
Pertanika J. Sci. & Technol. 32 (4): 1481 - 1500 (2024)

Journal homepage: http://www.pertanika.upm.edu.my/

© Universiti Putra Malaysia Press

SCIENCE & TECHNOLOGY

ISSN: 0128-7680
e-ISSN: 2231-8526

Article history:
Received: 24 May 2023
Accepted: 18 December 2023
Published: 16 July 2024

ARTICLE INFO

DOI: https://doi.org/10.47836/pjst.32.4.03

E-mail addresses:
firzanharazi@gmail.com (Mohamad Firzan Ahmad Harazi)
ahziz@upm.edu.my (Abdul Aziz Hairuddin)
zizan@upm.edu.my (Azizan As’arry)
ujila@upm.edu.my (Siti Ujila Masuri)
* Corresponding author

Effects of Different Throttle Opening and Air Intake Lengths on the 
Volumetric Efficiency of SI Engine Using 1D Simulation Method 

Mohamad Firzan Ahmad Harazi*, Abdul Aziz Hairuddin, Azizan As’arry and 
Siti Ujila Masuri
Department of Mechanical and Manufacturing Engineering, Faculty of Engineering, Universiti Putra Malaysia, 
43400 UPM, Serdang, Selangor, Malaysia

ABSTRACT

Engine performance is influenced by volumetric efficiency, an engine’s ability to put air 
into its cylinders. It is known for its intake length being tuned based on engine speed due 
to the air pressure wave behavior. However, the airflow into the intake system is controlled 
by the throttle opening, so there is a need to study the performance effect of intake length 
that is tuned based on it. Thus, this current study focuses on the impact of different throttle 
opening and intake lengths in relation to engine speed on the volumetric efficiency of the 
Proton CamPro 1.6L SI engine. The simulation runs on different ranges of engine speeds 
from 1000 rpm to 7000 rpm and different intake lengths with different throttle opening 
angles. The critical finding of this study revealed that tuning intake length based on throttle 
opening showed an improvement of 1.3% for volumetric efficiency at the low rpm range. It 
is by tuning the intake length to 400 mm at a throttle opening of 70° for 1000 rpm and 450 
mm intake length with a throttle opening of 50° at 2000 rpm. However, it showed that 90° 
or wide-open throttle provides the best volumetric efficiency for mid and high-range rpm 

for all intake lengths. The highest efficiency 
achieved is 101% at 4000 rpm with a 500 
mm length intake and wide-open throttle. 
The findings from this study contribute to a 
good understanding of engine performance 
through intake length tuned based on throttle 
opening. 

Keywords: Engine speed, spark ignition engine, 
throttle opening, variable intake length, volumetric 
efficiency
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INTRODUCTION

Two major types of internal combustion engines in the automotive industry include spark 
ignition (SI) engines and compression ignition (CI) engines. Both types of engines have been 
subject to study and advancement for their performance and emission improvement. These 
improvements include the advancements and tuning in injection systems (Channapattana 
et al., 2023), ignition timing control (Rimkus et al., 2022), intake system tuning (Shin et 
al., 2022), exhaust system tuning (Allawi et al., 2019) and nanoparticle’s additive (Chatur 
et al., 2023). 

One of the important parameters in assessing engine performance is volumetric 
efficiency (VE), which is used to measure the effectiveness of the engine induction process 
(Heywood, 2018). On average, SI engines have volumetric efficiency ranging from 80% 
to 100% across their engine speed range. Thus, various methods and tunings have been 
studied to maximize the engine’s volumetric efficiency. Volumetric efficiency is important 
for improving engine power output, fuel efficiency, and reduction of emissions. Increasing 
the volumetric efficiency can lead to significant improvement in combustion efficiency. 
A study by Talati et al. (2022) showed that they improved volumetric efficiency by using 
variable intake length, which is tuned based on engine speed. The results showed that the 
VE could be improved by 6%, which also improves fuel consumption and thermal efficiency 
by 0.83% and 1.77%, respectively. According to Pahmi et al. (2019), implementing pressure 
waves during the intake valve opening process increased the volumetric efficiency. This 
improvement led to an enhanced brake mean effective pressure (BMEP) due to the higher 
amount of air in the cylinder, producing a greater pressure peak of the mean effective 
pressure inside the cylinder. 

Another experiment was done by Sivashankar et al. (2018), in which they implemented 
Chrysler’s ram theory and Helmholtz resonator theory to determine the optimum length 
for inertia air charging. The result showed an increase in volumetric efficiency by 6% and 
a decrease in brake-specific fuel consumption by 11% under full load conditions. Fuel 
economy and emission can also be improved by volumetric efficiency through downsizing 
of the engine because improved volumetric efficiency of a smaller engine can provide 
better or the same power output for the bigger engine but with less volumetric efficiency 
(Namar et al., 2021). Other than that, a study by Jemni et al. (2013) showed that different 
intake manifold designs significantly affected both engine performance and emission. 
It is supported by Raja and Selvam (2022), who researched maximizing the quantity of 
air in the cylinders by optimizing the intake manifold using CFD. From the result, they 
observed that flow harnessing in the intake could improve engine torque by 10%, along 
with an emission reduction.

Among the intake systems used to improve engine VE is variable intake manifold 
(VIM), which improves engine VE across different engine speeds (Ceviz, 2007). This 
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technology improves a car’s torque and power at different engine speeds through volumetric 
efficiency (Jagadishsingh  et al., 2016). According to Malkhede and Khalane (2015), a 
constant intake length only provides the best volumetric efficiency at the limited range 
of engine speed while having an adverse impact on another engine speed. Thus, VIM 
improves this limitation by having an additional intake length, which provides the best 
volumetric efficiency at the concerned engine speed. As its name implies, the variable 
intake manifold has two or more specific stages of intake configuration that vary based on 
engine speeds (Wan, 2011). 

The configuration can be divided into plenum volume and runner intake length 
(Hartman, 2013). Based on Hosaka & Hamazaki (1991), Honda NSX has implemented a 
Variable Volume Induction System (VVIS) with a resonance chamber for its intake manifold 
to increase the torque for a medium speed range. This system has an additional second 
plenum and is separated from the primary manifold by six butterfly valves that open between 
4600 and 4900 rpm by manifold vacuum. It is an example of a variable in the plenum’s 
volume. Another study by Potul et al. (2014) reported that despite its improvement, the 
intake manifold with a two-stage system requires a very large space as there is a need to 
accommodate two intake runners for every cylinder. Alves et al.(2018) showed that the 
intake manifold can divided into three stages. The first stage is the longer stage in which 
both valves are closed, forcing the air to travel for the longest way. The second stage is 
when the lower valve opens and forces the air flow through the intermediate path. The 
last stage is when the upper valve opens, causing the mixture to flow through the shortest 
length. However, Potul et al. (2014) argued that the problem with 3-stage VIM is that its 
entire length of runner is used only for a short range of rpm. 

After years of variable intake manifold technology, the continuously variable intake 
manifold (CVIM) was introduced in 2002, as the BMW V8 became the first standard engine 
in the world equipped with this technology (Hirschfelder et al., 1990). According to Lenz 
(1990), it brings the advantage of ideal adaptation of the lengths of intake ports to the desired 
engine speed, especially at high speed. Through this, they achieved the goal of optimum 
resonance pipe supercharging across a wide range of engine speeds. Bari & Sawant (2019) 
found that continuously variable intake manifolds are able to boost volumetric efficiency 
by an average of 3.2% over the operating speeds of the engine, while a two-variable length 
intake manifold can boost an average of 1.4% over the operating range. 

According to Sawant and Bari (2018), continuous intake tuning can boost the 
performance of an IC engine by over 4% improvement in volumetric efficiency. It occurs 
through induction pressure boost by tuning intake systems when the intake valve opens. 
However, it was found that minimum improvement of volumetric efficiency at high rpm 
such as 8500rpm. Malkhede and Khalane (2015)supported it, describing that engine with 
a wide speed range, an idle speed greater than 3000 rpm, and continuously variable intake 
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runner length can improve volumetric efficiency compared to fixed intake runner length. 
However, much study is required to improve continuously variable intake manifold because 
the improved volumetric efficiency is relatively small compared to turbochargers and 
superchargers. Furthermore, Potul et al. (2014) argued that CVIM has a problem: the entire 
length of its runners is used only for a short range of rpm. The length cannot continuously 
decrease as the rpm increases. Thus, the continuously variable intake manifold design 
should be studied further for improvement.

In driving a car, the main control for its speed is the throttle opening through the 
throttle pedal. The throttle opening controls the area, allowing air to enter the intake system 
and the engine cylinder. Although throttle opening is directly proportional to volumetric 
efficiency (VE) and engine performance, wide-open throttle (WOT) does not exactly cause 
maximum volumetric efficiency and performance. According to a study by Kardan et al. 
(2018), the best engine performance was at 75% of the throttle position because a higher 
load than 75% would result in the choke phenomena at the intake valve. It was found that 
the engine performance achieves maximum torque, power and thermal efficiency, values 
which were 4.16Nm, 0.87kW and 18%, respectively. It is supported by a study by Tavakoli 
et al. (2020), which revealed that the engine was efficiently regulated with the throttle during 
lower steady-state loads. However, the throttle could not recover the engine characteristics 
during lower load; thus, its application in the fast transient state is worthless. 

A simulation study on the influence of the throttle opening angle on the intake system by 
Xu and Cho (2017) concludes that the 60° angle of the throttle body had better air velocity 
distribution and pressure distribution than that of the wide-open throttle and other lower 
opening angles. In the study, different throttle opening positions of 0°, 30°, 45°, 60° and 
90° were compared to find the optimum throttle angle for complete burning and reducing 
exhaust emission. Complete burning in the engine allows the combustion chamber to be 
free from unburned fuel, which improves the volumetric efficiency as a larger amount of 
air-fuel mixture can be drawn into the chamber. It can result in improved overall engine 
performance. Besides, a real experiment study by Hamada et al. (2023) highlighted 
that running the SI engine at wide-open throttle conditions resulted in better efficiency, 
reduced waste heat and reduced environment compared to part throttle conditions. This 
study evaluated the engine’s performance based on thermodynamic analyses performed 
at different engine speeds from 1500 rpm to 4000 rpm. The improvement in wide-open 
throttle conditions was due to improved heat quality with combustion and its reduced 
entropy generation compared to part throttle conditions.

Meanwhile, another study by Talati et al. (2022) showed that an intake manifold 
with different combinations of opened throttle bodies could further improve volumetric 
efficiency. From the study, the result indicates that there is an improvement in volumetric 
efficiency, brake torque, brake specific fuel consumption, brake thermal efficiency and heat 
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release rate of the engine compared to the stock intake manifold, which was 6.33%, 7.23%, 
0.83%, 1.77% and 11.79%, respectively. There is also a study on the effect of unthrottled 
operation with early intake valve closure on engine performance. The results showed that 
the gross mechanical efficiency can be improved, but the gross indicated thermal efficiency 
decreases due to poor combustion. The poor combustion was due to weak turbulence and 
low gas temperature at the spark timing (Zhou et al., 2020). Another study investigates the 
differences between gasoline and natural gas for two throttle positions. The study found that 
gasoline has approximately equal brake power across 1000 to 6000 rpm for 50% throttle 
compared to 100%. However, brake mean effective pressure (BMEP) for gasoline was 
better at 50% throttle position compared to 100% throttle position (Aljamali et al., 2014). 

The reason why throttle opening has various effects on volumetric efficiency is because 
intake components in between the throttle body and engine cylinder are also an influential 
factor. As an example, the intake manifold and intake valve also affect the volumetric 
efficiency of the engine because the improvement of volumetric efficiency by air intake 
length tuning is often based on the utilization of compression wave and suction wave effects 
(Jagadishsingh & Jadhav, 2016; Potul et al., 2014). Through these wave utilization, the 
volumetric efficiency can be improved by more than 100% (Bari & Sawant, 2019; Ghodke 
& Bari, 2018; Sawant & Bari, 2017). Therefore, the engine’s torque and power can be 
increased and its curve can be broadened, too.

Based on Mauger (2004),  in compression wave, the air flows through the intake 
manifold runner and past into the cylinder, then strikes the intake valve as it closes. Thus, 
a high-pressure wave is generated, and it travels back and forth along the closed intake 
runner length (McKee et al., 2006). When the intake valve opens, a negative pressure wave 
is produced due to the reduction in cylinder pressure. At the speed of sound, the pressure 
travels through the columns between the intake valve and the end of the runner. A pressure 
depression is created when a pressure wave pulse reaches the plenum chamber and decreases 
gas density at the runner entrance. Through this, the surrounding gas flows immediately 
into the depression. The incoming gas’s inertia causes an effect with a reflected positive 
pressure wave (Heisler, 1995).

The suction wave is created when the intake valve opens, and the cylinder’s vacuum 
is exposed to the intake manifold. This low-pressure wave travels upstream to airflow 
and gets reflected from the inlet boundary, which turns to high-pressure waves that travel 
downstream into the cylinder (Sawant & Bari, 2017). The tuning effect occurs when this 
wave properly arrives at a time; it increases the local density of intake flow, which helps 
increase the volumetric efficiency (Tabaczynski, 1982). This effect is termed natural 
supercharging or acoustic supercharging because if the arrival time is correct with the 
opening and closing of the intake valve, the region acts like a compressor on a turbocharger 
or supercharger, which rams air at a pressure above atmospheric (Hamilton et al., 2009). 
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It is supported by Wang et al. (2021), who studied the impacts of the continuous 
variable valve lift (CVVL) system and unthrottled load control on the performance of the 
spark ignition engine. The study found that the intake air mass flow at the intake ports 
became smoother, plus turbulence flow and its intensity were strengthened when using this 
method, which is beneficial to accelerating combustion rate and improving combustion 
efficiency. One of the reasons for the improvement was that the CVVL reduced the reversed 
mass flow rate by intake flow, which increased engine volumetric efficiency. Second, this 
unthrottled load control demonstrated the elimination of pressure waves during the intake 
stroke, increasing the volumetric efficiency. Another study by Bari and Sawant (2019) on 
the effect of intake runner length and valve timing showed that engine  volumetric efficiency 
can be boosted to 7.78% when using both variations in runner length and valve timing. 
Meanwhile, the result also showed that the volumetric efficiency can boosted only to 3.2% 
when using variations only in runner length. Besides that, a study by Jemni et al. (2021) 
proved that changing intake length continuously with the rpm can improve an average of 
39.7% volumetric efficiency compared to the original engine configuration at 1000 rpm. 
The study found that using optimal intake length at 500 rpm increases the in-cylinder 
velocity by about 60%, 58% and 48%. According to these studies, both throttle and intake 
length showed a relation in pressure wave by intake flow, which affects the volumetric 
efficiency and engine performance.

Optimal intake runner length can be calculated using either Chrysler Ram theory or 
Helmholtz Resonator Theory, which was proved by an experimental study by Adithya et 
al. (2021). Improvement in volumetric efficiency would greatly influence other engine 
performance characteristics such as brake torque, brake specific fuel consumption (BSFC) 
and brake thermal efficiency (BTE). Thus, it effectively enhances the spark ignition engine 
performance under both part and full load conditions (Wasiu et al., 2021). According to 
these previous studies, both throttle and intake length showed a relation in pressure wave 
by intake flow, which affects the volumetric efficiency and engine performance.

Numerous engine performance studies have been conducted through experiments and 
simulations. Both methods have their advantages and disadvantages. As for simulation, the 
time and cost of developing an efficient engine can be significantly reduced by implementing 
1D simulation. Diesel RK, AVL Boost, GT Power, and Lotus Engine Simulation (LES) 
are among the leading commercial engine simulation packages used in the automotive 
industry. Researchers used all these as they had the required functionality to predict engine 
behavior and performance. 

Lotus Engine Simulation (LES), which was developed by Lotus Engineering, is also 
commonly used by researchers and recommended for engine performance improvement. 
Allawi et al. (2021), who used it for a variable valve timing simulation study, recommended 
using Lotus software by car manufacturers to improve the engine system performance. Their 
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study reveals that an overlap case of 98° demonstrates an improvement in brake-specific 
fuel consumption by 3% and a 6.2% volumetric efficiency. Another study by Magdas et 
al. (2020) demonstrated how the LES is capable of predicting the interior predestination 
engine’s behavior. Using this software, they approached the 1D simulation possibilities 
on the variable valve timing system. One of the important results includes adjusting the 
variable valve opening height up to 15mm to allow an increase in torque by 3Nm and 
power by 4kW. Based on this, they concluded that simulation using LES provides useful 
results for further investigation on engine optimization. It is also supported by a study by 
Nouhov and Chen (2002) that models and simulates the valve timing effect on the 4-stroke 
spark-ignition engine. They reported that intake valve opening could reduce the backflow 
during the overlapping periods through the inlet charging effect.

Based on the preceding summarized literature, many studies have been done on the 
air intake system to improve the spark ignition (SI) engine performance. For simulation 
software, previous researchers commonly used LES to study the inlet charging effect or 
the wave pressure phenomenon effect on engine performance which is, closely related 
to throttle opening and intake runner length as part of the intake system. However, no 
literature has used LES software to investigate the effects of different throttle openings 
and air intake lengths on volumetric efficiency in SI engines. Hence, this research aims to 
investigate the effect of different throttle opening and air intake lengths on the volumetric 
efficiency of SI engines using the 1D simulation method. This study would help researchers 
improve the method of tuning both throttle opening and intake length based on engine 
speed, contributing to better volumetric efficiency and engine performance.

Table 1
Specifications of the engine

Components Specification value
Intake throttle diameter 52 mm
Intake plenum volume 2.5 liters
Intake port throat diameter 28 mm
Intake valve opens 12°
Intake valve close 48°
Intake valve max lift 8.5 mm
Cylinder bore 76 mm
Cylinder stroke 88 mm
Cylinder con-rod length 180 mm
Cylinder compression ratio 10
Exhaust valve open 45°
Exhaust valve close 20°
Exhaust valve max lift 8 mm
Exhaust port throat diameter 25 mm

MATERIALS AND METHODS

Engine Specifications

This study was done by using Lotus Engine 
Simulation. The simulation setup for this 
study is based on the CamPro 1.6 engine 
from Malaysia automobile manufacturer 
Proton. Thus, the simulation’s engine 
specification is based on this engine. 
The intake throttle, intake port, intake 
plenum, intake  port, intake valve, engine 
cylinder, exhaust valve, and exhaust port 
are the constant specifications required 
to execute this simulation. The details of 
each specification used in the simulation 
are in Table 1.
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During the simulation, the engine 
runs through four-stroke cycles: intake, 
compression, power, and exhaust. There 
are seven different rpm simulated ranging 
from 1000 to 7000 rpm. The amount of air 
that fills the cylinder during each rpm cycle 
is determined via a fluid flow equation by 
the 1D simulation. Then, the volumetric 
efficiency can be determined. For this study, 
the simulation parameters in the Lotus Engine 
simulation are set up as shown in Table 2.

Table 2
Simulation parameters

Parameter Range
Engine speed (rpm) 1000 rpm to 7000 rpm
Intake manifold length 
(mm)

200 mm to 500 mm

Combustion strategies Stoichiometric mixture 
(lambda =1)

52 mm diameter throttle 
angle (°)

10° to 90°

Spark timing MBT spark timing

Figure 1. Configuration of simulation in Lotus Engine simulation

Configuration of Simulation

The simulation’s flow of operations begins with the crank angle in the engine cylinder 
rotating in the induction cycle, which sucks air from the inlet and moves it via the intake 
throttle, plenum, runner pipe, intake port, and intake valve before entering the engine 
cylinder. Next, the compression and power cycle take place based on the crank angle 
rotation position. The air was consequently forced out of the exhaust exit, followed by 
the plenum, exhaust port, and exhaust valve. During each rpm cycle, the efficiency of air 
sucked into the cylinder is calculated based on this process. The flow of operation can be 
referred to as Figure 1.

Intake port

Intake valve

Engine cylinder

Inlet

Intake plenum

Intake throttle

Exhaust valve

Exhaust port

Exhaust throttle

Exit

Exhaust plenum
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Equations

The wave phenomena inside the engine manifold strongly affect the volumetric efficiency 
of the engine. This pressure wave traveling inside the runner and plenum of the manifold 
is calculated by solving conservation equations for mass, momentum, and energy at each 
time step. The Lotus Engine Simulation Program and study by Winterbone and Yoshitomi 
(1990) are used for the equation’s references.

Volumetric Equation

Based on the ratio of air trapped in a cylinder to the mass of air that might be trapped within 
the cylinder’s swept volume, the 1D simulation solves volumetric efficiency, as shown 
in Equation 1. Meanwhile, the momentum, continuity and energy equation determine the 
mass flow rate trapped in the cylinder.

𝜂𝜂 =
𝑀𝑀𝑖𝑖

𝑁𝑁
2 𝑉𝑉𝑠𝑠𝜌𝜌𝑖𝑖

 								              (1)

where 𝜂 = volumetric efficiency; 𝑀𝑖 = mass flow rate; 𝜌𝑖 = inlet density; 𝑉𝑠 = piston 
displacement; N = engine speed in rev/unit time

Momentum Equation

The momentum equation is also a form of the conservation law, in which the sum of the 
pressure and shear forces acting on the control volume equals the sum of the momentum 
change rate in the control volume and the net momentum flux out of it, as in Equation 2.

−
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

𝑑𝑑𝑑𝑑 + 𝜌𝜌
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 −
1
2
𝑝𝑝𝑢𝑢2ƒ 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 =

𝜕𝜕(𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)
𝜕𝜕𝜕𝜕

+
𝜕𝜕(𝑝𝑝 𝐹𝐹𝑢𝑢2)

𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 	       (2)

where 𝐹= cross-sectional area; 𝜌 = density; p = momentum; u = initial velocity; ƒ = friction 
coefficient; 𝐷= diameter of duct; 𝑡= time

Continuity Equation

According to the continuity equation, the rate at which mass enters a system equals the 
rate at which mass leaves a system. The gradient of the mass flux, the length of the duct 
element, dx, and its cross-sectional area, F, can all be used to calculate the mass change 
rate within the control  volume (Equation 3).

𝜕𝜕(𝑝𝑝𝑝𝑝)
𝜕𝜕𝜕𝜕

+
𝜕𝜕(𝑝𝑝𝑝𝑝𝑝𝑝)
𝜕𝜕𝜕𝜕

= 0 							             (3)

where 𝐹 = cross-sectional area; p = momentum; 𝑡 = time; 𝑢 = initial velocity; 𝜕𝑥 = length 
of element
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Energy Equation

By applying the first law of thermodynamics to a controlled volume, the energy equation 
can be derived as Equation 4. The equation had 𝑒0 and ℎ0 represent the fluid’s internal energy 
and enthalpy of fluid, respectively. This equation can include the radial heat transfer from 
the gas to the wall or vice versa.

𝜕𝜕(𝜌𝜌𝑒𝑒0𝐹𝐹)
𝜕𝜕𝜕𝜕

+
𝜕𝜕(𝜌𝜌𝜌𝜌ℎ0𝐹𝐹)

𝜕𝜕𝜕𝜕
− 𝑞𝑞𝑞𝑞𝑞𝑞 = 0 						            (4)

where 𝐹= cross-sectional area; 𝜌 = density; 𝑒0 = internal energy; ℎ0 = enthalpy; 𝑡 = time; 
𝑢 = initial velocity

RESULTS AND DISCUSSION

This simulation was performed on a 4-cylinder engine with different throttle openings and 
intake runner lengths-the engine speeds used in the setup range from 1000 to 7000 rpm. 
The volumetric efficiency maps based on throttle opening and intake runner length are 
created from the simulation.

Validation of the Simulation

The outcome of this simulation was validated with a study conducted by Mohiuddin 
and Rahman (2008) that included both experiment and simulation results to ensure the 
accuracy of this simulation model. Their experimental study was conducted on the same 
engine type, Proton Campro 1.6, used for this simulation study. The specifications of the 
engine can be referred to in Table 1. Both experimental results by Mohiuddin and Rahman 
(2008) and the current simulation result of VE% on the same engine can be compared in 
Figure 2. It demonstrated a small difference between these VE%, notably between 3000 
and 4000 rpm. Overall, the results were close, with an average error of less than 3%. Thus, 
it can be concluded that the results in Figure 2 prove the validity of this study simulation 
configuration and the VE% results.

Effect of Throttle Angle Opening on Volumetric Efficiency Across a Range of rpm

The Lotus Engine Simulation was run on a 4-cylinder engine at different intake manifold 
lengths and throttle angle opening. This setup was repeated at different engine speeds 
ranging from 1000 to 7000 rpm. The result of volumetric efficiency based on simulation 
is as in Figure 3. It shows that overall, as the engine rpm increases, the throttle opening 
angle needs to increase to maintain high volumetric efficiency. However, specifically at 
10° to 30°, the volumetric efficiency decreases with the increase in rpm. The graph also 
showed that when the throttle opens at 40°, the volumetric efficiency increases with rpm 
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Figure 2. Volumetric efficiency comparison between experimental (Mohiuddin & Rahman,  2008) and Lotus 
1D simulation across a range of rpm
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Figure 3. Volumetric efficiency mapping at different throttle angles across a range of rpm
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until it peaks at 4000 rpm and  starts to fall in efficiency for much higher rpm. Meanwhile, 
for the range from 50° and above, the volumetric efficiency increases with rpm until it 
peaks at 5000 rpm and starts to fall in efficiency for much higher rpm. The 3D mapping 
of volumetric efficiency based on throttle angle and rpm is shown in Figure 3.
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Figure 4. Volumetric efficiency at 1000 rpm

Effect of Throttle Angle Opening and Variable Intake Runner Length on 
Volumetric Efficiency Across a Range of rpm

Based on Figure 4, the bigger the throttle opening, the better the volumetric efficiency of the 
cylinder. A longer intake runner showed better volumetric efficiency, but the differences in 
each intake runner’s length had no major impact on volumetric efficiency. Based on the throttle 
angle at 30°, the runner length was lower than 350 mm and showed a drop below 80.95% of 
volumetric efficiency. For runner lengths over 350 mm, the maximum volumetric efficiency 
achieved is 81.85% at 70° of throttle opening, and the minimum efficiency is 80.95%. It is 
due to volumetric efficiency in the cylinder being interrelated with the pressure wave. The 
inlet pressure value during the short period before the intake valve closes almost entirely 
determined the volumetric efficiency on that rpm (Ohata & Ishida, 1982). The pressure wave at 
1000 rpm is not significantly higher than the tuning of runner length and is unable to augment 
the trapped air mass in the engine cylinder. Mohiuddin and Rahman (2008) agree that the 
amplitude of the pressure wave nearest to the maximum valve opening is the main concern 
when tuning the runner length to control arrival time. Overall, a long runner length above 350 
mm can achieve high volumetric efficiency earlier than a short runner length below 350 mm.

The preceding fluctuation of the pressure wave can be referred to in Figure 5 for low 
rpm. The open exhaust valve (EVO) and the closed exhaust valve (EVC) are indicated by 
yellow lines on both the left and right sides, respectively. Meanwhile, a blue line on both the 
left and right sides indicates the intake valve opening (IVO), and the intake valve closing 
(IVC) is indicated by a blue line on both the left and right sides. The inlet pressure value 
right before the intake valve closes can be determined from the crossing line between the 
red and blue lines of IVO.

In
ta

ke
 ru

nn
er

, l
as

t l
en

gt
h 

(m
m

)

Throttle diameter, butterfly angle (o)
20.0        30.0         40.0        50.0         60.0         70.0         80.0         90.0

500.0

450.0

400.0

350.0

300.0

250.0

200.0



1493Pertanika J. Sci. & Technol. 32 (4): 1481 - 1500 (2024)

Effect of Throttle Opening and Air Intake Length on Engine Performance

The difference in pressure amplitude for high rpm can be seen in Figure 6, which has 
1.7 bar of pressure for maximum amplitude, while Figure 5 shows only 1.06 bar of pressure. 
The volumetric efficiency can be improved by tuning the runner length so the maximum 
pressure occurs right before the intake valve opening, as in Figure 6.

Therefore, referring to Figure 7, an intake length above 450 mm is the quickest in terms 
of achieving high volumetric efficiency of 84% at a 40° throttle opening, while an intake 
length shorter than 400 mm needs at least 60° of throttle opening to achieve the same 
volumetric efficiency. The maximum volumetric efficiency is 85.1% at 450 mm of runner 
length and 50° of throttle opening.

As in Figure 8, an intake length of 500 mm is the quickest in terms of achieving high 
volumetric efficiency of 91.7% at a 60° throttle opening, while an intake length below 450 
mm can only achieve up to 89.4% volumetric efficiency at the same throttle opening. The 
highest volumetric efficiency is 94% when the intake length is 500 mm and the throttle 
opening is 90°. This result agreed with a study by Pahmi et al. (2022) that revealed 
volumetric efficiency was highest at 103% for long-length runners while showing a reduction 
for shorter-length runners at 2000 rpm and 3000 rpm engine speeds. However, the study 

Figure 7. VE (%) of different intake runner lengths across a range of rpm

Figure 5. Pressure fluctuation at intake port for full 
engine cycle at 1000 rpm

Figure 6. Pressure fluctuation at intake port for full 
engine cycle at 7000 rpm

In
ta

ke
 ru

nn
er

, l
as

t l
en

gt
h 

(m
m

)

Throttle diameter, butterfly angle (o)
20.0         30.0          40.0         50.0         60.0          70.0        80.0          90.0

500.0

450.0

400.0

350.0

300.0

250.0

200.0



1494 Pertanika J. Sci. & Technol. 32 (4): 1481 - 1500 (2024)

Mohamad Firzan Ahmad Harazi, Abdul Aziz Hairuddin, Azizan As’arry and Siti Ujila Masuri

was done on a single-cylinder engine, so the longest length used was 229.7 mm, and the 
short length runner used was 153.2 mm. This difference in volumetric efficiency is due to 
the fact that a multiple-cylinder engine would have a reduced mass flow rate during intake 
stroke when a runner has air back flow that causes another runner to have reverse flow from 
the suction of the first runner in the same plenum (Ling & Tun, 2006). 

As for the 4000 rpm graph in Figure 9, an intake length of 500 mm is the quickest in 
terms of achieving high volumetric efficiency of 97.8% at 60° throttle opening. In contrast, 
an intake length below 400 mm needs a bigger degree of throttle opening followed by a 
decreased intake length to achieve the same volumetric efficiency. The highest achieved 
volumetric efficiency is 101% at 500 mm of intake length and wide-open throttle.

As for the 5000 rpm graph in Figure 10, an intake length of 450 mm is the quickest in 
terms of achieving high volumetric efficiency of 94.7% at 60° throttle opening. In contrast, 
an intake length below 400 mm needs a bigger degree of throttle opening followed by 
a decrease in intake length to achieve the same high volumetric efficiency. The shortest 
runner length, 200 mm, needs at least 80° throttle opening to achieve the same volumetric 
efficiency. The highest volumetric efficiency can be achieved by 98.2% by tuning the intake 
length to 450 mm and the throttle opening at 90°.

As for the 6000 rpm graph in Figure 11, an intake length below 250 mm is the quickest 
in achieving a high volumetric efficiency of 90.8% at a 60° throttle opening. In contrast, 
an intake length above  250 mm needs a bigger degree of throttle opening followed by an 
increased intake length until 400 mm to achieve the same high volumetric efficiency. The 
maximum volumetric efficiency achieved for a runner length longer than 400 mm is 87.3%, 
while the highest volumetric efficiency achieved is 94.3%, and throttle opening is 90°.

Figure 8. Volumetric efficiency at 3000 rpm
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As for the 7000 rpm graph in Figure 12, an intake length of 200 mm is the quickest in 
achieving a high volumetric efficiency of 80.3% at 80° of throttle opening. A runner length 
over 300mm can only achieve volumetric efficiency of up to 79.1% compared to 80.3% 
for short runner length. The highest volumetric efficiency that can be achieved is 81.4% at 
200 mm intake length and 90° of throttle opening.

CONCLUSION

This study conducted a simulation investigation on the effect of different intake runner 
lengths with different throttle openings on the engine performance characteristics of 
a 4-cylinder engine. This study was conducted using 1D simulation in Lotus Engine 
Simulation software. The  major findings are presented below:

1.	 For a lower range of throttle opening (10–30°), the volumetric efficiency decreases 
with increased rpm.

2.	 At a 40° throttle opening, the volumetric efficiency increases with the increase of 
rpm up to 4000 rpm and then drops as rpm goes higher.

3.	 For a high range of throttle openings (50–90°), the volumetric efficiency increases 
with the increase of rpm up to 5000 rpm and then drops as rpm goes higher.

4.	 At 1000 rpm and 2000 rpm, the length of the intake runner does not have any major 
impact on volumetric efficiency performance, with an improvement of only around 
1% due to low-pressure wave amplitude in low rpm engine speed. It was revealed 
that maximum VE% happens at 70° throttle opening with 400mm intake length 
and 50° throttle opening with 450mm intake length for these low rpm ranges.

5.	 At 3000 rpm, an intake length longer than 400mm does have a better effect on 
volumetric efficiency, around 4%, compared to an intake length shorter than 
400mm. Overall, long-length runners need smaller throttle openings to achieve 
high volumetric efficiency compared to short-length runners.

6.	 From 4000 rpm until 5000 rpm, the longer length of the intake runner showed major 
improvement in volumetric efficiency compared to the short length. The highest 
volumetric efficiency achieved is 101% when the runner length is 500mm at WOT. 
A long intake length of 400mm and above helps the engine achieve volumetric 
efficiency of up to 97.8% with a smaller throttle opening of 60°.

7.	 From 6000 rpm to 7000 rpm, shorter length of intake runner showed major 
improvement in volumetric efficiency compared to long length runner. The highest 
volumetric efficiency achieved is 94.3% when runner length is 250mm at WOT. 
A short intake length of 300mm and below helps the engine achieve volumetric 
efficiency of up to 90.8% with a smaller throttle opening of 60°.

8.	 Overall, intake length tuning shows a significant improvement in volumetric 
efficiency at 60° of throttle opening. Long runner length is best for volumetric 
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efficiency at low and mid-range rpm (1000–5000 rpm), while short runner length 
is best for volumetric efficiency at high range rpm (6000–7000 rpm). The WOT of 
the throttle  opening is the best for volumetric efficiency in all rpm ranges of engine 
speed except at 1000 and 2000 rpm. Both rpm results revealed minor improvement 
in volumetric efficiency at a low rpm range due to a low inlet pressure wave. Thus, 
further study is required to determine a possible method for improving the inlet 
pressure wave.
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