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Abstract — Heat pumps represent an essential component of the energy transition. While they are effective
in generating heat, they also generate sound, which has the potential to cause annoyance. Therefore, it is
essential to enhance the transparency of the sound behavior. Analyses were performed to identify the factors
that influence sound levels at the component and system levels. A total of three refrigerant compressors were
examined with the objective of determining the most acoustically efficient components currently available
and the key factors influencing acoustics. Two low-noise axial fans are used to illustrate the differing sound
characteristics when used in a heat pump application. Based on component tests and measurements at
the heat pump system level, the speeds of the compressor and fan were confirmed as significant factors
influencing the sound emissions of air-to-water heat pumps. In addition, the flow temperature and the
operating point of the fan were identified as factors influencing. The results were employed to develop an
acoustically improved heat pump demonstrator, which was based on a representative design. A sound model
could be developed that is capable of describing the sound behavior for a wide range of operating conditions.
This methodology allows for increased transparency in sound behavior. Different sound behaviors of heat
pumps can be demonstrated on the basis of the model, and discussions on the definition of maximum sound
specifications can be held on the basis of data. Sound emissions should not only be linked to heat output,
as this increases the uncertainty of comparability. A transparent representation of the speeds is strongly
recommended.
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Nomenclature TOL Total operating limit
Biv Bivalence point

AWHP Air to water heat pump Lwmax  Maximum sound power level
VFD Variable frequency drives T, Evaporation temperature
RSME ROO't mean square error o T, Condensation temperature
EBC Institute f.or Energy Efficient Buildings and Pe Evaporation pressure

Indoor Climate De Condensation pressure
[HTA Institute for Hearing Technology and Acous- ¥ Pressure ratio

tics dT Suction gas superheat
ATW55  Air 7°C, Water 55 °C, Heat pump operating o Standard deviation

condition Lw,.comp  Contribution compressor sound power level
Thir Air temperature Ly fan Contribution fan sound power level
Tvy Water flow temperature Ly up Heat pump sound power level
Qn Heating capacity Qo Air volume flow
Tdesign,n ~ Design temperature for heating application Qudesign  Design air volume flow
Pesign,n ~ Heating load Apy Total pressure difference
Prated Rated heat output L,ca Background noise level
Neomp Compressor rotation speed
Nfan Fan rotation speed
Ly grp Noise rating for energy-related-products
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1 Introduction

Heat pumps represent a pivotal solution for the
energy transition. To date, nearly 80% of all heat pumps
installed in Germany have been air-to-water heat pumps
(AWHP) [1], which utilise ambient air as a heat source
and facilitate its availability to a water circuit. In addi-
tion to a compressor, this design requires one or more
fans, which are significant sources of noise. Méhler and
Eulitz [2] posit that noise pollution from stationary
sources, such as AWHPs, will increase significantly in
the coming years. Modern heat pumps are equipped with
power modulation, whereby the speeds of the compressor
and fan(s) adapt to the operating status. The fluctuations
in sound emissions resulting from changes in the external
temperature and the required heating output cannot be
adequately represented by the current legislative frame-
work governing noise labelling. The results presented here
include excerpts of those originally presented at DAGA
2024 in Hanover [3].

The mandatory sound rating for energy-related-
products Ly gp of variable output AWHP is defined
by the Ecodesign Directive with Regulation (EU) No.
813/2013 [4] and described in DIN EN 12102-1 [5]. If an
average climate profile [6] is taken as a basis, the stan-
dard rating condition for sound measurement is an air
temperature T,;, = 7°C and a water flow temperature
Ty1, = 55 °C with a spread of 8 K, which can be expressed
as ATW55. The sound power measurement is conducted
with the device settings configured to achieve the per-
formance specifications outlined by the manufacturer in
accordance with the requirements of DIN EN 14825 [7].

Figure 1 illustrates the operating behavior based on
the heat pump demonstrator. In this instance, the refer-
ence design temperature for heating application Tyesign,n
is assumed to be —10°C , with a heating load Pgesign,n of
10kW. The heating load and variable heating outputs are
presented as nominated to the design point. The partial
load ratios (A-D) vary according to the external temper-
ature, as defined in DIN EN 14825 (red line). Further-
more, the bandwidth of the calculated heat output based
on DIN EN 14511-3 [8] of the heat pump demonstra-
tor for standard rating conditions according to DIN EN
14511-2 [8] is plotted on a grey background. The operat-
ing hours distribution demonstrates that periods of very
low outdoor temperatures, up to the total operating limit
(TOL), represent a minor proportion of the total operat-
ing time. The bivalence point (Biv) defines the outdoor
temperature up to which the heat pump can provide the
heating output in monovalent mode. In this case at —7°C.

Sound labeling is carried out for evaluation point C.
The partial load condition at the corresponding outdoor
temperature of 7°C must be at least 35%. Compared to
the modulation range of the AWHP, the sound can be
determined at a very low partial load condition. For the
sake of completeness it should be mentioned that in the
past the label could also be specified for higher capaci-
ties. This means that it is not possible to compare the
sound data of different models offered in a comparable

performance class on the basis of the current labeling
regulations without further consideration.

In addition to the sound labeling required by law,
databases and manufacturers’ documentation provide
further sound data for reduced sound power levels at
night time operating modes and maximum sound data
Ly Max- There is no common definition for determining
these specifications. This may result in disparate interpre-
tations of the conditions. In some cases, a representative
loudest condition is suggested by specifying the maximum
sound power level. Oltersdorf [9] demonstrates that a con-
siderable number of specifications are implausible due to
the fact that the difference between Ly vax and Ly grp
is either zero or negative. Figure 2 illustrates the findings
of a study conducted by Stiftung Warentest [10], in which
a range of AWHPs were evaluated based on their sound
behavior, among other criteria. This is compared with
the sound data from the database of the German Heat
Pump Association [11]. There is no evident correlation
between an acoustic rating of “good +” and the speci-
fied sound power levels. It is evident that factors such as
spectral composition and tonal content are also signifi-
cant, in addition to the numerical values. Consequently,
it is not possible to ascertain from the published sound
levels whether a system is acoustically “good +” or “aver-
age o”. Furthermore, the research presented in the paper
“Acoustic Noise Measurement of Air Source Heat Pumps”
provides evidence of a misalignment between the sound
values provided by the manufacturer and those measured
in situ [12]. It could therefore be assumed that there is a
lack of transparency in the declared sound power levels
of inverter-controlled air-to-water heat pumps.

In this paper, the sound behavior will not only be
shown at a few operating points. The holistic sound
behavior will be covered by a sound model. An acousti-
cally improved air-to-water heat pump demonstrator will
be used to investigate the main factors influencing the
sound behavior under different ambient conditions.

The current state of knowledge on the sound behavior
of air-to-water heat pumps is summarized by Torjussen
et al. [13] and Langerova [14].

A seasonal sound power level has been introduced as
part of Annex 51 [15]. Based on the sound power levels
at the rating points according to DIN EN 14825, an ener-
getic mean level is derived, taking into account the hourly
distribution [16, 17]. Approaches to coupling acoustic
behavior to energetic models are described by Vering
et al. [18] and Klingebiel et al. [19]. The sound model
presented in this paper represents a further improve-
ment of the seasonal sound power method. This approach
enables to predict most operating conditions acoustically
instead of using seven discrete sound power levels. Instead
of distribution functions on an hourly basis, distribu-
tion functions with a smaller time-step size can be used
due to the better data set. These distribution functions
can be calculated using energy system simulations, for
example [20]. The feasibility of formulating a compre-
hensive description of the acoustic behavior enables the
refinement of the time-step size in system simulations,
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Figure 1. Rating points and BIN hours distribution according to DIN 14825 [7] and operating conditions for sound labeling
according to Ecodesign Directive with additional information of the minimum and maximum heating capacity Qn of the

demonstrator heat pump.

thereby aligning the temporal resolution with the actual
perception.

2 Methods

Complex systems, such as an air-to-water heat pump,
are defined by a multitude of influencing factors. In order
to account for the full range of influencing factors, tests
on air-to-water heat pumps are typically conducted in
climatic chambers. All operational conditions that may
be encountered in situ can be replicated in the cham-
ber. However, conventional climatic chambers are not
an appropriate means of reliably determining the sound
behavior of air-to-water heat pumps with low acous-
tic measurement uncertainty and identifying significant
acoustic influencing factors. The climate chamber envi-
ronment is strongly characterized by a locally fluctu-
ating sound pressure level distribution due to the size
and typical design of the chamber with sound-reflecting
surfaces. This leads to greater measurement uncertain-
ties. In the case of sound sources with low emission lev-
els, as is the case with the acoustically optimized heat
pump demonstrator, the high background noise levels
caused by the system technology of the climatic chambers
prevent the necessary signal-to-noise ratio from being
achieved. This also has the effect of reducing the accuracy

of the measurements. Furthermore, conventional acous-
tic test benches are typically inadequate for replicating
the full range of operational scenarios for air-to-water
heat pumps. To ascertain significant acoustic influencing
factors, precision measurements with high accuracy are
required.

Consequently, the studies were conducted in multiple
phases, with each level examined individually. Figure 3
illustrates the sequence of measurements conducted. In
the initial phase of the investigation, an examination
was conducted at the component level. An hemi-anechoic
chamber was used to examine a range of refrigerant
compressors, covering various designs and manufacturers.
These were tested on a component test bench. In addition,
investigations were conducted in collaboration with the
company ebm-papst Mulfingen GmbH & Co. KG with the
objective of identifying the acoustically optimal fan and
characterizing the behavior of the Aero system. A vari-
ety of axial fans were subjected to both simulation-based
and experimental enhancement within a model of the
demonstrator. On the basis of the preliminary component
investigations, the components with the optimal acoustic
properties were identified and subsequently installed in
the demonstrator. This demonstrator is used to inves-
tigate the acoustic behavior of the system. Based on
the results of the component investigations and the heat
pump system investigations, a noise model is derived to
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Figure 2. Results of a Stiftung Warentest study [10] in comparison with the sound data in the BWP database [11].
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Figure 3. Methodical procedure for determining the relevant acoustic parameters influencing the heat pump sound of the
developed demonstrator.

predict the noise behavior under deviating operating con-  and IHTA Institutes of RWTH Aachen University are
ditions. This model is linked to the performance data of  investigating a reference heat pump of the same perfor-
the heat pump developed. As part of the project, the EBC ~ mance class as the acoustically optimized demonstrator.
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In the course of this, additional listening tests are carried
out using noise stimuli from the reference heat pump and
the demonstrator.

3 Describtion of demonstrator heat pump

The air-to-water heat pump demonstrator is initially
based on a Viessmann Vitocal outdoor unit type AWO-
M-E-AC 251.A10 (Fig. 4b) with a rated heat output
Pratea = 10kW at a low temperature application W35.
This heat pump won the Stiftung Warentest compar-
ison [10] and has already been rated as acoustically
good.

On the basis of the preliminary component investiga-
tions, the components with the optimal acoustic prop-
erties were identified and subsequently installed in the
demonstrator. The dimensions of the standard appli-
ance, the design of the appliance and the future-proof
R290 [21] refrigerant used have remained unchanged. The
refrigerant circuit configuration has remained unmodi-
fied. The demonstrator is characterized by the follow-
ing dimensions: an overall length of 600 millimeters, an
overall width of 1144 millimeters, and an overall height of
1382 millimeters (Fig. 4a).

4 Component studies

This section sets forth the methodology to be
employed in the component tests. The objective of this
study is twofold: firstly, to identify the optimal compo-
nents from an acoustical perspective, and secondly, to
identify the acoustically relevant influencing factors. The
focus is on the two main noise-generating components,
namely the compressor and the fan. The compressor is
studied separately from the heat pump. However, the
component investigations of various fans are carried out
taking the heat pump design into account. It is antic-
ipated that interactions with the heat exchanger, the
installation position and the pressure-side design grill will
be observed in this context [22].

4.1 Compressors

The compressors are responsible for compressing the
refrigerant from the low-pressure side to the high-pressure
side through the application of technical work. As a main
component of an AWHP, the compressor requires signifi-
cant investment in the development of an AWHP. It has
a significant impact on efficiency and also on acoustics.

4.1.1 Research method

The factors influencing the noise of refrigerant com-
pressors were determined experimentally. Sound power
measurements were carried out at component level in a
hemi anechoic chamber. To determine the acoustic sig-
nature of various refrigerant compressors, a compressor

test bench based on DIN EN 13771-1:2017 [23] was used.
Analogous to the procedure for determining the ther-
modynamic parameters. In contrast to the performance
measurements, the compressor is placed in an acoustic
measurement environment and the compressor test bench
in an adjacent room (Fig. 5). The refrigerant compres-
sors can be described by a black box model [24]. In the
investigations, the parameters evaporation temperature
T. (analogous to evaporation pressure p. ), condensation
temperature T, (analogous to condensation pressure p..),
suction gas superheat dT and compressor speed 7comp
were systematically varied and the influence on the emit-
ted sound power level was measured. In addition to the
changes to the overall sound power level, spectral analy-
ses (one-third octave bandwidth) and narrowband analy-
ses of the compressor noise were carried out. In a first
step, the significance of the influencing parameters on
the total sound power level and the analysis parameters
derived from them were investigated. Subsequently, the
absolute levels of the investigated compressors were com-
pared with each other and their acoustic signatures were
analyzed and evaluated.

4.1.2 Measurement environment and operating mode

The emitted sound power of the compressors was
determined using a free-field measurement method on a
reflective plane in accordance with ISO 3745 [25] and a
measurement distance r = 2m, utilizing 20 1/2" free-field
microphones type G.R.A.S. 46AE. The acoustic measure-
ment system was calibrated before and after the mea-
surements and in addition verified with a reference sound
source when the test setup was first setup. The installa-
tion complies with the recommendations of AHRI Stan-
dard 530-2022 [26] on an impedance mass. A mass ratio
>4 is required there; a blocking mass of 314 kg was used.
This ensures a mass ratio >10. The compressors were
tested with the elastic rubber mounts recommended by
the manufacturer with different geometries, depending on
the test specimen. The discharge and suction gas pipes
were made with flexible GOMAX Infinity hoses. The com-
pressors are operated at a stationary operating point. The
measurement is taken after approx. 10-15min of steady
state. The influencing factors compressor speed ncomp,
evaporation temperature 7., condensation temperature
T. and suction gas superheat dT at the compressor inlet
were kept constant for discrete measurements. The mea-
surement duration for the stationary acoustic values were
30s with a sampling rate of 51.200 Hz. Thermodynamic
parameters are measured with a sampling rate of 1Hz.
The following measurement campaigns were examined:

— Variation of the compressor speed under constant
operating conditions.
— Variation of operating conditions at constant speeds.

The parameters were varied individually (one factor at
a time) within the operating envelopes of the respec-
tive compressors. In addition, transient run-ups and
run-downs were measured.
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(a)

(b)

Figure 4. View and section cut view of the demonstrator heat pump. (a) Heat pump demonstrator used for the sound model.
(b) Principle sketch of the initial heat pump with two fans on the left-hand side of the appliance and a view of the machine

room on the right-hand side.

Figure 5. Test setup in a hemi-anechoic chamber and the compressor test bench in an adjacent room.

4.1.3 Selection of compressors

The refrigerant compressors to be investigated are
selected on the basis of the performance class of the
heat pump demonstrator under investigation in the range
of approx. 8-13kW nominal output and the refriger-
ant R290 used. Typical designs in this application range

are scroll and rotary piston compressors [27]. A market
research was carried out to compare common compres-
sors and the in Table 1 listed three test specimens were
determined.

The selection process ensures that different designs
and manufacturers are considered for comparable stroke
volumes.



T. Schmidt and D. Miiller: Acta Acustica 2025, 9, 44 7

Table 1. Selected refrigerant compressors for acoustic comparison.

Compressor A B C
Manufacturer 1 I 111
Type Two-cylinder rotary Scroll Scroll
Displacement cm? /rev 55 46 52

Modulation range rpm 900-6600 1100-5500  1200-7200

m==_ compressor A run down 6000 to 1000 rpm te =-7°C /tc=50°C /dT = 15K
compressor B run down 5500 to 1200 rpm te =-7°C / tc=50°C / dT = 10K
compressor C run down 5250 to 1250 rpm te =-7°C / tc=50°C / dT = 10K

compressor C run down 6600 to 1200 rpm te =-7°C / tc=35°C /dT = 10K
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Figure 6. Comparison of the sound power level (class 2 o = 1.5dB [28]) of different refrigerant compressors. (a) Overall value
20Hz to 10kHz. (b) Bandpass filter 20 Hz to 400 Hz. (c) Bandpass filter 400 Hz to 800 Hz. (d) Bandpass filter 400 Hz to 3 kHz.

4.1.4 Results

Sound power levels of up to 90 dB(A) were determined
for the compressors tested. The minimum sound power
level determined for the quietest compressor tested at
minimum speed is still above 50 dB(A). As a result, at the
component level the refrigerant compressor is the compo-
nent with the highest sound emission compared to the
determined fans. Figure 6 illustrates the characteristic of
the sound power levels based on transient run-down mea-
surements with stationary, controlled starting conditions.
The run-down duration is set to ten minutes to ensure a
stable measurement of resonant peaks. In addition to the
total sound power, band-pass-filtered levels are shown,
divided into low-frequency (b), medium-frequency (c) and
high-frequency (d) components. The subdivisions were
chosen to make the determined structural resonances of
different compressors visible. It can be observed that com-
pressor B emits the lowest levels across all states. The
noise behavior of the other two compressors is strongly
characterized by resonant effects, which are particularly
noticeable with compressor A in the low-frequency range.
A narrow-band resonant increase in the sum level is

observed in the lower speed range for Compressor C. If
this behavior is also transmitted by the heat pump design,
it can be expected that an annoyance will result in this
state.

Moreover, the impact of internal operating envelope
constraints on the upper speed limit was discerned for
compressor C. In the operational range examined, it
was not feasible to reach a maximum speed of 6600 rpm
at elevated condensing temperatures. As illustrated in
Figure 6b, the low-frequency acoustic maximum can be
achieved at the highest possible speed with a reduced
condensation temperature, or alternatively at a reduced
speed with a high condensation temperature.

The results of the parameter study of three refrigerant
compressors are depicted in Figure 7. A total of 288 sta-
tionary measurements were evaluated. The range of the
minimum and maximum sound power levels determined is
plotted against the influencing factors. For each compres-
sor, rotational speed is the most significant influence, with
arange of up to almost 30 dB. There is no significant influ-
ence of suction gas superheating. The pressure ratio 1 for
the test stand used can be described in a good approx-
imation by the ratio of the condensation pressure p. to
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Figure 7. Factors influencing the sound power level (class 1

o = 0.5dB [25]) of three different refrigerant compressors,

based on measurements (n = 288) taken under stationary

operating conditions with test method one factor at a time.

the evaporation pressure p.. The pressure ratio leads to
a variation of up to 4dB in the determined sound power.

In Table 2 the single standard deviation calculated as
a function of compressors and influences is shown.

4.1.5 Conclusion for sound model

An analysis of the measurement data reveals that com-
pressor noise is predominantly influenced by resonant
effects. Consequently, a regression model that provides
a rudimentary explanation of compressor noise is inad-
equate. Therefore, stationary measuring points with a
tight speed resolution are used under controlled operating
conditions at system level heat pump.

The main factor influencing compressor noise is the
rotational speed 7comp. Overheating is assumed to be
insignificant. A lower influence of the pressure ratio is
recognizable. The emitted sound power level of a refrig-
erant compressor can be described under consideration of
the influences speed ncomp and pressure ratio .

LW,Comp = LW7comp (ncomp7 ¢) (1)

In a system-level heat pump, this can be taken into
account by varying the water flow temperature Tyy, at
a constant air temperature Ty;,. It is advisable to use the
standard operating conditions according to DIN 14511-3
at an air temperature of 7°C. This leads to an evapora-
tion temperature in the middle of the operating envelope
without icing problems of the evaporator and the risk of
condensation in the acoustic test environment.

4.2 Fans

When used in heat pumps, fans generate forced con-
vection at the air/heat exchanger (evaporator). The selec-
tion is based on the total pressure increase Ap;; for a

desired volume flow ¢y gesign [29]. Axial fans are typically
used in the design and performance class examined. This
section describes the fan noise tests.

4.2.1 Research method

Measurements on a combined air-performance-sound
test bench in accordance with DIN EN 13347-3 [30] were
carried out at company ebm-papst Mulfingen GmbH &
Co. KG with an accuracy class 2 (o = 1.5dB [28]) as
shown in Figure 8 and additional measurements in a
hemi-anechoic chamber with an accuracy class 1 (o0 =
0.5dB [25]) at company Viessmann Climate Solutions SE
as shown in Figure 9. Using the demonstrator as an exam-
ple, market available axial fan systems were examined.
Fan A is an example of an acoustically optimized low-
pressure fan (3 blades), fan B is an example of a pressure-
stable fan (5 blades). The dimensions correspond to a size
500.

4.2.2 Results

Figure 10a illustrates a comparative analysis of the
acoustic behaviour of two distinct axial fans. The solid
lines show the fan sound at different speeds when the
fan systems are installed in the demonstrator heat pump
without additional pressure difference only with the pres-
sure loss of the heat pump. The speeds of the upper and
lower fan are the same. The delivered air volume flow
q» has been determined in the EBM-Papst test bench.
In addition, the dashed lines show the sound power level
curve when the pressure difference Apy; is increased, tak-
ing into account a constant fan speed. At the design point,
fan A is observed to emit a sound power level that is 5 dB
lower than that emitted by fan B. An increase in the pres-
sure difference Apy, for instance as a result of the oper-
ation of a heat pump in the presence of icing on the heat
exchanger, contamination, or an unfavorable installation
situation, will lead to an increase in the sound power level.
Fan B, on the other hand, initially shows a slight reduc-
tion or constant behavior but on a higher level. From a
change in the operating point of Ap;; =~ 16 Pa, the sound
level of both systems is at the same level.

4.2.3 Conclusion for sound model

The sound behavior of both fan systems can generally
be described as a function of the fan speed ng., and the
pressure difference Apy;.

Lw tan = Lw gan(Ngan, ADgt). (2)

A logarithmic regression approach according to Madi-
son [32] is used to describe the influence of the fan speed.
Taking into account the proportionality laws for geo-
metrically and kinematically similar fan types, a specific
sound power level Lyy spec,n can be calculated in relation
to a reference speed Ngan ref-
n «
fan ) . (3)

LW,fan (nfan) = LW,SpeC,n + 10 log(
Tfan,ref
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Table 2. Standard deviation of measurement data (n = 288) on compressor tests taken under stationary operating
conditions.

Type o(dT) o(te)  o(ncomp) o(¥) o(te)

Compressor A +0.64dB  +1.32dB +£6.06dB +1.22dB £0.76dB
Compressor B +0.36dB  +0.72dB  +4.91dB +0.77dB +0.84dB
Compressor C  +0.43dB  +1.15dB +£5.44dB +1.23dB £1.32dB

heat pump test sample (left) suction side view (right) pressure side view [31].

With nganrer = 1/s and a = 6.1, the approximation of
fan A used in the demonstrator heat pump is:

LW,fan(nfan) =61 10g (ﬁ

Nfan,ref

> ~7dB(A).  (4)

The RSME is the root mean square error for all differ-
ences between the model values and the measured values.
The approach leads to RSME = 0.59dB in relation to
the speed range used from minimum to maximum speed
corresponding to the design volume flow. The RSME in
relation to the entire possible speed range is 0.73 dB.

A universally applicable explanation for the impact
of the operating point of the fan on the sound power at
a constant speed remains unavailable. For this reason, a
stepwise linear regression is carried out for the fan used
on the basis of the measured values.

ALw fan (Apre) (5)

~ J0.067Apy for Apy; < 9.4Pa
1 0.067Apy; + 0.477(Apy — 9.4)  for Apy > 9.4 Pa.

5 Acoustic improved heat pump
demonstrator

Following preliminary examinations, it was ascer-
tained that the components compressor B and fan A
exhibit good acoustic characteristics. Consequently, these
were incorporated into the heat pump demonstrator.
The subsequent section presents an overview of the tests
conducted on this demonstrator.

Figure 9. Acoustic development of the air-to-water heat
pump demonstrator in a hemi-anechoic chamber.

5.1 Research method

A hemi-anechoic test chamber (volume = 846 m?) was
utilised as the measurement environment (Fig. 9), wherein
the air temperature was maintained at a constant 7°C +
0.4 K, whereby abackgroundnoiselevel L, g < 7.4dB(A)
in the frequency range from 20Hz to 20kHz is com-
plied. The air conditioning supplies an air volume flow of
10000 m> h~? to keep the room temperature constant. The
radiated sound power was calculated using a method of
accuracy class 1, in accordance with ISO 3745 [25], utilising
20 low-noise microphones type G.R.A.S. 47THC.

The measurement distance was r = 3m as shown in
Figure 11, and the standard rating conditions ATW35,
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Figure 11. Test setup for sound power calculation according
to DIN EN ISO 3745, measurement position 14 is used for
calculating psychoacoustic parameters.

ATW55 and ATW65 were maintained in accordance with
DIN EN 14511-2 [6].

The speeds of the compressor and fan were altered
in a stepwise manner, allowing the acoustic characteris-
tics to be determined under steady-state operating con-
ditions. Additionally, unsteady run-down measurements
were employed as a means of supplementing the data
and identifying any potential resonant peaks between the
stationary support points. All acoustic parameters were
calculated using the software PAK 6.2 Service Release
1 (Miiler BBM VAS GmbH, Germany). The investiga-
tion include determining the sound power and the con-
tribution of noise components, as well as evaluating the
parameters of sound quality. Measuring position 14 is

used to calculate these parameters at an angle of 25°
to the left side in front of the device. The loudness in
sone is calculated according to [33]. The tonality in tumms
is calculated according to ECMA 418-2 [34]. The single-
number value is shown on the basis of the MAX hold
value for the time period under consideration. A hear-
ing model according to Widmann is used to calculate
the sharpness in acum. The parameters of roughness in
aspher and fluctuation strength in vacil are calculated for
informational purposes only, as a 3s time section is not
sufficient for a reliable calculation. An additional mea-
surement campaign was also carried out to determine the
directivity characteristic. The results of the study are
presented in the appendix Figure A.5 for informational
purposes.

5.2 Acoustic results

The classification of the demonstrator is determined
by a comparative analysis of the calculated loudnesses of
a reference heat pump [35]. As illustrated in Figure 12, the
demonstrator is 3.1 times quieter than the maximum val-
ues determined under comparable conditions. The sound
power levels are between 10 and 19 dB lower, depending
on the specific operating point under consideration. Com-
pared to the initial state heat pump, the maximum sound
power level of the demonstrator heat pump is improved
by a further 3dB. The maximum loudness is reduced by
factor 1.6.

Figure 13 illustrates the acoustic contributions of the
compressor and the fans to the overall sound of the heat
pump when the compressor speed is varied. For operating
condition ATW55, the total sound power level is in the
range of 45-55dB(A).

The overall sound of the developed heat pump is
mainly determined by the compressor at low and medium
capacity range. At higher speeds and correspondingly
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Figure 12. Calculated loudness for the same measurement
position at free field conditions of the acoustically improved
demonstrator compared to the initial heat pump and to a
reference heat pump in the same capacity range, data taken
from [35].
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Figure 13. Contribution of fan and compressor sound power
levels to the overall sound power level of the demonstrator at
steady state conditions for standard rating condition A7TW55
and different compressor speeds from minimum to maximum
possible speeds.

higher capacities, compressor sound and fan sound are
balanced on system level heat pump. The combination
of sound contributions only applies to the demonstra-
tor under investigation. The heat pump-specific control
method determines whether the fan speed is permanently
linked to the compressor speed or alternately controls the
fan separately.

The pressure ratio exerting a lesser influence. In this
context, the latter is expressed as a variation in flow tem-
perature at a constant source temperature. Figure 14
illustrates the increase in radiated sound power levels
for three distinct flow temperatures. It can be observed
that with a typical flow temperature condition of W55,
the sound maximum is already reached to a reasonable
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Figure 14. Influence of the pressure difference on the sound
power level of the heat pump described by a variation of the
flow temperature and a constant air temperature.

approximation. Higher flow temperatures may restrict the
feasible speed range, contingent on the operational enve-
lope of the compressor (cf. Fig. 6, compressor C). This
may imply that not all speeds can be achieved.

As shown in Figure 15 the level-determining frequency
components of the fans are in the medium frequency
range (fm = 315Hz), while those of the compressor are
in the high frequency range (f,, = 3.15kHz). The broad-
band sound components in the frequency range below
approx. 1kHz are attributable to fan noise. The tonal
sound components corresponding to the n-order of com-
pressor speed N¢omp can be identified as a typical com-
pressor noise signature. In the frequency range above
5 kHz, noise components from the power electronics (VFD
noise) are to be expected. However, in this case, they are
not significant and therefore are not shown.

If the difference Lceq — Lacq is less than 20 dB, there is
no low-frequency noise as defined by DIN 45680:1997 [36].
In the case of the demonstrator heat pump the mean value
of the difference between the unweighted sound power
level and the A-weighted sound power level Ly — Lwa
is 5.6dB (cf. Tab. A.1). This demonstrates that the
acoustically improved heat pump demonstrator does not
emit any significant low-frequency noise components in
accordance with the standard in all operating states.

The evidence for the absence of a tonal noise charac-
teristic of the heat pump system is furnished by means of
the calculation procedure set forth in ECMA 418-2 [34].
The maximum tonality for all measurement positions
and all conditions is determined to be tugms < 0.36.
The mean value of all conditions analyzed is tupms =
0.140.058. Detailed psychoacoustic parameters are shown
in Table A.2.

5.3 Conclusion for sound model
The overall emitted sound of an air-to-water heat

pump can be described as the sum of all sound contri-
butions (Eq. (6)).
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Figure 15. Spectrogram of the total sound power level of the heat pump demonstrator from a run-out measurement at A7TW55

from maximum to minimum compressor speed.

The sound of the demonstrator is essentially made up
of the acoustic contributions of the two main components,
compressor (L, comp) and the fan (Lyy gan ). There are also
other potential noise sources (Lw other), Such as sounds
from the power electronics (VFD-noise) [37], sounds in
the refrigerant circuit, boiling sounds at the evaporator,
chopping tones or pump noises. However, these are gen-
erally only of secondary importance for the demonstra-
tor heat pump. The levels have been determined to be a
minimum of 1dB lower than the contributions from the
compressor and fan (cf. Fig. A.4 in the appendix).

LW,HP = LW,comp + LW,fan(s) + LW,other~ (6>

For the demonstrator heat pump being considered, the
sound components Ly other can be disregarded with a
high degree of accuracy. The RSME of the difference
between the measured heat pump sound power level
Ly up at condition ATW55 and the sum of the compo-
nent sound power levels Lw,comp + Lw tan(s) is 0.7dB.
The results of the component measurements presented in
Section 4.1 can be verified at system level, indicating that
the compressor speed ncomp and also the fan speed ngay
exerts the most significant influence on the overall sys-
tem. The pressure ratio 1) can be mapped with sufficient

accuracy at the system level of the heat pump if the flow
temperature Ty, is included.

LW,comp = LW,comp (ncompv TVL)' (7)

The values of the compressor sound power as a func-
tion of the compressor speed Lw comp(comp) are shown
in Table A.1. The influence of the flow temperature Tvyr,
is estimated on the basis of the average deviation for all
investigated compressor speeds per temperature level (cf.
Figs. 14 and A.2, A.3 in the appendix). The following
assumption is made:

ALw comp(Ty1) = 0.165 Ty, — 9.075. (8)

This estimation leads to an RSME of 1.3dB for the part
of the influence of the flow temperature. The mean sound
power level of the compressor noise at standard rating
condition W35 is —3.9dB lower than at W55, while at
W65 the mean increase is +1.1dB.

6 Modelling sound behavior

A sound model can be derived from the experimental
measurements in order to predict sound behavior under
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Figure 16. Procedure for creating the sound model of the
acoustically improved demonstrator.

other operating conditions. The workflow is shown in
Figure 16. Taking into account the results from the com-
ponent measurements, a simplification can be carried out
with a permissible error margin for the sound model.
A reasonable assumption is that the accuracy will be com-
parable to that of the sound power determination with
class 2 according to ISO 3744. This approach is pred-
icated on the assumption that the acoustic input data
has been previously determined using a class 1 precision
measurement method in accordance with ISO 3745.

Preliminary investigations indicate that the influences
of the evaporation temperature T, and the suction gas
superheat dT can be neglected to a reasonable approxi-
mation. Other influential factors, such as the condensa-
tion temperature 7., which is a reliable estimate of the
water flow temperature Ty, and the operating point of
the fan (cf. Fig. 10a), can be incorporated into the model
using correction factors or a suitable measurement condi-
tion. The integration of the results from the fan studies
(Eq. (2)) and the results of the demonstrator heat pump
leads to the following approach:

LW,HP = LW,comp(ncomp7 TVL) +LW,fan(nfan7 A ptt)~ (9)

This hybrid model of the four most significant factors
influencing heat pump sound is developed on the basis
of the results presented. It combines two different model-
ing approaches in order to provide a description of the
heat pump system that is as realistic and reliable as
possible. Empirical measurement data of the compres-
sor sound power is used with fine discretizations, and
required intermediate values are linearly interpolated.
This methodology is more appropriate for the analysis
of compressor sound for two primary reasons. First, the
implementation of stationary measurements in conjunc-
tion with controlled thermodynamic operating conditions
results in enhanced precision. Second, the phenomenon
of compressor noise frequently manifests through reso-
nant processes. Simplified regression models run the risk
of smoothing out these resonances. The other influenc-
ing factors are mapped using regression models. The
approaches are summarized in Table 3.

In the next step, the acoustic behavior of the system
is coupled with the performance data. The performance
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Figure 17. Sound model as a function of the heating capac-
ity for a supply temperature of 55°C and the air tempera-
ture based on sound power measurements at standard rating
condition ATW55 in a hemi-anechoic room. (1) Line of max-
imum sound power level of heat pump (2) example line of
reduced sound power level with reduced heating capacity at
nighttime (3) example line of reduced sound power level with
more reduced heating capacity at nighttime.
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data can be calculated for each speed support point by
varying the ambient conditions [38]. In contrast to the
normative determination of the performance data, the
actual heating performance is used here without time
averaging and the boundary condition outdoor unit.

Figure 17 shows the result of the sound model applied
to the demonstrator. Based on the measured values at
A7, the sound behavior was transferred to other operat-
ing conditions. The emitted sound power is represented
by color in relation to the air temperature and the heat-
ing capacity. The locations of the measuring points are
indicated by dots, while the model prediction points are
marked by circles. The remaining operating conditions
were interpolated. The observed phenomenon by which
heat pumps become louder at low ambient temperatures
is not a direct consequence of the source or the air tem-
perature. In contrast, the elevated heating demand neces-
sitates the implementation of higher speeds, in particular
of the compressor and, therefore, also from the fans in the
heat pump. This increase in speed leads to higher sound
levels.

Line (1) shows the course of a maximum sound power.
In addition, two noise-reduced operating modes were
drawn as examples lines (2) & (3), depending on a
maximum permissible sound level.

7 Discussion

Coupling the acoustic behavior with the heat out-
put enables effective visualization of the system behav-
ior. However, this coupling leads to increased uncertainty
when the focus is on sound comparison or market obser-
vation of different heat pump systems. The consider-
able differences in performance that can be observed
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Table 3. Approaches for the four most important sound contributions based on the measurement data of the

demonstrator.
Component  Influence Approach Source
Compressor Tcomp Measurement data Table A.1
Compressor Ty, Linear regression Equation (8)
Fans Nfan Log regression Equation (4)
Fans A pu Stepwise regression  Equation (5)

across different system boundaries and evaluation peri-
ods make meaningful comparisons even more difficult.
Furthermore, numerous thermodynamic and hydraulic
parameters influence the heating power output. The pos-
sibility of modifying the parameters during the sound
power measurement is even considered in Appendix A of
DIN 12102-1 [5]. In this study, it was demonstrated that
the sound is largely determined by the rotational speed of
compressor and fan(s) and to a lesser extent by the pres-
sure difference of the compressor. The operating point
of the fan has the ability to exert an influence, as well.
Consequently, a transparent presentation of the speeds is
strongly recommended for sound measurements of heat
pumps.

The specification of maximum sound power levels is
not always interpreted consistently. A maximum sound
power level of 69 dB(A) was determined for the reference
heat pump compared in this report [35]. However, the
manufacturer’s specification is only 62dB(A) [11].

In regard to the acoustic characteristics of heat pumps,
it can be stated that the acoustic maximum occurs most
frequently at the maximum operating speeds. In certain
instances, however, the compressor speed may be con-
strained by internal envelope boundaries at elevated flow
temperatures (cf. behavior of compressor C in Fig. 6). In
this case, it can be stated that the acoustic maximum is
either at the highest compressor speed limit with a low
flow temperature or at the highest achievable speed with
a high flow temperature. The internal compressor oper-
ating maps, which vary depending on the manufacturer
and design, have a significant influence. This is particu-
larly relevant if compressor noise accounts for a significant
proportion of overall noise. In addition, resonant ampli-
fication can generate a noise maximum in the medium
speed range with sub-optimal heat pump designs. These
can be identified by transient measurements. However,
it is recommended to perform sound power measure-
ments in stationary operating conditions with fixed com-
pressor and fan speeds. Due to the high accuracy and
reproducibility guaranteed by controlled thermodynamic
operating conditions, this is the optimum procedure. In
order to identify resonant effects of the device design or
the components used, transient measurements could also
be carried out. Run-downs are preferable to run-ups, as
a high steady-state condensation pressure can be used as
the starting conditions.

The application of the aforementioned sound model
permits the visualization of the disparate control
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Figure 18. Examples of different interpretations of maximum
sound power levels. Point (a) represents a maximum sound
power level at an air temperature of 7 °C with reduced rota-
tional speeds of fan and compressor when the heating capacity
is limited for higher air temperatures, Point (b) is an example
when the maximum sound power level is declared for cummu-
lated bin hours >75% for an average climate [7] and line (c)
shows a reduced maximum sound powel with very low heating
capacity.

behaviors exhibited by air/water heat pumps. The behav-
ior illustrated in Figure 18 can be discerned by exam-
ining performance diagrams [39] and analyzing noise
measurements on heat pumps (cf. the reference heat
pump behavior shown in Tab. 1 in [35]). Should the
air temperature exceed a specified threshold value, the
maximum speeds of the fan or/and compressor are effec-
tively blocked, thereby preventing their activation. Con-
sequently, the maximum sound power cannot be achieved
within this temperature range. Normative sound mea-
surements are performed within this temperature range,
which can result in an inaccurate representation of the
maximum sound power under the typical temperature
condition of 7°C, despite setting a presumed maximum
heating power (cf. point (a) in Fig. 18). This leads to
the assumption that the sound power is influenced by the
source/air temperature, which is not accurate.

An alternative methodology for interpreting the max-
imum sound power is to consider it as a percentile value.
The utilization of assessment point b in Figure 18 (for
further reference, cf. Fig. 1, assessment point B) is pred-
icated on the assumption that the sound in question will
not be exceeded in more than 75% of the operating hours,
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based on the distribution of operating hours. However,
this description is also erroneous, as the periods of domes-
tic hot water preparation are not taken into account. Fur-
thermore, even short periods with higher speeds lead to
a notable increase in the average sound level.

The author posits that a maximum sound power corre-
sponds to a maximum possible equivalent average sound
level that is not exceeded during normal operation. If an
operating condition arises that allows a maximum sound
power for a few minutes, this must also be indicated. In
order to comply with the relevant legislation, it is nec-
essary to take into account the operating hours at low
outside temperatures and domestic hot water prepara-
tion. Consequently, the labeling of MAX sound power
level according to Figure 17 is required.

With regard to technical devices, it is common prac-
tice to activate noise-reduced operating modes for periods
of increased sensitivity, such as at night. This is typi-
cally done by limiting the maximum output in the control
system. This procedure is also used for air-to-water heat
pumps with variable capacity. In order to facilitate mean-
ingful comparisons between different solutions, it is essen-
tial to consider the available capacity. In noise-reduced
operation, the machine must maintain a minimum capac-
ity without a concomitant loss of efficiency. The reduction
of the air mass flow and, consequently, the fan noise to a
minimum inevitably results in a loss of efficiency.

It is also advisable to avoid the use of an operating
mode that attains a maximum sound power level in noise-
reduced operation, but which does so at the cost of signif-
icant performance and/or efficiency losses (cf. line (c) in
Fig. 18). It is recommended that the products exhibit the
characteristics depicted in Figure 17. It is advisable that
the heat pump should always exhibit a heating capac-
ity of at least 50% of the declared capacity in noise-
reduced operation. Given the satisfactory approximation
of the linear relationship between heating capacity and
compressor speed, the speed ratio between the maximum
achievable speed and the speed in noise-reduced operation
can be regarded as a reliable indicator.

In summary, the following influences can lead to a
different interpretation of the maximum sound power:

— Limitation of the speeds of the compressor and fan(s)
in partial ranges of the outdoor temperature.

— Use of a partial load condition for specification.

— Over-reduction of the heating output at night.

— Reduction of the fan speed to reduce the contribution
of a noise source to the disadvantage of efficiency, with
short-term continuation of the heating capacity under
test bench conditions.

It is also important to consider transient states such as
defrosting, switching on, and reverse operation when eval-
uating noise-reduced operation. The average sound power
level Ly aeq for the defrosting time should not exceed
the declared value. Short-term noise peaks, for instance,
those caused by switching operations, should not exceed
this value by more than 20 dB. These requirements ensure

that the limit values in accordance with TA Léarm [40] can
be readily met.

8 Conclusion

The results of the compressor measurements demon-
strate that the noise behavior of refrigerant compressors
within the same capacity class exhibits notable differences
in both amplitude and frequency composition. The sound
characteristics are largely a function of the design. The
total sound power level is notably influenced by the speed
and, to a lesser extent, by the pressure ratio.

The investigation of the fans was conducted in con-
junction with the heat pump design. This allowed for the
identification of the optimal fan system from an acous-
tic perspective. An acoustic model for the fan sound was
developed based on the empirical data.

The identification of the optimal acoustic components
enabled the development of an improved heat pump
demonstrator. With regard to the psychoacoustic param-
eter of loudness, the heat pump demonstrator is 3.1 times
quieter than an analyzed reference heat pump in the
same performance class. A sound model was derived from
the demonstrator, which describes the acoustic behav-
ior not only in selected operating states, but for a large
range of operating conditions. This enables conclusions
to be drawn about the overall behavior based on sound
measurements at standard nominal conditions and air
temperature of 7°C.

Furthermore, the developed data set provides the
potential for the visualization of acoustic effects and the
conduct of a data-based discussion. In particular, it per-
mits the definition and interpretation of maximum sound
power levels.

The investigation demonstrated that the fan and com-
pressor speeds exert the most significant influence on the
sound behavior of air-to-water heat pumps. In contrast,
the pressure difference in the refrigerant circuit plays a
relatively minor role. However, at the device level, this
influence can be accounted for by incorporating the flow
temperature.

To enhance transparency, it is recommended that
information on the speeds of the compressor and fan(s) be
provided for sound performance tests. This could be par-
ticularly relevant in the context of partial load conditions,
as these can be compared with the maximum speeds for
all conditions. This approach allows for an understand-
ing of the relationship between the measured sound power
level and the maximum sound power level.

9 Outlook

A reliable description of the acoustic emission across
all operating conditions, taking into account building
heating load profiles, enables the prediction of sound dis-
tribution over defined periods of time. In addition, the
effect of improving the energy efficiency of the building
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envelope on the sound emission of the heat pump demon-
strator can be calculated directly using the sound model.
The accuracy of sound immission forecasts to avoid low-
frequency noise conflicts can be increased thanks to
the improved acoustic input data. Coupling the sound
model to energy-related building simulations with a low
time resolution enables acoustically optimized heat pump
control behavior.
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Appendix A

Table A.1 shows the measured values of the compressor sound power contribution under controlled operating conditions.
Table A.2 shows the calculated psychoacoustic parameters of the demonstrator heat pump. The assumption of the regression
equation for the consideration of the operating point for the fan sound is shown in Figure A.1. The deviation of the compressor
sound power for a variation of the compressor speed and the flow temperature is shown in Figure A.2. Figure A.3 shows the
assumption for the regression model of the influence of the outlet temperature on the sound level of the heat pump compressor.
Figure A.4 represents the Figure 15 with an extended frequency range. Figure A.5 shows the test setup and the results of a
directivity test based on the demonstrator heat pump.

Table A.1. Sound power levels of compressor noise Lw,comp using the example of the demonstrator heat pump at standard
rating condition A7W55. The overall sound power level is calculated from 50 Hz to 16 kHz.

Ne Lw Lwa Lw —Lwa Tanx T

rpm  dB  dB(A) dB °C °C
5500 57.8 52.4 5.4 6.5 55.2
5400 56.3 51.4 4.9 7.5 55.6
5100 55.1 50.3 4.8 7.4 554
5000 54.7 50.2 4.5 7.4 552
4800 53.6 49.7 3.9 7.0 547
4500 55.0 51.2 3.8 6.5 55.2
4200 54.3 48.4 5.9 6.8 55.0
4000 57.3 48.8 8.5 6.6 54.9
3900 55.5 48.5 7.0 6.6 55.0
3600 53.4 48.4 5.0 7.5 547
3500 53.8 47.3 6.5 7.5  55.2
3300 55.5 48.1 7.4 6.9 54.8
3000 54.4 47.7 6.7 6.7  54.7
2700  52.0 47.0 5.0 6.9 55.3
2500 51.3 45.8 5.5 6.9 54.8
2400 50.4 46.0 4.4 6.9 54.5
2100 51.3 45.6 5.7 6.7 54.5
2000 51.5 45.1 6.4 6.7 54.2
1800  49.7 44.6 5.1 6.6 554
1500 48.7 43.1 5.6 6.6 54.3

1200 49.1 42.5 6.6 6.6 54.1
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Table A.2. Calculated psychoacoustic characteristic values for 32 time sections with a duration of 3s based on a run-out
measurement over a period of 10 min under controlled operating condition A7W55. The calculations are based on the recorded
sound pressure levels Leq at measurement position 14, @, is the part load heating capacity at ATW55 in %, n. is the speed of
the compressor in rpm, Lwa is the sound power level of the heat pump demonstrator in dB(A), N is the loudness in sone, S is
the sharpness in acum, T is the tonality in tumms, R is the roughness in asper, and F' is the fluctuation strength in vacil.

No. On ™ Lwa La N S T R F

) rpm  dB(A) dB(A) sone acum tupms ~asper  vacil
1 100% 5500 55.2 39.0 298 1.38 0.16 0.33  0.06
2 99% 5424 55.6 39.4 3.14 1.38 0.22 0.30 0.05
3 96% 5281 55.0 38.9 3.01 142 0.16 0.38 0.04
4 93% 5138 54.9 38.5 2.83 140 0.09 0.34  0.06
5 91% 4994 55.1 38.2 2.79  1.35 0.11 0.37  0.05
6 88% 4850 54.7 38.3 2.85 1.34 0.10 0.35  0.06
7 86% 4706 54.8 38.1 2.86 1.29 0.11 0.35 0.05
8 83% 4563 54.7 38.2 2.86 1.29 0.15 0.36  0.06

9 80% 4419 54.8 38.8 2.87 1.26 0.19 0.35 0.05
10 8% 4276 53.6 37.5 2.66  1.26 0.14 0.37  0.06
11 5% 4133 53.8 37.1 2.52 1.26 0.19 0.32  0.05
12 73% 3989 52.9 36.5 242 1.29 0.12 0.37  0.04
13 70% 3846 52.5 35.7 227 133 0.17 0.38  0.07
14 67% 3702 52.4 36.0 2.25 1.30 0.13 0.41  0.05
15 65% 3559 51.8 35.2 212 1.33 0.13 0.46  0.04
16 62% 3415 51.3 34.6 1.97  1.30 0.15 0.42  0.06
17 59% 3271 50.6 33.9 1.88  1.33 0.11 0.41  0.06
18 57% 3128 50.1 33.3 1.71 1.28 0.12 0.43  0.06
19 54% 2984 49.1 32.2 1.57  1.36 0.10 0.34  0.05
20 52% 2841 48.9 31.7 147 141 0.13 0.30  0.07
21 49% 2697 48.5 32.1 147  1.36 0.17 0.22  0.07
22 46% 2554 47.8 31.0 1.32  1.39 0.16 0.21  0.04
23 44% 2410 474 31.8 1.41 1.36 0.18 0.28  0.05
24 41% 2267 47.2 30.7 1.25 1.39 0.12 0.21  0.04
25 39% 2123 46.9 29.9 1.17 147 0.11 0.22 0.04
26 36% 1980 46.8 30.0 1.16  1.48 0.22 0.17  0.05
27 33% 1836 45.1 29.1 1.04 1.34 0.13 0.17  0.06
28 31% 1693 45.3 29.1 1.02 147 0.15 0.16  0.06
29 28% 1549 45.3 29.0 1.00 1.43 0.22 0.14  0.07
30 26% 1406 45.6 28.6 0.97 1.54 0.20 0.17  0.10
31 23% 1262 45.0 28.3 0.91 1.55 0.15 0.13  0.08
32 22% 1204 44.1 27.8 0.85  1.56 0.11 0.14  0.08
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Figure A.1. Approximation of the influence of the fan operation on the sound power level for variation of the pressure drop
on the basis of the results of fan A.
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Figure A.2. Influence on compressor sound power level at system level in the heat pump demonstrator for N = 21 different
compressor speeds at standard rating conditions A7TW35, ATW55 and ATW65.



T. Schmidt and D. Miiller: Acta Acustica 2025, 9, 44 21

| O Average

= O B, N W A U1 O N
I

|
N

Difference AL W comp in dB

-7 . A U R R S R R
30 35 40 45 50 55 60 65 70

Outlet temperatur 177, in °C

Figure A.3. Approximation of the influence on compressor sound power for different outlet temperatures based on the average
deviation of the A-weighted measurements.
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Figure A.4. Spectrogram of the total sound power level of the heat pump demonstrator from a run-out measurement at
A7TW55 from maximum to minimum compressor speed with extended frequency range. The main noise components are in the
frequency range below 5kHz. the components at 3kHz and 7.2kHz can be assigned to the compressor noise mainly exhaust by
pressure pulsation. The VFD sounds have a minor contribution in this case, the carrier frequency of compressor drive is 6 kHz,
the expanding sidebands correspondent to the switching frequencies, the VFD sound of fan motor is at 16 kHz.
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Figure A.5. Results of a directivity analysis for a heat pump demonstrator with low noise emission, the directivity of the sum
level dominates towards the rear and front. The difference is approx. 5dB to the sides. The directivity of the level-determining
component of the 3.15kHz one third octave band is more complex with a maximum in the left-rear direction (angle of approx.
—150°). (a) Test setup for directivity analysis with 24 additional microphones on a circular measuring surface (cf. Fig. 11) and
an angular distance of 15°. (b) Directivity characteristic of the overall sound power level and the level-determining one third
octave band 3.15kHz on the basis of a run out measurement at condition A7W55, 1s time blocks from maximum to minimum

heating capacity. The arrow describes the direction of the air flow, the compressor symbol the position of the machine room
with the refrigerant circuit.
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