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Abstract. Turbocharging plays a fundamental role not only in improving the performance of
automotive engines, but also in reducing the fuel consumption and exhaust emissions of spark-
ignited biofuel, diesel, liquid, and gaseous engines. Dedicated experimental investigations on
turbochargers are therefore needed to evaluate a better understanding of its performance. The
availability of experimental information on the steady flow performance of the turbocharger is
an essential requirement to optimize the matching calculation. It is interesting to know the
isentropic efficiency of the turbine in order to improve the coupling with the engine, in particular
it is difficult to identify the definition of the turbine efficiency through a direct evaluation. In a
radial turbine, the isentropic efficiency, evaluated directly starting from the measurement of the
thermodynamic quantities at the inlet and outlet sections, can be affected by significant errors.
This inaccuracy is mainly related to the incorrect evaluation of the turbine outlet temperature,
due to the non-uniform distribution of the flow field in the measurement section. For this
purpose, a flow conditioner was installed downstream the turbine. Tests were performed at
different values of the rotational speed, and in quasi-adiabatic conditions. The flow field
downstream the de-coupler was analysed through a hand-made three-hole probe with an exposed
junction thermocouple inserted in the pipe with different protrusions. Thanks to this
experimental campaign, it was possible to measure pressure, velocity, mass flow and temperature
profiles necessary to examine the homogeneity of the flow field. As the turbocharger is fitted
with a twin entry turbine, the thermodynamic quantities have been properly taken into account
referring to each sector.
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is isentropic

loc local

m mechanical
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S static condition
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X axial
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Acronyms

MFP Mass Flow Parameter
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RMS Root Mean Square

1. Introduction
The regulation imposed by the legislator on the CO, emission strongly impact the automotive sector [1].
The OEMs (Original Equipment Manufacturers) are working in order to reduce the pollutant emission;
the main strategy, in a short term, is provided by the engine hybridization [2]. In this scenario the
performance of the internal combustion engine is still fundamental to reach the required target in terms
of both emission and drivability [3]. In order to have more sustainable engines and reduce the
dependence on fossil fuel, thus the CO, production, an important solution can be provided by bio-fuels
[4] and synthetic fuels [5]. To obtain high engine performance, turbocharging still play an important
role: specific investigations on turbocharger are fundamental to improve engine-turbocharger 1D models
correctly evaluating turbine and compressor behavior [6,7]. The main issue related to the compressor
characterization is related to the accurate definition of the characteristic curves taking into account
pulsating flow [8], the impact of heat transfer effect at low rotational speed [9] and the position of the
surge line [10]. On the turbine side, usually the characteristic curves are defined over a restricted range
in steady flow, with the regulation system kept in closed position. Important improvement in the
definition of turbine performance can be provided keeping into account the impact of the pulsating flow
[11] and different position of the regulating system [12]. Moreover, multy-entry turbine should be
characterized over an extended range of admission condition, and not only in full admission. The
adoption of twin entry turbines, with a proper design of the exhaust circuit, can allow significant
improvements in fuel consumption and transient response [13]. In order to correctly evaluate twin entry
turbine performance, specific parameters have to be considered. In following equations parameters are
described according to the Reynolds and Mach similarity theory that guarantee comparison between the
turbocharger performance in different test conditions.
The Turbine Speed Parameter is defined as:

N, = ¢ [ﬂ] (1)

VK

VT3

Due to the twin-entry configuration, Tr3 is calculated as the air mass flow rate mean of the total
temperature:

Tor — Mi3q1 - Tr31 + Mizp " Trsz K] (@
r Mi31 + M3,

The Expansion Ratio of the turbine (total-to-static) is reported in equation 3:
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In full and unequal admission pr3 is defined as the area mean of total pressure of each sector:
_ Pr31 Az + Praz - 4z, [bar] (4)
Azp + Az

Pr3

The Mass Flow Parameter has to be defined over each sector as showed in equations 5 and 6:

_ Mi31/Tr31 kgvK| ()
MFP) = ——— 5
Pr31 | s bar |
_ M3z Trs; kgvK| (6)
MFP) = ————— A
Pr32 | s bar |

The overall Mass Flow Parameter is defined as:

MFP = M3+ /Tr3 [
Pr3
where M, is the total air mass flow rate calculated as the sum of the mass flow rate in the two sectors,
while Tr3 and pr3 are defined according with the equations (2) and (4).
Another important issue of the turbine characterization is provided by the correct evaluation of the
efficiency. Using the turbocharger testing procedure according to SAE guidelines [14] the direct
evaluation of the isentropic efficiency is not possible with a high degree of accuracy. For this reason, it
is frequent practice to refer to the thermomechanical efficiency:

i . i _ Pc _ Mccpc(TTZ - TTl) [_] (8)
Ptis Pt Ptis 1 (pS4—)%
Pr3

This choice is given by the strong non-uniformity of the turbine outlet temperature field [15], which
makes it difficult to correctly measure the isentropic efficiency, defined as:

s bar

kgVK ] (7)

Ne' = Ners-Nm =
MicpeTrs3

_ TT3 - TT4- _ TT3 - TT4 [_] (9)
Ners = = k=1
TT3 - TS4iS T 1 (pS4)T
T3 b3

The correct evaluation of the turbine isentropic efficiency allow important improvements in the 1D
models on the matching between turbocharger, engine and after-treatment system.

In order to overcome the issue related to the correct measurement of the turbine outlet temperature, the
most common solution to evaluate the turbine isentropic efficiency is provided by an indirect evaluation
starting from equation 8. This approach requires the assessment of the mechanical efficiency 1, that

can be defined as:
Fe Fe -] (10)

™R TR AP+h,

The power dissipated in the bearings (P,) can be evaluated as heat flow transferred to the lubricating oil
[16]:
Py = Moilcp,oil (Toil,out - Toil,in) [_] (1 1)
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The windage losses (F,,), on the other hand, can be evaluated through semiempirical correlations, as
proposed in [17].

The literature is so poor about the possibility to directly evaluate the turbine isentropic efficiency; Biet
et al. [18,19] proposed a solution to obtain a direct evaluation of the turbine isentropic efficiency using
a mixing device in the pipe downstream the turbine. Experimental tests under quasi-adiabatic condition
are performed to compare the experimental tests with the results of a CFD model in adiabatic condition.
With the employed setup, a direct and unhindered way to investigate the aerodynamic properties has
been found. Moreover, the comparison with the numerical investigations shows that the results obtained
are plausible.

In this work, different turbine outlet measuring stations are presented to obtain a good evaluation of the
isentropic efficiency for a twin entry turbocharger usually equipped on 10 liters heavy duty diesel
engine. To this aim, 3 different turbine outlet measuring station layout are presented in order to find the
best solution in terms of temperature uniformities without compromising the evaluation of the
swallowing capacity curves. Moreover, a slightly intrusive 3-hole probe with exposed junction
thermocouple was adopted to perform local measurement of the flow and temperature field at the turbine
outlet. Therefore, since the flow is regularized showing the absence of swirl components, it was possible
to evaluate efficiency through the standard temperature measuring station. Results obtained through the
not-standard measuring station are compared with those achieved through a direct measurement of
turbine outlet temperature by three probes inserted in the pipe without the flow conditioning device.
Even if the temperature is uniform at the outlet of the turbine thanks to the adoption of the flow
conditioning device, it seems that the heat transfer effect across the pipes and across the turbocharger
components still plays an important role on the estimation of the temperature at the outlet section.
Further step will regard an extension of investigations in a wider range of turbine operating conditions
and in quasi-adiabatic conditions. Furthermore, a methodology will be defined to perform a realistic
measurement of turbine outlet temperature in a simpler, less time-consuming way, taking into account
not only the temperature field but also heat transfer effects.

2. Experimental Set up and Test program
The experimental investigation was carried out at test bench for components of propulsion systems of
the University of Genoa (‘figure 1°).
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AF Air Filter LM Laminar Flow Meter
AH Air Heater PC Pressure Control
APH Air Pre-Heater PG Pulse Generator
AR Air Reservoir SC Screw Compressor
C Compressor T Turbine
LC Lubricating Circuit ™ Thermal Mass Flow Meter

Figure 1. Test bench for components of
propulsion systems of the University of Genoa.
Three screw compressors, operating in parallel, deliver a total mass flow rate of 0.65 kg/s at a maximum
pressure of 8 bar.

“Cold” and “Hot” tests can be performed thanks to electric heaters, with maximum operating
temperature of 750°C.

LabVIEW® is used as data acquisition and processing system through interactive procedures.

Several average parameters are measured upstream and downstream compressor and turbine. Static
pressures are measured using strain-gauge and piezoresistive transducers (accuracy of £0.15% of full
scale). Platinum resistance thermometers (with an accuracy of £0.15 °C + 0.2% of measured value) and
thermocouples are used to measure total temperatures. Compressor mass flow rate is measured with a
thermal mass flow meter (with an accuracy of £0.9% measured value and +0.05% of the full scale).
Turbine mass flow rate is measured through a laminar flow meter (with an accuracy of 2% of the
measured value). Turbocharger rotational speed is captured using an eddy current probe (with an
accuracy of £0.009% of the measured value).

To properly control and regulate the air mass flow rate at each turbine inlet, two throttle valves are
installed for each sector. These can be controlled through a voltage signal from the completely closed
to the fully open position. In order to measure the mass flow rate in each sector of the turbine, a flange
with a calibrated orifice is installed. The hole diameter is dimensioned by the manufacturer to generate
a specific pressure difference measured by two dedicated differential pressure transducers. The
experimental set-up above described is shown in ‘figure 2°.
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Figure 2. Turbine feeding line and flange
with a calibrated orifice.

The experimental investigation was performed on a turbocharger for heavy duty application (compressor
impeller diameter 78.5 mm, and turbine rotor diameter 69.5 mm).

In “figure 3’ the characteristic curves of the turbine are presented for 5 different turbine rotational speed
factor levels in full and partial admission. The two sectors are characterized by a different swallowing
capacity, with the sector 2 (shroud side) characterized by a higher swallowing capacity than sector 1
(hub side). Moreover, it is possible to note that the mass flow rate parameter in full admission cannot be
calculated as the sum of the mass flow parameters of each sector. A more detailed analysis on the
behaviour of the turbine in different admission conditions is reported in [20].
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Figure 3. Turbine swallowing capacity curves

During the test campaign, three different configurations at the turbine outlet line (‘figure 4”) were tested,

in the presence and without the flow conditioning device, considering different positions of the pressure

measuring stations. The configuration 1 is the standard measuring station without the flow conditioning

device, the configuration 2 is characterized by the presence of the flow conditioning device, the

configuration 3 refers to the adoption of the flow conditioning device with the pressure measuring station
laced between the turbine and the flow conditioner.

- |

M b))

(€)

Figure 4. Different turbine outlet configurations at the turbine outlet.
In ‘figures 5 and 6’ a comparison between the characteristic curves of the turbine using different
configurations is reported. Results obtained using configuration 2 (blue line) highlight that the pressure
losses generated by the flow conditioning device, especially at higher rotational speeds, are not
negligible and introduce not-acceptable differences with respect to the reference condition
(configuration 1, red line) due to the high level of mass flow rate.
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For this reason, in configuration 3 the pressure measuring station was moved closed to the turbine outlet
in order to allow a proper evaluation of the turbine outlet pressure avoiding pressure losses across the
flow conditioning device. This aspect is confirmed by the green lines (configuration 3) quite perfectly
overlapped to the red lines.

37
28 + —
_ =
5261 " 4000 rpm/vK
Zoa 1 e
o0 ]
A /-
=22 _ Vz 3000 rpm/vK
< ]
£ ]
£ 214
5 ]
e
E ]
E 1.8 r / 2000 rpm/vK
%) 4
£ .
2 1.6 T . .
z ] « configuration 1
it « configuration 2
« configuration 3
1 1.2 1.4 1.6 1.8 2 2.2
Total-to-static expansion ratio [-]
Figure 5. Comparison of the turbine swallowing capacity in different layout configurations.
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Figure 6. Comparison of the turbine thermomechanical efficiency in different layout
configurations.

The flow conditioner presents an abrupt section widening in the flow direction from 50mm to 200mm,
allowing the installation of internal elements. Based on previous studies developed using different
elements [21,22], two honeycombs placed in series are adopted to dissipates the flow structures
dominated by vorticity, achieving a uniform distribution of the velocity and temperature fields. The
effect of the flow conditioning device is highlighted by the variation of the RMS value of the temperature
measured downstream the flow conditioner using the standard measuring station through the three
thermocouples crosswise inserted in the pipe. In ‘figure 7°, a comparison between the configuration 1
and 3 is shown. The reduction of RMS values in configuration 3 demonstrates a decrease of the non-
uniform distribution of the temperature field.



ATI Annual Congress (ATI 2022) IOP Publishing
Journal of Physics: Conference Series 2385(2022) 012135  doi:10.1088/1742-6596/2385/1/012135

2.5
72]
= 1.5
e
0.5
0

Figure 7. Comparison of the RMS of temperature with and without the flow conditioning device.
The purpose of the flow conditioning device is the direct evaluation of the isentropic efficiency of the
turbine adopting the downstream standard temperature measuring station characterized by three
thermocouples. Passing through the flow conditioner, flow tangential velocity is reduced almost to zero.
To validate the configuration 3, a hand-made slight intrusive three-hole probe equipped with an exposed
junction thermocouple (‘figure 8 in the right”) has been used to investigate the flow and the temperature
distribution.

The three-hole probe was calibrated using a specific calibrated nozzle, as shown in ‘figure 8 on the left’.

[\]

® 2000 rpm/\K configuration 1
2000 rpm/VK configuration 3
® 3000 rppm/VK configuration 1
3000 rpmNK configuration 3
® 4000 rpm/VK configuration 1
4000 rpm/VK configuration 3

—_—

Figure 8. Three-hole probe calibration system (left) and a detail of the three-hole probe with
exposed junction thermocouple (right).
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This calibration method employs the definition of the calibration coefficients of the probe [23]; by
varying the angle of rotation, the calibration curves are thus obtained (‘figure 9°).

Pa—Pr
= 12
PT  pr—ps (12)
:pc_pb — Apep (13)
Pr—Ps Pr—Ps
PptPc
—  —Ps
c, =—2—— 14
Ps pPr—ps (14)

where a, b and ¢ correspond to the holes of the probe as shown in ‘figure 8’.

005 F
0.1 +

cpt

-015
02 t 10

cb

-0.25 1
03 +

635
Yaw angle [°] . * 1
aw angle

074 1

0gpt o

cps

40 30 20 10 0 10 20 30 40

Yaw angle [°]

Figure 9. Three-hole probe calibration curves Cp, , Cp, Cp..
Starting from the calibration curves, it is possible to obtain, through an iterative cycle, the information
about the axial velocity, the tangential velocity cg, local temperature and pressure.
The investigation was carried out considering a matrix of 9 radial positions at the flow conditioner outlet,
not equally spaced to avoid a not realistic local mass flow profile (‘figure 10°) [15].

Measuring Point Radial position [mm]
A 0
B 122
C 17.7
D 21.8
E 25

Figure 10. Discretization of the measuring section.

The experimental activity was carried out for three different turbine rotational speed factor (n/ V' Tr3)

equal to 2000, 3000 and 4000 rpm/ VK. Moreover, tests were carried out in full admission and in cold
condition (with a turbine inlet temperature equal to 80°C); a detailed overview of the operating points
analyzed is shown in table 1.

11
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Table 1. Operating Conditions

N¢ T3 MFP &tTs
[rpmAK] [°C] [(kg*\K) / (s*bar)] [-]
1.64 1.15
1.70 1.16
2000 80
1.75 1.17
1.84 1.18
2.21 1.37
2.26 1.39
3000 80
2.32 141
2.45 1.45
2.60 1.77
2.64 1.80
4000 80
2.70 1.85
2.75 1.90

3. Results

Comparing the experimental tangential velocity profiles (‘figure 11°) with an ideal profile, it can observe
that the tangential component is not zero in the centre of the duct, probably due to a not perfect alignment
of the probe.

Therefore, it was necessary to evaluate the mean yaw angle of the flow from the equation:

Cs0,
qy = % mtan™? (%z:) (15)
where:

i is the i-th probe position;

0 is the radial position in the centre of the pipe;

n is the number of operating conditions.

The tangential velocity profiles corrected on the basis of equation 15 are reported in ‘figure12’ and
present a more reliable trend with the ideal ones.

12
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In ‘figure 13° the axial and the tangential velocity profile are reported on the same plot in order to
highlight the effects of the conditioning device on the flow field.

The comparison between the axial and the tangential velocities shows that the flow maintains the same
structure in the operating conditions analysed. The values of the tangential components are rather low
compared to the axial ones, suggesting no marked swirl component.

13
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Figure 13. Axial and tangential velocity profiles.

The reduction in tangential velocity is therefore followed by a homogenization of the temperature
profiles. As shown in ‘figure 14’ the temperature field is almost constant along the measuring section.

60

50

401 N, = 3000 [22]
Ty =80 [°C|

-30 -20 -10 0 10 20 30
Probe position [mm]

Figure 14. Local temperature profiles.
After evaluating the characteristic of the flow downstream the flow conditioning device, the mass flow
profiles are following analyzed. The local mass flow is defined as:

Mloc,i =PiCxi A (16)

where:

i is the i-th probe position;

Mo ; is the local mass flow rate;

A is the local measuring section.

Since the density is almost constant due to the good uniformities of the temperature field, the local mass
flow profile results like the axial velocity profile, as shown in ‘figure 15°.

14
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Figure 15. Local mass flow rate profiles.

Results obtained through the use of the three-hole probe highlight a good homogenization of the
temperature and velocity field.

Therefore, in ‘figure 16’ a comparison between the thermomechanical and isentropic efficiencies
measured in the presence (respectively in blue and orange lines) and without (respectively in purple and
green) the flow conditioning device is reported. As previously stated in ‘figure 6°, the thermomechanical
curves are almost overlapped since the flow conditioning device does not affects this parameter, since
this quantity is not affected by the turbine outlet temperature (see equation 8).

As previously demonstrated, the flow conditioning device seems to provide a good uniformity of flow
and temperature fields, the direct isentropic efficiency is then calculated adopting the standard
temperature measuring station with three thermocouples crosswise inserted in the pipe. The turbine
isentropic efficiency measured with the flow conditioner is shown in orange while the efficiency
calculated without the flow conditioning device is represented in green. It can be observed that the
efficiency directly measured with the device installed presents higher values with respect to the case
without the flow conditioner. As a matter of fact, the non-uniform distribution of temperature and flow
field, in the condition analyzed in this paper, cause an underestimation of the isentropic efficiency
mainly due to the incorrect measurement of the temperature at the turbine outlet because of
inhomogeneous flow.

15
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Figure 16. Thermomechanical and isentropic turbine efficiency in
configuration 1 and 3.

4. Conclusion

The knowledge of the isentropic efficiency of turbochargers plays a fundamental role in the engine-
turbocharger matching calculation. Moreover, the correct assessment of the turbine isentropic efficiency
allows a more accurate evaluation of the outlet temperature, which corresponds to the inlet temperature
of the aftertreatment system. This information is of high interest, mainly related to the optimisation of
the catalyst heating time thus reducing pollutant emissions.

In this paper an experimental method is proposed to directly evaluate the isentropic efficiency of small
radial turbines. To this aim, a flow conditioning device is developed, and its behaviour is evaluated
through a specific experimental campaign with a slight intrusive three-hole probe with exposed junction
thermocouple. Particular attention was paid to the flow and temperature field downstream the flow
conditioner to highlight if the flow characteristic is adequate to perform a reliable evaluation of the
turbine efficiency through a standard measuring station, thanks to the temperature homogenization.
The results obtained are very encouraging and it seems that a proper evaluation of the efficiency is
achieved. Anyway, in further works a wider dataset will be considered taking into account different
turbine operating conditions, such as different admission condition, in order to better understand the
impact of the flow field at the turbine outlet on the flow conditioning device. Moreover, different turbine
inlet temperature will be tested to evaluate the impact of heat transfer effects on the flow conditioner
response.

16
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