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ABSTRACT

With the ongoing electrification of vehicles, the acous-
tic properties of the vehicle’s interior are increasingly af-
fected by auxiliary units. In electric vehicles, the bat-
tery and the electric motors must be cooled in addition
to the passenger cell. Therefore, larger A/C compressors
are needed, which increase sound radiation and vibration
excitation. The compressor is the central sound source
in the refrigeration circuit, on the one hand through di-
rect airborne sound radiation, on the other hand it causes
acoustic excitation of other refrigeration circuit compo-
nents via pressure pulsations and vibration transmission.
To characterize the acoustic properties of refrigerant scroll
compressors, a test rig was developed that allows an iso-
lated observation of the acoustic properties of refrigerant
compressors in an anechoic chamber. This paper inves-
tigates the influence of thermodynamic process variables
on compressor acoustics and shows that increasing speed
and compression ratio lead to greater sound radiation. The
sound spectra of fluid, structure and airborne noise are
dominated by speed-dependent, tonal components. The
findings provide insights into the physical relationship be-
tween thermodynamic and acoustic parameters and enable
the identification of a low noise operating range.
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1. INTRODUCTION

In March this year, the EU Parliament decided that from
2035 onwards, newly registered passenger cars will no
longer be allowed to emit CO2 in order to further acceler-
ate the electrification of the vehicle market [1]. In battery-
electric vehicles, the thermal management system plays a
key role, high efficiency and pleasant acoustics are cru-
cial. The efficiency has a direct influence on the achiev-
able range, while at the same time increased requirements
apply to the acoustics, due to the elimination of the mask-
ing noise of the combustion engine [2,3]. One of the dom-
inant sound sources in the thermal management system is
the refrigerant compressor [4].

Mechanical, electromagnetic and fluid dynamic exci-
tations occur in scroll compressors. The dynamic exci-
tations are mainly transmitted to the housing, as it is a
hermetically sealed unit, and result in vibrations of the
housing system [5]. Lee et al. [6] and Miao et al. [7]
showed that the airborne sound radiation correlates with
the vibrations of the compressor and that vibrational res-
onances of the casing can lead to a strong increase of the
radiated airborne sound. In the investigations of Haeussler
et al. [8], sound radiation of an electric scroll compressor
is proportional to the rotation speed. Yanagisawa et al. [9]
were able to establish a connection between the suction
pressure and the sound radiation, as well as to prove the
excitation of vibration resonances of the compressor shaft
by high pressure pulsations. Currently, research on the
acoustics of scroll compressors mainly involves numerical
simulation methods for calculating sound radiation and
optimising individual compressor components for sound
reduction. However, there are only a few studies on the
influence of thermodynamic boundary conditions on com-
pressor acoustics.
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The aim of this paper is to determine the influence
of various thermodynamic process variables on the fluid,
body and airborne sound of an electric scroll compressor.
In a first step, a suitable test rig was developed on which
the compressor acoustics can be measured under precisely
adjustable thermodynamic boundary conditions. Subse-
quently, the influence of rotation speed, compression ra-
tio, suction and high pressure on the acoustic properties
of the scroll compressor was investigated.

2. EXPERIMENTAL SETUP

The investigations were carried out on a refrigerant com-
pressor acoustic test rig set up for this purpose. To set pre-
cisely defined thermodynamic operating points, the com-
pressor is integrated into a refrigeration circuit in which
the heat flows at the heat exchangers and the throttling
effect of the expansion valve are controlled accordingly.
The acoustic behaviour of the scroll compressor was char-
acterised with the help of pressure pulsation sensors, ac-
celeration sensors and microphones inside an anechoic
chamber.

2.1 Refrigeration cycle

In order to be able to fully characterise the acoustics of
the refrigerant compressor, a refrigeration cycle is avail-
able that allows the compressor to be run in the entire
operating range. The environmentally friendly chemical
refrigerant 2,3,3,3-tetrafluoropropene (R1234yf), which is
common in the automotive sector, is used. Figure 1 shows
the schematic test rig setup.

Figure 1. Schematic test rig design

The compressed refrigerant flows into a water-cooled
condenser and is completely liquefied. The liquid refriger-
ant is expanded with the aid of the expansion valve. Pres-
sure difference and refrigerant mass flow can be adjusted
via the electronically adjustable throttle effect of the valve.
In the following refrigerant-water heat exchanger, the re-
frigerant is evaporated under heat supply and then sucked
in again by the compressor. Pressure and temperature (pT)
sensors before and after the compressor as well as after
the condenser capture the relevant data for determining
the operating point. A Coriolis mass flow meter measures
the refrigerant mass flow.

Only the compressor and a flow silencer are placed in-
side the anechoic chamber, all other test stand components
are located outside to avoid disturbing noise. The flow
silencer reduces pressure pulsations on the high-pressure
side in order to reduce the vibro-acoustic excitation of
the remaining refrigeration cycle components. The flow
silencer is covered with acoustically dampening foam to
minimise interfering noise. Flexible refrigerant hoses are
used to decouple the compressor and the rest of the test
stand components in terms of vibration. Cables and re-
frigerant hoses are routed inside the anechoic chamber
through an acoustically insulated passage.

2.2 Acoustic measurement setup

The sensors used for acoustic characterisation and their
positions are shown in Fig. 2. The compressor is firmly
bolted to a 600 kg concrete cube via a solid steel bracket
in order to minimise influences of the attachment on
compressor vibrations. Triaxial acceleration sensors are
mounted on the housing at the three bolting points to mea-
sure the compressor vibrations (3B-1, 3B-2, 3B-3). As
a further acoustic excitation variable, the pressure pulsa-
tions at the compressor inlet (p̃1) and at the compressor
outlet (p̃2) are recorded. The sound radiation of the scroll
compressor is measured under free-field conditions in an
anechoic chamber in the 5 free radiation directions using
free-field microphones (see Fig. 3).

3. ACOUSTICS OF THE REFERENCE
OPERATING POINT

In this chapter, the spectral curves of the investigated
acoustic variables of the reference measurement at a
medium compressor speed of 5000 rpm and a medium
compression ratio of 7 are evaluated.
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Figure 2. Accelerometers (yellow) and pressure pul-
sation sensors (blue) on the compressor

Figure 3. Microphones in the anechoic chamber

3.1 Fluid sound

The cyclic compression principle of the scroll compressor
results in a fluctuating pressure curve. To illustrate the
operating principle of scroll compressors, Fig. 4 shows
the pressure distribution in the compression chamber of
a scroll compressor for different crankshaft angles.

Figure 4. Pressure distribution in the compression
chamber at different crankshaft angles

These pressure fluctuations lead to the excitation of
vibrations and the radiation of airborne sound in all com-
ponents of the refrigeration cycle and are therefore an im-
portant acoustic parameter. The spectrum of the suction
pressure pulsations (see Fig. 5) shows that, the first two
orders of the rotational frequency are dominant, due to
the design of the scroll compressor. With each revolu-
tion of the compressor screw, the two outer compression
chambers open once (see Fig. 4) and gaseous refrigerant
is sucked in on the low-pressure side. The frequency of
the other peaks in the sound pressure spectrum are also
integer multiples of the rotation frequency. These higher-
harmonic pressure pulsations are caused by flow reflec-
tions at bends and cross-sectional jumps in the refrigera-
tion cycle. The amplitude of the suction pressure pulsa-
tions drops at approx. 20 dB per decade for frequencies
greater than 400 Hz.

As Fig. 6 shows, pulsations of the 1st order are domi-
nant at the compressor outlet, since the check valve at the
discharge bore opens once per revolution as soon as the
pressure in the inner compression chamber is greater than
the pressure in the downstream high-pressure line. The re-
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Figure 5. Suction pressure pulsations

duction of the 2nd to 4th order pressure pulsations in the
frequency range of 150-350 Hz is achieved by the reso-
nance volume integrated in the compressor housing and
the flow silencer in the high-pressure line. On the high
pressure side, the frequencies of the further pressure pul-
sation peaks are also integer multiples of the rotational fre-
quency and result from flow reflections. For frequencies
greater than 400 Hz, the amplitude of the high-pressure
pulsations drops at approx. 30 dB per decade.

Figure 6. High pressure pulsation

3.2 Structure-borne sound

The investigated scroll compressor shows a complex vi-
bration behaviour due to its large number of components
and the different types of excitation. The vibration exci-
tation is caused by forces from the eccentric movement of
the orbiting compressor scroll, the rotation of the electric
motor, the translational motion of the discharge valve as
well as by pressure forces of the refrigerant flow.

Fig. 7 shows the vibration velocity level over the fre-
quency from 10 to 10000 Hz. The signals of the three
triaxial acceleration sensors at the bolting points have
been quadratically averaged. Similar to the spectra of the
pressure pulsations, the frequencies of the strongly pro-
nounced tonal components are integer multiples of the ro-
tational frequency. The amplitude of the velocity peaks
depends on whether vibrational resonances are excited at
the respective frequency. Basically, the first 2-3 orders
are strongly pronounced in the range below 300 Hz and
vibrations occur more strongly in the range from 700 to
2000 Hz.

Figure 7. Vibrations at the bolting points

3.3 Airborne sound

Fig. 8 shows the sound pressure level over the frequency
range from 10 to 10000 Hz, the signals of the 5 free-field
microphones were quadratically averaged. The sound
pressure level spectrum shows a multitude of peaks whose
frequencies correspond to integer multiples of the rota-
tional frequency. The spectrum of the radiated airborne
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sound agrees well with the vibration spectrum (comp.
Fig. 7). The maximum sound pressure level amplitude oc-
curs at the 1st order and sound is emitted more strongly in
the frequency range from 700 to 2000 Hz. This indicates
that the radiated airborne sound mainly results from the
vibrations of the compressor, this corresponds to findings
of Lee et al. [6] and Miao et al. [7].

Figure 8. Radiated airborne sound

4. INFLUENCE OF THERMODYNAMIC
PROCESS VARIABLES ON SCROLL

COMPRESSOR ACOUSTICS

The aim of the investigations carried out is to determine
the influence of speed, compression ratio, suction and high
pressure on the acoustics of a scroll compressor. Measure-
ments were carried out at low, medium and high compres-
sion ratio, once at constant suction pressure p1 with cor-
responding adjustment of the high pressure p2 and once
at constant high pressure and corresponding adjustment of
the suction pressure. The compression ratio ϵ is calculated
according to formula 1:

ϵ =
p2
p1

(1)

The operating points investigated are listed in Tab. 1
and Tab. 2. In addition, each pressure ratio was measured
at 3000, 5000 and 7000 rpm to be able to characterise the
influence of low, medium and high speed. The measure-
ments were carried out at constant speed, as the thermo-

dynamic boundary conditions such as pressures and su-
perheat can be set more accurately at constant speed. The
superheat of the refrigerant at the compressor inlet was set
to 10 K for all measurements to ensure that only purely
gaseous refrigerant enters the compression chamber.

Table 1. Operating points with constant suction pres-
sure

Compression ratio ϵ [-] 5 7 9
Suction pressure p1 [bar] 3 3 3
High pressure p2 [bar] 15 21 27

Table 2. Operating points with constant high pres-
sure

Compression ratio ϵ [-] 5 7 9
Suction pressure p1 [bar] 4.2 3 2.33
High pressure p2 [bar] 21 21 21

The pressure ratios listed in Tab. 1 and Tab. 2 were
set by adjusting the heat flows to the condenser and evap-
orator and regulating the throttling effect of the expansion
valve. At the same time, the position of the expansion
valve influences the mass flow circulating in the refriger-
ation cycle. Fig. 9 shows the refrigerant mass flow as a
function of the operating point, the values of the reference
operating point at medium compression ratio are shown as
black dots.

The mass flow increases proportionally to the pres-
sure on the suction side, as this also increases the refrig-
erant mass entering the outer compression chambers. The
mass flow increases linearly with the rotation speed due
to the fixed volume of the screw geometry. For very high
mass flow rates, the increment of the mass flow decreases
as speed increases, due to the flow resistance in the refrig-
eration cycle increasing quadratically to the flow velocity.
The compression ratio, on the other hand, has no mea-
surable influence on the mass flow, since the quantity of
refrigerant delivered remains the same at constant suction
pressure and varying high pressure.
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Figure 9. Refrigerant mass flow as a function of the
operating point

4.1 Fluid sound

The values of the overall sound pressure level of the suc-
tion pressure pulsations for the different operating points
are shown in Fig. 10. For the overall sound pressure level,
the sound pressure level values were summed up over the
frequency range of 10-10000 Hz. The pressure pulsations
on the suction side increase with increasing speed and in-
creasing suction pressure. The suction pressure pulsations
are proportional to the delivered mass flow, recognisable
by the strong correspondence with the mass flow shown
in Fig. 9. Changes in high pressure and compression ratio
have no effect on the pressure pulsations at the compressor
inlet.

The pressure pulsations at the compressor outlet, on
the other hand, show a different behaviour (see Fig. 11).
Maximum values are shown at 3000 rpm since at low ro-
tation speeds the individual compression pulses occur at
greater intervals and thus merge less. At medium speeds,
the high-pressure pulsations decrease and increase again
at high speeds. In order to better explain this behaviour,
the influence of the resonance volume integrated in the
compression housing as well as the downstream flow si-
lencer must be examined more closely. Increasing the
high pressure and the compression ratio results in larger
values of the overall sound pressure level of the high-
pressure pulsations.

Figure 10. Suction pressure pulsations as a function
of the operating point

Figure 11. High pressure pulsations as a function of
the operating point

4.2 Structure-borne sound

Fig. 12 shows the values of the overall vibration velocity
level for the different operating points. For the overall
velocity level, the velocity level values were summed up
over the frequency range of 10-10000 Hz.

The vibration velocity of the compressor increases
linearly with the speed. As high pressure and compression
ratio increase, compressor vibrations increase slightly due
to greater pressure forces in the compression chamber and
at the outlet. At 7000 rpm an outlier appears, the maxi-
mum overall velocity level occurs at low compression ra-
tio and low high pressure of 15 bar. The reason for this be-
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Figure 12. Vibrations at the bolting points as a func-
tion of the operating point

haviour is still unclear, further investigations using a laser
scanning vibrometer, are to be carried out on this.

The vibration behaviour of the compressor differs sig-
nificantly from the value curves of the overall sound pres-
sure level of the pressure pulsations on the suction side
as well as on the high pressure side (comp. Fig. 10 and
Fig. 11). Consequently, the influence of the pressure pul-
sations on the vibration excitation of the compressor is
negligible.

4.3 Airborne sound

The overall sound pressure level values of the radiated air-
borne sound for the different operating points are shown
in Fig. 13. For the overall sound pressure level, the sound
pressure level values were summed over the frequency
range 300-10000 Hz. The lower frequency was adjusted
according to the acoustic properties of the anechoic room.

The sound pressure fluctuations radiated by the com-
pressor increase linearly with speed, this corresponds to
findings of Haeussler et al. [8]. Increasing high pressure
and increasing compression ratio result in a small incre-
ment of the sound radiation. The value curve of the over-
all sound pressure level shows a high degree of agree-
ment with the value curve of the overall velocity level at
the attachment points (comp. Fig. 12). In contrast, the
behaviour of the airborne sound radiation differs signif-
icantly from the value curves of the overall sound pres-
sure level of the pressure pulsations on the suction side
as well as on the high pressure side (comp. Fig. 10 and
Fig. 11). From this it can be concluded that the radiated

Figure 13. Airborne sound radiation as a function of
the operating point

airborne sound is mainly generated by the vibrating com-
pressor surface. The influence of the refrigerant pressure
pulsations on the sound radiation is negligible, a transmis-
sion of these pressure pulsations through the compressor
housing does not occur.

5. SUMMARY

This paper describes the influence of the thermodynamic
process variables speed, compression ratio as well as suc-
tion and high pressure on the acoustic properties of an
electric refrigerant scroll compressor. For this purpose,
different operating points were adjusted on a specially
constructed refrigeration cycle test rig and fluid, structure-
borne and airborne noise of the compressor were mea-
sured in an anechoic chamber.

The spectra of the investigated acoustic variables
were evaluated for the reference measurement at medium
speed and medium compression ratio. The spectra of
fluid, structure-borne and airborne sound are dominated
by a large number of narrow-band tonal components
whose frequencies correspond to integer multiples of
the compressor speed. In the refrigeration cycle, low-
frequency pressure pulsations of the 1st and 2nd order are
dominant. The spectra of vibrations and airborne sound
show a high degree of correlation, vibrations and sound
radiation are strongly pronounced in the higher frequency
range from 700 to 2000 Hz.

The pressure pulsations on the suction side increase
with raising suction pressure and increasing speed, they
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are proportional to the refrigerant mass flow. The over-
all sound pressure level of the high pressure pulsations is
particularly high at low rotation speeds. Vibrations and
airborne sound radiation increase linearly with increas-
ing speed. Compression ratio and pressure on the suction
and the high-pressure side have only a minor influence on
the vibration behaviour and sound radiation of the scroll
compressor. The pressure pulsations and the mass flow
in the refrigeration cycle and have no measurable influ-
ence on the vibroacoustic noise generation in the com-
pressor. Since it was found that the speed is the dominant
factor for scroll compressor acoustics, further investiga-
tions shall be performed over the complete speed range.
Structure-borne and airborne noise are proportional to the
speed, therefore low compressor speeds are desirable, es-
pecially in quiet driving conditions.
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