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ABSTRACT 

Acoustic transmission losses are expected to occur over the turbocharger compressor, 

especially along its rotating wheel section. Experiments on the acoustic characteristics of 

automotive turbocharger compressors were performed to investigate this acoustic 

transmission loss behavior. Two different rotor sizes were acoustically investigated considering 

approximately the same performance characteristics of the compressors. The investigated 

variants passed through two phases of measurements: The first phase was performed under 

ideal operating conditions involving a steady non-pulsating flow on an acoustic component 

test rig for turbochargers. Whereas the second phase was conducted under real engine 

operating conditions including pulsating flow of a modern 6-cylinder gasoline engine on an 

engine test rig. Comparisons between the two measurement phases show a considerable 

agreement between the two test rig setups for different operating conditions. 
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LOSSES 

NOMENCLATURE 

𝐴   Cross sectional area at the test section 

𝑀   Mach number 

𝑝+   Propagating acoustic wave pressure amplitude 

𝑝−   Reflecting acoustic wave pressure amplitude 

𝑆   Acoustic scattering matrix 

𝑇𝐿   Acoustic transmission loss 

𝜌   Air density 

𝑐   Speed of sound 

𝑎   Subscript refers to the inlet port 

𝑏   Subscript refers to the outlet port 

𝑢   Subscript refers to the upstream direction 

𝑑   Subscript refers to the downstream direction 

MAF     Hot wire mass airflow sensor 

BMEP   Break Mean Effective Pressure of the engine 
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INTRODUCTION 

Due to the current trend for producing new downsized engines, the use of turbochargers has 

increased in order to keep or increase the performance compared to larger displacement engines, 

and to lower exhaust pollutants. A turbocharger is considered as a type of forced induction used in 

internal combustion systems. 

A turbocharger consists of a radial turbine side and centrifugal compressor side. The turbine is 

typically placed on the exhaust line at the exit of the manifold. The turbine wheel is driven by the 

hot exhaust gasses; it converts the exhaust gasses energy to a mechanical rotation that is conveyed 

to the compressor side by a connecting shaft. The compressor side is placed on the engine intake 

line and theoretically, it converts its rotating energy to the intake air causing it to raise the density of 

air entering the engine. Since both sides of the turbocharger are placed on the exhaust and intake 

systems, these influence the acoustic characteristics of both systems.  

Due to the presence of the muffler in the exhaust system, noise problems are usually associated 

with the compressor in the intake side especially the high-frequency noise generated by the 

turbocharger, due to the clearance between rotor and casing, blades rotating speed etc. that was 

referred to as the active acoustic properties of turbochargers according to Rämmal and Åbom 

(2007).  

In the low-frequency region up to approximately 1600 Hz, the turbocharger compressor unit also 

has an influence on the pressure pulses propagating from the engine. This effect is referred to as the 

passive acoustic properties of turbochargers according to Rämmal and Åbom (2007). Which refer to 

the reflection, transmission and absorption of sound passing through the turbocharger compressor 

unit, this means that the turbocharger unit will theoretically damp and interact with the pressure 

pulses coming from the engine.  

Two experimental studies H. Rafael (2000) and Peat (2005) including comparisons with models 

based on the geometry of the turbine side of the turbocharger unit have been presented. The quality 

of the measurement results was however very poor at higher pressure ratios. An experimental study 

conducted by Veloso and El nemr (2012) in cooperation with Tiikoja et.al. (2011) uncovered the 

passive acoustic characteristics of an automotive turbocharger compressor unit discussing the 

behavior over a frequency range up to 1600 Hz, indicating characteristic acoustic transmission loss 

curves for different operating conditions under ideal and steady non-pulsating flow operations. 

These characteristic curves showed that the compressor was acoustically transparent at low 

frequencies and that a characteristic peak was formed at higher frequencies. The amplitude and 

locations of that local maximum changed when changing the flow speed. 

Rotor aerodynamic losses can be classified into incidence, friction, passage, disk friction, tip 

clearance, secondary flow, blade loading and diffusion loss according to Shaaban (2004). These 

types of losses could influence the amplitude and phase of the acoustic wave propagation through 

the rotor section. 

The scope of this paper is to investigate the influence of the rotor geometrical variations on the 

passive acoustic range of the turbocharger compressor unit under both ideal operating conditions 

involving a steady non-pulsating flow on an acoustic component test rig for turbochargers, and real 

engine operating conditions including pulsating flow of a modern 6-cylinder gasoline engine on an 

engine test rig.  

Acoustic two port theory 

An acoustic two port system is simply a system that has inlet and outlet ports with some internal 

geometrical structure that reacts to the incoming acoustic waves either by dissipation, transmission 

or reflection. 

Figure 1 shows a principle schematic diagram of the test setup used to measure the turbocharger 

compressor on the engine. It shows three dynamic pressure transducers placed at each side of the 

compressor, this arrangement is according to the classical two microphone method (TMM) 

described by Allam and Åbom (2006) with two different spacing to cover a wide range of 
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frequencies with a high accuracy. The spaces are calculated in a way to avoid large sensitivity to 

errors in the input data as specified by Åbom and Bodén (1988). 

The measured acoustic pressure amplitudes can be decomposed into propagating wave pressure 

and reflected wave pressure using the Full Wave Decomposition Method (FWDM) described in 

Allam and Åbom (2006). 

  A passive acoustic two-port system can in the frequency domain be described in terms of its 

scattering matrix formulation as shown in Figure 1 as 

 

[
𝑝a+

𝑝b+
] = [

𝑺𝟏𝟏 𝑺𝟏𝟐

𝑺𝟐𝟏 𝑺𝟐𝟐
] [

𝑝a−

𝑝b−
]                                                                                                            (1) 

 

where pa+ and pb+ are the propagating pressure wave amplitudes at ports (a) and (b), and pa- and 

pb- are the reflected pressure wave amplitudes at ports (a) and (b) and the scattering matrix 

components  𝑺𝟏𝟏, 𝑺𝟐𝟐 represent the reflections and  𝑺𝟏𝟐, 𝑺𝟐𝟏  represent the transmission of the 

waves.  

 

 
Figure 1: Schematic representation of a turbo compressor as an acoustic two-port. 
 

 

Since the turbocharger compressor can be considered as a two port acoustic system, then, to 

obtain the scattering matrix components in equation 1, it is required to measure at least two 

different acoustic test states. That can be achieved by acoustically exciting the inlet and outlet ports 

separately using a proper loudspeaker system (Tiikoja et.al. (2011)). In the downstream 

measurement state 1, the loudspeaker (a) is on and loudspeaker (b) is off, while in the upstream 

measurement state 2, the loudspeaker (a) is off and loudspeaker (b) is on. 
 

Then Equation 1 can be expressed as  
 

[
𝑝𝑎+

1 𝑝𝑎+
2

𝑝𝑏+
1 𝑝𝑏+

2 ] = [
𝑺𝟏𝟏 𝑺𝟏𝟐

𝑺𝟐𝟏 𝑺𝟐𝟐
] [

𝑝𝑎−
1 𝑝𝑎−

2

𝑝𝑏−
1 𝑝𝑏−

2 ]                                                                         (2) 

 
where the superscripts 1 and 2 are representing the two test states downstream and upstream 

respectively.  

By obtaining the scattering matrix components, one can derive the downstream transmission loss 

TLd  and the upstream transmission loss TLu  see Tiikoja et.al. (2011) as in equations 3 and 4 
 

TL𝑢 = 10 ∗ log (
(1+𝑀𝑏)2∗𝐴𝑏∗𝜌𝑎∗𝑐𝑎

(1+𝑀𝑎)2∗𝐴𝑎∗𝜌𝑏∗𝑐𝑏∗|𝑆12|2)                                                                         (3) 

 

 

TL𝑑 = 10 ∗ log (
(1+𝑀𝑎)2∗𝐴𝑎∗𝜌𝑏∗𝑐𝑏

(1+𝑀𝑏)2∗𝐴𝑏∗𝜌𝑎∗𝑐𝑎∗|𝑆21|2
)                                                                         (4) 
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where M is the Mach number, A is the cross section area of the pipe at the measurement section, 

c is the speed of sound and 𝜌 is the air density. 

The TMM was used for measurements with steady non-pulsating mean flow considering plane 

wave propagation at the measurement sections, with cutoff frequency ~4500Hz, covering only the 

passive frequency region up to 1600Hz. Within this work the TMM method was validated under 

pulsating flow conditions on an engine test rig as described below. 

MEASUREMENTS 

Acoustic component test rig for ideal operation (KTH) 

This test facility located in KTH-CCGEx, was established to investigate the turbocharger 

acoustic properties at steady non-pulsating operations. 

The experimental determination of the sound transmission through the compressor could be 

achieved by using the rig schematically outlined in Figure 2. In this rig it is possible to measure on 

both turbine and compressor sides at preselected operating conditions from operation maps of both 

sides. In this work we only consider the compressor side. For more details about the rig 

specifications and operation the reader is referred to Tiikoja et.al. (2011). 

 
Figure 2: Schematic of the component test rig in KTH-CCGEx (Tiikoja et.al. (2011)) 

Acoustic Engine test rig (IVT) 

Basic test rig description  

On a conventional engine test rig a turbocharged BMW R6 petrol engine with direct injection 

and Valvetronic was used during the experiments. The engine had a cooled twin-scroll turbocharger 

an electrically controlled wastegate. The turbocharger was connected and fixed to the manifold 

(with no flange) in series configuration. More details are in Table 1. 
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Table 1: Engine general data  

Type 6-cylinder in-line 

combustion process Otto direct injection with turbocharging 

Capacity 2979  cm³ 

Power 235 kW 6000 min-1 

torque 450 Nm 1300-4500 min-1 

 

The air volume measurement was performed in the series configuration by means of the motor 

own MAF. Indexing was performed using 2 AVL Indimodule 621 with 8 channels. The cylinder 

mean pressures measured by means of Kistler 6041 A (the part of BMW provided). Piezoresistive 

pressure sensors were used for dynamic pressure measurements on the compressor side. 

Modified test rig for acoustic measurements 

To perform the acoustic measurements on the engine, the standard engine configuration was 

modified to meet the requirements of two port measurements described in Figure 1.  The new 

construction is as shown in Figure 3.  

It can reasonably be expected that the acoustic configuration has a considerable influence on the 

engine performance. But since the measurements are at stationary operating conditions the original 

operation of these measurements could be maintained with minor manipulation of wastegate.  

 

Figure 3: Modified engine configuration for acoustic measurements of turbocharger (IVT). 

Turbocharger variants 

To investigate the rotor geometrical effect on the passive acoustic behavior of the compressor, 

two different rotors sizes were used with slight dimension differences between them as described by 

Table 2 and Figure 4. The Trim is a common term used when describing turbochargers and can be 

calculated according to equation 5 (defined by the manufacturer). The small difference between the 

two variants was designed to approximately having the same turbocharger compressor performance.   

 

Trim = (
𝐼𝑛𝑑𝑢𝑐𝑒𝑟

𝐸𝑥𝑑𝑢𝑐𝑒𝑟
) ∗ 100                                                                                                (5) 
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Table 2: Compressor Rotor Variants  

 Trim Inducer diameter mm Exducer Diameter  mm 

Variant 1 80 49.6 62 

Variant 2 74 45.9 62 

  

 
Figure 4: Definition of the main rotor dimensions. 

RESULTS AND DISCUSSIONS 

Operating maps 

Figure 5 shows the manufacturer performance color map of the selected turbocharger 

compressor, the color contour represents the efficiency variation of this compressor, the red line 

indicate the operation on engine at full load. Four points were selected on the full load line to 

represent general trend of the measurements performed at ideal conditions on the KTH-CCGEx 

component test rig. 

 
Figure 5: Compressor map illustrating the full load operating line and the selected operating 

points. 

 

 

Figure 6 shows a map of the operating points measured under real operating conditions on the 

IVT engine test rig. The straight black line indicates the engine full load; the green points are 

corresponding to those four points on Figure 5, while all other points were measurements at partial 

loads covering a wide range of the engine speeds. The red points were selected to compare the two 

compressor variants as shown in the next section. 
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Figure 6: Engine map illustrating all measured operating points with selected green points for 

full load comparison and red points for variants comparison. 

Validation of TMM method at pulsating flow operations 

 

Figure 7 shows the acoustic transmission losses behavior of the compressor-variant 1, 

comparing the TMM method under both ideal and pulsating flow operations, the comparison is at 

the selected four points (shown on Figure 5) representing the general operation at the engine full 

load. Figure 8 shows similar comparison but for the compressor-variant 2. 

From these comparisons, it is clear that for both compressor variants the transmission losses 

upstream and downstream showing a very good agreement between the two test rigs measurements 

up to 1600 Hz (the passive acoustics frequency range). The noisy curves of the IVT measurements 

compared to smooth curves from KTH are due to the high number of averages considered during 

the KTH measurements (approximately 1000 averages), that was not possible during engine 

measurements since it consumes long time while the engine could not be stable for such long time. 

That causes a slight difference between the two measurements in operating point 4 in Figure 7 and 

in operating point 2 in Figure 8. 

 Consequently, one can derive that the TMM method can be extended to cover the acoustic 

behavior under pulsating flow operations. 
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Figure 7: Comparison between the ideal operation and pulsating flow operation for 

Compressor-variant 1. 

 

 

 
 

Figure 8: Comparison between the ideal operation and pulsating flow operation for 

Compressor-variant 2. 

 

                                                 Downstream KTH,          Downstream IVT,            Upstream KTH,            

       Upstream IVT 

                                                 Downstream KTH,          Downstream IVT,            Upstream KTH,            

       Upstream IVT 

 



9 

 

 

Rotor geometrical variations impact on compressor acoustic behavior 

 

Figure 9 to Figure 12 show comparisons between the two compressor variants at the selected 

partial engine loads versus engine speeds as indicated by red points in Figure 6. From these 

comparisons the passive frequency range can be divided into three regions as follows: region 1 is a 

low frequencies range up to 800 Hz, in that region the compressor characteristic curves are flat and 

the rotor geometrical changes do not influence the acoustic behavior. Region 2 is a mid-frequency 

range from 800 up to approx. 1200 Hz, in that region, the rotor geometrical variation is causing a 

reduction in transmission losses in the downstream and upstream directions, this reduction 

disappears when increasing the engine loads (towards 16 bar BMEP and consequently to engine full 

load) at the same engine speed, also that reduction is getting less when increasing engine speed at 

the same engine load (4, 6, 12, 16 bar BMEP). Region 3 is a high frequency range from 1200 to 

1600 Hz; it includes some characteristic peaks of the turbocharger compressor. These peaks are 

described in Veloso and Elnemr (2012) and it seems that the rotor geometrical variations do not 

have a considerable influence.   

 

 
Figure 9: Comparison between compressor variant 1 and variant 2 at engine speed 1500 RPM 

and different partial loads.  

 

 

                                                 Downstream Variant 1,       Downstream Variant 2, 

  Upstream Variant 1,              Upstream Variant 2 
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Figure 10: Comparison between compressor variant 1 and variant 2 at engine speed 2000 

RPM and different partial loads. 

 

 

 
Figure 11: Comparison between compressor variant 1 and variant 2 at engine speed 3000 

RPM and different partial loads. 

 

 

                                                          Downstream Variant 1,    Downstream Variant 2, 

  Upstream Variant 1,              Upstream Variant 2 

 

                                                          Downstream Variant 1,    Downstream Variant 2, 

  Upstream Variant 1,              Upstream Variant 2 
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Figure 12: Comparison between compressor variant 1 and variant 2 at engine speed 4000 

RPM and different partial loads. 

 

CONCLUSIONS 

An experimental procedure of an automotive turbocharger compressor was introduced showing 

the general acoustic behavior of the compressor unit under ideal operating conditions, with steady 

non-pulsating flow compared to real pulsating flow operating conditions on an engine. The 

comparison with data taken at engine operating conditions showed a good agreement with the 

corresponding measurements under the ideal operating conditions in the passive acoustic range of 

the turbocharger compressor unit.  

After this validation of the TMM approach for two port extraction under real engine and 

pulsating flow conditions, two compressor variants were compared. The two variants had a slight 

difference in rotor trim ratios and approximately the same performance. The comparisons between 

the two variants were done over the engine partial loads at several combination of engine speeds 

and engine loads (BMEP). The comparisons showed that the rotor geometrical variations influenced 

the frequency range ~ 800 to 1200 Hz causing a reduction in the transmission loss amplitude when 

reducing the trim ratio. Two general observations on the amplitude reduction were made, the first is 

that the reduction disappears when increasing the engine loads, the second is that the amount of 

reduction is getting less when increasing the engine speeds. That means the acoustic damping of the 

turbocharger compressor at engine partial operating conditions can be increased by slightly 

increasing the rotor trim ratio without affecting the main performance.   
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