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ABSTRACT

This paper presents the research results on the strength of materials and power of the Toyota 3C engine
when changing the structure and number of blades of the compressor wheel in the turbocharger. 3D
models of different compressor wheels were created using reverse engineering and then simulated in the
ANSYS environment with turbine shaft rotation speeds of 10,000, 15,000, and 20,000 rpm, respectively, to
examine the strength of the compression wheel materials. To evaluate engine power, compressor wheels
were machined on a 5-axis CNC milling machine. The MP 100S specialized test bed was used to perform
experiments and compare engine power when using the original and alternative compressor wheels of the
CT9 turbocharger. The compressor wheels were made of aluminum alloy, with a structure and number of
blades selected to ensure durability when working. The CT9 turbocharger has a four-pair blade

compressor wheel that consistently delivers higher engine power than in other cases.
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I.  INTRODUCTION

A turbocharger is a device operated by the engine's exhaust
gas that increases engine efficiency by compressing air into the
combustion chambers, making the combustion process more
thorough and helping not only save fuel but also reduce
emissions that pollute the environment. This device allows
more air to be compressed into the engine cylinder, resulting in
higher combustion efficiency and increased engine pressure.
When heat energy is supplied to a non-turbocharged engine,
only 30-40% is converted into useful power, and the physical

heat of the external exhaust gas accounts for approximately 40-
50%. Using a turbocharger, high-temperature exhaust gases
create power before being discharged to drive the turbocharger
compressor, increasing the useful power and improving engine
fuel consumption. The turbocharger is a device that recovers
part of the energy of the exhaust gas, and this recovered energy
accounts for 5 to 10% of the total heat energy supplied to the
engine [1-3]. Compressor wheels are one of the main
turbocharger components and have a very special structure
with freely curved surfaces. The design and manufacturing of
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turbochargers is a technological secret of manufacturers
specializing in automobile and aircraft engines.

Due to the great efficiency that turbochargers bring to
different types of engines, research on turbocharger-related
content is still a topic of great interest [1-3]. In [4], reverse
engineering and rapid prototyping techniques were integrated
into the Stereolithography Apparatus (SLA) technique [4] to
manufacture turbocharger blades. The SLA technique provides
flexibility in design at reduced costs and can be used for
visualization and mechanical testing. In [5], the stress on the
turbine blades of a turbocharger used in a 118 kW automotive
diesel engine was investigated and three different materials and
7-11 blades were examined. The model was created using Solid
Works and analyzed in ANSYS 16.0. SolidWorks, Inventor,
CATIA software, and others have been used in many design
and simulation studies, while ANSYS is used to analyze the
von Mises stress structure, displacement, and total deformation
of the turbocharger compression wheel [6-8]. Several studies
have investigated materials for the manufacture of compression
wheels, but aluminum alloy is still the main choice [2-4, 6-8].
There are currently three main methods for machining
compressor and turbine wheels: casting, milling on CNC
machines, and metal 3D printing. Among them, casting is the
classic and most popular manufacturing method [9]. In [4, 10,
11], reverse engineering methods were used to create point
cloud files of sample designs, and the machining was
programmed in Mastercam software and performed on a 5-axis
CNC milling machine. Most previous studies focused only on
design and simulation research, with very little mention of
compression wheel manufacturing. In addition, most of the
studies used reverse engineering methods to design
compression wheels. This study inherited these approaches to
manufacture compression wheels on a 5-axis CNC milling
machine and test engine power on specialized MP 100S
equipment.

II. THE COMPRESSOR WHEEL

The turbocharger consists of two main parts: the turbine
housing and the compressor housing. The internal structure of
the turbocharger includes the turbine wheel, bearings, shaft,
compressor wheel, exhaust gas inlets to the inlet manifold and
exhaust system, oil supply, oil return, etc. The turbine and
compressor wheels are located in separate compartments
connected through a central shaft [12]. The turbocharged
engine compressor allows more fuel to be loaded, increasing
the engine's power. In addition, high intake air pressure
improves mixture formation and the combustion process in the
engine. In general, turbocharging is an effective measure to
increase engine power, allowing improvement of indicators
such as reducing the entire engine volume per unit of capacity,
reducing the specific weight of the entire engine per unit of
power, reducing production costs per unit of power, improving
engine efficiency, and reducing harmful emissions [1-3]. This
study used a CT9 turbocharger from a Toyota 3C engine with a
2.2 1 capacity, a maximum torque/rotation speed of 188-
216/1800-2600 Nm/rpm, and a power of 65-67/40000 kW/rpm
[13].

A. Turbocharger Compressor Pressure and Velocity

The theoretical basis for the design, simulation, and
fabrication of turbocharger compressor wheels is [3]:

e Air enters the compressor at a mean radius with a low
velocity V1 and atmospheric pressure P;.

e Then, its velocity and pressure increase at V, and P,,
depending on the centrifugal action of the impeller.

e The air enters the diffuser where its velocity is reduced to
V3 and pressure increases to Ps.

B. Compression Wheel Design

This study investigated the structure and number of blades
of the compression wheel. Specifically, instead of the
compressor wheel having 4 pairs of blades like the CT9
turbocharger model, as shown in Figure 1(a), this study used 3,
4, and 5 blades, as shown in Figure 2(b-d). The blades had the
same shape and surface parameters as the main blade of the
sample compression wheel. Reverse engineering was used to
design compression wheels as shown in Figure 1 [11, 14]. The
structural characteristics (von Mises stress and effective strain)
of the compressor wheel sample using aluminum alloy
materials were analyzed using ANSYS 2024. The ANSYS
Mechanical package was used to define the geometry of the
turbine wheel model. The boundary conditions are applied on
the compressor wheel, which has a fixed support at the tip of
the turbine wheel and the surface of the shaft. Tangential and
radial forces are applied to the surface of the blades, and the
rotational speed is applied to the surface of the shaft. Figure 2
shows the mesh models with the medium size element.
Simulations were performed with turbine shaft rotation speed
(and compressor wheel shaft) of 10,000, 15,000, and 20,000
rpm, respectively.

© (d)

Model CT9 compression wheel designs.

Fig. 1.

www.etasr.com

Danh et al.: Evaluation Strength of Materials of the Compressor Wheel and Engine Power in ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 4, 2024, 15734-15738 15736

Fig. 2. Mesh models of compressor wheels.

C. Compression Wheel Manufacturing

This study used A6061 aluminum alloy to manufacture the
compression wheels, as it has the following characteristics:
good corrosion resistance, low melting temperature, tensile
strength of 291 MPa, conventional yield strength of 241 MPa,
and hardness of 97 HB. Casting is the most popular method for
manufacturing turbine and compressor wheels [9]. However, as
there are not many parts that need to be machined, this method
is costly. This study used a 5-axis Haas CNC milling machine
to process the compression wheels, shown in Figures 3 and 4
[10, 15, 16].

Fig. 4.

Compressor wheels machined from CNC machines.

III. EXPERIMENTS

A. Experimental Equipment

This study used a Weinlich MP 100S electromagnetic
engine power testing device. This device has high accuracy
with a wide frequency measurement range and adjustable
parameters. This device can be used to measure engine
revolutions and engine torque, determine engine power, etc.
The device consists of the following main parts: the brake and
measuring cluster that is connected to the engine through a
propeller shaft and to the control assembly through cables and
jacks, the control assembly that includes an internal MP
computer and a control panel, a personal computer, a brake
controller to change brake force to create load for the engine,
and an oscilloscope to display graphs and pulses [17-19].

The machined compressor wheels are dynamically balanced
to ensure stable operation with engine speeds up to 2800 rpm

and shaft speeds of the compressor wheels in the turbocharger
in the range from 10000 rpm to 30000 rpm. Three experiments
were carried out for each compressor wheel: standard four-pair-
bladed (Bl4-4), single 3-bladed (BI13), single four-bladed (B14),
and single 5-bladed (BIS). The average power value of the
motor shaft was obtained as P4-4 (kW), P3 (kW), P4 (kW), and
P5 (kW), respectively. The experimental results were stored on
the computer using DiaW 1.3.

1 il m-
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Fig. 5. Installation of experimental equipment.

The installation of compressor wheels in the turbocharger.

Fig. 6.

B. Engine Capacity Measurement

MP 100S was used to measure the power of the Toyota 3C
engine in the following cases: CT9 turbocharger with standard
compressor wheel (4 pairs of blades, Bl4-4), fixing the CT9
turbocharger and replacing the compressor wheel with a 3-
bladed (B13), a four-bladed (Bl4), and a 5-blade (BI5),
respectively. The implementation procedure was as follows:

1. Install the Toyota 3C engine into the MP 100S device.
2. Check the engine fuel, coolant, and lubricating oil.

3. Connect the brake controller to the MP computer of the
control assembly.

4. Connect the signal transmission cable from the MP to the
personal computer.

5. Turn on the main power switch of the MP 100S device.
6. Calibrate the MP 100S device.

7. Conduct experiments and store results using DiaW 1.3.
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IV. RESULTS AND DISCUSSION

A. Simulation Results

Figure 7 shows the von Mises stress simulation results of
the 3-blade compressor wheel in different rotation velocities.
For a rotational velocity of 10,000 rpm, the maximum von
Mises stress was 3.3662 MPa, located on the rear of the
compressor blade. For a rotational velocity of 15,000 rpm, the
maximum von Mises stress was 4.0057 MPa, located on the
rear of the compressor. For a rotational velocity of 20,000 rpm,
the maximum von Mises stress was 5.0209 MPa, located on the
body of the compressor wheel. Figure 8 shows the simulation
results of von Mises stress of the four-blade compressor wheel
with different rotation velocities. For a rotational velocity of
10000 rpm, the maximum von Mises stress was 3.3706 MPa,
located on the top rear of the compressor blade. For a rotational
velocity of 15000 rpm, the maximum von Mises stress was
5.0937 MPa, located on the body of the compressor blade. For
a rotational velocity of 20000 rpm, the maximum von Mises
stress was 8.0962 MPa, located on the rear of the compressor
wheel.Figure 9 shows the simulation results of von Mises stress
of the 5-blade compressor wheel in different rotation velocities.
For a rotational velocity of 10000 rpm, the maximum von
Mises stress was 2.3767 MPa, located on the top rear of the
compressor blade. For a rotational velocity of 15000 rpm, the
maximum von Mises stress was 3.2049 MPa, located on the top
rear of the compressor blade. For a rotational velocity of 20000
rpm, the maximum von Mises stress was 4.2036 MPa, located
on the rear of the compressor wheel.

o]

15000 rpm 20000 rpm

Fig. 7. Simulation results of von Mises stress of a 3-blade compressor
wheel with different rotation speeds.

I 10000 rpm

15000 rpm

Fig. 8. Simulation results of von Mises stress of a four-blade compressor
wheel with different rotation speeds.

Fig. 9. Simulation results of von Mises stress of a 5-blad compressor
wheel with different rotation speeds.

B. Experimental Results

Figure 10 shows torque and power versus the number of
revolutions for the original four-pair-bladed compressor wheel.
The turbocharger works effectively when the number of
revolutions is in the range of 1600 to 2500 rpm. Table I shows
the summary of the experimental results with the number of
rotation values in the above range [19]. Figure 11 shows the
relationship between power and the number of engine
revolutions corresponding to the compressor wheels of the
turbocharger with different numbers of blades.
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Fig. 10.  Relationship between power, torque, and number of engine
revolutions.
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Fig. 11.  Relationship between power and number of engine revolutions

with different compressor wheels of the CT9 turbocharger.

The average value of engine shaft power corresponding to
each compressor wheel of the turbocharger in Table I and
Figure 11 shows the following:

e After fully opening the throttle to accelerate the engine, at
the time of braking (2400 rpm), the engine power in each
measurement is equivalent.

e When controlling the brake counterclockwise to reduce the
number of engine revolutions, the engine power tends to
increase rapidly, reaching maximum power when the speed
is between 1900 and 2000 rpm.

e When controlling the brake to reduce the engine speed to
1000 rpm, the engine power tends to decrease.

e The turbocharger with a four single-bladed compressor
wheel (Bl4) produces engine power that is always higher
than the other cases when working at speeds above 2000

rpm.
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TABLE L ENGINE POWER MEASUREMENT RESULTS
No | n(rpm) |[P4-4(kW)| P3 (kW) | P4 (kW) | PS5 (kW)
1 1600 6 8 6.8 6.2
2 1700 7 9 72 79
3 1800 9 10 8.8 8.4
4 1900 12 10 8.7 10
5 2000 12 9 10.6 9.7
6 2100 9 8 9.8 6.7
7 2200 6 5 9.4 4.8
8 2300 3 3 6.6 3.1
9 2400 3 3 3.2 2.6

In general, engine power is lower when the turbocharger
compressor wheel is only single-bladed compared to the case
of using the original compressor wheel (4 pairs of blades).
Exceptionally, the turbocharger with compressor wheel Bl4
working at a speed above 2060 rpm and B13 working at a speed
below 1840 rpm has higher engine power compared to the case
of using the sample compressor wheel. The summary of von
Mises equivalent stress analysis and experimental results show
that the compressor wheel with 4 single blades (B14) provides
high engine power but lower strength of material parts when
working at high speed.

V. CONCLUSION

Simulation results showed that with compressor wheels
having three and five single blades, the maximum von Mises
equivalent stress corresponding to different rotation speeds is
below 5.0210 Mpa. In the case of a compressor wheel with four
blades, when the rotation speed is 15,000 rpm, the maximum
von Mises stress is 5.0937 MPa, located on the blade body of
the compressor wheel. When the rotation speed is 20000 rpm,
the maximum von Mises stress is up to 8.0962 MPa, located
behind the compressor wheel. The MP 100S specialized test
bed was used to carry out experiments comparing engine power
when using the designed compressor wheels with the standard
compressor wheel of the CT9 turbocharger. Experimental
results showed that, in general, the engine power is lower when
the turbocharger compressor wheels are single-bladed
compared to when using the standard four-pair-blade
compressor wheel. However, there is an exception with
turbochargers with four (Bl4) and three (BI3) single-bladed
compressor wheels, as they worked better at speeds above 2060
rpm and below 1840 rpm, respectively, as their dynamic power
does not follow the general trend. In addition, at speeds above
2000 rpm, the turbocharger with the Bl4 compressor wheel
produced engine power that was always higher than the other
designs.
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