppm 7 85.35 53.76 7.68
NOx, ppm 7 472.28 381.22 54.46
φa, deg 7 22.28 26.61 3.80
λ 7 0.97 0.03 0.01

Working on 3 cylinders
BMEP, MPa 6 26.16 19.26 3.21

∆pk, kPa 6 4.22 1.84 0.30
Bfuel, kg/h 6 109.39 34.16 5.69
Bair, kg/h 6 602.31 321.76 53.62

BSFC, g/kWh 6 26.16 19.26 3.21
Texhaust, ◦C 6 520.33 47.27 7.87

CO, % 6 0.78 0.99 0.16
CO2, % 6 14.17 1.06 0.17

HC, ppm 6 76.50 52.46 8.74
NOx, ppm 6 459.08 178.04 29.67
φa, deg 6 25.58 26.99 4.49
λ 6 0.94 0.10 0.01

The SE numbers tend to be lower when the system is in three-cylinder mode, indi-
cating that the average results are more accurate in this mode since there is less variation.
Exceptions worth mentioning include CO, HC, and NOx, where the SE remains substan-
tial, suggesting a certain degree of fluctuation in these measures. The table presents a
comprehensive statistical comparison of engine characteristics between operations with
six cylinders and operations with three cylinders. When the engine is running on three
cylinders, there are higher exhaust temperatures and emissions of CO, HC, and NOx,
which suggests that the combustion process is less efficient. There is a higher level of
variation in the six-cylinder mode for most measures, suggesting that the three-cylinder
mode may provide more reliable performance under the circumstances that were studied.
This comparison emphasizes the compromises between the two operating modes, with the
six-cylinder mode generally providing more consistent and efficient performance, while
the three-cylinder mode may be beneficial in certain situations where decreased mechanical
complexity and potentially lower emissions per cylinder are advantageous.

The temperature throughout the working cycle was elevated during three-cylinder
operation, as shown by increased exhaust temperatures. The feedback mechanism ensured
a fuel–air mixture that closely followed the stoichiometric ratio, as shown by the gas
analyzer observations of nitrogen oxide, carbon dioxide, and hydrocarbons. The nitrogen
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oxide concentrations were elevated during three-cylinder operation as a result of the
heightened cycle temperature.

The effectiveness of the combined power regulation approach was measured via
experimental investigations. These studies evaluated the hourly petrol consumption in
relation to the external load for both three- and six-cylinder operation, across all operating
modes. Within the torque range of 0–50 Nm, the three-cylinder operation had 10–0% lower
hourly petrol consumption compared to the six-cylinder operation (refer to Figure 17).
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The analysis of idle mode found that operating the engine with three cylinders re-
sulted in a reduction in petrol consumption by 32–6% per hour. This reduction was seen
throughout a range of crankshaft rotation frequencies from 730 to 3600 rpm, as shown in
Figure 18. The findings validate that the combination of power regulation and cylinder
deactivation improves fuel efficiency in comparison to conventional throttling methods.
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The mechanical losses were empirically measured for various cylinder deactivation
techniques. The relationship between mechanical losses and throttle opening angle and
intake vacuum was determined, revealing notable variations at elevated vacuums often
observed during the operation of automobile engines (refer to Figures 19 and 20).
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Figure 20. Mechanical losses vs. intake rarefaction of the 6Ch9.5/6.98 engine (n = 2000 rpm).

The greatest mechanical losses were obtained with the throttle closed and the smallest
were obtained with free air intake into the disconnected cylinder group. As can be seen
from Figure 19, with a throttle opening angle of more than 45◦, its further opening has
practically no effect on mechanical losses. Therefore, in subsequent experiments, the
vacuum at the intake was measured depending on the throttle opening angle, especially
since this parameter can be measured more accurately during engine tests. The dependence
of the moment of mechanical losses on the rarefaction at the inlet is shown in Figure 20.
As can be seen from the graphs shown, the difference in moments of mechanical losses is
greatest at high vacuums, that is, in the modes that are widely used in the operation of
automobile engines.

One of the main provisions that was used to develop a methodology for a comparative
study of the effect of the method of disconnecting a group of cylinders was that for all three
methods that were studied, the composition of the fuel–air mixture, the concentration of
fuel in the exhaust, and the hourly fuel consumption were the same, depending on the
dilution at the inlet of working cylinders. Therefore, in the process of experimental research,
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the named indicators were measured depending on the rarefaction when determining the
load characteristics for the named three methods of disconnecting the cylinder group.
Figure 21 shows the dependence of the coefficient of excess air (λ) on the rarefaction at the
intake when determining the load characteristic in the interval from zero to the moment
of turning on the economizer. In this interval, the engine works with different ways of
shutting off the cylinders.
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Figure 21. Excess air coefficient vs. intake rarefaction of the 6Ch9.5/6.98 engine with different
cylinder disconnection methods (n = 2000 rpm).

As can be seen from the graph shown, when working on different ways of disconnect-
ing the cylinders, the values of λ practically coincide and vary within 0.98. . .0.99, which
indicates the satisfactory operation of the feedback and the identity of the mixture compo-
sitions in all ways of disconnecting the group of cylinders. Confirmation that the methods
of disconnecting the cylinders that were studied do not affect the combustion process in
the working cylinders is dependent on the concentration of exhaust.

As can be seen from Figure 22, the concentration of CO is quite close for all methods
of disconnecting the cylinders (0.35–0.55%), and the nature of the dependence is the same
as the rarefaction increases.
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Figure 23 shows the dependence of CO2 concentrations in the exhaust, which were
obtained for different methods of cylinder shutdown, from which it can be seen that in the
entire range of loads, with the exception of the economizer mode, the CO2 concentrations
are in the range of 14.5. . .14.7%, which is within the limits of the accurate measurement of
this substance.
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Figure 23. CO2 concentration in exhaust vs. intake rarefaction of the 6Ch9.5/6.98 engine with
different three-cylinder disconnection methods (n = 2000 rpm).

The mass of SO emissions depends on their concentration in the exhaust and the hourly
consumption of fuel and air. With the same values of the air excess coefficient, the mass
emissions of the fuel tank depend only on the hourly fuel consumption. The dependence
of the hourly fuel consumption on different ways of disconnecting the cylinders is shown
in Figure 24. Hourly fuel consumption is practically the same when operating in the entire
load range, except for the economizer mode. Thus, it can be stated that according to the
results of experimental studies, with all of the investigated ways of disconnecting a group
of cylinders, the indicators of the work process in working cylinders are the same, and the
positions adopted in theoretical studies are correct.
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To compare the calculated and experimental indicators, the hourly gasoline consump-
tion of the 6Ch9.5/6.98 engine was measured from the effective torque during operation
with an unchanged gas distribution system and with free air intake into the disconnected
cylinders (see Figure 25). When using the method with free air intake without heating the
disconnected cylinders, gasoline savings of 10.8–0.0% were obtained within the range of
torque change of 0–50 Nm.
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Figure 25. Hourly fuel consumption vs. effective torque of the 6Ch9.5/6.98 engine with different
cylinder shutdown methods (n = 2000 rpm).

The obtained results of experimental studies are quite close to the results of theoretical
studies, in which it is shown that disconnection of a group of cylinders with free intake
into a disconnected group of heated air cylinders allows for improved fuel efficiency in
comparison with disconnection without changes in the gas exchange system by 1.5. . .13.5%;
if the air is not heated, the saving is 1.5. . .10.5%.

5. Conclusions

1. In this study, we discovered that disabling a set of cylinders results in enhanced
fuel economy, mostly because of the heightened indicator and mechanical efficiency
while running on three cylinders. The research also revealed numerous cylinder
deactivation techniques that have varying effects on the engine’s fuel economy and
environmental performance while running with a reduced number of cylinders.

2. Based on prior research, viable techniques for disabling a set of cylinders to implement
a combined power control mechanism in spark-ignition engines were validated. These
approaches include ceasing the flow of fuel without making any changes to the
intake and gas distribution systems and halting the delivery of fuel while permitting
unrestricted airflow into the deactivated cylinders at the surrounding temperature.
Approach for Computational Studies:
A comprehensive approach for performing computational investigations on the effects
of cylinder deactivation techniques was established. The approach presupposes that
the operational procedure in active cylinders stays consistent and reliant on the intake
vacuum for all examined techniques. Therefore, performance measures such as stated
efficiency, air and fuel consumption, and pollutant concentrations remain constant
regardless of the techniques used. The variations in engine performance indicators
seen with various deactivation techniques may be attributed mostly to mechanical
losses, which were assessed using experimental data.
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3. Empirical investigations have shown that the operational parameters in active cylin-
ders stay constant regardless of the deactivation techniques examined. By maintaining
homogeneity, it becomes possible to compare deactivation techniques purely on the
basis of mechanical losses, which in turn enhances the accuracy of such comparisons.

4. The dependencies for calculating mechanical efficiency, based on the mechanical loss
pressure and intake vacuum of the deactivated cylinders, were defined. The depen-
dencies were found empirically for each deactivation technique. The reliability of the
relationships was assessed by comparing the estimated and empirically measured
specific fuel consumption versus load parameters.

5. Experimental tests have shown that the deactivation strategy that leaves the intake and
gas distribution systems unchanged results in the greatest mechanical loss pressure.
The other two systems exhibited markedly reduced mechanical loss pressure, with
negligible differences between them.

6. In this study, we analyzed the fuel efficiency of several cylinder deactivation strategies
by analyzing the particular effective fuel consumption relative to the external load,
as measured by mean effective pressure. The engine had the greatest specific fuel
economy while disabling cylinders without altering the intake system. The use of a
technique that enables unrestricted airflow into inactive cylinders at the surrounding
temperature resulted in fuel efficiency improvement ranging from 1.5% to 10.5%. Tests
conducted on the 6Ch9.5/6.98 engine revealed that using free air intake resulted in a
reduction in fuel consumption by as much as 10.8% compared to the original intake
system. This improvement was seen throughout a torque range of 0 to 51 Nm.

7. In addition, we estimated the mass emissions of each pollutant per unit of time and
per unit of labor completed, as well as the overall emissions compared to CO. For
a typical load condition (with a mean effective pressure of 0.3 MPa), the reduction
in pollutants achieved by using techniques that include free air intake (with and
without heating) was substantial when compared to the unmodified intake system.
CO emissions dropped by 8.4% and 6.1%, NOx emissions dropped by 11.0% and 8.2%,
HC emissions dropped by 5.7% and 4.2%, and total emissions relative to CO dropped
by 10.8% and 8.1%. CO2 emissions also had reductions of 5.7% and 4.7%.

8. According to theoretical and experimental research, the most appropriate approach
for practical use is to cut off the fuel supply while permitting unrestricted air intake
into the deactivated cylinders at the surrounding temperature. Although heating
the air may enhance engine performance to some extent, it necessitates the use of
supplementary equipment, which may not be feasible in every situation.

9. In this study, we conducted a comprehensive assessment of several techniques for
cylinder deactivation in a spark-ignition engine, emphasizing the advantages of
enhanced fuel economy and decreased pollutants. The recommended approach,
which involves cutting off the fuel supply while allowing air to enter the deactivated
cylinders, provides a practical and efficient solution. This technique achieves a balance
between enhancing performance and being easy to execute.
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Nomenclature

BSFC Brake-specific fuel consumption
CO Carbon monoxide
CO2 Carbon dioxide
EEC Engine efficiency coefficient
EGR Exhaust gas recirculation
Hu Lower heat of combustion, MJ/kg
HC Hydrocarbons
ICE Internal combustion engines
l0 The theoretically necessary amount of air for the combustion of 1 kg of fuel, kg/kg
NOx Nitrogen oxides
pa Pressure in the engine cylinder at the end of the intake
pi Indicator pressure
pe Effective pressure
pM Mechanical losses
p0 Pressure at the engine inlet, kPa
SIE Spark-ignition engines
SO Sulfur oxide
T0 Engine inlet temperature, ◦K
VVL Variable valve lift
VVT Variable valve timing
w The average speed of gas movement in the passage section of the valve, m/s
∆pa Losses in the intake system
∆pk Vacuum at the intake
∆T Heating of the fresh charge in the intake process, ◦K
β The decay rate of the fresh charge in the considered section
ηi Indicator EEC when the cylinders are disconnected: they are classified as working cylinders
ηm Mechanical EEC engine
ηv Filling coefficient
λ Coefficient of excess air
λg Coefficient of cleaning the combustion chamber of residual gases
λ1 Recharge coefficient
ρ0 Charge density at the engine inlet, kg/m3

ρk Air density, kg/m3

ψ
The coefficient that takes into account the difference in the heat capacity of the fresh mixture
and the mixture at the end of the inlet

ξIN Coefficient of hydraulic resistance of the intake system referring to its highest section
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