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Abstract: In the present study, a nozzle was used to improve the flow performance of an intake
manifold, and its effects on the automobile engine output and the exhaust gas were experimentally
studied. It was found that the engine output of a vehicle with a mileage of 30,000 km increased by
4.7% and 6.5% when nozzles with diameters of 5 and 2.5 mm were used. In addition, the engine
output of a vehicle with a mileage of 180,000 km increased by 3.3% and 13.3% when nozzles with
diameters of 5 and 2.5 mm were used compared to those of the same vehicle when no nozzle was
used. Thus, using a nozzle for the inflow of outside air created a uniform combustion environment
to improve the engine output and reduce harmful exhaust gases, such as hydrocarbon, carbon
monoxide, and nitrogen oxides, by generating vortexes inside the intake manifold and increasing the
degree of mixing. Furthermore, the smaller nozzle with a diameter of 2.5 mm had greater effects.

Keywords: nozzle; intake manifold; engine output; harmful exhaust gas; inflow of outside air; vor-
texes

1. Introduction

Since the industrial revolution, scientific technologies have developed rapidly, and
various technologies are continuously developing today to make human life comfortable.
Starting with the steam engine of James Watt, in particular, the automobile has greatly
widened the scope of human activities, and the demand for automobiles has continued to
grow since the invention of the gasoline engine. Moreover, most modern households have
at least one vehicle, which has become an indispensable item in our lives. However, exhaust
gases emitted after combustion from automobiles that use fossil fuels contain various pol-
lutants, which adversely affect the human body and pollute the atmosphere, causing many
environmental problems. In addition, since the emission of greenhouse gases, including
carbon dioxide, is inevitable after combustion, global warming is accelerating. For this
reason, every country is increasingly interested in the problem of environmental pollution
caused by automobile exhaust gases and is strengthening regulations on emissions. For
example, in the EU, EURO 6, which is stricter than the automobile emission regulations
enforced earlier (EURO 1 to 5), has been enforced since 2014 [1], and such automobile
emission regulations are being continuously strengthened.

Currently, one of the most harmful substances in the exhaust gas emitted from a
gasoline engine is carbon monoxide (CO), which is generated through incomplete com-
bustion. As CO interrupts the transport of oxygen in the blood due to its hemoglobin
affinity, which is 300 times higher than that of oxygen, people who inhale air containing
0.3% or more CO by volume for a long time can lose their lives [2,3]. In addition, the
exhaust gas emitted during incomplete combustion also includes hydrocarbon (HC), which
is mainly generated in fuel-rich combustion conditions such as those that generate CO. HC
affects the respiratory system at low concentrations, and the aldehydes produced by the
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primary oxidation of HC affect mucous membranes and skin. When the HC is oxidized
further, peroxides are generated. These peroxides combine with nitrogen oxides (NOx)
to produce photochemical smog, which severely affects the eyes, causes cancers, or leads
to malodorous air [4–6]. Lastly, NOx compounds are produced through the reaction of
nitrogen in the air with oxygen in the special environment inside the engine, and these
gases are toxic and have an irritating odor. In particular, when it is adsorbed onto mucous
discharges through respiration, nitric acid, which has strong oxidizability, is produced,
and NOx is the main substance that causes global warming. Accordingly, various studies
are conducted around the world to reduce automobile exhaust gases, and regulations on
various forms of environmental pollution are being strengthened.

For this reason, studies to reduce the exhaust gases emitted from automobiles are
actively conducted. First, in an analytical study related to the reduction in automobile
exhaust gases, Kim et al. [7] comparatively verified the flow distribution characteristics of
the intake manifold NU base, low/medium-speed primary model, low/medium-speed
secondary model, NU hybrid electric vehicle (HEV), and Gamma gasoline direct injection
(GDI) through computational analyses and tested their distribution. Based on their dis-
tribution tests, the authors reported that all of the models satisfied the design standard
of ±2.5% and that four models, excluding the NU HEV model, satisfied the distribution
design standard of ±2.5%. Park et al. [8] evaluated the distribution by the cylinder of the
target engine using a commercial 1D engine simulator and a 3D flow analysis program. The
results confirmed that the flow deviation decreased from 13% to 1.6%, depending on the
manifold structure and the inlet location. Through a flow analysis for the minimization of
the engine’s intake flow resistance and the distribution of the intake flow among cylinders,
Kim et al. [9] found that the external center-feeding method could reduce pressure loss
and speed loss compared to those obtained with the internal center-feeding method. In
addition, Kim et al. [10] analyzed the flow distribution characteristics depending on the
manifold configuration using computational fluid dynamics (CFD) and found that it is
important to minimize the local pressure drop when designing a manifold. Kim et al. [11]
carried out an analysis on the flow structure inside a distribution manifold related to
flow distribution performance in turbulent flow conditions and found that the pressure
difference at the inlets of the center-feed model and the side-feed model of the Gamma
gasoline direct injection (GDI) intake manifold and the NU multipoint injection (MPI) in-
take manifold was proportional to the size of the bell mouth. Beatrice et al. [12] performed
an experimental study on a prototype diesel injector with a hollow cone nozzle to analyze
engine exhaust performance and spray structures. Their results confirmed that injector
command parametrization, particularly the charging voltage or needle lift, only partially
affected engine performance. Lee et al. [13] carried out an analytic study in which the
shape of the outlet port was changed to improve the performance of a flow distribution
manifold in turbulent flow conditions and found that the longer the outlet port and the
smaller the area ratio, the more uniform the distribution of the outflow rate. In addition,
after conducting an analytical study on the performance optimization of a diesel engine
equipped with composite-type exhaust gas recirculation (EGR), Park et al. [14] reported
that the optimal model achieved the same level of torque and fuel efficiency as those of a
high-pressure-type EGR model and a nitrogen oxide reduction efficiency of 40% on average.
Zhang et al. [15] conducted a study to improve disturbance removal and control accu-
racy in a diesel engine. A simulation showed that the proposed nonlinear extended state
observer (NLESO) controller had better response performance and resistance to external
disturbances. Bondar et al. [16] developed a mathematical model of the thermodynamic
operating process in the intake manifold of a diesel engine using fuel and water injection.
Using the developed model, appropriate design parameters for the fuel and water injection
system were determined. Shen et al. [17] evaluated the trapped exhaust gas distribution in
a diesel intake system using Star-CD software. Their results showed that, during the intake
process at the intake port without a CO2 supply, CO2 mass flow rates of 5 and 50 kg/h
produced CO2 levels of 4% and 10%, respectively.
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In a study on the reduction in automobile exhaust gases, Hwang et al. [18] carried
out experiments on the reduction in NOx by a lean NOx trap (LNT) catalyst through
fuel injection control of a passenger car diesel engine. They reported that NOx was more
effectively reduced when the throttle position and the injection timing were controlled
simultaneously compared with controlling only the throttle position to recycle the LNT
catalyst. Kwon et al. [19] analyzed the effect of a change in the driving conditions of a
gasoline vehicle on fuel efficiency. They found that the deviation was as large as 3.44%
depending on the state of charge (SOC) and the operating state of the alternator, and the test
deviation was about 1.3% under the extreme conditions of the upper limit (29 ◦C). The lower
limit (21 ◦C) depended on changes in laboratory temperature conditions. Lee et al. [20]
examined the NOx emission characteristics of vehicles in response to seasonal changes
and found that the emission of NOx was relatively high at a high intake air temperature
(35 ◦C) or a low intake air temperature (−7 ◦C) compared to that at the ordinary intake air
temperature (25 ◦C). Jang et al. [21] measured the exhaust gas emitted on a real road in real
time and found that the amount of NOx emitted on the road was higher than the emission
standard in the test mode of the chassis dynamometer. Alasfour [22] examined the effect of
ignition timing (20/23/27 ◦C BTDC) on exhaust gas NOx and thermal efficiency using an
isobutane–gasoline mixture in an ignition engine. As a result, they found that moving up
the ignition timing increased the thermal efficiency and NOx emission. Topgül et al. [23]
examined the effects of unleaded gasoline and an unleaded gasoline–ethanol mixture on
the engine performance and exhaust gas at various ignition times and found that, although
a delayed ignition time reduced the exhaust gas temperature and effective electric power,
it increased fuel consumption and HC and CO emissions. Zsiga et al. [24] conducted a
study to implement intake manifold boosting in an SI engine with the aim of effectively
overcoming turbo lag. They reported that intake manifold boosting effectively overcame
turbo lag, but the air mass consumption was 2.3–4.6 times higher than that of the in-cylinder
bushing, requiring an additional compressor.

In addition, Rahman et al. [25,26] established the latest strategies and experimental
methods to reduce emissions from automobiles. As a result, they determined that the
emission of NOx could be reduced by delaying the injection timing. In addition, they
reported that the existing engine emission test and vehicle chassis dynamometer test results
showed significant differences from on-road emission test results, which led researchers to
prioritize road emission testing. Sayin et al. [27] conducted a study on the effect of ignition
timing on combustion and exhaust gas using gasoline with different octane numbers and
reported that the fuel consumption and thermal efficiency of high-grade RON gasoline
(RON 97 and RON 98) were improved as a result of improved ignition timing. In addition,
they reported that improved ignition timing could reduce CO and HC emissions in the
case of fuel with a high octane number. In a study on the effect of an ethanol–gasoline
mixture on CO and HC emissions in the latest generation of a spark-ignition (SI) engine in
cold-start transient conditions, Iodice et al. [28] found that CO and HC emissions during a
cold start were reduced in comparison to those of commercial gasoline, and a 20% ethanol
mixture showed the largest emission reduction. Dardiotis et al. [29] examined the gas
emission of latest-technology passenger cars during a cold start and found that the CO and
total HC emissions from gasoline vehicles at 617 ◦C increased by 2.3–11.3 times during an
urban driving cycle (UDC). In a study on the use of a diverging-tapered-hole nozzle for
GDI engine applications, Moon et al. [30] found that the diverging-tapered-hole nozzle
combined with an appropriate hole length promoted the generation and dispersion of
spray particles outside the nozzle by forming a flow structure in the shape of a crescent
moon that expanded radially from the hole. Wang et al. [31] used a nonlinear compensation
method to enhance the spray control accuracy of a sprayer and optimize the exhaust gas of
a GDI engine and found that the injection error in a small flow area could be controlled
within 10%. Blasio et al. [32] conducted a study on a flexible advanced fuel injection system
to meet future CO2 goals in ultralight and medium-sized diesel engines. They confirmed
the benefits of using high fuel injection pressures to decrease peak firing pressures by
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combining competitive performance and good fuel economy with the emissions, noise,
vibration, and harshness requirements of last-generation diesel engines for passenger car
applications. Miganakallu et al. [33] investigated the performance of a GDI engine when
a water–ethanol mixture was used and compared it with cases when pure water or pure
ethanol was used. The results showed that the spray of water or a water–ethanol mixture
improved the combustion stability of the engine and reduced the exhaust gas temperature.

Most previous studies have focused on changing the ignition timing, using a mixture,
or changing the intake manifold configuration to improve the engine output or reduce the
exhaust gas, and such methods have the disadvantages of requiring a complex configura-
tion and high economic costs. Accordingly, solving such problems first requires a change in
the manifold configuration, of which a structural change is simple and effective. Therefore,
in the present study, to improve the combustion performance through a simple structural
change of the intake manifold, a method in which a nozzle in the intake manifold is used
to increase the flow rate of the air sucked in with outside air was devised. However, the air
inside the intake manifold may flow out through the nozzle when not driving. A sensor
and a valve device that control the inflow of air at a traveling speed of less than 30 km/h
are required. In this study, after installing a nozzle in vehicles with mileages of 30,000 and
180,000 km, the engine outputs were measured, and the performance was compared. In
addition, the effects of the nozzle used on the major exhaust gases of the automobile were
investigated in the ASM2525 mode [34], which is an actual vehicle exhaust gas inspection
method. The present study is expected to contribute to performance improvement and
exhaust gas reduction in existing automobiles by using a simple structural change of the
intake manifold without high costs.

2. Modeling and Simulation Conditions

In this study, a nozzle for outside air supply was used to improve the flow performance
of the intake manifold. The shape of the intake manifold with the nozzle was modeled
using CATIA software, and flow simulation was performed using ANSYS Fluent. Nozzles
with diameters of 2.5 and 5 mm were used, and the model of the intake manifold with the
nozzle is shown in Figure 1. In addition, when the engine speed was 2000 rpm, the nozzle
flow velocity was applied based on the vehicle speed, and the flow simulation of the intake
manifold was performed according to the change in the nozzle angle. The intake manifold
used in this study is based on a 2000 cc gasoline vehicle, and the simulation conditions are
shown in Table 1.
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Figure 1. Model of intake manifold using a nozzle.

Table 1. Simulation conditions of intake manifold using a nozzle.

Item Specification

Working fluid Ideal gas (air)
Nozzle diameter (mm) 2.5, 5
Nozzle inlet velocity (◦) 30, 45, 60, 75

Nozzle inlet velocity (km/h) 40, 60, 80
Engine speed (rpm) 2000
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3. Experimental Setup and Method
3.1. Experimental Setup

In the present study, a 2000 cc gasoline engine with a mileage of 30,000 km and an
old 2000 cc gasoline engine with a mileage of 180,000 km were used. The photographs
and detailed specifications of the vehicles used in the present study are shown in Figure 2
and Table 2. To analyze the effect of the air inflow on the engine performance and the
exhaust gas, a 2.5 or 5 mm nozzle was inserted into the intake lines of the intake manifold.
In addition, the pressure was adjusted by utilizing a pressure regulator to exert the effect
of the vehicle’s front speed during driving on the nozzle. Figure 3 shows photographs of
the intake manifolds in which the nozzles produced in the present study were installed.
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Figure 2. Photographs of experimental setup using 30,000 and 180,000 km mileage cars. (a) Vehicle
mileage: 30,000 km; (b) vehicle mileage: 180,000 km.

Table 2. Specifications of gasoline engines.

Item 30,000 km Engine 180,000 km Engine

Model Series DOHC Theta2 Series DOHC
Displacement (cc) 1998 1990

Number of cylinders 4 4
Camshaft type DOHC (4 Valve) DOHC (4 Valve)

Compression ratio 10.5 ± 0.3:1 10.5:1
Inside diameter (mm) 86 86

Stroke (mm) 86 86
Idle (rpm) 700 ± 100 700 ± 100

Firing order 1-3-4-2 1-3-4-2

In the present study, the outside air flowing into the intake manifold through the
installed nozzle was arranged to flow in with an increased flow rate so that the hydrocarbon,
carbon monoxide, and nitrogen oxide in the exhaust gas could be reduced by vortexes such
as swirls and tumbles in the intake system of the engine, which form as a result of increases
in the airflow rate and the amount of the air sucked in. If the gases are well mixed within a
short time due to the use of a nozzle, the fuel efficiency can be improved as the combustion
stability improves, thereby not only improving the combustion speed but also reducing the
percentage of the fuel that is emitted in its original form without being combusted during
the combustion process. In addition, improvement in fuel efficiency is closely related to
the reduction in various pollutants generated during combustion.

In addition, in the present study, the performance of the engine was measured using a
chassis dynamometer to determine the effect of using a nozzle in the intake manifold on
the output of the vehicle. A chassis dynamometer is a device built to replicate the driving
conditions of an actual vehicle while allowing it to be tested under a uniform load condition



Energies 2021, 14, 8555 6 of 16

by applying a constant force to the wheels of the vehicle to reproduce the deceleration
conditions of a vehicle on the road. Table 3 shows the details of the chassis dynamometer.
In addition, in the present study, the exhaust gases (HC, CO, and NOx) emitted from the
vehicles were measured while the vehicles were operated on the chassis dynamometer in
the ASM2525 mode. Table 4 shows the details of the exhaust gas measuring instrument.
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Table 3. Specifications of chassis dynamometer.

Description Specification

Lifter
Structure Integral type

Operation method Pneumatic type
Pressure air 6~10 bar

Roller set
Maximum speed 200 km/h
Roller diameter 217.5 mm
Roller surface Powder coating

General term

Operational voltage 220 V or 380 V 50/60 Hz
Operational current 16 A

Allowable load 5500 kg
Maximum power 367.75 kW (500 PS)

3.2. Experimental Method

In the present study, a 2000 cc gasoline engine with a mileage of 30,000 km and an
old 2000 cc gasoline engine with a mileage of 180,000 km were used to analyze the effect
of a nozzle on existing vehicles in operation and newly produced vehicles. Nozzles with
diameters of 2.5 and 5 mm were installed in the intake manifolds, respectively, at a nozzle
angle of 30◦. The 30◦ nozzle angle was selected based on the results of simulations of the
change in internal airflow according to the angle of the nozzle in the intake manifold.
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Table 4. Specifications of emission measurement equipment.

Description Item Specification

Model QRO-401

Range

CO 0.00~9.99% vol
HC 0.00~9.999 g/kg

NOx 0.00~5 g/kg
CO2 0.00~25.00% vol

Accuracy

CO ±0.01% vol
HC ±0.001 g/kg

NOx ±0.001 g/kg
CO2 ±0.1% vol

Method of measurement CO/HC Nondispersive infrared rays

Response 90% response within 10 s

In this study, to reduce the exhaust gas by using a nozzle for supplying external air to
the automobile intake manifold, nozzles were installed in the intake manifolds of engines
with mileages of 30,000 and 180,000 km. The velocity of outside air flowing into the nozzle
in a running vehicle was controlled using a pressure regulator. The air passing through
the nozzle is mixed with the air flowing inside the intake manifold before it flows into the
engine and the gas emitted through the exhaust line after combustion. The emitted exhaust
gas was measured using an exhaust gas measuring instrument. In addition, the effects
of the nozzle used in actual vehicles on the performance of the engines were analyzed,
and the emitted exhaust gases from the vehicles were measured in the ASM2525 mode.
ASM2525 is a method of measuring exhaust gas when driving at a speed of 40 km/h by
setting the load horsepower equivalent to 25% of the road load horsepower of the vehicle,
which enables the measurement of performance factors when testing vehicles that use
gasoline, gas, and alcohol as fuel on the chassis dynamometer.

Figure 4 shows a schematic diagram of the setup used for the test conducted in the
present study. In the present study, the speeds of the air flowing in through the nozzle
were set to 40, 60, 80, and 100 km/h using a pressure regulator to replicate the effect of
the speed at the front when the vehicle moves forward. Table 5 shows the experimental
conditions in this study.
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Table 5. Experimental conditions.

Item Value

Nozzle diameter (mm) 2.5, 5
Nozzle injection angle (◦) 30

Nozzle inlet velocity (km/h) 40, 60, 80, 100
Measured exhaust gas HC, CO, NOx

4. Results and Discussion
4.1. Simulation Results of the Intake Manifold Using a Nozzle

Figure 5 shows the results of the maximum velocity inside the intake manifold accord-
ing to the nozzle angle and inlet flow velocity at an engine speed of 2000 rpm. When the
nozzle diameter was 5 mm, the maximum velocity inside the intake manifold at a nozzle
inlet velocity of 40 km/h at nozzle angles of 30◦, 45◦, 60◦, and 75◦ was 26.62, 25.66, 25.48,
and 25.34 m/s, respectively. At a nozzle inlet speed of 80 km/h, the maximum velocity
inside the intake manifold at nozzle angles of 30◦, 45◦, 60◦, and 75◦ was 29.35, 29.21, 28.67,
and 27.9 m/s, respectively. For the inlet velocities of both nozzles, the maximum velocity
inside the intake manifold was found at the part where the air at the nozzle outlet and the
air inside the intake manifold mix and at a nozzle angle of 30◦. When the nozzle diameter
was 2.5 mm, the maximum velocity inside the intake manifold at a nozzle inlet velocity of
40 km/h at nozzle angles of 30◦, 45◦, 60◦, and 75◦ was 26.75, 25.91, 25.81, and 25.37 m/s,
respectively. As the nozzle inlet speed increased, the maximum velocity inside the intake
manifold at a nozzle inlet speed of 80 km/h at nozzle angles of 30◦, 45◦, 60◦, and 75◦ was
31.42, 31.34, 31.33, and 31.31 m/s, respectively. Accordingly, overall, the maximum velocity
inside the intake manifold with a nozzle of 2.5 mm was higher than the case with a nozzle
of 5 mm. Similar to the result of applying a nozzle of 5 mm, the maximum velocity inside
the intake manifold was highest at a nozzle angle of 30◦. The simulation results confirm
that the turbulent kinetic energy increases as the inlet speed of the nozzle increases, and
the mixing ratio of the inlet air increases, so the temperature inside the intake manifold
decreases. It is confirmed that these effects are greater for a 2.5 mm nozzle diameter because
the velocity of the air entering through the nozzle is greater.
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4.2. Experimental Results of Intake Manifold Using a Nozzle

Figure 6 shows the outputs of an automobile engine with a mileage of 30,000 km when
a nozzle was used in the intake manifold. When no nozzle was used, the engine output
was 93.11 kW, and the engine output at a nozzle inlet speed of 40 km/h when a 5 mm
diameter nozzle was used was 93.6 kW. In addition, when the nozzle inlet speeds were
60, 80, and 100 km/h, the engine outputs were measured to be 94.6, 95.0, and 97.5 kW,
respectively. When the nozzle inlet speeds were 40 and 100 km/h, the engine outputs
were improved by 0.5% and 4.7%, respectively, compared to when no nozzle was used.
This is because the air that flowed into the nozzle from the outside formed vortexes inside
the intake manifold. The mixing degree and the oxygen density increased to provide a
favorable combustion environment. In addition, when a 2.5 mm diameter nozzle was used,
the engine outputs at nozzle inlet speeds of 40, 60, 80, and 100 km/h were 96.9, 97.5, 99.0,
and 99.9 kW, respectively. The engine output increased by about 4.1%, 4.7%, 6.3%, and 6.7%
at each speed compared to when no nozzle was used. The engine outputs of a vehicle with
a mileage of 30,000 km increased by 5.4% and 2.2% on average when the nozzle diameters
were 2.5 and 5 mm, respectively, and the engine output when the nozzle diameter was
2.5 mm was 3.1% higher on average than that when the nozzle diameter was 5 mm. The
smaller the size of the nozzle inlet, the higher the flow rate of the air flowing into the nozzle,
which resulted in an increase in the engine output due to the strong vortexes generated
inside the intake manifold.
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Figure 6. Comparison of the engine power according to nozzle diameter for the 30,000 km
mileage engine.

Figure 7 shows the engine outputs when a nozzle was used in the intake manifold of
a vehicle with a mileage of 180,000 km. The output of the old engine for which no nozzle
was used was 66.5 kW, a value about 28.5% lower than that of an engine with a mileage of
30,000 km. When a 5 mm diameter nozzle was used, the engine outputs were measured
to be 67.0, 67.4, 68.6, and 68.7 kW at nozzle inlet speeds of 40, 60, 80, and 100 km/h,
respectively. These values were 0.7%, 1.2%, 3.1%, and 3.3% higher in comparison to engine
outputs when no nozzle was used. When a 5 mm diameter nozzle was used, the output of
the old automobile engine was improved by about 3.3% in comparison to the case when
no nozzle was used. In addition, when a 2.5 mm diameter nozzle was used, the engine
outputs were measured to be 67.5, 73.3, 74.4, and 75.4 kW at nozzle inlet speeds of 40,
60, 80, and 100 km/h, respectively, which were improvements of 1.5%, 10.2%, 11.7%, and
13.3%, respectively, in comparison to the case when no nozzle was used. The engine output
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of the vehicle with a mileage of 180,000 km when a 2.5 mm diameter nozzle was used was
6.9% higher on average than that of the case when a 5 mm diameter nozzle was used. The
engine outputs of the vehicles with mileages of 30,000 and 180,000 km at different nozzle
inlet speeds increased by 2.2% and 2.1%, respectively, when a 5 mm diameter nozzle was
used in comparison to the case when no nozzle was used, and the mileage did not have
any significant effect on the degree of improvement in the engine output. On the other
hand, when a 2.5 mm diameter nozzle was used, the engine output of the vehicle with
a mileage of 180,000 km significantly increased when compared with that of the engine
with a mileage of 30,000 km. This is because the nozzle increases the flow speed inside
the intake manifold, and the condition approaches perfect combustion as the air density
increases due to the inflow of a large amount of outside air. The result of the test showed
that, as the effects on these improvements of engine output increased when a nozzle with
a smaller diameter of 2.5 mm was used, more significant improvements in the engine
output appeared.
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mileage engine.

To determine the effect of using a nozzle in an intake manifold on the exhaust gas
under the engine load condition, exhaust gas was measured in the ASM2525 mode, which
measures the exhaust gas of gasoline vehicles that do not exceed 5.5 tons. Although in the
ASM2525 mode, exhaust gas is measured on a chassis dynamometer at a driving speed of
40 km/h with a road load of 25%, since actual driving conditions include variables other
than driving speed, such as wind, in the present study, the components of the emitted
exhaust gas were examined with the same nozzle inlet speeds as those of the engine output
test by changing the speed from 40 km/h (11.1 m/s) to 60 km/h (16.7 m/s), 80 km/h
(22.2 m/s), and 100 km/h (27.8 m/s). Figure 8a shows the changes in HC emissions from
the engine with a mileage of 30,000 km at different nozzle inlet speeds in the ASM2525
mode. The HC value of the engine with a mileage of 30,000 km was 0.01483 g/kg when
no nozzle was used, and when a 5 mm diameter nozzle was used, the HC value was
0.01459 g/kg at a nozzle inlet speed of 40 km/h, showing a decrease of about 1.6%. In
addition, under the same conditions, the HC values decreased to 0.01265, 0.01174, and
0.009 g/kg at nozzle inlet speeds of 60, 80, and 100 km/h, respectively, and when the
nozzle inlet speed was 100 km/h, the HC value decreased by 39.3% in comparison to the
case when no nozzle was used. In addition, when a 2.5 mm diameter nozzle was used, the
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HC values showed a decreasing trend to 0.0113, 0.0107, 0.0094, and 0.008 g/kg at nozzle
inlet speeds of 40, 60, 80, and 100 km/h, respectively, and when the nozzle inlet speed was
100 km/h, the HC value decreased by 45.8% in comparison to the case when no nozzle was
used. The values of HC emitted from the engine with a mileage of 30,000 km decreased by
17.1% on average when a 2.5 mm diameter nozzle was used compared to the case when
a 5 mm diameter nozzle was used. Figure 8b shows the changes in HC emissions from
the engine with a mileage of 180,000 km at different nozzle inlet speeds in the ASM2525
mode. The HC value of the engine with a mileage of 180,000 km was 0.0218 g/kg when no
nozzle was used, and when a 5 mm diameter nozzle was used, the HC values decreased to
0.0198, 0.0176, 0.0164, and 0.01342 g/kg at nozzle inlet speeds of 40, 60, 80, and 100 km/h,
respectively. In particular, when the nozzle inlet speed was 100 km/h, HC emissions
decreased by 38.4% in comparison to the case when no nozzle was used. In addition,
when a 2.5 mm diameter nozzle was used, the HC values were 0.0162, 0.0146, 0.0124, and
0.0108 g/kg at nozzle inlet speeds of 40, 60, 80, and 100 km/h, respectively, and when
the nozzle inlet speed was 100 km/h, HC emissions decreased by 50.5% in comparison
to the case when no nozzle was used. The result of the test showed that the amount of
HC emitted from the engine with a mileage of 180,000 km was 24.8% less than that in the
5 mm case on average. The values of the HC emitted from both engines with mileages of
30,000 and 180,000 km decreased more when the nozzle diameter was 2.5 mm than when it
was 5 mm. In addition, when the nozzle diameter was 5 mm, the HC values emitted from
engines with mileages of 30,000 and 180,000 km at different nozzle inlet speeds decreased
by 39.3% and 38.4%, respectively, showing similar degrees of decrease regardless of the
engine mileage. On the other hand, when the diameter of the nozzle was 2.5 mm, the
values of the HC emitted from engines with mileages of 30,000 and 180,000 km at different
nozzle inlet speeds decreased by 45.8% and 50.5%, respectively, showing a greater decrease
in the case of the vehicle with a mileage of 180,000 km. This is because the use of the nozzle
brings in more outside air and increases the flow rate of the air flowing in through the
nozzle. Such effects were more significant when the diameter of the nozzle was 2.5 mm.
These effects improve the combustion performance by providing a uniform combustion
environment inside the cylinder through improvements in the turbulent combustion speed
and the degree of mixing resulting from the high-speed flow.
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Figure 9a shows the results of measuring the CO gas emitted from the engine with
a mileage of 30,000 km at different nozzle inlet speeds in the ASM2525 mode. The CO
emission value was 0.046% when no nozzle was used, and when a 5 mm diameter nozzle
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was used, the CO emission value at a nozzle inlet speed of 40 km/h decreased to 0.043%.
The CO emission values were 0.036%, 0.032%, and 0.03% at nozzle inlet speeds of 60,
80, and 100 km/h, respectively, and CO emissions at a nozzle inlet speed of 100 km/h
decreased by 34.8% in comparison to the case when no nozzle was used. When a 2.5 mm
diameter nozzle was used, the CO emissions were 0.04%, 0.034%, 0.026%, and 0.024% at
nozzle inlet speeds of 40, 60, 80, and 100 km/h, respectively, and when the nozzle inlet
speed was 100 km/h, the CO emission value decreased by 47.8% in comparison to the case
when no nozzle was used. The values of the CO emitted from the engine with a mileage
of 30,000 km when the nozzle diameter was 2.5 mm decreased by 12.8% on average in
comparison to the case when the diameter of the nozzle was 5 mm. Figure 9b comparatively
shows the changes in the CO emitted from the engine with a mileage of 180,000 km at
different nozzle inlet speeds in the ASM2525 mode. The CO emission value was 0.17%
when no nozzle was used, and when a 5 mm diameter nozzle was used, the CO emission
value at a nozzle inlet speed of 40 km/h slightly decreased to 0.167%. The CO emission
values were 0.163%, 0.14%, and 0.097% at nozzle inlet speeds of 60, 80, and 100 km/h,
respectively, and CO emissions at a nozzle inlet speed of 100 km/h decreased by 42.9% in
comparison to the case when no nozzle was used. When a 2.5 mm diameter nozzle was
used, the CO emissions were 0.15%, 0.1%, 0.093%, and 0.073% at nozzle inlet speeds of
40, 60, 80, and 100 km/h, respectively, and when the nozzle inlet speed was 100 km/h,
the CO emission value decreased by 57.1% in comparison to the case when no nozzle was
used. This result is similar to that of the HC test, and the values of the CO emitted from the
nozzle with a smaller diameter of 2.5 mm decreased in comparison to the case when the
diameter of the nozzle was 5 mm. In addition, when a 5 mm diameter nozzle was used,
the values of the CO emitted from the engines with mileages of 30,000 and 180,000 km
decreased by 34.8% and 42.9%, respectively, and when the nozzle diameter was 2.5 mm,
the decreases were 47.8% and 57.1%, respectively, which shows that the CO reduction effect
was greater in the old engine with a mileage of 180,000 km. This is because, similar to the
result of the HC test, the airflow speed is higher in the nozzle with a smaller diameter of
2.5 mm, which improves the degree of mixing to form a uniform combustion environment
and increase the oxygen concentration, thereby improving the combustion performance.
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Figure 10a shows changes in the NOx emitted from the engine with a mileage of
30,000 km in accordance with changes in nozzle inlet speeds in the ASM2525 mode. The
NOx emission level was 0.0598 g/kg when no nozzle was used, and when a 5 mm diameter
nozzle was used, NOx emissions at a nozzle inlet speed of 40 km/h decreased by 13.4% to
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0.0518 g/kg. The NOx emission values were 0.0444, 0.0388, and 0.0276 g/kg at nozzle inlet
speeds of 60, 80, and 100 km/h, respectively, and NOx emissions at a nozzle inlet speed
of 100 km/h decreased by 53.8% in comparison to the case when no nozzle was used. In
addition, when a 2.5 mm diameter nozzle was used, the NOx emissions were 0.0478, 0.0334,
0.0242, and 0.0168 g/kg at nozzle inlet speeds of 40, 60, 80, and 100 km/h, respectively,
and when the nozzle inlet speed was 100 km/h, the NOx emission value decreased by
71.9% in comparison to the case when no nozzle was used. The results of the test showed
that the values of the NOx emitted from the engine with a mileage of 30,000 km when the
nozzle diameter was 2.5 mm decreased by 27.7% on average in comparison to the case
when the diameter of the nozzle was 5 mm. Figure 10b shows the changes in the NOx
emitted from the engine with a mileage of 180,000 km at different nozzle inlet speeds in
the ASM2525 mode. The NOx emission value was 0.1477 g/kg when no nozzle was used,
and when a 5 mm diameter nozzle was used, the NOx emission value at the nozzle inlet
speed of 40 km/h decreased by 0.005 to 0.1403 g/kg. The NOx emissions were 0.13, 0.1193,
and 0.1077 g/kg at nozzle inlet speeds of 60, 80, and 100 km/h, respectively, and NOx
emissions at the nozzle inlet speed of 100 km/h decreased by 27.1% in comparison to the
case when no nozzle was used. In addition, when a 2.5 mm diameter nozzle was used, the
NOx emissions were 0.1333, 0.1217, 0.1043, and 0.0927 g/kg at nozzle inlet speeds of 40,
60, 80, and 100 km/h, respectively, and when the nozzle inlet speed was 100 km/h, NOx
emissions decreased by 37.2% in comparison to the case when no nozzle was used. In both
engines with mileages of 30,000 and 180,000 km, the NOx values when the nozzle diameter
was 2.5 mm decreased by 18.4% on average in comparison to the case when the nozzle
diameter was 5 mm, which shows that the use of a nozzle with a smaller diameter had the
effect of reducing NOx. In addition, when the nozzle diameter was 5 mm, the NOx emitted
from the engines with a mileage of 30,000 and 180,000 km at different nozzle inlet speeds
decreased by 53.8% and 27.1%, respectively, which shows that the NOx reduction effect was
greater in the engine with a mileage of 30,000 km. In addition, when a 2.5 mm diameter
nozzle was used, the NOx emitted from the engines with mileages of 30,000 and 180,000 km
at different nozzle inlet speeds decreased by 71.9% and 37.2%, respectively, which shows
that the NOx reduction effect was greater in the engine with a mileage of 30,000 km. In
general, NOx values show an increasing trend when the HC and CO values decrease in an
engine depending on the driving condition, and, in the present study, HC, CO, and NOx all
showed decreasing trends. This is because the generation of NOx is predominantly affected
by the temperature inside the engine, and the use of a nozzle has the effect of reducing the
combustion temperature by bringing in low-temperature outside air.
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The present study confirms that the application of a nozzle with a simple structure
to introduce external air to the intake manifold improves engine output and effectively
reduces exhaust gases (HC, CO, and NOx). In addition, the greater the mileage of the
vehicle, the greater the effect. Thus, the use of nozzles in old vehicles can increase engine
performance, reduce harmful emissions, and improve vehicle life.

5. Conclusions

In the present study, a nozzle was used to improve the flow performance of an
intake manifold, and the effect of the nozzle on the output and exhaust gas of the engine
was investigated.

1. First, a flow simulation of the intake manifold using the nozzle was performed.
Overall, the maximum velocity inside the intake manifold with a nozzle of 2.5 mm
was higher than the case with a nozzle of 5 mm. The maximum velocity was highest
at a nozzle angle of 30◦ for both intake manifolds with 2.5 and 5 mm diameter nozzles.

2. An engine output performance test was conducted using vehicles with mileages of
30,000 and 180,000 km. When a 5 or 2.5 mm diameter nozzle was used for the vehicle
with a mileage of 30,000 km, the engine outputs were improved by 4.7% and 6.5%,
respectively, in comparison to the case when no nozzle was used. When a 5 or 2.5 mm
diameter nozzle was used in the vehicle with a mileage of 180,000 km, the engine
outputs were improved by 3.3% and 13.3%, respectively, compared to the case when
no nozzle was used.

3. As a result of measuring the exhaust gas emitted from the engine of the vehicle with a
mileage of 30,000 km with an intake manifold in which a 5 or 2.5 mm diameter nozzle
was installed, hydrocarbon emissions decreased by 39.3% and 45.8%, respectively, in
comparison to the case when no nozzle was used, and carbon monoxide emissions
decreased by 34.8% and 47.8%, respectively. In addition, when a 5 or 2.5 mm diameter
nozzle was used for the vehicle with a mileage of 30,000 km, the nitrogen oxide
emission greatly decreased by 53.8% and 71.9% compared to the case when no nozzle
was used. When a 5 or 2.5 mm diameter nozzle was used for a vehicle with a mileage
of 180,000 km, hydrocarbon emissions decreased by 38.4% and 50.5%, respectively,
compared to the case when no nozzle was used, and carbon monoxide emissions
decreased by 42.9% and 57.1%, respectively. In addition, nitrogen oxide emissions
decreased by 27.1% and 37.2%, respectively.

4. It was found that the use of a nozzle for the inflow of outside air improves the
combustion speed by forming vortexes inside the intake manifold and, at the same
time, forms a uniform combustion environment by increasing the degree of mixing,
thereby improving the engine output and dramatically reducing harmful exhaust
gases such as hydrocarbon, carbon monoxide, and nitrogen oxides, and the effect is
greater for old vehicles in particular.
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Abbreviation

ASM Acceleration Simulation Mode
BTDC Before top dead center
CO Carbon monoxide
CO2 Carbon dioxide
DOHC Double overhead camshaft
GDI Gasoline direct injection
NOx Nitrogen oxides
HC Hydrocarbon
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