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Abstract: As a countermeasure for global warming, CO2 emission regulation has become stricter. In July 2021, European Commission proposes for
strengthening post-2020 CO2 standards. The proposal raises the ambition
of the 2030 target to -55% for new passenger cars relative to a 2021 baseline [1]. As a result, improving vehicle fuel economy has become one of the
challenges to automotive manufacturer. Turbocharger attracts many research attentions as it is an essential component for engine downsizing,
which is the key technology that allows engine to reduce emission without
reducing power.
In general, the turbocharger operates under engine exhaust pulsating condition, therefore it is important that non-steady-state performance must
be improved. Thus, a lot of studies have been done in order to improve the
turbocharger performance. Previously, the author has presented that the
effect of pulsation are essentially the result of changes in absolute flow angle at the exit of the turbine volute, and has proposed a design concept to
suppress such loss [2].
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In this research, a 1.6 litre gasoline engine performance is assessed with a
non-linear A/R scroll volute, which was designed in order to improve turbocharger’s performance under exhaust pulsation. The engine performance
with a conventional linear A/R volute is also assessed and compared on an
equivalent basis. The result shows that non-linear A/R volute allows more
advance injection timing, compared to when linear volute is used. The reason for this is because non-linear A/R volute has reduced turbine inlet pressure, making it more difficult for knocking to occur. Fuel consumption in the
WLTC drive cycle were also evaluated for both the volutes, and the results
show that fuel consumption improves by 1.7% with the non-linear A/R,
which proves the effectiveness of the non-linear A/R volute concept.
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1 Introduction
As a countermeasure for global warming, CO2 emission regulation has become stricter. In July 2021, European Commission proposes for strengthening post-2020 CO2 standards. The proposal raises the ambition of the
2030 target to -55% for new passenger cars relative to a 2021 baseline [1].
Engine downsizing has been proved to be an efficient way in reducing the
engine CO2 emission while requiring lower cost comparing to other advanced ICE technologies [3]. Turbocharger is one key component in enabling engine downsizing, as it ensures that engine brake output ramains
comparable despite the reduction in cylinder displacement, thereby maintains the vehicle drivability.
In general, the turbocharger operates under engine exhaust pulsating condition, therefore it is important that non-steady-state performance must be
improved. Thus, a lot of studies have been done in order to improve the
turbocharger performance. Many studies investigated unsteady response of
the compressor and found that those operating performance does not match
their steady-state performance curve [4][5]. In addition, turbine performance under pulsating condition is investigated and many researches conclude that such unsteady effect will cause turbine performance to deteriorate. For example, pulsation can cause more loss in turbine wheel and
diffuser [6], pulsation can move operating point to lower blade speed ratio
region [7], and pulsation can cause the flow around the tongue to fluctuate
severely resulting in an unsteady loss [8].
Previously, the author has presented that the abovementioned effect of pulsation are essentially the result of changes in absolute flow angle at the exit
of the turbine volute, and has proposed a design concept to suppress such
loss [2]. Figure 1 demonstrates different inlet flow direction under different
pressure condition, which equivalent to different state of pulsation. Figure
2, which is an enlarged view of the area surrounded by dotted line inFigure
1, shows loss distribution inside turbine generated by CFD analysis. The
CFD result indicates that more loss occurs at pulsation peak due to large
incidence angle.

Figure 1: Different flow angle due to pulsation

Figure 2: Turbine internal flow structure under pulsating condition

In this research, a 1.6 litre gasoline engine performance is assessed with a
non-linear A/R scroll volute, which was designed in order to improve turbocharger’s performance under exhaust pulsation. The rareness of this study
is that nearly identical engine hardware are used for both turbines. The
engine performance with a conventional linear A/R volute is also assessed
and compared on an equivalent basis. In the actual engine test, engine
control parameters are kept constant between both the turbine testing via
ECU settings. A/F ratio is set to be as close as possible to stoichiometric
combustion, and injection timing is advanced to the limit before engine
knocking occurs. Therefore, the objective of this paper is to identify the
benefit, solely contributed by using a non-linear A/R concept turbine as
supposed to standard linear A/R turbine volute for engine operation. This
will be evaluated at steady-state and WLTC engine operating conditions.

2 Turbine volute design
2.1

Design concept

A turbocharger turbine is confronted by pulsating flow conditions due to
reciprocating internal combustion engine. In order to improve turbine performance in the real operational environment, it is important to understand
the flow phenomenon happening in the turbine under such highly unsteady
conditions. Therefore, the author investigated the phenomena via validated
numerical and analytical models shown in Figure 3. The equation to determine absolute flow angle can be derived by applying conservation of mass,
conservation of angular momentum, and the variation of the mass flow rate
for the control volume to this model. From this equation, absolute flow angle,
which is very critical parameter for unsteady performance, can be expressed in terms of the local gradient A/R distribution and the gradient of
the pressure [2]. Using this method, a new turbine volute with non-linear
A/R distribution is designed. The A/R distribution for this new volute is
shown in Figure 4.

Figure 3: One-dimensional volute sector model[2]

Figure 4: Comparison of original volute and new volute

2.2

Unsteady CFD

In order to evaluate the effect of new volute concept, computational fluid
dynamic (CFD) method is employed for detailed flow analysis of the volute
under pulsating conditions. An MHI single scroll radial turbine whose dimension is described in Table 1 is employed for this investigation. CFD model is
shown in Figure 5 and CFD condition is listed in Table 2. This CFD condition
is the same as the one for investigating the unsteady performance of the
turbine previously done by the authors [2]．
Table 1: Turbine geometry
Parameter
Inlet diameter of rotor

74 mm

Blade number

11

Turbine type

Radial turbine

Turbine rotor

Scroll type

Single scroll

Turbine volute

Figure 5: CFD model overview

Table 2: Summary of CFD condition
Parameter
CFD code

ANSYS CFX

Turbulence model

SST

Rotational speed

50krpm

Pulsation frequency

60Hz

Inlet boundary condition

Total pressure, total temperature

Outlet boundary condition

Static pressure
Volute & duct: 1,240,000
Passage: 660,000

Mesh number

*New volute: same grid topology and similar number of cells

Time step

77steps / rotations

Figure 6 shows unsteady CFD results comparison between new and original
turbine volute. The graph shows that new volute can mantain same flow
capacity as original volute, and torque is increased over all operating range.
Efficiency is compared using cycle averaged efficiency defined in Eq. 1. The
resulting cycle averaged efficiency of new volute is 1.3% higher than that
of the original volute mainly due to torque increase.
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Figure 6: Unsteady performance of turbine volute(CFD)
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Eq. 1

3 Engine test setup
In this section, the detailed experimental setup of the engine testing will be
given. This is described in the subsequent three subsections, in the following order. Firstly the engine and turbocharger used in this testing will be
introduced. Afterward, the on-engine measurement instrumentations will
be explained. Lastly, the engine Electronic Control Unit (ECU) calibration
will be described. The experimental setups are maintained as much as possible for both the turbine volutes.

3.1

Testing engine and turbocharger

The engine used in this testing is a 1.6L in-line four cylinder, four stroke
turbocharged gasoline engine commonly found in C-segment passenger vehicle in Malaysia. The manufacturer specification of the engine is given in
Table 3. The turbocharger for this testing is a commercial unit designed for
the use on the testing engine capacity. Table 4 shows testing turbocharger
specifications. From here on, the result for standard scroll turbine will be
redered as ID1, and the result for the proposed non-linear scroll turbine will
be refered as ID2.
Table 3: Manufacturer specification of the testing engine
Parameter
Displaced volume

1561cc

Stroke

88mm

Bore

76mm

Compression ratio

9.5 : 1

Number of valves

4

Firing order

1-3-4-2

Fuel injection type

Common-rail port injection

Rated max. output

103kW @5000rpm

Rated max. torque

205Nm @2000-4000rpm

Fuel type

Petrol RON95

Table 4: Testing turbocharger specification

Turbine volute

ID1

ID2

Standard linear A/R

Non-linear A/R

Volute type

Single scroll

Turbine rotor

43mm, 11 blades

Compressor

51mm, 6+6 blades

3.2

Measurement instrumentations

The on-engine measurement instrumentations are setup in accordance to
Figure 7. The measurement could loosely divided into four categories:
torque and rotational speed, flow rate, pressure and temperature. These
will be individually described in the following subsections, and afterward,
the description on the data acquisition system and data post-process procedure will be given. This measurement setup is the same as the one for
testing effectiveness of twin-scroll previously done on the same test bench
[9]．
The engine crankshaft output is mechanically connected to the engine dynamometer via coupling shaft. The engine dynamometer used in this testing
is a 260 kW AC dynamometer, hence not only able to provide loading to the
engine but also motoring it. This is crucial for the drive-cycle test that will
be presented later in this paper. The engine brake torque is measured using
a contactless torque meter in-line with the engine-to-dynamometer shaft
connection. The torque meter has a measurement capacity of 1000 Nm and
accuracy of 0.03%. The engine rotational speed is measured using a halleffect tachometer by sensing a 60 teeth target wheel immediately after the
torque meter. The turbocharger rotational speed is measured via an inductive tachometer with 20–200 kRPM range, by sensing the compressor impeller blade tip.
There are overall four flow rate measurements in the engine instrumentation setup, viz., the engine air flow rate, fuel flow rate, turbocharger coolant
and lubricant flow rate. The engine air flow rate is measured upstream to
turbocharger compressor and the engine crankcase ventilation loop-back.
Therefore the measurement gives the effective air mass flow entering the
engine system. The engine air flow rate is measured by mean of automotive-grade hot-film mass flow meter. Due to the wide range of air flow rate
the engine may experience, i.e., from idling (during drive cycle test) to
maximum speed and full throttle (during steady-state test), two hot-film
mass flow meters of different capacity are connected in series to cover the
entire operating range and still maintaining the measurement resolution.
The smaller hot-film mass flow meter has 10–250 kg/hr of measurement
range, while the larger mass flow meter has 50–450 kg/hr of measurement
range. A threshold value of 200 kg/hr has been set such that any measured
reading lower than the threshold will be taken by the smaller mass flow
meter, and vice versa. Prior install to the engine, both air flow meter are
separately calibrated on flow bench using BS 1042-1-1.1 [10] compliance
orifice plate assembly. A turbine-type mass flow meter is used for engine
fuel flow rate measurement, located downstream to fuel pressure regulator
and prior to the engine injector fuel rail. This gives the effective fuel consumption rate of the engine. Similar to the air flow rate, two fuel flow meters of different capacity are required to cover the entire spectrum of testing
range, albeit they do not have to be used simultaneously. One (larger) fuel

flow meter is sufficient for the entire steady-state and transient testing;
while the other smaller capacity fuel flow meter is only needed for drivecycle test due to the extremely low fuel consumption rate at idling. The
larger and smaller capacity fuel flow meters are having measurement range
of 4.32–43.2 kg/hr and 2.16–21.6 kg/hr respectively. Both the fuel flow
meters are also been individually calibrated against weight-tank gravimetric
method before being used on engine.
Majority of an engine flow performance parameter are dependent on the
operating pressure. Hence air flow pressure measurements in this engine
are done with extra cautious. The locations of pressure measurement for
the engine testing may be seen from Figure 7. At the engine intake side,
pressure measurements are taken at upstream and downstream to both the
turbocharger compressor and the intercooler. Another two pressure measurements are taken in the intake manifold plenum, one immediately downstream to throttle body and another at the end of manifold plenum, in order
to obtain the averaged manifold absolute pressure. A spark-plug type incylinder pressure transducer is also installed at engine cylinder #1 for the
instantaneous combustion pressure. As for the engine exhaust side, exhaust
pressure (for the case of single-scroll volute) is measured at the manifold
runner for cylinder #3, turbine inlet, volute 45° and 135° circumferential
location and turbine outlet. This combination of location enables the study
of exhaust pulse pressure propagation in detailed.
Combination of Class 1 accurate T and K-type thermocouples are being instrumented on the engine in accordance to Figure 7. In general, all the
temperature measurements along the exhaust flow path are done using Ktype thermocouple while the remaining measurements are taken with Ttype thermocouple. The complete on-engine measurement instrumentations may be seen in Figure 8.
The data acquisition (DAQ) system used for real-time data collection during
engine testing is an Ethernet based modular chassis unit, capable of accommodating up to eight I/O modules. All the analog transducer signals (viz.,
torque, speed, flow rate and pressure) are collected using high-speed analog voltage input modules with 16 bit of resolution and 100,000 Sample/sec
of simultaneous sampling capability. On the other hand, due to the small
mV output, the thermocouple signals are collected using dedicated thermocouple modules with 24 bit resolution and 75 Sample/sec of aggregate sampling capability. The thermocouple module is equipped with built-in cold
junction for self-compensation, thus ensuring the measurement reliability.

Figure 7: Schematic diagram of engine testing instrumentationas

Figure 8: On engine turbocharger and instrumentation setup

3.3

Engine Management Unit (ECU) Tuning

The procedure for engine ECU tuning is depicted in Figure 9. At any condition, stoichiometric condition of air-fuel ratio/Lambda is desired. Often this
is limited by the turbine inlet temperature at high engine speed and load
condition. The temperature limit of the testing turbocharger turbine is ≤
950°C. The ignition angle is then varied from initial value to achieve the
target brake output torque. Unlike the Lambda, the limiting factor of ignition
timing is the knock occurrence at low engine speed, particularly at high load.
Whenever knock is detected during ECU tuning, the ignition timing will be
retarded by 3° of crank angle for safety measure. The same tuning procedure is adopted to both turbine volutes.

Figure 9: The flowchart of engine ECU calibration

The comparisons of engine ignition timing map between ID1 and ID2 are
given in Figure 10. This graph indicates that difference in ignition timing
map between volutes is found that ID2 allows more advance injection timing, compared to when ID1 is used.

Figure 10: Spark angle setting difference (ID1 vs ID2)

4 Engine test results
4.1

Steady-state engine performance

The steady-state engine performance mapping is conducted at 1000 to
5000 RPM engine speed with 500 RPM of increment, and from 12.5% to
100% throttle position at 12.5% throttle increment. During the testing, the
engine speed and throttle position are set to the target value and all temperature values are allowed to stabilize (without variation of more than 2°C)
for at least one minute before the performance data are logged. It was
found that the engine and turbocharger combination results in resonance
during testing at 2000 RPM engine speed. Therefore this operating speed
has been omitted throughout this testing program for safety consideration.
That said this does not significantly affect the study on the overall engine
performance characteristic trend.
Figure 11 shows
and ID2. It may
when using both
tuned to achieve

the comparison of resultant engine brake torque for ID1
be seen that the output brake torque is about the same
turbine volutes. This is because the engine ECU has been
the same manufacturer torque level (within ±5%)

Figure 11: The comparison of steady-state engine performance between ID1 and ID2

(a)

(b)

(c)
Figure 12: The comparison of steady-state instantaneous pulse pressure at (a) turbine inlet (b) turbine 45° and (c) 135° turbine circumferential location at 1500RPM and 100% throttle condition

Figure 12 (a)-(c) shows instantaneous pressure at turbine inlet, turbine 45°
and 135° circumferential location. The following two observations can be
made from these graphs.
Firstly, the amplitude of pressure fluctuation in ID2 is smaller than ID1. This
can be implied that the fluctuation in flow angle at turbine inlet are suppressed in ID2. This result can mean that turbine efficiency has increased,
which is consistent with the expected improvement by the proposed design
concept.
Secondly, peak pressure of ID2 is lower than ID1 at every crank angle, at
all measurement location. This lower pressure contributes directly lower
pumping loss. Lower pressure also results in less occurance of engine
knocking, which allows engine ignition timing to be advanced as shown
inFigure 10, and therefore combustion efficiency of ID2 is overall higher.
These reasons contribute to better BSFC in ID2.
Figure 13 shows the BSFC difference between ID1 and ID2. It can be seen
that ID2 has lower fuel consumption in most region, except around the region where engine speed 1500rpm and throttle position is more than 40%.
More detail investigation on this area will be done in future work.

Figure 13: The comparison between BSFC difference (ID1 vs ID2)

4.2

WLTC Drive-cycle testing

A more effective and realistic comparison can be done via drive-cycle testing. Here the engine operating speed and target brake torque are defined
over time which the engine on test bench have to follow, and the assessment is to be done on the overall fuel consumption instead of BSFC. The
test engine operating speed and target brake torque profile for Worldwideharmonized Light vehicles Test Cycle (WLTC) is generated to representation
of a 4-door sedan passenger car equipped with Continuous Variable Transmission and kerb weight of 1,325kg. These profiles are shown over the test
duration of 1800s in Figure 14. The WLTC is divided into four regions, i.e.,
low speed, medium speed, high speed and extra high speed; each representing different modes of driving condition [11].

Figure 14: WLTC testing input profile – target engine brake torque and
engine speed
The resultant engine fuel consumption rate comparison when using the ID1
and ID2 is given in Figure 15. The graph shows the comparison across the
entire drive-cycle. It is found that ID2‘s engine is consuming 11.9 l/100 km
throughout the WLTC, which is 0.2 l/100 km less than when ID1 is being
used. This translates to approximately 1.7% improvement in overall fuel
consumption.

Figure 15: Comparison of engine fuel consumption rate (ID1 vs ID2)
More detailed analyses are then performed based on the different region in
WLTC drive-cycle. The results are shown in Table 5 for the low speed, medium speed, high speed and extra high speed respectively. The results show
that the advantage of using ID2 is more apparent at high speed region of
WLTC, and gradually diminished when moving into lower speed region,
whose pulsation is relatively weak.
Table 5: Comparison of fuel consumption of WLTC (ID1 vs ID2)
Fuel consumption [L/100km]
ID1

ID2

Low speed region (1 to 589s)

17.0

17.3

Medium speed region (590 to 1022s)

12.1

12.2

High speed region (1023 to 1477s)

11.0

10.5

Extra high speed region (1478 to 1800s)

11.3

10.9

WLTC overall region

12.1

11.9

Figure 16(a)-(d) give the instantaneous engine WLTC operating points overlaid on the relative BSFC improvement contour (Figure 13) at different period throughout the WLTC. This gives a clearer view on how the engine
operating points are populated on the BSFC improvement contour map. The
reason for insignificant improvement in low and medium speed region are
assumably because of most of operating points in these two regions are
located outside the intended engine setting map, resulting in the operation
that may not obey engine tuning rules.

(a)

(b)

(c)

(d)
Figure 16: Engine drive-cycle operating point in WLTC drive cycle

5 Summary
This paper explores the benefit of using a non-linear A/R turbine volute on
a passenger car size gasoline ICE. The turbine volute is designed for improving the engine performance under pulsating condition. The assessment
against standard turbine volute was done on steady-state and WLTC operating conditions. In order to make fair comparison, identical engine hardwares including the intake and exhaust manifold, turbocharger compressor
and turbine rotor were used throughout the study. The following findings
may be summarized from this work.
- Non-linear A/R volute allows more advance injection timing, compared to
when linear volute is used. The reason for this is because non-linear A/R
volute has reduced turbine inlet pressure, making it more difficult for knocking to occur.
- Fuel consumption in the WLTC drive cycle were also evaluated for both
volutes, and the results show that fuel consumption improves by 1.7% with
the non-linear A/R, which proves the effectiveness of the non-linear A/R
volute concept.

6 Future work
Future works will be focusing on the following three topics.
- Re-examination of performance at 2000rpm, as they were not measurable
due to resonance.
- Engine tuning map for throttle position less than 12.5% to improve accuracy of the WLTC evaluation.
- More detail investigation on the mechanism of BSFC change, especially,
at low engine speed and more than 40% throttle position, which would
clafiry the reason why standard turbine volute performance is better than
non-linear A/R volute.
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