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In the work, the suitable volumetric efficiency is very important for the gasoline engine to achieve the aim of energy-saving and
emission reduction. +us, the intake system characteristics, such as intake manifold length, diameter, volumetric efficiency, and
valve phase, should be investigated in detail. In order to investigate the performance optimization of the engine intake system, an
optimization model of the engine intake system is developed by the GT-Power coupled withMatlab-Simulink and validated by the
experimental results under the different conditions at full load. +e engine power-, torque-, and brake-specific fuel consumption
are defined as the result variables of the optimization model, and the length and diameter of the intake manifold are defined as the
independent variables of the model. +e results show that the length of intake manifold has little influence on the engine power
and BSFC, and the length of intake manifold has a great impact on the performance index at high speed. In addition, the engine
volumetric efficiency is the highest when the length of intake manifold is in the range of 240 and 250mm. +e engine BSFC
improved by variable valve timing is significant compared with the original result. Finally, the improvement suggestions for the
performance enhancement of the gasoline engine are proposed.

1. Introduction

With the great challenges of global energy crisis and envi-
ronmental pollution [1], realizing the energy conservation
and emission reduction and improving the performance of
the engine have already formed the broad consensus [2].
+us, in many countries, more strict regulations and rele-
vant countermeasures are issued for the problem in recent
years [3]. To further optimize the performance of gasoline
engine, it is necessary to investigate the knowledge of in-
cylinder phenomena including chemical kinetics that de-
termine emissions formation [4], temporally and spatially
varying in-cylinder charge conditions, heat release rates [5],
EGR [6], and selective catalyst reduction [7]. Similarly, lots
of experts and scholars do a lot of studies, and many new
technologies have been proposed for improving the engine
combustion [8–10]. Improving the gasoline engine com-
bustion is the main way to improve the engine power and

reduce emissions [11]. +e intake and exhaust system, fuel
supply system, and combustion chamber shape are the key
factors to determine the combustion process [12].

In order to improve the combustion and reduce the
pollution emissions, the sufficient fresh air should be allowed
to enter the cylinder and enhance the quality of the mixture
[13]. +is required that the intake system should be in-
vestigated and optimized [14]. In general, the structure
parameter and valve timing of the intake have a great in-
fluence on the gas flow performance [15]. It is very necessary
to carry out the research on the performance of intake and
exhaust system in both theory and practice. More specifi-
cally, a well-designed intake and exhaust system is beneficial
for the improvement of volumetric efficiency and the re-
duction in the BSFC and emissions when the engine is in a
certain speed range [16,17]. +e fresh air enters the engine
cylinder through the intake system in the form of pressure
wave transmission and mixes quickly with fuel [18,19]. +e
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volumetric efficiency is the principal factor that has an effect
on the engine power and is considered as an important
evaluation index of the intake system [20]. +erefore, it is
very important to optimize the intake system to meet the
requirements of energy saving and emission reduction [21].
+e variable air intake system can make the engine air intake
system suitable for the wide speed range. In addition, the
suitable volumetric efficiency can improve the good per-
formance at different conditions, and it will be helpful for the
improvement of engine power, torque, and fuel consump-
tion and emissions [22–24]. +erefore, it is of great sig-
nificance to optimize the intake system and valve timing of
the engine [25].

In recent years, many researchers have engaged in the
optimization analysis of the engine intake system. For in-
stance, Yang et al. had developed a GT-Power model of
engine intake system and analyzed the effect of harmonic on
intake system. In addition, the response surface method is
employed to optimize the intake system [26]. Qi et al. had
developed a CFD model with the KIVA and STAR-CD
software and analyzed the temperature, concentration, and
flow field in engine cylinder; then, the intake system was
optimized based on the relationship between the structure of
intake system and in-cylinder flow [27]. Similarly, Pai et al.
[28] established an engine simulation model with the GT-
Power and STAR-CD software and investigated the effect of
the engine intake system on the engine performance. +e
result indicated that the engine performance had been
improved clearly. In addition, Silva et al. [29] had established
an engine simulation model with the GT-Power model. +e
model was employed to analyze the relationship between the
volumetric efficiency and the geometric parameters of the
intake manifold by the Brent method and optimized the
intake system. Guo et al. [30] had proposed an optimization
design method for the engine intake manifold based on
reverse engineering and CFD software. +ey found that the
proposed technology was reasonable for the intake manifold
optimized design. Carvalho et al. [31] had established a
thermodynamic model of the engine in GT-Suite environ-
ment and focused on the optimization tool for DoE (Design
of Experiment). +ey found that the volumetric efficiency of
the engine had been greatly improved. Sun et al. [32]
proposed an optimization analysis method to optimize the
design of the engine inlet based on the coupling of genetic
algorithm and artificial neural network.+e results indicated
that the flow performance of the engine inlet was improved.
Wang [33] used the design of six sigma (DFSS) methodology
to optimize the engine intake and exhaust system. +e re-
sults showed that the optimized emission performance
complied with emission regulations, and the fuel economy
was significantly improved.

As it is mentioned, the numerical simulation of internal-
combustion engine has obvious advantages and is regarded
as a very effective tool for saving experimental costs through
the detailed mathematical framework [34–36]. In the paper,
an innovative optimization model is employed to simulate
the intake combustion processes. Firstly, the model was
developed and then validated by the experimental results
under the different conditions at full load. Finally, the

optimization model method was firstly used to optimize the
performance of ethanol-gasoline engine. +e findings are of
interest due to both prevention of performance losses and
emission reduction using the suitable volumetric efficiency.

2. Mathematical Model

+e mathematical model of four-cylinder gasoline engine
was developed by GT-Power coupled with Matlab-Simulink
and was employed to study the optimization. +e models
involve the combustion model, intake pressure wave model,
and intake system optimization model [15]. In addition, the
air and exhaust gas are considered as the ideal gas. +us, the
gas properties depend on temperature and gas composition.

2.1. Combustion Model. +e zero-dimensional combustion
model is employed to investigate the combustion in cylinder.
+e energy conservation equation of the combustion process
is summarized as follows [5]:

dQB

dvφ
�
dU

dφ
+
dW

dφ
+
dQw

dφ
, (1)

where U is the internal energy of the system, which is de-
termined by the mass and temperature change in the me-
dium in the combustion chamber;W is the mechanical work
acting on the piston, which is usually closely related to the
output power and torque of the cylinder; Qw is the heat
transfer through the system boundary; QB is the heat re-
leased by the combustion of working fluid in the cylinder,
which is usually determined by the fuel mass; and φ is the
instantaneous timing angle.

+e heat transfer Qw can be predicted by the following
equation:

dQw

dφ
� 

3

i�1

dQwi

dφ
�
αg

ω
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i�1
Ai T − Twi( , (2)

where of working fluid to the walls of combustion chamber
such as the bottom surface of the cylinder head (i� 1), the
top surface of the piston (i� 2), and the surface of the
cylinder liner (i� 3), which are determined by the average
wall temperature Tw, the instantaneous average heat transfer
coefficient αg of the working fluid to the surrounding wall of
combustion chamber, the crankshaft speed ω, the heat ex-
change area A, and the instantaneous temperature T of the
working fluid inside the cylinder.

+e average heat transfer coefficient αg can be obtained
by the following equation:

αg � 820p
0.8

· T
− 0.53

· D
− 0.2

· C1 · Cm + C2
TaVs

paVa

p − p0(  

0.8

,

(3)

where p is the working fluid pressure in the cylinder;D is the
cylinder diameter; Cm is the average piston speed; pa, Ta, and
Va are the working fluid pressure, temperature, and cylinder
volume in the cylinder at the starting point of compression,
respectively; Vs is the cylinder working volume; po is the
cylinder pressure when the engine is motoring; C1 is the
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velocity coefficient; and C2 is the combustion chamber status
quo coefficient.

During the combustion process, the medium inside the
cylinder meets the following mass conservation equation:

dm

dφ
�
dms

dφ
+
dme

dφ
+ gf ·

dX

dφ
, (4)

wherem is the mass of working fluid in the system;ms is the
mass of air flowing into the cylinder; me is the mass of
exhaust gas flowing out of the cylinder; gf is the circulating
fuel injection quantity of the engine; X is the percentage of
fuel combustion in the cylinder, and X � (mB/gf) × 100%;
and mB is the instantaneous fuel mass injected into the
cylinder.

Based on the Weber function model, the semiempirical
equation can be obtained by the following equation:

dX

dφ
� 6.908

M + 1
φz

·
φ − φb

φz

  · e
−6.908· φ−φb( )/φz[ ]

M+1

, (5)

where M is the combustion quality index, φz �φb −φc is the
combustion duration angle, φb is the combustion start angle,
and φc is the combustion end angle.

Furthermore, during the combustion process, the
working fluid inside the cylinder shows the following ideal
gas state equation:

pV � mRT, (6)

where V is the volume of working fluid in the system, re-
spectively, and R is the gas constant.

+e output power Pe is organized as follows:

Pe � kηω
dW

dφ
�

kηTtqn

9550
, (7)

where n is the engine speed, η is the mechanical efficiency,
and k is the cylinder number.

However, during the intake and exhaust strokes, the gas
flow process in intake and exhaust manifolds is very complex
and has the typical unsteady flow characteristics. +is un-
steady flow often leads to very strong pressure fluctuations at
the manifold and cylinder valves. Furthermore, it will affect
the thermal process and has a greater impact on the air
exchange quality, combustion efficiency, output power, and
torque in the cylinder. To obtain the comprehensive thermal
parameters of the whole machine, it usually ignored the
pressure transmission in the intake pipe. +us, the mass of
the working fluid discharged from the cylinder into the
intake pipe can be obtained by the following equation:
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(8)

where m3A is the mass of the working fluid discharged from
the cylinder into the intake pipe; μ3 is the gas flow coefficient
of the intake pipe, which is measured by experiment; F3 is the
cross-sectional area of the intake pipe outlet; ρ3 is the gas

density in the intake pipe; κ3 is the specific heat capacity ratio
of the gas in the intake pipe; and p3 is the gas pressure in the
intake pipe.

2.2. Intake Pressure Wave Model. Natural frequency of
pressure wave f1 can be obtained by the following equation:

f1 �
a

4L
, (9)

where a is the sound velocity of the gas in intake pipe and L is
the intake pipe equivalent length.

When engine speed is n (r/min), the volumetric fre-
quency f2 can be calculated by the following equation:

f2 �
n

60 × 2
. (10)

+e ratio of f1 to f2 is q1, which shows the relationship
between the natural frequency of pressure wave in intake
manifold and engine intake frequency. +us, the wave effect
can be obtained by the following equation:

q1 �
f1

f2
�
30a

nL
. (11)

When q1 � 1(1/2), 2(1/2). . .. . ., the inlet air coincides
with the positive pressure wave during the next valve
opening. +us, the volumetric efficiency increases. When
q1 � 1, 2, . . .. . ., the intake frequency coincides with the
natural frequency of the pressure wave, and during the next
valve opening, inlet air coincides with the negative pressure
wave. +us, the volumetric efficiency decreases.

+e smaller the q1, the longer the intake pipe; the larger
the q1, the larger the pressure wave attenuation due to the
friction. Equation (11) shows that if q1 is fixed, the length of
the pipe is inversely proportional to the engine speed.

It can be seen that the reasonable length of intake pipe,
diameter, and volume is beneficial to improving the mixture
of fuel and fresh air, resulting in the increase in engine
power. Pressure wave shows variations in the pipeline. It can
be calculated according to the one-dimensional unsteady
flow of gas in the pipeline. Generally speaking, the structural
size of the pipeline can be determined by the combination of
simulation and experiment.

2.3. Optimization Model of Intake System. In the paper, the
Brent method is employed to carry out the optimization of
intake system. When other parameters are fixed, Pe can be
written as a function of the intake pipe radius Ra and length
L:

Pe � f1(x),

x � Ra, L 
T
.

(12)

When the length and diameter of the intake pipe change,
the output power also changes. According to the optimi-
zation theory and the algorithms, the following optimization
model can be established:
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minPe � f1(x),

st. 26≤x(1)≤ 42,

200≤x(2)≤ 280.

(13)

After determining the optimal intake pipe parameter, the
intake and exhaust valve timing angles φB and φC can be
further optimized. +e optimization mathematical model
can be written as

minPe � f2(x), x � φB,φC 
T
,

st. 115≤x(1)≤ 135,

224.5≤ x(2)≤ 244.5.

(14)

According to the optimization theory, the x0 is defined as
the initial search point. It is not difficult to determine that its
negative gradient direction is the direction in which the
function value drops the fastest. As previously mentioned,
the new search point is determined as

x1 � x0 − α0∇f1 x0( . (15)

When the value of the positive real number αo is different,
the new search point obtained is different. Similarly, the function
value of f1(x1) will also be different. As shown in Figure 1, the
different values of x

(0)
1 and x

(1)
1 are obtained at different α00 and

α10. +e value of f1(x1) will change with the variable αo and is
defined as f1(x1) � ψ1(α0). In order to obtain the minimum
value of f1(x), the extreme value of all the function values
should be obtained by the following equation:

zψ1 α0( 

zα0
� g α0(  � 0. (16)

+e Brent method is a faster search method which
combines dichotomy, linear interpolation, and inverse
quadratic interpolation together. In the paper, the Brent
method is employed to seek the solution of equation (16) in
the GT-Power environment.+e specific steps are as follows.

Firstly, the initialization interval of the variable αo is
defined as [a, b]. If it is g(a0) · g(b0)< 0, the estimated value
of iterative root of the step k is marked as αk

0 � bk. If it is
|g(ak)|< |g(bk)|, the estimated value of iterative root of the
step k is marked as αk

0 � ak. +en, the estimated values of
iterative roots of the first two steps are marked as bk−1 and
bk−2, respectively, and judge whether the following four
inequalities are true:

|δ|< bk − bk−1


, (17a)

|δ|< bk−1 − bk−2


, (17b)

s − bk


<

1
2

bk − bk−1


, s � ak or bk, (17c)

s − bk


<

1
2

bk−1 − bk−2


. (17d)

Let us see whether the following five conditions are true
or false:

(1) +e step k− 1 iteration is dichotomy and (17a) is not
true.

(2) +e step k− 1 iteration is dichotomy and (17c) is not
true.

(3) +e step k− 1 iteration is interpolation method and
(17b) is not true.

(4) +e step k− 1 iteration is interpolation method and
(17d) is not true.

(5) +e temporary value calculated by the interpolation
method is not in the interval [((3ak + bk)/4), bk].

If one of the above five conditions is true, the iterative
value αok+1 of the current root can be obtained by
dichotomy:

αk+1
0 �

1
2

ak + bk( . (18)

If none of the above conditions is true, let us try the
following equation:

αk−1
0 ≠ α

k
0,

αk−1
0 ≠ α

k+1
0 ,

αk
0 ≠ α

k+1
0 .

(19)

If equation (19) is true, then do the following step:

αk+1
0 �

g αk−1
0 g αk

0 

g αk−2
0  − g αk−1

0   g αk−2
0  − g αk

0  
αk−2
0

+
g αk−2

0 g αk−1
0 

g αk
0  − g αk−2

0   g αk
0  − g αk−2

0  
αk
0

+
g αk−2

0 g αk
0 

g αk−1
0  − g αk−2

0   g αk−1
0  − g αk

0  
αk−1
0 .

(20)

If equation (19) is not true, then do the following step:

αk+1
0 � bk −

bk − ak( g bk( 

g bk(  − g ak( 
. (21)

x2

x0

α00
α01

x1

x1(0)

x1(1)

Δf1–

Figure 1: Schematic diagram of one-dimensional search method.
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It should be pointed out that the temporary value
s� αok+1 in equations (17c) and (17d); after each iteration is
completed, the root interval [ak, bk] will be further reduced
to [ak+1, bk+1], where ak+1 � s or bk+1 � s; the other end point
is one of ak and bk and meets

g ak+1(  · g bk+1( < 0,

g ak+1( 


> g bk+1( 


.
(22)

Repeat the above iterations until αo converges to zero;
that is to say, the interval length of the solution tends to an
infinitesimal value. It can be expressed as

ak+1 − bk+1


≤ ε1. (23)

By analogy, it is not difficult to construct a sequence of
iteration points as follows:

xk+1 � xk − αk∇f1 xk( , (k � 1, 2, . . .). (24)

In addition, the positive real number αk can be deter-
mined according to the following equation:

zψ1 αk( 

zαk

� 0, (25)

until the sequence meets the following convergence
conditions:

xk+1 − xk

����
����≤ ε, (26)

where ‖ · ‖ is the norm of the vector and ε is a minimal
positive real value.

2.4. Optimization Model. In the paper, the optimization
model of the engine intake system is developed by the GT-
Power coupled with Matlab-Simulink.+e acceptable curves
of optimization model are shown in Figure 2. When the
result variable reaches the maximum or minimum, its
variation must meet the following trend: the result firstly
increases and reaches a maximum and then decreases with
the increase in the independent variable, or the result firstly
decreases and reaches a minimum and then increases with
the increase in the independent variable.

+e core of the optimization model is composed of
nonlinear constrained optimization and discrete grid
method. +e optimization of engine in engineering field is
realized by this mathematical method. Discrete grid method
is an optimization algorithm based on the idea of Brent
method [24].

According to the given objective function and con-
straints, the optimization model is established, and the
corresponding optimization design is carried out. In the
optimization model, the objective function is defined as the
design variables of a real-time variable (RLT variables). A
series of optimal design vector sequences are generated when
the appropriate iterationmethod is used.When the sequence
converges, it reaches the optimal solution.

By analyzing the influences of intake manifold length,
diameter, and other factors on the performance of gasoline
(E10) engine fueled with ethanol, it is found that the

parameters of intake manifold length, diameter, and valve
timing are beneficial to the optimization of engine perfor-
mance. On this basis, the volumetric efficiency is defined as
the optimization objective. +e intake manifold length,
diameter, and valve timing are defined as the optimization
independent variables.

3. Simulation Model Verification

In the paper, the LJ465Q ethanol-gasoline engine is
employed to investigate the optimization research. More
specifically, the model is developed by the GT-Power and is
used to optimize the manifold length, diameter, and valve
timing based on the LJ465Q engine simulation model val-
idated by the experiments, which is beneficial for the im-
provement of the performance of engine.

3.1. Engine Specifications. +e simulation model is shown in
Figure 3. Figure 3 shows that the model includes three parts.
+e left part is the intake system model of LJ465Q engine;
the middle part is the intake and exhaust valve, cylinder, and
crankcase model. In addition, the right part is the exhaust
system model.

3.2. Model Validation. +e experiments were carried out on
a LJ465Q gasoline engine. +e gasoline engine is a four-
cylinder, four-stroke, direct injection engine. +e main
parameters of LJ465Q engine are shown in Table 1. In
addition, the inlet valve opening (before top dead center) is
14°CA, the inlet valve closing (after bottom dead center) is
50°CA, the exhaust valve opening (before bottom dead
center) is 52°CA, and exhaust valve closing (after top dead
center) is 12°CA.+e engine test bench is shown in Figure 4.
+e engine was loaded with a CWF250 electric eddy current
dynamometer, and the Kistler pressure sensor was employed
to measure the cylinder pressure.

By the field observation, the length, diameter, and
bending radius of intake manifold are shown in Figure 5.+e
section L1 of intake manifold is an equal diameter, and the
diameter is D1; the section L2 is the gradient pipeline. +e

RL
T 

va
ria

bl
e

Minimum value

Maximum value

Initial condition
Range

Parameter

Figure 2: Optimization model.
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sections of L2 and L1 are straight pipes. +us, the bending
radius is infinite, and its value is defined as 10000. +e
section L3 is the bend, and the bending angle is
(L3/Ra) · (180°/π). In addition, the initial parameters of
intake manifold are shown in Table 2. +e gas flow in intake

manifold is turbulent. According to the directions, the intake
manifold is made of cast iron, and the friction coefficient is
0.026.

+e power-, torque-, and brake-specific fuel consump-
tion (BSFC) of the engine are shown in Figures 6–8 at full
load. It can be found that the predicted results are satis-
factory with experimental results at different conditions.
More specifically, the max. errors of power, torque, and
BSFC predicted by the simulation model are 5.2%, 3.5%, and

Intake system
Crankcase

Exhaust system

Intake
valve

Cylinder Exhaust
valve

Figure 3: LJ465Q simulation model.

Table 1: Main parameters of LJ465Q engine.

Parameters Values
Engine type Four-stroke, in-line, natural inspiration
Displacement (L) 1.051
Bore× stroke (mm) 65.5× 78
Rate power (kW) 38.5/5200 (r/min)
Compression ratio 9 :1
Intake manifold total length (mm) 230

Figure 4: Engine test bench.

D0 D1

L1 L2

L3

D2

Ra

1 2 3

4 D3

Figure 5: +e diagram of intake manifold.
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7.1%. +e engine power increases with the increase in speed.
+e engine torque firstly increases and then decreases with
the increase in speed. In addition, the brake-specific fuel
consumption rate of engine is relatively large at low speed. It
is due to the simplified simulation of the engine in the
simulation process. +e lengths of the engine intake and
intake pipe are discretized based on the empirical value in
the simulation process. As the spraying and burning models

applied in simulation are empirical ones, there are some
errors in the actual engine working process. Because of error
superposition, the calculated brake-specific fuel consump-
tion rate has some errors, which is less than 7%. +e general
trend of smaller errors at medium speed is in good agree-
ment with the experimental values. Based on the above
analysis, the simulation model has high accuracy and can be
applied to simulate and analyze engine performance.

4. Optimization Analysis

In order to achieve the optimization goal of gasoline engine,
the engine power and BSFC should be reduced, and the
intake efficiency should be improved. +us, the parameters
of the engine performance index (including power-, torque-,
and brake-specific fuel consumption and volumetric effi-
ciency) are defined as the result variables of the optimization
model, while the parameters of independent variables (in-
cluding intake and exhaust timing, intake manifold length,
and diameter) are taken as the independent variables of the
counterpart.

4.1. Effect of Intake Manifold Length on Engine Performance.
+e air flow and intake port improvement on four valves
engine is very important. It directly affects the quality of
combustion in cylinder.+us, the effect of intake manifold
length variation in engine performance should be studied.
In the paper, it is beneficial to analyzing the influence of
intake manifold length change in volumetric efficiency,
power, torque, and BSFC when the valve timing and
intake manifold diameter keep constant. +e original
length of intake manifold is 230mm. +e comparisons of
volumetric efficiency power, torque, and BSFC with dif-
ferent lengths of intake manifold are shown in
Figures 9–12 .

Figure 9 shows that the length of intake manifold also
has little influence on the volumetric efficiency of the engine
at low speed below 3000 r/min. However, when engine speed

Table 2: +e initial parameters of intake manifold.

No. Length (mm) Diameter (mm) Bending radius (mm)
1 L1 � 55 D1 � 37 10000
2 L2 � 65 D2 � 35 10000
3 L3 �110 D3 � 30 Ra
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w
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W
)
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Speed (r/min)
4400 5200 6000
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Figure 6: Power comparison.
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Figure 7: Torque comparison.
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Figure 8: BSFC comparison.
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is higher than 4000 r/min, the longer the intake manifold is,
the faster the volumetric efficiency increases, where the
maximum volumetric efficiency of the long scheme appears
earlier than that of the short scheme. It is due to the fact that
the engine high-speed resonance point corresponds to a
higher speed. When intake manifold length increases, high-
speed resonance point will move to low speed, which is
conducive to the dynamic performance of the engine at
medium speed.

Observed from Figures 10 to 12, the simulation results
indicate that length of intake manifold has little influence on
engine power and BSFC. For instance, the maximum var-
iation in power is 1.6% at the speed of 4400 r/min and the
maximum variation in power is 1.4% at the speed of 4800 r/
min.

In addition, when the engine speed exceeds 4400 r/min,
the volumetric efficiency of the long manifold scheme de-
creases obviously. It is due to the fact that the volumetric
efficiency is affected by the resistance along the pipe. +e
resistance not only reduces the kinetic energy of fluctuation
effect but also attenuates the pressure wave. Similarly, the
heat is generated by the friction, resulting in the increase in
intake temperature and the reduction in the fresh mixtures
into the cylinder.

4.2. Effect of Intake Manifold Diameter on Engine
Performance. In the section, six cases are employed to
analyzing the influence of intake manifold diameter varia-
tion in volumetric efficiency, power, torque, and BSFC when
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Figure 9: +e influence of intake manifold length on volumetric
efficiency.
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Figure 10: +e influence of intake manifold length on power.
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Figure 11: +e influence of intake manifold length on torque.
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Figure 12: +e influence of intake manifold length on BSFC.
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the valve timing and intake manifold length keep constant.
+e work cases are shown in Table 3. +e original length of
intake manifold is 230mm. +e comparisons of volumetric
efficiency power, torque, and BSFC with different lengths of
intake manifold are shown in Figures 13–16 .

Figures 13–16 show that the length of intake manifold
has little influence on engine performance index at low
speed, while the performance index changes obviously with
the increase in intake manifold diameter at high speed. At
high speed, the engine power with the small intake manifold
diameter is slightly higher than the engine power with the
large intake manifold diameter; for instance, at the speed of
4400 rpm, the engine powers are 38.5 and 36.54 kW when
the intake manifold diameters are 24 and 39mm, respec-
tively. However, the former volumetric efficiency is 4.5%
higher than that of the latter. At the same time, the brake-
specific fuel consumption rate with the large intake manifold
diameter is slightly higher than that with small manifold
diameter, and the maximum range is only 1%. It can be
found that the performance indexes change obviously when
the diameter of intake manifold is less than 30mm and the
performance indexes change little with the increase in the
diameter when the diameter of intake manifold is greater
than 30mm.

4.3. Intake System Optimization with Optimization Model.
According to the influence trend of structural parameters on
volumetric efficiency, based on the GT-Power and optimi-
zation model, the length and diameter of intake manifold are
taken as independent variables and the volumetric efficiency
is defined as the optimization objective value. +e proper
valve timing of LJ465Q gasoline engine at different speeds is
calculated [24]. +e improvement of valve timing is very
important. It directly affects the quality of combustion in
cylinder. +us, it is very interesting to study the optimal
valve timing at different speeds.

4.3.1. Optimization Analysis of Intake Manifold.
Figure 17 shows the comparison of volumetric efficiency for
different intake manifold lengths and diameters. It can be
found that the engine volumetric efficiency is the largest
when the diameter D3 of intake manifold is between 27mm
and 28mm; the engine volumetric efficiency becomes
smaller when the diameter D3 of intake manifold is larger
than 30mm. From the analysis of flow characteristics of
intake manifold, it can be found that the length of intake
manifold is also one of the most important factors affecting
the volumetric efficiency of the air intake system [25]; for
instance, the engine volumetric efficiency is the highest when
the length of intake manifold is between 240mm and
250mm. In addition, the air intake fluctuation effect is better
utilized when the length of intake manifold is 243mm
(q1 � 10.5). In order to meet the requirements of a higher
speed on volumetric efficiency, the length and diameter D3
of intake manifold should be set up to be 243mm and
28mm, respectively.

+e comparisons of original and optimized dynamic
performance are shown in Figure 18 and Table 4.

Figure 18 shows that volumetric efficiency of the engine
increases significantly at medium speed. In addition, Table 4
shows that the dynamic performance of the engine is im-
proved, especially at medium speed; for instance, the

Table 3: Work cases.

Item D3 (mm) D2 (mm) D1 (mm)
Case 1 24 29 31
Case 2 27 32 34
Case 3 30 35 37
Case 4 33 38 40
Case 5 36 41 43
Case 6 39 44 46
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Figure 13: +e influence of intake manifold diameter on volu-
metric efficiency.
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maximum increase in power is 2.79% at the speed of 3600 r/
min. At low speed, the dynamic performance is reduced to a
certain extent, and the maximum reduction in power rea-
ches 0.69% at the speed of 1200 r/min. It is due to the fact
that the valve timing of the engine is fixed. +e position of
the pressure peak is different at different speeds, and the late
angle of intake is perfect at the end of the intake, where the
maximum inertia of the intake flow (that is, the pressure
wave) arrives at its peak at the through-point of intake valve.

Determining the optimal valve timing of the fixed valve
timing mechanism, firstly, the dynamic performance usually
should be guaranteed at high speed. +e part of the dynamic
performance will be inevitably lost at low speed. If the
variable valve timing technology is applied, the dynamic
performance at low speed can be considered.

4.3.2. Optimization Analysis of Valve Timing. In the low-
speed region of engine, the power of valve timing fixed
mechanism is insufficient. +us, the variable valve timing
technology can be employed to solve the problem of

insufficient power. +is method can keep the cam profile
unchanged and shift the valve timing to realize the variable
valve timing technology. Variable valve timing can be set up
by GT-power at its setting module “Cam Timing Angle
(°CaA).” +e original “Cam Timing Angle” of intake valve is
234.5°CaA and that of exhaust valve is 125°CaA. +e “op-
timizer” module is applied in the simulation of valve timing
due to the engine performance affected by the intake and
exhaust valves. +e variables are the “Cam Timing Angle” at
intake and exhaust valves. +us, the volumetric efficiency is
considered as the simulation target. +e simulation range is
set up to “±20°CaA” with its step size at “2°CaA.”

Table 5 shows the simulation results obtained by the
improved VVT model at different speeds under external
characteristics. Figures 19 and 20 show simulation results of
4400 r/min and 2000 r/min, respectively.

+e original and optimized comparisons at full load are
shown in Figures 21–24.

Figures 21 to 24 show that the BSFC of the engine
improved by variable valve timing is not significant com-
pared with that of the original result, but its volumetric
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Figure 18: Volumetric efficiency comparison between original and optimized.

Table 4: +e comparisons of original and optimized dynamic performance.

Speed (r/min)
Optimized Original Increase rate

Power (kW) Torque (N·m) Power (kW) Torque (N·m) Power (%) Torque (%)
1200 7.57 60.21 7.62 60.62 −0.69 −0.69
1600 10.70 63.88 10.74 64.10 −0.34 −0.34
2000 14.30 68.27 14.23 67.93 0.51 0.51
2400 17.93 71.35 17.65 70.21 1.63 1.63
2800 20.66 70.47 20.68 70.52 −0.07 −0.08
3200 24.03 71.72 23.48 70.08 2.34 2.34
3600 28.54 75.70 27.77 73.65 2.79 2.79
4000 32.66 77.96 31.80 75.92 2.69 2.69
4400 36.63 79.51 35.93 77.99 1.95 1.95
4800 38.11 75.81 37.85 75.30 0.69 0.69
5200 39.48 72.49 39.37 72.29 0.28 0.28
5600 41.85 71.37 41.44 70.67 0.99 0.99
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efficiency and dynamic performance are significantly im-
proved at low speed; for instance, the maximum increase in
power increased by 7.46% at the speed of 1200 r/min. At high
speed, the maximum power and torque only slightly

increased, not as significant as that at low speed. +e op-
timization of intake manifold structure parameters and the
application of variable valve timing technology can improve
engine power performance.

Table 5: Calculated results of VVT.

Speed (r/min)
Intake timing Exhaust timing

Original Optimized Original Optimized
1200 234.5 225.5 125 120
1600 234.5 227 125 121
2000 234.5 228 125 122
2400 234.5 230 125 122
2800 234.5 230 125 122
3200 234.5 230 125 123
3600 234.5 230 125 123
4000 234.5 227 125 126
4400 234.5 234 125 125
4800 234.5 234.5 125 127
5200 234.5 236 125 126
5600 234.5 237 125 126
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Figure 20: +e results of Cam Timing Angle on the volumetric efficiency at 2000 r/min.
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5. Conclusion

Today, the environmental pollution [37–41] and energy crisis
[7, 13, 42–46] have to learn another new problem. +erefore,
an optimization model of four-cylinder gasoline engine was
developed by the GT-Power coupled with Matlab-Simulink
and was employed to study the optimization of intake system.
In order to improve the performance, the engine power-,
torque-, and brake-specific fuel consumption are defined as the
result variables of the optimization model and the length and
diameter of the intake manifold are defined as the independent
variables of the model. +e reasonable length and diameter of
the intake manifold are beneficial to the improvement of

engine performance, and the variable intake and exhaust
timing method can improve the volumetric efficiency of the
engine. +e main conclusions are as follows:

(1) +e simulation results indicate that the length of
intake manifold has little influence on engine power
and BSFC.+emaximum variation in power is 1.6%,
and the maximum variation of power is 1.4%. In
addition, when engine speed is higher than 4000 r/
min, the longer the intake manifold is, the faster the
volumetric efficiency increases.

(2) +e length of intake manifold has a great impact on
the performance index changes at high speed. At
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high speed, the engine power with the small intake
manifold diameter is slightly higher than the engine
power with the large intake manifold diameter.

(3) +e engine volumetric efficiency is the highest when
the length of intake manifold is in the range of 240
and 250mm.

(4) +e engine BSFC improved by variable valve timing
is not significant compared with that of the original
result, but its volumetric efficiency and dynamic
performance are significantly improved at low speed.
+emaximum increase in power increased by 7.46%.

+us, this research method can be applied to the
problems with extreme values [47–48] in the given range of
independent variables in the engineering field.

Nomenclature

A: Heat exchange area, m2

a: Sound velocity of the gas in intake pipe, m/s
C1: Velocity coefficient
C2: Combustion chamber status quo coefficient
Cm: Average piston speed, m/s
D: Cylinder diameter, mm
F3: Cross-sectional area of the intake pipe outlet, m2

f1: Natural frequency of pressure wave
f2: Volumetric frequency
gf: Circulating fuel injection quantity of the engine, kg/

cycle
k: Number of cylinders
L: Intake pipe length, mm
M: Combustion quality index
m: Mass of working fluid in the system, kg
m3A: Mass of the working fluid discharged from the

cylinder into the intake pipe, kg
mB: Instantaneous fuel mass injected into the cylinder, kg
me: Mass of exhaust gas flowing out of the cylinder, kg
ms: Mass of air flowing into the cylinder, kg
n: Engine speed, r/min
Pe: Output power, kW
p: Working fluid pressure, MPa
p0: Cylinder pressure when the engine is motoring, MPa
p3: Gas pressure in the intake pipe, MPa
pa: Working fluid pressure in the cylinder at the starting

point of compression, MPa
QB: Heat released by the combustion of working fluid in

the cylinder, J
QW: Heat exchanged through the system boundary, J
R: Gas constant
Ra: Intake pipe radius, mm
T: Working fluid temperature, K
Ta: Temperature in the cylinder at the starting point of

compression, K
TW: Average wall temperature, K
Ttq: Torque, N·m
U: Internal energy of the system, J
V: Volume of working fluid in the system, m3

Va: Cylinder volume in the cylinder at the starting point of
compression, m3

Vs: Cylinder working volume, m3

X: Percentage of fuel combustion in the cylinder
W: Mechanical work, J
αg: Average heat transfer coefficient, W/(m2·K)
η: Mechanical efficiency
κ3: Specific heat capacity ratio of the gas in the intake pipe
μ3: Gas flow coefficient of the intake pipe
ρ3: Gas density in the intake pipe, kg/m3

φ: Instantaneous timing angle, °CA
φb: Combustion start angle, °
φc: Combustion end angle, °
φB: Intake valve timing angle, °CA
φC: Exhaust valve timing angle, °CA
φz: Combustion duration angle, °
ω: Crankshaft speed, r/min.
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