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ABSTRACT To improve the flow characteristics of diesel engines with twin intake ports, this study evaluates
the installation of guide vanes of varying lengths, heights and angles in front of the intake runner of a CA4DD
diesel engine. Considering the interference among various parameters of the guide vane, the parameters
were studied with uniform design. To study the effect of guide vanes on the twin-intake diesel engine
during the intake stroke, 9 guide vane models, where the vane lengths were 30-70 mm, the vane heights
were 1.5-13.5 mm, and the vane angles were 4-36°, were compared with a base model without a guide
vane. CATIA was used to build a simulation model, and XFLOW was used to run a three-dimensional (3D)
computational fluid dynamics (CFD) simulation. Simulation of different valve lifts of 2-10 mm in steps
of 2 mm showed that the guide vane slightly affected the flow coefficient and obviously affected the swirl
ratio. Furthermore, designs 4, 5 and 6 had different performance improvements under different valve lifts.
The velocity and vorticity of the in-cylinder were evaluated. Moreover, 9 guide vane models were fabricated
and tested on a steady-flow test bench. The experimental results show that the swirl ratio average increase of
the guide vane models compared to the base model is 21%. The maximum increase is 39% when the guide
vane height is 6 mm, the length is 65 mm, and the angle is 24°; when the guide vane height is 7.5 mm, the
length is 50 mm, and the angle is 20°, the average increase is 27%. The flow coefficient is less affected and
fluctuates at approximately 2%. Hence, the experiments and simulations in this work yield consistent results,
and the application of guide vane models compared to a base model can improve the performance of diesel

engines.

INDEX TERMS Computational fluid dynamics, flow characteristics, guide vane, steady-flow test.

I. INTRODUCTION

Stringent environmental regulations and fuel economy stan-
dards are a part of technological progress [1]. With increas-
ingly stringent emission requirements, emission targets will
be the most challenging task in the near future [2]. Most small
and medium-sized high-speed diesel engines use semi-open
combustion chambers, which require strong intake swirls [3].
The intake port plays a very important role in the diesel engine
intake system [4], [5]. Two parameters are important to evalu-
ate the flow characteristics of diesel engines: flow coefficient
and swirl ratio. The flow coefficient describes the intake
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capacity of a diesel engine. The swirl ratio greatly affects the
fuel air mixing, premixed combustion, diffusion combustion
and combustion stability of diesel engines [6]. However, the
swirl organization in a diesel cylinder mainly depends on the
shape of the intake port, and there is a contradictory effect
between flow coefficient and swirl ratio. Therefore, it is very
difficult to simultaneously improve both parameters [7]. Gen-
erally, the flow characteristics of diesel engines are improved
by increasing one of these two parameters while the other
remains constant or slightly decreases.

The intake swirl directly affects the mixture of oil and gas,
combustion, power, economic performance and emissions of
the engine [8]. In recent years, related research on improv-
ing the swirl ratio of diesel engines has been performed by

VOLUME 9, 2021


https://orcid.org/0000-0002-1365-0980
https://orcid.org/0000-0002-1585-109X
https://orcid.org/0000-0002-2207-5308
https://orcid.org/0000-0002-8364-8886
https://orcid.org/0000-0002-3258-7278

H. Kui et al.: Performance of a Twin-Intake Diesel Engine With Guide Vanes During an Intake Stroke

IEEE Access

researchers in various countries. Du and Li [9] studied how
the parameters of guide vanes in swirlers for diesel engines
affected the air flow between the vanes. Xin er al. [10]
developed a new variable, i.e., the swirl intake manifold, for
a 4-valve direct-injection diesel engine by installing a swirl
control valve in the intake manifold. Bari et al. separately
investigated the effect of guide vanes with different angles
[11], [12], lengths [13], and heights [14], [15] and in different
numbers [16], [17], which were installed in front of the
intake runner, on the performance of a compression ignition
(CI) engine [18]. The authors found that guide vane models
could improve the performance of and reduce emissions from
compression ignition engines. In general, a guide vane has 4
main parameters: vane angle, vane length, vane height and
vane number. To produce a guide vane with the best design,
all parameters must be optimized.

However, previous studies evaluated the effect of only a
single parameter on the diesel engine performance, while the
other parameters remained unchanged. The mutual interfer-
ence among the parameters of the guide vanes is very impor-
tant. Interferences among different parameters will impact
the resulting engine performance, but it is difficult to directly
study the interference among various parameters of the guide
vane in the intake. Therefore, a test bench with CFD simu-
lation for study. The CFD simulation can show the distribu-
tion of various flow fields in the cylinder, which cannot be
achieved in bench tests. Many scholars use CFD to analyze
the intake flow characteristics to design and investigate the
intake port [19]-[21].

This study overcomes the shortcomings of previous stud-
ies. Consider the mutual interference among various param-
eters, we mainly focus on multiple guide vane parameters,
which can be varied together to enhance the performance of
a diesel engine by analyzing the flow characteristics of the
intake and flow field distribution in the cylinder. Therefore,
the vane length, vane height and vane angle were optimized,
while the vane number remained fixed in this study. The
guide vane parameters were determined by a uniform design
method. The flow field of the guide vane models was ana-
lyzed by CFD simulation. Then, a steady-flow test bench with
a twin-intake diesel engine was run with the vanes installed
in front of the intake port. The effect of the guide vanes on
the swirl ratio and flow coefficient was analyzed. This study
combines the simulation and experimental results. The flow
characteristics without and with guide vanes were compared
to explore the effect of these designs. Finally, the effects of
different designs on different valve lifts are studied, and the
guide vane parameters with the best comprehensive effect
are determined, which provides a theoretical reference to
improve the performance of the diesel engine. The details of
these processes are described in the following section.

Il. TEST DESIGN

A. TEST PROCESS

In this article, the test design is based on a uniform design
to study the effect of the guide vanes on the performance
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FIGURE 1. Flowchart of the overall process.

of dual inlet diesel engine during the intake. The overall
process is shown in Fig. 1. First, to increase the swirl of the
twin-intake diesel engine, the parameters of the guide vane
are determined by the uniform design. Then, the guide vane
models are established to conduct the CFD simulation and
steady-flow test. Finally, by analyzing the effect of the guide
vane on the flow characteristics of the twin-intake diesel
engine, the optimal guide vane parameters were determined.

B. DESIGN OF GUIDE VANE

Several factors were considered in the guide vane design. In
theory, a larger vane angle obstructs the airflow more. Fur-
thermore, the surface area of the guide vane depends on the
vane length and vane height, which are positively correlated
with the swirl ratio and negatively correlated with the flow
coefficient. In this study, the uniform design method was used
to determine the guide vane parameters. The uniform design
method is an experimental design method, where a group of
points is sampled from a given set of points to uniformly
scatter the sampled points [22]. The sampled point values
obtained with the uniform design evenly scatter and do not
depend on one another [23], [24]. The uniform design method
ensures that all available information is obtained, and the
number of required experiments is minimized [25]. If there
are n factors and q levels, ¢" pairs of different values can
be found. We can select q pairs of values that can evenly
scatter over the ¢" pairs of values by the uniform design
method. Lu et al. used the uniform design to obtain test points
and response surface, which were used in the design of a
turbofan engine [26]. He et al. studied the comprehensive
evaluation of the sound quality by a uniform design method,
which can accurately provide the ranks of sound stimulation
[27]. The number of levels is more than twice the number
of factors to satisfy the uniform design criteria. In this study,
the number of factors was 3, and the levels per factor were 9.
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TABLE 1. Uniform design scheme.

TABLE 2. Basic specifications of a CA4DD diesel engine.

Design Number Height (mm) Length (mm) Angle (°) Parameters Details
1 1.5 60 36 Engine model FAW-Dalian Diesel CA4DD
2 3.0 45 32 Stoke 104.9 mm
3 4.5 30 28 Bore 95.4 mm
4 6.0 65 24 Number of cylinder 4
5 7.5 50 20 Number of valve 4
6 9.0 35 16 Displacement 2999 L
7 10.5 70 12 Intake diameter 29.6 mm
8 12 33 8 Length of connecting rod 162 mm
9 13.5 40 4
~&—Surge tank
Therefore, the uniform design table Uj (9%) was selected. _,-Tangential Intake Port

More details about the uniform design method are shown in
the literature [28]-[30].

Considering the shape of the intake port, the number of
guide vanes was determined to be 4, which were arranged at
90° to each other in front of the helical intake port. Therefore,
there were 3 variable parameters of the guide vane in this
study: vane length (H), vane height (L) and vane angle (9).
Referring to Du and Li [9], Xin et al. [10], and Bari and
Saad [11]-[16], this article determined the value range of the
three factors. According to the actual size, the vane height
was 1.5-13.5 mm with steps of 1.5 mm, the vane length
was 30-70 mm with steps of 5 mm, and the angle was 4-36°
with steps of 4°. There were 9 levels per factor. According
to the uniform design use table, the uniform design scheme
of this study was determined, as shown in Table 1. There
were 9 sets of designs with different heights, lengths and
angles. We numbered these designs from 1 to 9. For iden-
tification purposes, the names of different guide vane designs
were composed of the height, length and angle; for exam-
ple, H1.5-L60-036 indicates a height of 1.5 mm, a length of
60 mm and an angle of 36°, as shown in design number 1 of
Table 1. Other designs were similarly named.

Ill. CFD SIMULATION

This study used CATIA to draw the simulation model under
different valve lifts. The simulation model was imported
into the CFD software in.STP format to simulate different
designs with and without a guide vane. Ten simulation models
were run, including 1 base model without a guide vane and
9 guide vane models with different guide vanes. There were
3 important processes in the simulation: drawing the simu-
lation model, setting the boundary conditions and postpro-
cessing the simulation data. The details of the simulation are
explained in the next section.

A. SIMULATION MODEL
In this study, the base model for simulation was established
according to a FAW-Dalian Diesel CA4DD diesel engine.
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FIGURE 2. Guide vane model and the corresponding diagram.

A CA4DD diesel has two intake ports: a helical intake port
and a tangential intake port. Different port combinations had
different effects on the flow coefficient and swirl ratio [31].
The detailed basic specifications of a CA4DD diesel engine
are provided in Table 2.

The guide vane model and corresponding diagram are
shown in Fig. 2. According to the research in this field,
the same assumption was made in this study as in previous
studies. Nonuniformity between cylinders was ignored. It
was assumed that the airflow between cylinders was evenly
distributed, so that it could be simulated by one cylinder.
Because of the intake process, assuming that the exhaust
valve was closed, the exhaust valve and exhaust runner were
omitted and replaced with a plane to reduce the computing
domain of the model and computing time. By compromising
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on these factors, the base simulation model has 4 main parts:
a surge tank, a cylinder, an intake runner and an intake valve.
The intake runner and intake valve of the base simulation
model were drawn according to the actual diesel engine size
to ensure that the simulation model was as close in shape to
a real diesel engine as possible. The cylinders of the base
simulation model were drawn in accordance with the actual
dimensions and extended to 2.5 times the actual size to ensure
the convergence of the model and reduce the backflow at the
outlet. Since the helical intake port is mainly used to generate
intake swirls, the guide vane was installed in front of the
helical intake port of the base model.

B. SIMULATION SETTINGS

In XFLOW, a numerical study was performed for the intake
process of twin intake ports in diesel engines, which is a uni-
directional flow process, using the lattice-Boltzmann method
(LBM). The LBM describes the motion of aerodynamic
molecules through discretization and uses a regular grid to
decompose the fluid domain into a set of lattice nodes. The
fluid is modeled as a set of fluid particles that can move
only between lattice nodes. The composition of the lattice
nodes depends on the selected lattice model [32]. The lattice
model for 3D simulations uses a cubic lattice with 15 discrete
velocity directions [33]. The turbulence model adopts a large
eddy simulation (LES) in a 3D spatial domain for different
valve lifts. LES is a new numerical technique to study the
transport of momentum and scalars under turbulence at high
Reynolds numbers [34]. All turbulent structures larger than
the filter scale are decomposed [35]. The governing equation
of the LES model is generally obtained by filtering based on
Navier-Stokes equations.

For simulation through XFLOW, step-independent and
particle-independent analyses should be performed first. The
details of the analysis and settings were described in previous
studies [36]. The entire simulation model established in this
study was set as a computational domain to calculate the fluid
flow. Regional refinement with different accuracies was per-
formed for regions with complex structures and small sizes to
save computing resources and computing time. Three regions
were refined: at the intake port, near the valve and at 1.75D
(a distance 1.75 times the cylinder diameter from the top of
cylinder). Fig. 3 shows the domain structure of the simulation
model. This is a unidirectional flow process. The locations of
the inlet and outlet are shown in Fig. 3. The pressure bound-
ary condition was induced for the inlet and outlet. For the
boundary condition, the pressure inlet is applied at the entry
surface of the surge tank, and the pressure outlet is applied at
the bottom surface of the cylinder. Other geometries are set as
wall boundary conditions. The interior of the entire geometry
is a fluid domain. The refinement algorithm uses adaptive
refinement. Suppose that air is an ideal gas. The stability
parameters tend to rapidly stabilize and be far less than 1. The
detailed simulation boundary condition settings are shown
in Table 3.
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FIGURE 3. Domain structure of the simulation model.
TABLE 3. Boundary condition settings.
Boundary condition Details
Inlet boundary condition 99350Pa
Outlet boundary condition 94350Pa

Refinement algorithm adaptive refinement

Resolved scale 3 mm
Resolved scale of Regionl 1.5 mm
Resolved scale of Region2 0.75 mm
Resolved scale of Region3 1.5 mm

Viscosity model Newtonian

Dynamic viscosity 0.000017894 Pa * s

Operating temperature 288.15K

C. SIMULATION RESULTS

First, the flow characteristics of the base model with different
valve lifts were investigated. Each model simulated 5 valve
lifts: 2, 4, 6, 8, and 10 mm. Next, 9 guide vane models
were studied: H1.5-L60-636, H3-L45-632, H4.5-L30-628,
H6-L65-624, H7.5-L50-620, H9-L35-616, H10.5-L70-612,
H12-1L.55-68, and H13.5-1.40-64. Because the flow charac-
teristics during the intake stroke affect the flame spreading
velocity, combustion stability, and combustion efficiency, this
article focuses on the region of the intake stroke. Investiga-
tions have shown that certain flow structures produced during
the intake process persist through the compression stroke and
enhance the air and fuel mixing near the top dead center [37].
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The results of all 9 guide vane models were presented and
compared to the base model with no guide vane. In addition,
the in-cylinder flow field distributions of several models were
analyzed. During the simulation, the swirl ratio was calcu-
lated by simulating the speed of the vane anemometer and
engine. The dimensionless swirl is:

Ne="2 ()
n
where np is the vane anemometer speed, and » is the engine
speed.

In the simulation, the simulated speed of the vane
anemometer was the rotation speed of a gas in rigid motion
at the position of the vane anemometer in the experiment.
Moreover, the vorticity is defined as the curl of the velocity
and can be interpreted as twice the average angular velocity
of a fluid element [38]. Thus, the simulated speed of the vane
anemometer can be obtained. Furthermore, the axial velocity
of gas in the simulated cylinder is used to replace the average
speed of the piston. The engine speed can be obtained from
the relationship between the average speed of the piston and
the engine speed. The obtained engine speed is as follows:

. 30-m @)
0-A-S
where S is the piston stroke, A is the transverse-sectional area
of the cylinder, and m is the inlet mass flow.
The flow coefficient is determined from (3):

Cf _ Myeal 3)
mip

where m,. 1s the real inlet mass flow, and my, is the theoret-
ical inlet mass flow. More details about Cy can be found in
the literature [39].

In XFLOW, the real inlet mass flow can be directly output.
The flow velocity multiplied by the transverse-sectional area
yields the theoretical mass flow, which is determined by only
the transverse-sectional area and differential pressure in the
simulation. The absence of a vane anemometer in the simula-
tion decreased the fluid resistance loss and slightly increased
the swirl ratio, especially with a low valve lift. Below a valve
lift of 2 mm, the swirl ratio greatly fluctuated and had poor
comparability, as shown by both simulation and experiment.
Thus, the flow characteristics with valve lifts of 4, 6, 8, and
10 mm were determined and compared.

As shown in Fig. 4, the simulated swirl ratio for different
guide vane designs greatly fluctuated under the same valve
lift, which illustrates that the guide vanes greatly affected the
swirl ratio. There are two stages to simulate the swirl ratio and
valve lift, and the 4-mm valve lift serves as a boundary point.
The fluid resistance loss was lower in the simulation than in
the steady-flow test. Therefore, the swirl ratio was slightly
larger in the simulation, while the valve lift fell below 4 mm.
When the valve lift was higher than 6 mm, the simulated
swirl ratio gradually increased when the valve lift increased.
Fig. 4 shows that the swirl ratio of most guide vane models
cannot exceed that of the base model at a 4-mm valve lift.
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FIGURE 5. Simulated flow coefficient for different guide vane designs
and valve lifts.

However, design 4 H6-L65-624 could obviously improve the
swirl ratio compared to the base model at a 4-mm valve
lift. When the valve lift exceeded 6 mm, most swirl ratios
produced by different guide vane models were greater than
that of the base model. Furthermore, design 5, H7.5-L.50-620,
had the highest swirl ratio with the 6-mm and 8-mm valve
lifts and second best swirl ratio with the 10-mm valve lift.
Design 6, H9-L.35-016, had the highest swirl ratio with the
10-mm valve lift.

Fig. 5 shows the simulated flow coefficient for differ-
ent guide vane designs and valve lifts. The flow coefficient
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FIGURE 6. View location.
marginally changed. The guide vane models could not

increase the flow coefficient over the base model, which
lacked a guide vane. However, the flow coefficients of some

valve lift base model

2mm

6mm

10mm

guide models improved compared to that of the base model
at some valve lifts. The flow coefficient of the guide vane
models differed within 5% from that of the base model. Over
a definite range, there is a linear relationship between swirl
ratio and flow coefficient: if one parameter increases, the
other decreases [40]. In this study, most guide vane models
improved the swirl ratio compared to the base model and
slightly affected the flow coefficient, which could be ignored.
Therefore, the guide vanes produced a meaningful effect.

D. DYNAMIC CHARACTERISTICS OF THE IN-CYLINDER
DURING THE INTAKE STOKE

The main objective of this study was to explore the effect of
guide vanes on the performance of a twin-intake diesel engine
during the intake stroke and determine the optimal design.
The simulation results show that design 4 (H6-L65-624),

H6-L65-624 H7.5-L50-620 H9-L35-016 ms

L »

l 10.00

- 7.50

-11.25
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0.00
/" e

15.00

FIGURE 7. Flow velocity distribution for different designs and valve lifts.
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FIGURE 8. Comparison of the flow velocity for different designs and valve lifts.

design 5 (H7.5-L50-620) and design 6 (H9-L35-616) pro-
duced the most obvious improvements. Thus, this section
further analyzes the flow field distribution of velocity and
vorticity in the base model and optimized guide vane models.
Fig. 6 shows the location of the transverse section to evaluate
each physical quantity.

All transverse sections were viewed from the same posi-
tion. The experimental flow characteristics were studied on a
steady-flow bench with a vane anemometer at 1.75D. There-
fore, the velocity and vorticity along the transverse section
at 1.75D were selected for analysis. The dynamic character-
istics of the in-cylinder during the intake stroke are shown
in Figs. 7 and 9. Each column shows the physical quantity
distribution under different valve lifts for the same designs,
and each row represents the physical quantity distribution
of different designs for the same valve lift. The flow field
is colored according to the magnitude of the field on the
cutting plane. The physical quantity vectors are visualized on
a cutting plane. Details of the physical quantity vector field
are represented by arrows; the arrow density and length can be
customized. The isocontours are shown on the cutting plane.

For the velocity distribution, we pay attention to the loca-
tion of the high-speed area and uniformity of the velocity
distribution. From the flow velocity distribution for different
designs and valve lifts in Fig. 7, the flow velocity increases
with the increase in valve lift, and the high-speed distribution
areas of different designs are different, so the guide vanes
will affect the spatial distribution of the velocity in the cylin-
der. When the valve lift increases, an obvious high-speed
concentrated area appears. Compared to the basic model,
the high-speed area of the guide vane modes is relatively
high and concentrated. When the valve lift increases, the
flow field obviously rotates in a clockwise direction, and the
regularity is stronger. Hence, the guide vane has a better effect
on organizing air flow. The uniformity of the flow velocity
distribution is poor when the valve lift is high. There are
differences in different designs and valve lifts. At the 2-mm
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valve lift, the flow velocity hardly changes and is relatively
uniform. When the valve lift is 4 mm and 6 mm, Design 4
(H6-L65-624) has more high-speed areas and a uniform flow
rate. When the valve lift is § mm and 10 mm, the high-speed
areas of design 5 (H7.5-L50-620) are redundant with other
designs.

Furthermore, the average and maximum velocities increase
when the valve lift increase, as shown in Fig. 8. The pri-
mary cause is that the valve seat decreases the resistance to
flow when the valve lift increases. There is a throttle effect
near the valve seat, and the throttle effect decreases as the
valve lift increases. The guide vane also produces a throttle
effect. The throttle effect is weakened at higher valve lifts.
When the valve lift is 6 mm and 8 mm, the average velocity of
the guide vane models cannot exceed that of the base model.
However, the maximum velocities of the guide vane models
are more focused and larger than that of the base model.
Design 5 (H7.5-L50-620) and design 6 (H9-L35-616) had
better average and maximum velocities at a 10-mm valve
lift than at the other valve lifts. The guide vane affects the
velocity distribution of the flow field and increases the high-
speed area, which is conducive to the formation of a mixture.

The flow vorticity variations are shown in Fig. 9. The
arrangement is similar to that in Fig. 7, except the physical
variable of the field is the vorticity. As stated earlier, the
vorticity is defined as the curl of the velocity vector, which
is twice the angular velocity in units of s~! (s is the time
in seconds). Swirl is a type of structure form of the vorticity
field. In diesel engines, a larger and more concentrated vor-
ticity is more conducive to form its rapid rotational motion to
organize the air movement in the cylinder well and improve
the fuel-air mixing rate and combustion rate of the diesel
engine. As shown in Fig. 9, the vorticity distribution follows
a similar trend as the velocity distribution, which increases
when the valve lift increases. When the valve lift is 2 mm, the
vorticity distribution of the guide vane model is more uniform
than the basic model and concentrated in the middle of the
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FIGURE 9. Flow vorticity distribution for different designs and valve lifts.

cylinder. When the valve lift increases, the vorticity of the
guide vane model is more evenly distributed in the cylinder,
especially when the valve lift is 10 mm, which is conducive to
the formation of mixed gas, improves the combustion quality,
increases the fuel efficiency and reduces pollutant emissions.
As shown in Fig. 10, most of the guide model models have
better average vorticities than the base model, except for the
2-mm valve lift. For the maximum vorticity, the improvement
provided by design 4 (H6-L65-624) with the 4-mm valve lift
is better than that of the other designs; above a 6-mm valve
lift, design 5 (H7.5-L50-620) provides the best effect; at a
10-mm valve lift, design 6 (H9-L35-016) provides the best
effect.

IV. EXPERIMENTS

A steady-flow bench test is considered an industry standard
for these types of measurements [41]. The steady-flow test
is a valuable method to evaluate the performance of engine

VOLUME 9, 2021

intake ports [42]. At present, there are 4 main evaluation
methods: AVL method, FEV method, Ricardo method and
SwRI method [43]. Readers are encouraged to refer to more
details on the above techniques in the literature [44], [45].
In this study, based on a practical structure of a twin-intake
system for a diesel engine, a steady-flow bench was reason-
ably simplified and established. The performance of the twin-
intake diesel engine was evaluated by the AVL method.

A. FABRICATION OF THE GUIDE VANES

Based on the simulation results, design 4 (H6-L65-624),
design 5 (H7.5-L50-020) and design 6 (H9-L35-616) pro-
duced the best effects with different valve lifts. In the exper-
iments, all simulation designs were validated to ensure a
comprehensive study of the effect of guide vanes on the flow
characteristics of diesel engines. Individual guide vanes were
constructed with different heights and lengths according to
Table 1, and the corresponding angles were adjusted when
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FIGURE 12. A guide vane installation in an experiment.

they were installed in front of the helical intake port. The
section in front of the intake port was prepared by 3D print-
ing according to the real dimensions. The fabricated guide
vanes and their installation in the experiment are illustrated
in Figs. 11 and 12.

B. EXPERIMENTAL SET-UP
The intake port was designed based on the swirl ratio and flow
coefficient determined in the steady-flow test and was used to
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FIGURE 13. Schematic diagram of the steady-flow test bench.

evaluate the performance of the intake port. The schematic
diagram of the steady-flow test bench is shown in Fig 13,
which was mainly composed of a cylinder head, a cylinder
liner, a vane anemometer, a counter, a pressure gauge, a surge
tank, a flowmeter, a vacuum pump and a bypass valve. In this
experiment, the vacuum pump maintained the pressure dif-
ference between the inside of the bench and the atmospheric
pressure to a certain range. When air enters the cylinder
through the guide vane along the intake port, an intake swirl is
generated and makes the vane on the vane anemometer rotate.
The rotational speed of the vane anemometer is counted
by the counter. There are flowmeters and pressure gauges
on the test bench to measure real-time parameters during the
experiment.

The sensors are connected to the required test parts. After
the equipment is started, the pressure and temperature gen-
erated inside the components are used to determine whether
the indicators satisfy the requirements. Then, the measured
parameters and results are recorded and displayed on the
console. The operation range and uncertainties of the main
components are shown in Table 4. During the test, the base
model without a guide vane was run on the test bench first,
and the performance was taken as the baseline. The valve lift
was adjusted from 2 to 10 mm by adjusting the bolt, and the
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TABLE 4. Operation range and uncertainties of the main components.

Components Operation range Uncertainties
Vane anemometer 1-9999 r/min +15r/min
pressure gauge 0-14 kPa +0.07 kPa
flowmeter 0-2720 m*h +10 m3/h
vacuum pump 9.8-98 kPa +4.9 kPa
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o 0.7 1 L L
= ] = i |-
= B |
& 0.6 slle JEHE BE
E | | | H
2 0.5 ]
m ] —
£ 0.4 1
= ok
o ]
E 0.3
=
& ]
w 0.2
= |
0.1
0.0
4 6 8 10

Valve Lift(mm)
design: [Joase model  [JHLS-L60-036 [JH3-L45-032  [JH4.5-L30-028 [JH6-L65-024

[H7.5-L50-020 [JHO-135-616  [_JH10.5-L70-012 [JH12-L55-68 [JH13.5-L40-04

FIGURE 14. Experimental swirl ratio for different guide vane designs and
valve lifts.

step was 2 mm. The console desk recorded the relevant data
after each operation. Then, the 9 fabricated guide vanes were
installed on the base model and individually tested according
to the above procedure. Finally, the data were sorted, com-
pared and analyzed. The detailed results are described in the
following section.

C. EXPERIMENTAL RESULTS

Fig. 14 shows the experimental swirl ratio for different guide
vane designs and valve lifts. Because of different flow pat-
terns and mechanisms under different valve lifts [46], [47],
the main flow state through the valve changes. When the
valve lift is small, the airflow adheres to the surface of the
valve. When the valve lift increases, the airflow gradually
separates from the valve. We find that the diesel engine gas
flow in this article can stably exist after the 4-mm valve
lift. The swirl ratio greatly fluctuates below valve lifts of
2 and 4 mm, which is similar to the simulation results; the
presented experimental results are for valve lifts of 4-10 mm
with steps of 2 mm. Similarly, the experimental swirl ratio
gradually increases when the valve lift increases. As shown in
Fig. 14, all guide vane models have better experimental swirl
ratios than the base model except at a valve lift of 4 mm. At
4-mm valve lift, most of the designs offer better performance
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FIGURE 15. Experimental flow coefficient for different guide vane
designs and valve lifts.

than the base model. Design 4 (H6-L65-624) offers the best
performance improvement overall, especially at higher valve
lifts. Design 5 (H7.5-L50-620) produces the second best
experimental swirl ratio. The highest recorded experimental
swirl ratio is achieved with design 4 (H6-L65-024) with a
maximum improvement of approximately 45% at a 10-mm
valve lift. These results show that the guide vane models have
better experimental swirl ratio than the base model without a
guide vane, especially at high valve lifts.

Fig. 15 shows the experimental flow coefficient for differ-
ent guide vane designs and valve lifts. The flow coefficient
increases when the valve lift increases primarily because the
resistance loss gradually decreases with the valve lift. The
analysis of the experimental flow coefficient for all designs
reveals that none of the flow coefficients of the guide vane
models was better than that of the base model primarily
because the guide vane restricts the intake air flow. Compared
to the base model, the flow coefficient of all guide vane
models was slightly reduced. Thus, the guide vane acts as a
slight barrier to the airflow. However, the maximum reduction
in the experimental flow coefficient compared to the base
model is approximately 3% and was obtained with design 4
(H6-L65-624) at a 10-mm valve lift. Hence, the guide vane
slightly affects the flow coefficient of a twin-intake diesel
engine, but this effect can be ignored.

V. COMPARISON OF THE SIMULATION AND
EXPERIMENTAL RESULTS

Fig. 16 shows a comparison of the experimental and simu-
lated swirl ratios for different designs and valve lifts. The
experimental and simulation results are consistent. However,
the simulated swirl ratio is slightly higher than the experi-
mental one, especially at a low valve lift. The major cause
of this difference is that the vane anemometer hinders the
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airflow in the steady-flow test. As mentioned earlier, the fluid
movement is different under different valve lifts, which have
a greater impact at low valve lifts, but the simulation and test
have good consistency at high valve lifts. Both experimental
and simulated swirl ratios increase with increasing valve lifts,
except in the simulation of a 4-mm valve lift. The maximum
experimental and simulated swirl ratios were achieved with
different designs. One of the reasons is that the simulation
used a simulated speed instead of the actual speed, which
produces errors. In addition, the uniform design determines
the optimized design, which is not the optimal design, and
the real optimal result may be somewhere between the two
optimized designs.

Fig. 17 shows a comparison of the experimental and sim-
ulated flow coefficients with different designs and valve
lifts. The experimental and simulated flow coefficients show
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similar trends and are consistent with each other. Both exper-
imental and simulated flow coefficients increase when the
valve lift increases. Moreover, the simulated flow coefficient
is slightly higher than the experimental value, especially for
the 4-mm valve lift, due to the same reason as for the above
swirl ratio results. The vane anemometer hinders the airflow
in the steady-flow test, and there is no vane anemometer in
the simulation.

VI. CONCLUSION

In this research, we performed experiments and simulations
to investigate the effect of guide vanes with different lengths,
heights and angles, which were installed in front of a helical
intake port, on the flow characteristics of a diesel engine with
twin intake ports. The main conclusions of this article are
presented below:
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1. During the intake stroke, the flow coefficient increases
when the valve lift increases. The guide vane appears to pro-
vide resistance to the airflow, and the flow coefficient of the
guide vane models is slightly reduced by approximately 3%
at most. The effect of the guide vane on the flow coefficient
is negligible. The experimental and simulation results are
consistent.

2. The swirl ratio increases when the valve lift increases,
especially at a high valve lift. The guide vane models greatly
affect the swirl ratio. Moreover, identical guide vane models
with different valve lifts have different effects. The optimal
guide vane models for different valve lifts are not the same.

3. Compared to the base model, the swirl ratio aver-
age increase of guide vane models is 21%. The maximum
increase is 39% when the guide vane height is 6 mm, the
length is 65 mm, and the angle is 24°; when the guide vane
height 7.5 mm, length of 50 mm and angle of 20°, average
increase followed by 27%. The average reduction rate of
discharge coefficient is less than 2%.

4. The effect of the guide vane on the flow coefficient
was small, but the influence on the swirl ratio was consid-
erable. Considering the trade-off relationship between flow
coefficient and swirl ratio, it can be considered that the guide
vane model can promote the flow characteristics of the per-
formance of a twin-intake diesel engine.
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