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Introduction

Noise from building service systems poses a significant
potential for disturbance, affecting residential well-being
and is therefore often a cause of complaints. The acous-
tic design of these systems is typically based on project
experience. While this design practice is often success-
ful, it can sometimes have the disadvantage of over-di-
mensioning to achieve satisfactory sound insulation. For
predictions of noise from building service equipment the
calculation method provided in EN 12354-5 [1] is avail-
able. However, this method is not widely used yet. In
a joint development project between Viessmann Climate
Solutions SE and Rosenheim Technical University of Ap-
plied Sciences (THRo), the structure-borne sound (shs)
properties of a Viessmann heat pump indoor unit (hpiu)
and ventilation unit (vu) were investigated. The source
characterisation and the prediction where applied and
validation measurements were carried out in several tim-
ber frame buildings.

Setup and sources of experiment

In the joint development project, the indoor unit of an air-
to-water heat pump and a central residential ventilation
system were analysed. The air-to-water heat pump was
a split-type with a separate outdoor unit and an indoor
unit featuring an integrated hot water storage module.
This hpiu is used for domestic hot water (DHW) produc-
tion and heating (H). The systems are fully wall-mounted
using a mounting rail.

The determination of the sbs power was conducted on the
reception plate test rig at THRo, following the method-
ology outlined in [2].

In several measurement series, the structure-borne sound
contributions of individual components of the system
were determined to identify optimization potential. Es-
sentially, in the heating system, vibrations from the in-
tegrated circulation pumps, possible flow noises, and the
pressure pulsation originating from the compressor of the
outdoor heat pump unit transmitted via the hot gas lines
are identified as individual sources. In the central venti-
lation unit, the primary sources are the two fans of the
supply and exhaust air ducts.

Source characterisation

The sbs characterisation following the method for the in-
direct determination of source quantities is described in
[2]. For the measurement of the spatial average velocity,
twelve sensors with a sensitivity of 1000 m?V were used.

The sensor sampling followed the suggestion in [3] by us-
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ing one corner, one edge and ten positions in the central
area of the reception plate. The structural reverberation
times were determined using backward integration, with
swept sine excitation provided by an inertial shaker.
There are no explicit guidelines for the selection of op-
erating points when determining the sbs power of heat
pumps. This is in contrast with airborne sound power
levels, where the European Ecodesign Directive and en-
ergy labeling for heating devices, as specified in Regu-
lation No. 813/2013, provides specific requirements for
selecting operating points. However, these often do not
represent the loudest state of the source, as shown in [4].
Still the sbs power depends on the chosen operat-
ing point. Particularly with modern air-to-water heat
pumps, which feature demand-driven control, there is an
almost infinite number of possible operating points. In
other projects by Viessmann, it has been observed that
compressor speeds are typically the primary factor in-
fluencing emissions, rather than temperature or pressure
conditions [4]. Existing constant operating parameters of
the sources were therefore clarified in advance and con-
sidered in the subsequent investigations. An assessment
of critical operating points with high sbs excitation was
performed based on transient rundown measurements of
the heat pump.

These critical points mainly arise from the superposition
of rotational speeds of individual components or the in-
teraction with integer multiples of vibrations (harmon-
ics). Key noise contributions from the hpiu were associ-
ated with a high-speed circulation pump, used to improve
thermal efficiency, and the second harmonic of the com-
pressor speed, which is transmitted to the indoor unit via
the hot gas lines (possible pressure pulsation).

Figure 1 shows the equivalent blocked force levels Ly, oq
for selected operating points of the hpiu and the vu. The
gray lines in Figure 1 indicate the minimum measurable
sbs power levels due to the background noise (BGN) of
the measurement chain and the determined loss factors.
Above 1kHz there was no sbs excitation from any of the
two analysed systems.

The green line illustrates the sbs power during efficient
DHW operation, characterized by high circulation pump
speeds and low outdoor compressor speeds (20%). In
heating mode H and in comfort DHW (red and blue
line in Figure 1), the second harmonic of the compressor
speed (66 1 to 67 1) is evident in the 125 Hz third-octave
band. The broadband contribution from fast-running cir-
culation pumps is not present in this operating point.
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Figure 1: Equivalent blocked force levels Lry, q for selected
operating points of the heat pump indoor unit hpiu (Domes-
tic Hot Water DHW; heating H) with compressor speed C.
Ventilation unit vu with explicit airflow V.

For the residential vu, one selected operating point is
shown with the dashed orange line in Figure 1. This se-
lected spectrum for a volumetric flow rate of 150’”73 for
both the supply and exhaust air ducts, with a pressure
difference of 50 Pa is used in the validation shown later.
The peak in the 200 Hz one-third octave band observed
in this operating point results from the blade pass fre-
quency.

Under laboratory conditions, the rotational speeds of the
supply and exhaust fans are identical. However, due to
differing pressure losses in each duct within real build-
ings, a volumetric flow-controlled system results in differ-
ing fan speeds. As a result, two significant peaks may
appear in the sbs power spectrum in the field.

Prediction

With the determined sbs power and airborne sound
power data, the sound pressure level (SPL) can be
predicted according to [1] and validated against mea-
surements. These measurements were carried out in
three timber-frame construction projects (CP) with the
systems mentioned above, considering various transmis-
sion situations, such as vertically or diagonally adja-
cent rooms. Similar transmission situations were already
characterised more general in earlier research projects
[5]. However in this study, the normalised spatial aver-
age transmission function for sbs, Drp ayn and the nor-
malised level difference, D, were specifically measured
in each considered CP. The D ov,n measurements were
carried out with the devices installed. Hence the excita-
tion point for these measurements could only be chosen
as close as possible to the actual mounting position. For
the prediction of the airborne sound transmission, the
source room SPLs measured with the device in opera-
tion were used. The manufacturer has provided airborne
sound power data for the system. However, these data do
not, correspond exactly to the selected operation point.
At the operating points investigated in the in-situ situa-
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tion, the systems had a significantly lower sound power
level.
The prediction was carried out following the procedure
given in [1]. This involves considering at least the fre-
quency range from 100 Hz to 3150 Hz. Due to potential
low-frequency transmission, known in lightweight timber
constructions, the lower limit was extended to 31.5 Hz.
However, this requires that all input data is available for
the considered one-third octave bands. Otherwise there
are gaps in the predicted one-third octave band spectra.
To determine the sbs power according to [1], the source
mobility is required. For the considered sources that
are installed on the wall using mounting rails it is chal-
lenging to determine the source mobility experimentally
[6]. Therefore a source mobility of 5.5 x 107% # was as-
sumed, which is a reasonable approximation for compact
sources and is in the range of the receiver mobility of
timber-frame structures [7].
Figure 2 shows the frequency-dependent and A-weighted
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Figure 2: Comparison between the calculated (with mark-
ers) and the measured (without markers) receiving room lev-
els (A-weighted) acc. to ISO 16032 in transmission situation
9 in CP3. The single-number quantities (SNQ) in the legends
refer to the frequency range from 40 Hz to 630 Hz, where the
complete prediction data are available. The shaded area rep-
resents the min-max level of the measurement positions.

prediction for the combined system during DHW opera-
tion, considering transmission to the horizontally adja-
cent room. It can be seen, that sbs transmission L;e’s
dominantes. The contributions from airborne sound
transmission L;e)a are negligible as the sum, i.e. the
total transmission L., equals L;e,s for the majority of
one-third octave bands and therefore also equals the
summed single-number quantity (SNQ) from 40Hz to
630 Hz shown in the legend entries.

Note, that the predicted level L;e cannot be directly
compared with the maximum A-weighted sound pres-
sure level LAF max,n OF corresponding noise requirements
for building service systems, because the prediction was
based on measurements of steady-state noise. An uncer-
tainty factor was not included, as it is not yet standard-
ised.
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Figure 3: Measured single-number values LAr max,n accord-
ing to ISO 10052 [8] of the systems in the RR and SR for
twelve transmission situations. Abbreviations as in Figure 1.

Field measurements

Measurement and data processing: For a compar-
ison against applicable standardised requirements and
other regulations, the installation noise levels of the sys-
tems were measured in various receiving rooms (RR) and
source rooms (SR) in the CPs, following the methodolo-
gies outlined in ISO 10052 [8] and ISO 16032 [9], with-
out measuring the corner positions in the room. As low
SPLs were expected, low noise microphones were used.
The CPs were located in quiet neighbourhoods providing
very low background noise levels which were monitored
on-site and considered in measurement and processing.
The frequency range for the determination of the SNQ is
not precisely given in [8]. According to [9], the frequency
range must cover at least 50 Hz to 5kHz. In this study
the frequency range was chosen from 20 Hz to 20 kHz for
the sum of one-third octave band spectra and the mea-
surement of LAF max,n. 1This however may lead to higher
levels compared to a reduced frequency range from 50 Hz
to b kHz.

There are also differences between [8] and [9] in the way
the reverberation time is evaluated and the SPLs are nor-
malised. Following [8] the arithmetic mean of the rever-
beration time in the three octave bands 500 Hz, 1000 Hz,
and 2000 Hz is used to normalise the SNQ. In contrast,
[9] specifies a frequency-dependent normalisation for all
one-third octave bands considered. In the recent revi-
sion of the standard, the normalisation may only be ap-
plied to one-third octave bands from 50 Hz to 5000 Hz.
In this study the normalisation was not limited to this
range. However, the measured SPLs are dominant in the
frequency range from 100Hz to 500 Hz. The one-third
octave bands below 50 Hz and above 5000 Hz are not rel-
evant anyway.

Results: Figure 3 shows the measured LaF max,n in RR
(blue) and SR (red). The RR levels Laor max.n are in the
range from 7.2dB to 26.1dB. Taking the minimum re-
quirements according to DIN 4109-1 [10] (LAF max,n <
30dB) as benchmark, the RR levels for the considered
systems and operation points are significantly lower. The
SR levels are up to 34 dB. Therefore, placing these sys-
tems in noise-sensitive rooms like living-rooms or bed-
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Figure 4: Single-number values of the predictions and the
LA eq,n Obtained from validation measurements using different
measurement methods.
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Figure 5: Differences between the single-number values of
the predictions and the La ¢q,n Obtained from validation mea-
surements using different measurement methods.

rooms is not recommended. The recommendations for
enhanced sound insulation according to DIN 4109-5 [11]
(LAF max,n < 25dB), are not met only in transmission
situation 1. However in this case, the hot water stor-
age unit of the heating system was located in the RR.
For comparison, a standard refrigerator with a airborne
sound power level of L in the range from 29 dB to 35dB
would cause a SPL La cqn in the range from 25dB to

31dB in the room where it is located.

Validation and uncertainties

As the characterisation of sbs sound sources according
to [2] is limited to steady-state sources, the normalized
equivalent continuos SPL L4 cq.n is used as reference met-
ric and not the maximum A-weighted SPL LA max.n (see
also Annex D in [1]). Measurements showed for the inves-
tigated systems, that on average the equivalent continuos
SPL L4 eq,n is 1.3dB (in the range 0.9 dB to 2.0 dB) lower
than LAF max,n, Which indicates the steady-state charac-
teristics of these sources.

Figure 5 shows the differences between the SNQ predic-
tion values, L;x,ne and the measurement values, LA cqn
according to [8] and [9] for the various transmission situ-
ations. In three out of twelve cases, the prediction under-
estimates the measured value, while in the other nine sit-
uations, the prediction is on the safe side. Deviations in



the SNQ range from 1dB to 9dB. The root mean square
error (RMSE) between the prediction and the SNQs is
5.3dB when evaluated according to [8] and 5.0 dB when
evaluated according to [9]. Compared to airborne and
impact sound, these deviations in prediction may seem
to be high, however it has to be considered that here
a combination of building transmission for airborne and
structure-borne sound, including the source characteris-
tics is considered. Accounting for the associated number
of input data and individual uncertainties, the range of
deviation is considered to be reasonable.

The frequency dependant example given in Figure 2
shows a similar frequency response for both prediction
and measurement. However, the prediction overestimates
the levels in this transmission situation by up to 7dB
in one-third octave bands. The SNQ in the considered
frequency range from 50 Hz to 630 Hz is approximately
5dB on the conservative side. However, this is just one
example to indicate the spectral characteristics and the
frequency response differs in other situations.

To give an indication on the deviation in one-third octave
bands, Figure 6 shows the differences for the twelve trans-
mission situations. Following the SNQ data in Figure 5
an underestimation in the frequency-dependent data in
Figure 6 can also be observed for a minority of transmis-
sion situations, i.e. markers. A closer look reveals that
these markers correspond in majority to the three under-
estimated SNQs in Figure 5. Nevertheless the frequency
dependant illustration reveals, that an overestimate in
the SNQ does not necessarily lead to the conclusion that
all one-third octave bands are overestimated. As an indi-
cator across all considered transmission situations, the
black line in Figure 6 shows the frequency-dependent
RMSE with values in the range from 5dB to 9dB.

Conclusion

In the joint development project, a heat pump indoor
unit and a central ventilation unit were characterised in
terms of sbs. Based on a frequency (narrowband) ana-
lyses, specific noise contributions could be attributed to
individual sources within the systems. From this the op-
timisation potential to reduce the sbs excitation could be
identified.

A major aspect was to apply the recently published pre-
diction methods according to [1] in several timber-frame
construction projects and to validate these predictions
against measurements. Even without additional struc-
tural isolation, the legal requirements for minimum sound
insulation in adjacent rooms according to [10] were al-
ways met. Note that only single-family houses were part
of the measurement campaign. However, it was also pos-
sible to fulfil the requirements for third-party residential
units. Only in the case of a hot water storage unit in-
tegrated into the living space the requirements for en-
hanced sound insulation according to [11] are not met.
The validation measurements also revealed a variation in
the prediction for SNQ of approximately 5dB and for
frequency-dependent evaluations between 5dB and 9 dB.
The overall trend indicates that predictions are on the
conservative side.
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Figure 6: Differences between the A-weighted frequency-

dependent predictions L/A,ne and the A-weighted equivalent
measured sound pressure levels L cqn acc. to ISO 16032.
The RMSE is the root mean square error over all differences.
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