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The research activity is focused on different subjects related to advanced boosting systems for automotive

application in order to reduce fuel consumption, exhaust emissions, and improve performance

➢ extending the λ=1 engine operating zone (over the entire map for RDE cycle)

➢ guaranteeing the boost pressure level required for λ>1 engine (use of alternative fuels)

➢ optimizing the control strategies of the boosting system in HEV architectures

➢ recovering energy in propulsion systems

➢ optimizing the boosting system of FCHEV

Research Activity on components of 
propulsion systems (1/2)
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Research Activity on components of 
propulsion systems 2/2
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 The research group performs both theoretical and experimental studies.

 The test facility allows studies on the behaviour of different components for propulsion

systems (ICE, HEV, FCEV) both under steady and unsteady flow operation

 Experimental tests can be addressed to:

➢ define the steady flow characteristics of components in a wide operating range through suitable

experimental techniques

➢ investigate the behaviour of components under pulsating flow conditions, highlighting the influence

of the main flow parameters on components performance

➢ analyse the transient response of components to optimize the relevant control strategies

 Information provided by experimental research activity is used to define empirical

correlations and to improve models within simulation codes (GT Power), and to optimize

the Engine Management System
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Test Rig for Components of Propulsion 
Systems
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AF Air Filter           PC  Pressure Control 

AH Air Heater      PG  Pulse Generator 

APH          Air Pre-Heater     SC  Screw Compressor 

AR Air Reservoir     T  Turbine 

C Compressor      TM     Thermal Mass Flow Meter  
LC  Lubricating Circuit         W  Water cooling circuit 

LM Laminar Flow Meter   

   

 “Cold” (about 400 K) and “hot” (max 1000 K) air

tests on components and subassemblies

 Maximum available air flow rate 0.8 kg/s at 8 bar

 Particularly suitable to test turbochargers: two

independent feeding lines available for the TC

turbine and compressor

 Electrical air heating modular system (max power

320 kW, maximum turbine inlet temp. 600 °C)

 Availability of water cooling and lubricating oil

circuits characterized by controlled working

temperatures, mass flow and pressures

 For automotive application, turbine and compressor

performance can also be investigated under

unsteady flow by using two different pulse generator

systems:

➢ Rotating valves pulse generator

➢ Cylinder head pulse generator
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Rotating valves pulse generator
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Turbocharger

Compressor air supply

Flow distributor

Turbine air supply

Turbocharger
T C

Rotating valves

Compressor air supply

Turbine air supplya)
Plenum

Manifold

Engine head

T C

Plenum

b)

➢ Designed to perform parametric studies

(effect of unsteady flow parameters on

component performance)

➢ Tests on single and two-entry devices allowed

➢ Pulsating flow generated by diametral slot

rotating valves

➢ Easy control of pressure pulse parameters

(amplitude, mean value) at each device entry

by controlling the upstream plenum pressure

and by properly mixing a steady and a

pulsating flow component

➢ Pulse frequency can be adjusted in the typical

range of automotive Intake and Exhaust

circuits (10-200 Hz)

➢ Unequal admission and not-phased pulsating

flow conditions can be reproduced when

testing two-entry devices
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Cylinder head pulse generator
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CT Turbocharger

Plenum

Flow distributor

Engine head
Manifold

Compressor air supply

Turbine air supply

Turbine circuit

Compressor circuit

 Designed to investigate engine intake 

and exhaust subsystem behaviour 

under unsteady flow conditions, 

including the effect of:

➢ circuit geometry

➢ valve actuation strategies

 The system is based on a motor-

driven cylinder head connected to a 

device designed to reproduce the 

engine cylinder block

 The cylinder head can be fitted with a 

fully flexible VVA and VVT systems
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Hybrid two stage boosting system 
investigation
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 Innovative experimental setup to study 

the behaviour of advanced boosting 

systems

➢ electrically assisted compressor + 

TC 

➢ electrically assisted turbochargers 

(ETC), SuperTurbo

➢ Turbocompound two-stage 

turbochargers

➢ Turbine waste-heat recovery (for 

ICE and FC application)

➢ … 
 

                    

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 
eSC electric Supercharger  TM     Thermal Mass Flow Meter 

LC  Lubricating Circuit         W  Water cooling circuit 
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Measuring system and data processing (1/2)

 Measurements of:

✓ pressure (average and instantaneous)

✓ temperature

✓ mass flow rate (average and
instantaneous)

✓ turbocharger rotational speed (average
and instantaneous)

✓ pulse frequency

✓ turbine regulating device (WG, VGT)
position

 PC–controlled automatic data acquisition 

system using interactive procedures developed 

in LabVIEW® environment

 Instantaneous signals sampled through two 

synchronized high speed data acquisition cards
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Static pressure

 High frequency response strain gauge (accuracy 0.14% of FS) or piezoresistive (accuracy 0.1% of FS) transducers 

mounted near the duct wall

 Unsteady flow sample rate selected to have at least 150 measurements over the pulse cycle (10÷20 kHz)

Temperature

 Platinum resistance thermometers (time averaged level), accuracy ± 0.15 °C + 0.2%

 Instantaneous temperature evaluated referring to an adiabatic process of an ideal gas (good agreement with 

measured or 1D calculated levels , ref. Szymko et al., 2005, Piscaglia et al., 2007)

Mass flow rate

 Average levels evaluated by laminar flow meters or a thermal mass flow meter

 Instantaneous mass flow rate measured through a hot-wire anemometric system (sample rate 10÷20 kHz)

Rotational speed

 Eddy current probe mounted close to the compressor wheel (precision 0.009% of FS) 

 Very high sample rate (several MHz) required for instantaneous rotational speed detection

Turbine regulating device position

 Waste-gate valve or VGT opening degree related to the angular position of the relative driving lever, measured 

by a variable resistance transducer (uncertainty ± 2 degrees) fitted with the engine measuring system

Measuring system and data processing (2/2)



Investigation topics for efficient boosting 
systems
• Accurate definition of compressor and turbine maps (no automatic mapping)

• Direct measurement of turbine isentropic efficiency -> evaluation of inlet temperature of the after-treatment 

system

• Efficiency maps correction for heat transfer phenomena within the turbocharger (air-oil-water-exhaust gases)

• Quasi-adiabatic steady flow investigation

• Evaluation of turbocharger mechanical losses in turbocharger bearings

• Optimization of TC regulating device control (waste-gate, VGT) under steady and unsteady flow conditions

• Evaluation of two-entry turbine behaviour (full, partial and unequal admission)

• Compressor surge detection and active control 

• Interactions between AFT and turbocharging circuits

• Energy recovery from turbocharger (waste-gate flow), Waste-heat recovery for fuel cells (water steam)

• Study on electrically assisted turbocharger, two-stage, ETC, …

• …..

Improvement of simulation models within GT Power

and of the Engine Management System
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Experimental results: Turbine steady flow 
maps 
• Need to measure turbine steady flow maps over an extended range to reduce inaccuracies in 

the map extrapolation within simulation models
• Experimental techniques to extend turbine steady flow curves modulating compressor 

upstream pressure (i.e., its power absorption)
• Need to measure turbine performance considering the effect of regulating device: both waste-

gate and variable nozzle TC regulating system allows a wide turbine mass flow range
• Both turbine rotor and waste-gate swallowing capacity proved to be lower in the case of 

combined flow (rotor + by-pass port), probably due to the interactions between the two flow 
components which take place within the turbine volute casing: need to improve simulation 
model

sttot

c

TCm

sttot

t

TCmTStt

hM

P

hM

P


=


==  '

M.Capobianco, S.Marelli, “Experimental analysis of unsteady flow performance in an automotive turbocharger 
turbine fitted with a waste-gate valve” Proc. IMechE D: J. Automobile Engineering, 2011
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Experimental results: Twin-entry turbine 
steady flow maps 

• Specific layout to perform parametric studies
on twin entry turbine in full, partial and
unequal admission
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Full Admission

Partial Admission Sector 1

Partial Admission Sector 2
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• “Hand made” system integrated with different components (honeycombs,
etc…)

• More uniform distribution of the axial and tangential flow apart from the
boundary layer

Experimental results
Direct measurement of turbine 
isentropic efficiency
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• Good agreement with a maximum deviation
of 3%
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Experimental results
Unsteady flow phenomena in the turbine 
circuit

• The exhaust manifold geometry plays a

fundamental role in wave propagation phenomena

• Significant pressure oscillations (also due to

reflected and transmitted waves) can be measured

in each manifold branch

• The junction of four manifold pipes in one mixing

volume causes a substantial decrease of flow

unsteadiness, resulting in a reduced pulse

amplitude at the turbine inlet and exit

 

t

3

4000                    =1.6           100 Hz            A = 0
n rpm

f
T K

= =  

0 1 2 3 4
time/ pulse period

1.3

1.4

1.5

1.6

1.7

1.8

1.9

p
re

s
s
u

re
  
[b

a
r]

0 1 2 3 4
time/ pulse period

1.3

1.4

1.5

1.6

1.7

1.8

1.9

p
re

s
s
u

re
  
[b

a
r]

0 1 2 3 4
time/ pulse period

1.3

1.4

1.5

1.6

1.7

1.8

1.9

p
re

s
s
u

re
  
[b

a
r]

0 1 2 3 4
time/ pulse period

0.96

0.98

1.00

1.02

1.04

p
re

s
s
u

re
  
[b

a
r]

   
Manifold no.1

   
Turbine entry

   
Turbine exit

   
Mixing volume

 

M.Capobianco, S.Marelli, “Unsteady flow behaviour of the turbocharging circuit in downsized SI automotive 
engines,” FISITA Congress, 2006
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Experimental results
Turbine unsteady performance

Average power output
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Fluctuating power (work 
done in accelerating 
the rotor assembly)

• Deviation of unsteady performance from
the steady state values

• Loop area variation by changing pulse
frequency and waste-gate valve openings

S.Marelli, M.Capobianco, “Steady and pulsating flow efficiency of a waste-gated turbocharger radial flow 
turbine for automotive application,” Energy, 2010
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Turbine performance – Hysteresis loop (fn=29.16 Hz – nICE=1750 rpm)



 Need to measure compressor steady flow map over an extended range  to reduce 
inaccuracies in the map extension within simulation models

Compressor steady flow map

S.Marelli et al., “Experimental Analysis on Steady Flow Performance under Unstable Operating Conditions and on Surge Limit of 
a Turbocharger Compressor,” Experimental Thermal and Fluid Science, 2014
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• The surge condition is identified through different methods:

➢ Detection of typical surging sound (clearly, not objective method)

➢ Measurement of temperature rise at the compressor impeller inlet (due to the reverse flow)

➢ Fourier analysis of downstream pressure signal to highlight surge frequency

➢ Additional vibration and acoustic (microphones) measurement

ncr = 120000 rpm

Surge line detection

Colormap of RMS value in the whole 
sub-synchronous frequency range for 
the acoustic pressure at the inlet 
section 

 

 
Fig. 1v - Acoustic and vibration measurements: detail of the installation of the three accelerometers 

on the compressor housing (the arrows indicate the measurement directions)  

 

Axial (Z) 

Tangential (Y) 

Radial (X) 
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Study on the effect of circuit volume on unstable compressor performance (compared with steady state) 

also in reverse flow

Surge hysteresis cycles

S.Marelli et al., “Experimental Investigation In Turbocharger 
Compressors During Surge Operation,” ASME Turbo Expo, 2020
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Need to measure compressor steady flow map considering the intake circuit geometry 
(with special reference to surge line position and maximum mass flow rate)

Effect of circuit geometry on compressor 
maps

S.Marelli et al.,” Effect of Circuit Geometry on Steady Flow Performance of an Automotive Turbocharger Compressor,” Energy Procedia, 2016
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Heat transfer effects

S. Marelli, G. Marmorato, M. Capobianco, “Evaluation of heat transfer effects in small turbochargers by theoretical 
model and its experimental validation,” Energy, 2016
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Unsteady compressor performance

 Comparison between steady & 
unsteady performance

 Hysteresis loop surrounding 
the steady state, the area of 
which enlarges in stable zone, 
in the case of strategy C (early 
closing strategy) and at higher 
rotational speed (increase of 
inertial effect).

 It seems that under strongly 
unsteady flow condition, the 
compressor is capable of 
average stable operation even 
if it instantaneously works on 
the surge line.
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Advanced boosting system transient 
response

 Innovative experimental setup to study the behaviour of an advanced two stage  boosting system in 
term of time to boost

Transient trend of the overall pressure ratio with and without the e-compressor activation
(downstream layout).
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Marelli, S., Usai, V., "Experimental analysis and 1D simulation of an advanced hybrid boosting system for automotive applications in 
transient operation,” International Journal of Engine, 2021



Waste-heat recovery for FCEV

 Installation of power turbine 
or turbocharger turbine 
(ETC) fed by flow controlled 
in relative humidity.

 Quantification of the energy 
extracted from the dry 
air+water vapor mixture at 
UniGe test rig
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Modelling activities in GT-Power
 Specific studies on turbocharging systems aimed at deepening and 

improving: 

1. GT-Power interpolation and extrapolation procedure of 
turbocharger performance maps and engine-turbocharger 
matching

2. Evaluation of mechanical losses in turbocharger bearings (also 
linked to the improvement of the total to static efficiency 
evaluation and efficiency maps interpolation and extrapolation)

3. Improvement of some GT-Power features to optimize turbine 
behaviour (i.e., waste-gate circuit and filling and empting
phenomena) through the development of dedicated Matlab
models integrated in GT-Power environment
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