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Abstract: Problem statement: The technology of turbocharger has been used with internal
combustion engines since 1905 to increase intake air pressure prior to putting it into the cylinders to
increase thermal efficiency of the engine. Based on previous researches and uses of turbochargers, the
pattern of turbocharger installation remains the same, either in series or in parallel. Therefore, this
research aims to study installation of the combined turbocharger. The combined turbocharger set
comprised two turbochargers of the same size having exhaust turbine connected in parallel to let both
turbochargers work simultaneously and having intake air compressor connected in series for two stage
compress. Approach: This research aimed to study the thermal efficiency of a combined turbocharger
set with gasoline engine. The study was done by comparing the thermal efficiency between the
combined turbocharger set and the parallel turbocharger set. The variation of both temperature and
pressure of the intake air and exhaust gas were also investigated. The engine used in the study was
TOYOTA engine model 1JZ-GTE with six cylinders and a total displacement volume of 2,491 cc. The
engine was already installed with parallel turbocharger from the factory, therefore, the thermal
efficiency test of the parallel turbocharger case was conducted first. Then, the engine was modified to
be a combined turbocharger set and tested by the same procedure. The test was run under the speed of
2,000-5,000 rpm. Results: According to the test, the combined turbocharger set gave higher thermal
efficiency than the parallel turbocharger set in all range of speed. At the speed of 2,500, 3,000, 3,500,
4,000, 4,500 and 5,000 rpm, the thermal efficiency of the combined turbocharger set was equal to
39.37, 57.73, 79.30, 67.66, 60.63 and 55.05%, respectively. Meanwhile, the thermal efficiency of the
parallel turbocharger set was equal to 15.40, 22.61, 44.96, 55.21, 56.38 and 52.24%, respectively.
Conclusion: It could be seen that the thermal efficiency of the combined turbocharger set was higher
than that of the parallel set by 2.55 times at the speed range of 2,500-3,000 rpm. The efficiency of the
combined turbocharger would be equal or higher than that of the parallel set by 1.05 times at the speed
of 5,000 rpm.
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INTRODUCTION turbine will

be transmitted via its shaft to the

The technology of turbocharger has been used with
internal combustion engines since 1905 when Alfred
Buechi initiated the idea of using turbocharger with big
sized diesel engines such as boats. In 1920, a smaller
sized turbocharger was used with airplanes of France
and the US. Then, in 1923, a low-pressure turbocharger
was invented to be used with both four-stroke and two-
stroke diesel engines, respectively (Summers, 2007).
Turbocharger is used to increase intake air pressure
prior to putting it into the cylinders to increase thermal
efficiency of the engine. Turbocharger will use exhaust
from the engine to drive the turbine before being
released to the atmosphere. The product from the
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compressor to increase intake air pressure, which then
will increase temperature of the intake air as well. The
intake air with high pressure and temperature will flow
through the intercooler to reduce the temperature and
increase density before moving to the cylinders during
the intake stroke. The intake air pressure as put by the
turbocharger will be in line with the engine speed.
Meanwhile, a wastegate will be installed to prevent the
pressure not to be too high to damage the engine
(Ferguson and Kirkpatrick, 2001). Figure 1 illustrates
the diagram of single turbocharger installation.

Upon the use of single turbocharger, the size of the
turbocharger corresponds to the total capacity of the
cylinders of the engine. Large capacity of the cylinders
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of the engine will have large amount of intake air and
exhaust, which hence will require a large size of
turbocharger as well. Large sized turbocharger will
have greater inertia compared to those of smaller sizes
and will require more energy from exhaust to drive the
turbine. Large turbocharger will be able to function if
the engine speed is higher than small turbocharger;
therefore, smaller turbochargers are installed together in
parallel to make each of them operate at the same time
(Heywood, 1998). Small sized turbochargers allow
operation from the very low engine speed. The engine
used in the study was model 1JZ-GTE of Toyota and
has been installed with a parallel turbocharger set as
illustrated in the diagram on Fig. 2. Another
turbocharger installation type was to connect them in
series (Heywood, 1998). Each turbocharger will
alternatively function in different speed ranges or
might support each other depending on the
manufacturer. The installation of turbocharger in
series is illustrated in Fig. 3.
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Fig. 1: Diagram of single turbocharger installation
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Fig. 2: Diagram of parallel turbocharger installation
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At present, the processes to design and use
turbochargers with engine are calculated by computers
for more accuracy and convenience when it needs to
change any parameters of turbochargers (Watson and
Marzouk, 1977; Watson, 1981; W.interbone and
Backhouse, 1986; Shan-Chin and Goyal, 1986;
Schorn et al., 1987; Ramos, 1989; Payri et al., 1995;
2000; 2001; 2002; Benajes et al., 1996; 1997; 1998;
2000; Galindo et al., 2004). Nevertheless, actual tests
with engine are still required to get correct results and
find any errors made by calculation of computers
(Galindo et al., 2006). Turbocharger technological
research and development will be mostly about
development of flowing fluid through the turbocharger
such as variable diffuser vanes and variable inlet guide
vanes (Jiao et al., 2009). Mohtar et al. (2008) had
studied the use of variable inlet guide vanes towards the
efficiency of compressor and the functioning time of
the turbocharger. Helmet et al. (2004) had studied the
inlet swirl generator device by using Computational
Fluid Dynamics (CFD) and running tests to analyze its
effects to the operational efficiency. The two researches
give importance to improvement of intake air quality
prior to entering the turbocharger, similar to the works
of Uchida et al. (2006) and Galindo et al. (2007). Some
turbocharger technological research and development
works are related to physical improvement of the
turbocharger. Ebisu et al. (2004) had studied and
developed turbocharger in Variable Geometry (VG) as
vane angles could be changed in line with engine speed
while Matsumoto et al. (2008) had developed small
turbochargers with high efficiency suitable to gasoline
engines, which have high exhaust temperature.

Based on previous researches and uses of
turbochargers, the pattern of turbocharger installation
remains the same, either in series or in parallel.
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Fig. 3: Diagram of series turbocharger installation
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Fig. 4: Diagram of combined turbocharger installation

Therefore, this research aims to study installation of the
combined turbocharger. Two turbochargers of the same
size were installed by having exhaust turbine connected
in parallel to let both turbochargers work
simultaneously while having intake air compressor
connected in series for two stage compressed. The
installation diagram is illustrated in Fig. 4. Thermal
efficiency was tested for both types of turbochargers.
The results were compared under the hypothesis that
two steps intake air of the combined turbocharger
would give higher air pressure compared to the parallel
one and thus would result in higher thermal efficiency.

MATERIALS AND METHODS

The research was divided into three parts: (1) to
test thermal efficiency of the parallel turbocharger
installed in the engine to be used as the reference, (2) to
modify the turbocharger to become the combined one
and test its thermal efficiency accordingly and (3) to
analyze and compare the test results. The engine used in
the study was the model 1JZ-GTE of Toyota with six
cylinders and a total displacement volume of 2,491 cc.
The bore is 86 mm and the stroke is 71.55 mm. The
compression ratio is 8.5 with the max power of 206 kW
at 6,200 rpm and the max torque of 363 Nm at 4,800
rpm. Two turbochargers of the model CT12A were
installed in parallel from the factory.

Thermal efficiency test of the parallel turbocharger:
Thermal efficiency of parallel turbocharger could be
calculated from the thermal efficiency of a single
turbocharger by setting the flow of intake air mass
through the compressor to be equal to that of the
exhaust through the turbine as illustrated in Eq. 1:
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Fig. 5: The installation of thermocouples and pressure
gauges for thermal efficiency test of parallel
turbocharger

Based on the equation, thermal efficiency
calculation requires temperature and pressure measured
by equipment from many positions. The installation of
thermocouples and pressure gauges is illustrated in
Fig. 5. Thermocouples type K were used to measure
temperature and Bourdon gauges were used to measure
pressure. Temperature and pressure of intake air and
exhaust were measured at four positions at the same
time. The first position was to measure both temperature
and pressure of intake air at the entrance of the
compressor behind the air filter. The second position was
to measure only temperature of intake air at the intake air
manifold after exiting the compressor. The third position
was to measure both temperature and pressure of the
exhaust at the entrance of the turbine. The last position
was to measure only temperature of the exhaust at the
exhaust manifold after exiting the turbine.

The test was conducted by running the engine at
the speed of 2,500 rpm until the temperature at the exit
of the compressor was stable (Pulkrabek, 2004) before
starting to collect data. Actual speed, temperature and
pressure at each position were measured for three times
to get the average figures. Then, the same tests were
conducted with different engine speeds from 2,500-
3,000, 3,500, 4,000, 4,500 and 5,000 rpm, respectively.
After that, the speed would be reduced from 5,000-
4,500, 4,000, 3,500, 3,000 and 2,500 rpm, respectively.
Therefore, the test would be conducted at 11 speeds
each time and the test would be run for five times to get
the average figures prior to using the average pressure
and temperature for thermal efficiency of parallel
turbocharger at different engine speeds.
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Fig. 6: The installation of thermocouples and pressure
gauges for thermal efficiency test of combined
turbocharger

Thermal efficiency test of the combined
turbocharger: After conducting the tests for thermal
efficiency of the parallel turbocharger, the pipes of
intake air of the turbocharger were modified to make
the turbocharger become a combined one. Thermal
efficiency of the combined turbocharger could be
calculated from thermal efficiency of the single
turbocharger equation. Intake air mass flowing
through the compressor would be equal to two times
of the exhaust flowing through the turbine as shown in
Eq. 2:

T2 (Pt /o) e mer (e e

T! [1-(;»; /p )(Hvk} @

c _
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From the equation, it can be seen that there were
more positions to measure temperature and pressure
than the parallel turbocharger. More thermocouples
and pressure gauges hence were set up as illustrated in
Fig. 6. The tests were conducted similar to the first
step by running the engine 11 times at different speed
for each test to collect data at the actual speed,
temperature and pressure at different positions. The
tests were run for five times to get the average figures
prior to use in thermal efficiency calculation of the
combined turbocharger at different speeds as illustrated
in Fig. 7.
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Fig. 7: Experimental setup

Analysis and comparisons of the tests: Data of
temperature and pressure at different positions collected
from different speeds of both types of turbochargers
were compared and analyzed. Thermal efficiency of
both sets of the turbochargers then were compared at
different speeds and the ratio of thermal efficiency
could be calculated from Eq. 3:

M = 1’1:,:1 /nfh (3)

RESULTS AND DISCUSSION

Intake air pressure at the compressor: Intake air
pressure at the compressor at different engine speeds of
both combined and parallel turbochargers are illustrated
in Fig. 8. For the parallel turbocharger, the intake air
pressure at the entrance of the compressor (line a) was
lower than the atmospheric one and would reduce as the
engine speed increased due to greater attraction at about
101.32-100.00 kPa. After the intake air pressure was
increased in parallel, the pressure at the exit of the
compressor (line b) would increase slightly in the speed
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range of 2,000-2,500 rpm and would soar rapidly in the
speed range of 2,500-4,000 rpm. However, the figure
would be increasing in a slower rate in the speed range
of 4,500-5,000 rpm at about 107.50-160.69 kPa. For the
combined turbocharger, the intake air pressure at the
entrance of the first compressor (line c) tended to be
similar to that of the parallel turbocharger as the
pressure would be lower than the atmospheric one and
would reduce as the engine speed increased. After the
intake air pressure was increased at the first
compressor, the pressure at the exit of the first
compressor (line d) would increase. In the speed range
of 2,500-3,000 rpm, the pressure would be higher than
that of the parallel turbocharger. However, the pressure
of the combined turbocharger would be lower than that
of the parallel one at the speed higher than 3,500 rpm.
The maximum pressure was at 135.81 kPa at the speed
of 4,000 rpm. Lower engine speed would have higher
compressing efficiency while high engine speed would
reduce the efficiency since intake air mass flowing into
each compressor in the combined turbocharger would
be greater than that of the parallel one by about two
times. However, compression in the combined
turbocharger would be made in two steps. The intake
air from the first compressor would be flowing to the
second one, therefore, the intake air pressure after
exiting the second compressor (line e) would be high
even further. As illustrated in the picture, the pressure
would rise rapidly in the speed range of 2,500-3,500
rpm and would remain constant at the speed of 3,500
rpm since the wastegate could function at this range of
speed. The combined turbocharger could increase
intake air pressure more than the parallel one in the
tests at all ranges of speed. The figure was about
109.50-130.99 kPa.
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Fig. 8: Intake air pressure at the compressor
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Intake air temperature at the compressor: Intake air
temperature at the compressor at different speeds of
both combined and parallel turbochargers are illustrated
in Fig. 9. For the parallel turbocharger, the intake air
temperature at the entrance of the compressor (line a)
tended to increase as the engine speed increased
because the heat flows from the engine to the
atmosphere. The temperature was around 308.57-
310.89 K. For the combined turbocharger, the
temperature at the entrance of the first compressor (line
b) tended to be similar to that of the parallel
turbocharger as they both were temperature of the
outside air. The temperature tended to rise as the engine
speed increased and the figure was around 309.60-
311.93 K, which was higher than that of the parallel
turbocharger by average of 0.33% as the tests were
conducted on different days. When the intake air
pressure was increased at the first compressor, both
pressure and temperature would be increased further
before being compressed again. The temperature of the
intake air at the entrance of the second compressor (line
¢) would increase at the engine speed of 2,500-4,500
rpm. The maximum temperature was 337.36 K at the
engine speed of 4,500 rpm, but the figure declined as
the engine speed increased.

Exhaust pressure at the turbine: Exhaust pressure at
the turbine at different engine speeds of both combined
and parallel turbochargers are illustrated in Fig. 10. For
the parallel turbocharger, the exhaust pressure at the
entrance of the turbine (line a) would increase as the
engine speed increased and the pressure was about
438.80-641.47 kPa. After flowing through the turbine,
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Fig. 10: Exhaust pressure at the turbine

the pressure at the exit of the turbine (line b) would
reduce but tended to increase as the engine speed
increased as well. The figure was about 382.05-
480.12 kPa. For the combined turbocharger, the exhaust
pressure at the entrance of the turbine (line ¢) and at the
exit from the turbine (line d) tended to be similar to that
of the parallel one. The figure would be higher than the
parallel turbocharger in all ranges of engine speed
tested since the combined turbocharger would have
higher intake air pressure prior to entering the engine
and the exhaust therefore would have higher pressure
after combustion. The exhaust pressure at the entrance
of the turbine was around 438.80-641.47 kPa while the
exhaust pressure at the exit of the turbine was about
394.92-502.56 kPa.

Exhaust temperature at the turbine: Exhaust
temperature at the turbine at different engine speeds of
both combined and parallel turbochargers are illustrated
in Figure 11. The exhaust temperature at the entrance of
the turbine tended to be similar in both turbochargers.
The temperature would increase as the engine speed
increased. The exhaust temperature at the turbine of the
combined turbocharger would be higher than that of the
parallel one in all ranges of speed tested because the
intake air temperature prior to entering the engine was
higher. Exhaust temperature at the entrance of the
turbine of the parallel turbocharger (line a) was about
1,149.96-1,245.87 K while the exhaust temperature at
the entrance of the turbine of the combined
turbocharger (line b) was about 1,157.19-1,248.38 K.

Thermal efficiency of turbocharger: Thermal
efficiency of both combined and parallel turbochargers
are illustrated in Fig. 12. For the parallel turbocharger,
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Fig. 11: Exhaust temperature at the turbine
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Fig. 12: Thermal efficiency of turbocharger

the thermal efficiency (line a) was at 15.40% at the
engine speed of 2,500 rpm. The figure increased as the
speed increased. The maximum efficiency was at
56.38% at the engine speed of 4,500 rpm. Then, the
figure reduced to 52.34% at the engine speed of
5,000 rpm. For the combined turbocharger, the thermal
efficiency (line b) was higher than that of the parallel
one at all engine speeds in all rounds of test. The
thermal efficiency was at 39.37% at the engine speed of
2,500 rpm. The figure increased as the speed increased.
The maximum efficiency was at 79.30% at the engine
speed of 3,500 rpm. Then, the figure reduced to 55.05%
at the engine speed of 5,000 rpm. Considering the ratio
of thermal efficiency as illustrated in Fig. 13, the ratio
was equal to 2.556 at the engine speed of 3,000 rpm.
The combined turbocharger therefore had higher
thermal efficiency than that of the parallel one by 2.56
times. The ratio then reduced to 1.05 as the engine
speed increased to 5,000 rpm.
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CONCLUSION

Installing a combined turbocharger by connecting
the compressor in series to increase intake air pressure
and connecting the exhaust driving the turbine in
parallel could increase the intake air pressure more than
installing the turbocharger in the parallel manner as
tested in all ranges of speed. The clear difference in
pressure of about 18.84% could be seen in the range
of speed of 2,500-3,000 rpm. The temperature of the
intake air prior to entering the engine therefore was
increased as well as the exhaust flowing out of the
engine by the average of 0.69%. The exhaust pressure
exiting the engine was also increased by the average
of 0.20% while the exhaust pressure after flowing
through the turbine was increased by the average of
3.23%. Installing turbocharger in the combined
manner gave higher thermal efficiency than that of the
parallel one in all ranges of speed tested. At the engine
speed around 2,500-3,000 rpm, the thermal efficiency
of the combined turbocharger was higher than that of
the parallel one by 2.55 times. As the speed increased,
the thermal efficiency of the combined turbocharger
would be similar to the parallel one but the figure
would be higher by 1.05 times at the engine speed of
5,000 rpm.
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