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ABSTRACT

This study attempted to identify the effect of optimized intake manifold geometry on the 
behaviors and emission level of hydrogen compressed natural gas (H2CNG) fueled engine. 
For this purpose, a commercial Hyundai Sonata spark ignition engine (SIE) is modified to 
operate with CNG and hydrogen blend. The optimal intake pipe length was predicted using 
an analytical acoustic method. A new intake manifold is designed and implemented utilizing 
natural supercharging managed by over-pressure waves acoustic propagation. Several tests are 
conducted on the engine using the new manifold with a speed range from 1000 to 5000 rpm. 
Based on various engine speeds, the variation of brake torque (BT), in-cylinder pressure, NOx 
and CO emissions investigated by using gasoline, CNG and hydrogen CNG blend (HCNG) 
fueled engines via external mixtures. The first finding of the study is that the novel geometry 
improves the in-cylinder pressure by 10% at 3500 rpm. However, high engine speeds show a 
reduction of 14% in NOx and 40% in HC while speeds below 2000 rpm reduce CO by 40%. 
The second finding is that the new optimized geometry serves to get rid of both the auto-igni-
tion and the backfire for high ratio of hydrogen in the blend.
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INTRODUCTION

Reducing pollution and enhancing performance of 
Internal Combustion Engine (ICE) is one of the main 
goals of research worldwide. In this context, several works 
have been conducted to optimize geometrical and operat-
ing parameters. For example, Heywood [1] observed that 
independently of the internal combustion engine (ICE) 
operating system, its fuel type and its strokes number, its 
performance and emissions characteristics were directly 
conditioned by the air mass introduced into its cylinders. 
Indeed, this air mass determines the maximum fuel load 
that could be introduced into the cylinders, and the amount 
of energy that the engine is capable of supplying. However, 
as was demonstrated by Sharma et al. [2], not all the energy 
was transformed into mechanical energy on a shaft. Part of 
this energy was converted into unburnt exhaust losses and 
heat losses. Hence, the intake manifold was considered by 
Priyadarsini [3] and Chaubey et al. [4] as a fundamental 
component for an optimal ICE operation.

Moreover, the choice of an optimal geometry of the 
intake manifold was considered essential to improve the 
engine performance. Heywood [1] proposed the inser-
tion of the intake manifold between the throttle air-fuel 
blend or air pure and the cylinder head on the side of the 
intake ports. They showed that the insertion of the intake 
manifold enhanced the ICE performance. Recently, a new 
upsurge of interest has been accorded with the improve-
ment of intake. Chaubey and Tiwari [4] carried out a 
series of Computational Fluid Dynamics (CFD) to predict 
the flow distribution behavior inside each cylinder. They 
examined three manifold geometries. The first one is the 
standard manifold; the second configuration is equipped 
with branched helical runners and the third configuration 
is without curve of runner part. The research work has 
shown that the geometry of the intake manifold plays a cru-
cial role in determining the in-cylinder flow characteristics 
of an internal combustion engine. The intake manifold is 
responsible for delivering the air-fuel mixture to the com-
bustion chambers, and its design can significantly impact 
engine performance. Also, they showed that the point of 
the peak power was dependent on the runner diameter, 
whereas the power for high and low RPM was dependent 
on the intake runner length. Battista et al. [5] examined the 
ICE performance for the case of low temperature charge air. 
The researchers used an evaporator for producing cooled 
air. The study revealed that the air cooling reduced the fuel 
consumption and the CO2 emissions. Silva et al. [6] con-
ducted numerous numerical simulations to investigate the 
effect of the geometry of an intake manifold on the ICE per-
formance. They investigated the volumetric efficiency for 
different lengths of the intake manifold runners. The work 
proposed a new variable configuration of the intake mani-
fold. Their results showed that the proposed configuration 
enhanced volumetric efficiency and reduced fuel consump-
tion as a function of rotation speed. Giannakopoulos et al. 

[7] developed CFD simulations to simulate the fluid flow 
in the intake pipe. They performed simulations for two 
types of velocity profiles imposed in the inlet which are the 
parabolic and the power-law profiles. The results showed 
that the parabolic velocity profile enhanced the turbulence. 
Benajes et al. [8] proposed a new model using the acous-
tic-wave theory to examine the geometrical parameters of 
the intake manifold. They found an optimum configura-
tion of the intake manifold. Chalet et al. [9, 10] established 
numerical model to analyze the pressure waves in the man-
ifold of ICE. They developed an experimental study to mea-
sure the pressure signal evolution and the new model was 
validated with their experimental data. 

Costa et al. [11] conducted numerous experiments to 
analyze the geometrical parameters effect on the perfor-
mance of spark ignition engine. They investigated the effect 
of intake pipe length and diameter. It was revealed that 
the effect of two dimensions was dependent on the engine 
speed. The study demonstrated that the intake pipe with 
longer length and smaller diameter had the best perfor-
mance at low speed, whereas the intake pipe with shorter 
length and larger diameter had the best performance at 
high speed. 

Sadek et al. [12, 13] examined the ICE performance with 
a new intake configuration. In this study the researchers 
proposed a new spiral-helical with different configuration. 
It was revealed that the new proposed design enhanced 
the engine performance and significantly reduced the 
emissions. 

Och et al. [14] proposed a mathematical model for opti-
mizing the volumetric efficiency of a single cylinder diesel 
engine. The work carried out essentially aims to monitor 
the evaluation of volumetric efficiency for different lengths 
of inlet duct. The results reveal that the length of the intake 
duct has a greater effect on the volumetric efficiency than 
that of the exhaust. Machado et al. [15] proposed a new 
intake system equipped with varriable duct length. They 
revealed that the new design enhanced the engine per-
formance. Gocmen et al. [16] carried out series of CFD 
simulations to test different configurations of the intake 
manifold. They examined a standard intake manifold and 
two modified configurations. The work used the standard 
k-epsilon turbulence model to simulate the turbulent flow 
inside the intake. The velocity and pressure distributions 
were presented for all the proposed geometries. The results 
found that the new manifold had a significant effect on the 
pressure distribution and reduced the exhaust emissions.

These efforts resulted in optimizing the amount of air 
introduced into the cylinder. Within this context, Soto et al. 
[17] revealed that the supercharging was obtained due to the 
acoustic wave propagation phenomenon in the intake pipe. 
This was explained by Hiereth et al. [18] and Hadjkacem 
et al. [19], who confirmed that the supercharging occurred 
without any modification or addition to the system because 
it was an acoustic or natural supercharging.
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A further development in research related to this topic 
was the modeling of the intake line behavior. This approach 
adopted two techniques. The first one, called the pulsed 
quarter-wave resonance, was implemented by Borel [20] 
and Desmond and Richard [21]. The second technique, 
called the Helmholtz resonator, was implemented by 
Samuel et al. [23] and Bortoluzzi et al. [24]. Borel [20] the-
orized that the quarter-wave resonance method of cylinder 
natural supercharging was directly related to the phenom-
enon of pressure wave propagation moving at the acous-
tic speed. This scholar explained that the existence of this 
phenomenon was linked to the unstable operation condi-
tions of engines. Indeed, the periodic opening, closing of 
the intake and exhaust valves and the pistons movement 
were considered the sources of the unsteady flows that gave 
rise to the pressure waves. That was how they promoted the 
cylinder filling at the intake valves level by pushing a max-
imum air-fuel fresh charge into the combustion chamber. 
Within the quarter-wave resonance technique, Margary 
et al. [25] conducted experimental studies at started and 
rated engine speeds. Their experiments proved that the 
acoustic phenomena significantly influenced the volumet-
ric efficiency in the intake manifold. More accurately, they 
revealed that an improvement of 9% was obtained in volu-
metric efficiency when the intake pipes length adopted the 
quarter-wave method. Applying the resonator technique, 
Maftouni, et al. [26] investigated the intake manifold run-
ner length effect on the volumetric engine efficiency. Their 
analysis was performed using CFD simulation for different 
engine operating conditions. They observed that the volu-
metric engine efficiency was improved considerably when 
using the manifold geometry with 20% extended runners. 
Fontana et al. [27] conducted numerical and experimental 
studies to investigate different intake manifold geometries 
to improve its efficiency. The results showed that engine 
volumetric efficiency increased by 6% at 3500 rpm, conse-
quently increasing the yielded power by 3.68 kW (4.93 hp).

Despite the abundance of research on this topic, short-
comings do still exist; namely, the focus on optimal geome-
try without considering the fuel mixture composition in the 
intake pipes. In addition, there is a failure to consider the 
engines using unconventional fuels before the total engine 
conversion. For this reason, this study attempts to use the 

analytical acoustic method to predict the optimal intake 
pipes lengths. To achieve this goal, two novel devices are 
introduced. Firstly, a new collector using the natural super-
charging generated by the over-pressure waves acoustic 
propagation is designed. Secondly, an optimized and cooled 
manifold is designed for the engine operating on a mixture 
of air / H2-CNG carburetion (mixing process). The effect 
of hydrogen enrichment with CNG on the engine filling is 
investigated. Finally, emissions of the engine with the new 
geometry are measured and compared to those of an engine 
with a conventional geometry. The findings of this study 
are expected to have a positive impact on fuel consumption 
and the environment.

Engine Studied Geometry
This study took a Hyundai Sonata engine as a model. 

Table1 exhibits the main characteristics of this engine. Due 
to the gas proprieties, as shown in Tables 2 and 3, the stud-
ied engine was modified and converted into Compressed 
Natural Gas (CNG) and adapted to the Hydrogen-
Compressed Natural Gas (HCNG) operation. To perform 
a series of experiments, we designed and installed a test 
bench that allowed us to determine the experimental engine 
behavior with different intake manifold designs.

Figure 1 shows a photo of the apparatus used in the 
experimental system consisting of an internal combustion 
engine, a hydraulic brake, an acquisition card, an exhaust 
gas analyzer, a gas/petrol switch, an emulator, a lambda 
analyzer, and a computer.

Table 1. Engine characteristics

Engine Parameters Value
Engine type Hyundai Sonata
Displacement 1998 cm3

Compression ratio 10.4:1
Cylinders L4
Power 106 kW @ 6000 rpm
Fuel Supply System Electronic Injection
Fuel Gasoline

Table 2. Fuels properties

Characteristics Gasoline CNG Hydrogen
Chemical formula CH4 to CH12 Mixture of mainly 40% C3H8 and 60% C4H10 H2

Molecular weight 100–105 50 2.016 g/mol
Lower heating value (MJ/kg) 44.45 47.14 120.21
Fire point (°C) 230–500 ~500 490
Ignition limits (% of volume) 1.0–7.6 1.5–9.5 4–75
Octane number 80–95 95–111.5 130
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Gas Modeling in Intake Pipes
The macroscopic variables which characterize the ther-

modynamic equilibrium state of a fluid which is considered 
as an ideal gas are related by the equation of state pV = nRT, 
where p is the pressure, V is the volume, n is the number of 
moles and T is the temperature of the fluid.

Two types of compressibility coefficients were defined; 
namely, isothermal, and isentropic, which are expressed by 
Equation 1 as, respectively:

  (1)

Longitudinal waves in intake pipe
Figure 2 shows the intake pipe model, where ψ (x, t) 

represents the displacement at time t of the particles of sec-
tion AB with respect to their rest position A0B0 of abscissa 
x and ψ (x + dx, t) at the same time t. The displacement of 
the particles of the section CD is relative to its rest position 
C0D0 of abscissa x + dx.

The thickness of the cylindrical slice ABCD is dx at rest, 
and dx + ψ (x + dx, t) -ψ (x, t) at time t. Its mass is that of 
the slice A0B0C0D0 which is equivalent to ρ.S.dx, where S 
denotes the surface of a section as shown in Figure 2.

The equation of motion of the cylindrical slice ABCD 
is obtained by applying the fundamental law of dynamics 

Figure 2. Intake pipe model.

Figure 1. Test bench components.
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to the cylindrical slice ABCD. The forces to be considered 
are the occasional Foc and the pressure forces exerted on 
the AB and CD bases. Hence, the equation of movement is 
written as:

  (2)

Resolution with the impedance method
The section of the pipe has finite dimensions; one 

brings back to this section, i.e., to the variation of flow A* 
U* which produces there the acoustic wave, the response 
of medium at a pressure disturbance p^*. Hence, the con-
cept of characteristic acoustic impedance is represented by 
Equation 3 as:

  (3)

The disturbances created by the acoustic wave being 
due to the combined effects of two opposite simple waves 
are therefore written as:

  
(4)

These disturbances are function of the abscissa x of the 
section where they are observed at time t. The characteristic 
impedance is then expressed by Equation 5 as: 

  (5)

In the case of a harmonic acoustic wave, the character-
istic impedance of a pipe is independent of time; it is only 
dependent on the abscissa of the section where, at any time, 
the acoustic disturbance is observed. Indeed Equation 6 is 
written as follows: 

  
(6)

So, the characteristic impedance takes the form of 
Equation 7 as:

  (7)

Optimal intake length 
In case of a harmonic acoustic wave, the characteristic 

impedance of a pipe is time independent; it depends only 
on the section’s abscissa. In this study, the intake pipe is 
considered as a pipe (with a length equal to “l”) closed at 
the first extremity (x = 0) and open at the second (x = l). 
Thus, the boundary conditions of this tube are:

at abscissa x=0 the pipe is open so: ,
-at abscissa x=l the pipe is closed so: .
Based on the above conditions, the length of the opti-

mum pipe for having the acoustic supercharging phenome-
non is shown in Equation 8 as:

  
(8)

where k is the harmonic vibration, that is an integer, fr is 
the frequency of propagation of the wave of which it can be 
determined from the frequency of opening and closing of 
the valve which is for its part a function of the engine speed 
(position on the angle of the crankshaft), r denotes the mass 
stoichiometric ratio, defined as follows: 

The density of the mixture is expressed by 
where R’ denotes, the following stoichiometric volume 

ratio: 
The specific heat at constant volume cv and the specific 

heat at constant pressure cp obey the law of mixing. They 
are determined by the means of elementary heat (cvi, cpi) 
of the various constituents and the quantities yi (masses or 
volumes) of the latter, by the following formulas given in 
Equation 9: 

  (9)

The optimum length can be written in the following 
forms:

- when operating with gasoline:

  (10)

- when operating with a gas mixture: 

  
(11)

Equations 10 and 11 allow to calculate the optimum 
length of the tubing when operating with gasoline and gas 
mixtures of CNG and hydrogen. This length depends on 
two variables, the richness, and the frequency.

Air/fuel ratio (AFR) impact on optimal pipe length
Equations 10 and 11 would help to identify the effect 

of the mixture richness on the mixture length value. While 
fixing the engine at a well determined speed, the only vari-
able on which the length depends is the richness (φ). Figure 
3 shows the variation of the tubing length according to the 
richness variation. Overall, the richness did not seem to 
have a significant effect on the length of the pipe when the 
engine operated on gasoline. However, there was a slight 
effect on the length of the pipe when the engine operated 
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on CNG. Therefore, it can be induced that operating the 
engine with hydrogen may deteriorate it. In other words, 
if the mixture does not respect the stichometry, the engine 
performance may weaken.

It was observed that the composition of the mixture 
should be considered in the choice of geometry if the 
machine makes a broad sweep of richness level during 
operation. The influence of this richness is clear when the 

engine is running at a speed inferior to 3000 rpm. However, 
if the mixture was in the turn of a stochiometric of richness 
level, its effect would not be significant enough to require 
change in the pipe’s dimensions and therefore, a fixed 
geometry would be acceptable according to these criteria.

Engine speed impact on optimal pipe length
As can be seen in Figure 4, the optimum length of the 

pipe depends on the variation in engine speed. On the other 
hand, we notice that this dependence ensues from range of 
engine rotation speed.

For low rotational speeds, it was noted that the nature 
of the mixture clearly influenced this optimum length. For 
the idle speed (800 rpm) and the speed which delivers a 
maximum torque (3500 rpm), it was noted that a difference 
of 800 mm between the optimal lengths. However, for high 
engine revolutions, an imperceptible variation is observed.

For speeds ranging between 5000 and 6000 rpm, the dif-
ferences in pipe length did not show a great effect on engines 
running on gasoline or on CNG. However, at speeds below 
5000 rpm, the differences in geometry seemed to have a big 
effect. This would imply that a standard length for the two 
fuels would not be operational. Hence, it would be interest-
ing to design a suitable geometry for every fuel.

EXPERIMENTAL VALIDATION OF THE OPTIMIZED 
INTAKE MANIFOLD GEOMETRY

Adjustment of the Pipe Length
Firstly, it should be noted that only one pipe length, 

3000 rpm, was adopted for the experimental work because 
it was considered the most common rotation frequency for 

Figure 3. Optimal pipe length variation in function of AFR 
(gasoline and CNG40H2)

Figure 5. Brake torque (BT) in function of engine speed.
Figure 4. Optimal pipe length variation in function of en-
gine speed (gasoline and CNG40H2).

Table 3. Optimal intake pipe length

Harmonic k 0 1 2 3
Gasoline 2100 423 299 213
CNG-40H2 2090 418 298 213
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engines. Secondly, it was observed that the rotation fre-
quency between the couples delivering the mixtures was 
inconsistent with this engine. Therefore, it was deemed 
very important to determine the geometry that would be 
most adequate to benefit from natural supercharging to 
input some economic and mechanical benefits.

As can be noticed in Figure 5, different fuels yielded dif-
ferent torque values starting from a frequency of 2000 rpm 
to a frequency of 4500 rpm. However, the frequency that 
yielded the maximum torque was 3600 rpm of an engine 
operating on CNG/40%H2. Therefore, Table 3 exhibits the 
optimum pipe lengths required for a unit richness level. 

Addition of a Cooling Pipe
Because of the hydrogen low self-ignition property, and 

to cushion the anomalies relating to hydrogen friction with 

hot walls, a second solution was proposed. The new geome-
try was provided with a cooling system, as shown in Figure 6.

Effect of the Optimized Intake Geometry on Engine 
Behavior

Figure 7 displays the test bench with the new cooled 
manifold. The manifold was assembled to the engine. The 
collector was cooled by the engine cooling water. The cool-
ant inlet port of the manifold was directly attached to the 
radiator outlet line after circulating through the collector 
water was discharged at the pump’s inlet for a better cooling.

After the assembling stage, a series of tests were con-
ducted to characterize the performance and emissions of 
the new manifold-equipped engine. For this purpose, the 
measurement of the volumetric efficiency of the engine was 
tested through the measurement of the air/fuel charge in 
the cylinder. This was achieved by measuring the maximum 
pressure in the cylinder when the piston was at the top dead 
center (TDC). These measurements were compared with 
those recorded for the manifold old geometry. Figure 8 dis-
plays histograms of the maximum in-cylinder pressure at 
TDC for old and new geometries at different engine rates.

Firstly, as can be clearly observed, the pressure recorded 
at all the engine rates was higher for the engine with new 
geometry (NG) than the one recorded with the old geome-
try (OG). Secondly, this difference is slight for the regimes 
far from those chosen for the pipes’ dimensioning, which is 
a consequence of the pipes which have become shorter. The 
shorter pipes are, the less friction and pressure drop will 
occur, which justifies the increase in pressure for the new 
geometry. It is worth noting that the pressure difference is 

Figure 7. Test bench with the new cooled manifold.

Figure 6. The manifold with different pipes lengths and a 
cooling intake.
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maximum for the design regime, which justifies the contri-
bution generated by natural overeating.

Impact of the New Geometry on the Optimum Hydrogen 
Ratio Addition 

The second finding was related to the optimum amount 
of H2 that could be added to CNG without adversely affect-
ing the normal engine operation or leading to degradation 
of performance. Figure 9 illustrates the in-cylinder pressure 
in function of CA°. The fuels used in this experiment were 
CNG-50H or gasoline. Figure 9 also exhibits a compari-
son between the pressure of cylinders of engines equipped 
with the old and new geometry of the manifold. Figures 10 
clearly shows that at 3500 rpm, the addition of 50% H2 to 
the CNG allowed the engine to run smoothly with the new 
optimized manifold geometry.

 These results revealed that the addition of 50% of H2 
with the new geometry had rather beneficial effects on 
the engine performance since the maximum value of the 
pressure was obtained for the CNG-50H2. Indeed, as can 
be seen in Figure 9, the highest in-cylinder pressure, 60 
bar, was obtained with NG CNG-50H2. This finding dif-
fers from the work of Saaidia et al. [28] who reported that 
the optimum fraction of hydrogen with CNG was 40% for 
an anomaly-free operation. Also, it was observed that the 
equal proportion of CNG and H2 allowed the engine to run 
normally without the occurrence of the back-fire anomaly. 
In addition, two more conditions were required for the opti-
mum operation of the engine. The first was related to the 
fact that the evolution of the pressure in the cylinder during 
the intake. Compression and expansion phases were con-
ceived as a function of the crankshaft angle. Moreover, the 
engine speed was set at 3200 rpm. This rotation frequency 
was chosen because the engine produced its maximum BT 
at this speed when it was supplied with a mixture of CNG-
H2 as indicated above. Finally, the pressure control allowed 
us to monitor the presence or absence of pre-ignition or 
abnormal combustion. In addition, it is revealed that the 
addition of 50% of H2 with the new geometry has a rather 
beneficial effect on the performance since the maximum 
value of the pressure is obtained for the fuel containing a 
fraction of 50% with the CNG.

Effects of the Optimized Intake Manifold on Engine 
Emissions

This part deals with the engine behavior in terms of 
emissions while comparing the old geometry with the new 
one. Series of tests are carried out with a mixture contain-
ing 40% of H2 with CNG (GNC/40H2). Emissions levels of 
NOx, HC and CO are shown in Figures 10, 11 and 12. All 

Figure 9. In-cylinder pressure as function of CA°.

Figure 8. Maximum in-cylinder pressure at TDC.
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the tests were conducted with OG and NG engine operating 
on CNG-40H2 at different speeds. 

The first observation was that NOx emission practically 
identical to both geometries at speeds inferior or equal 
to 3200 rpm. This quasi equality of NOx emission can be 
explained by the fact that combustion at lower temperatures 
of the engine is not complete, and this condition is partic-
ularly favorable for NOx formation. However, at speeds 
above 3200 rpm the new intake manifold would provide 
excellent ventilation of the cylinders, which would improve 
the combustion and help to emit fewer NOx particles. 

Figure 11 shows CO concentration in OG and NG 
engines in function of engine speed. From the figure it is 

clearly clear that CO concentration seemed to depend on 
the engine speed. For both engines, with OG and NG, CO 
was much higher at lower rotation rates ranging between 
1000 rpm and 2500 rpm. At higher rotation rates, >2500, 
CO concentrations tended to stabilize at 0%. However, it 
can be clearly observed that CO concentration in the NG 
engine was much lower than the one in the OG engine. 
Indeed, whereas CO concentration was 5% at 1000 rpm in 
the OG engine, this value was only 4% in the NG engine. 
The CO concentrations in the OG engine continued to 
be higher than that in the NG engine until both engines 
reached 3500 rpm. At this point both CO concentrations 
stabilized at 0%. The decrease and final stabilization of CO 

Figure 12. HC concentration as function of engine speed.

Figure 11. CO concentration in OG and NG engines as 
function of engine speed.Figure 10. NOX concentration as function of engine speed.
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concentration can be explained by the fact that hydrogen 
combustion would be complete at high speeds due to the 
physical properties of hydrogen and its flame propagation 
speed.

Figure 12 shows HC concentration in function of engine 
speed. Firstly, the existence of CH gas could be linked to the 
insufficient air in the combustion chambers. Secondly, as 
can be seen in figure 12, at speeds between 1000 and 1500 
rpm, the concentration of HC particles reached 1700 ppm 
for both OG and the NG engine collectors. This can be 
explained by the fact that low speeds of admission would 
generate a considerable decrease in the pressure. This find-
ing would confirm the observation reported in figure 11 
above, where hydrogen was reported to show an incom-
plete combustion at low speeds. Thirdly, figure 12 shows 
that the faster the engine runs, the lower CH emission 
is. At 3000 rpm, both geometries reached the lowest CH 
emissions. However, the engine with the NG collector pre-
sented a slightly lower CH emission than the engine with 
the OG collector. This can be explained by the better fill-
ing provided by the NG collector. Finally, despite the slight 
increase of CH emission above 3000 RPM, the engine with 
the NG collector stabilized at a CH emission of 2000 ppm, 
while that with the OG collector stabilized at 3000 rpm.

CONCLUSION

This study used the analytical acoustic method to pre-
dict the optimal intake pipes lengths for engines running 
on a mixture of hydrogen and CNG. The geometry of the 
intake manifold plays a crucial role in determining the 
in-cylinder flow characteristics of an internal combustion 
engine. The intake manifold is responsible for delivering the 
air-fuel mixture to the combustion chambers, and its design 
can significantly impact engine performance. The shape 
and length of the intake manifold runners influence the 
distribution of airflow to individual cylinders. If the lengths 
or diameters of the runners are not properly matched, there 
may be variations in the amount of air reaching each cyl-
inder. This can result in an imbalance in the combustion 
process, leading to reduced engine efficiency and power 
output. The shape and size of the intake manifold runners 
affect the air velocity entering the combustion chamber. 
Higher air velocity promotes better air-fuel mixing, which 
is essential for efficient combustion. A well-designed intake 
manifold ensures a smooth and controlled flow of air, opti-
mizing the air-fuel mixture preparation.

The main findings showed that the optimized man-
ifold presented an advantage of natural supercharging. 
This study confirmed the choice of the length of the intake 
manifold pipes. Moreover, to ensure a better filling, the 
optimized manifold proved to reduce both the amount of 
residual fuel in the pipes and the problems of backfire and 
auto-ignition when hydrogen is used. Furthermore, NG 
manifold wide the range of the fraction of hydrogen admis-
sible up to a content of 50% hydrogen of CNG for normal 

engine operation. Finally, with the introduction of a cooling 
system for the intake manifold, this study revealed that the 
performance and safety of the engine reduced the danger 
of overheating from friction between hydrogen and the 
engine walls. Finally, the optimized NG collector showed 
fewer polluting emissions because of its improved combus-
tion. These findings may have very beneficial implications 
for industry, economy, and environment.

NOMENCLATURE

ICE Internal combustion engines
f Frequency of rotation (Hz)
fr  Resonance frequency (Hz)
k  Vibration harmonic
Kt Isothermal compressibility coefficient
KS Isentropic compressibility coefficient
Mmel Mixture mass (kg)
P* Relative over-pressure (Pa)
r  Mass stoichiometric ratio
tf Engine vibration period (s)
Z  Specific acoustic impedance (Pa.s.m-1)
ψ Displacement of a gas slice (mm)
φ Air fuel ratio
CNG Compressed natural gas.
H2CNG Compressed natural gas and hydrogen mixture
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