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ABSTRACT 

The sound insulation spectrum is analysed of 18 double glazing arrangements facades, of 

which 9 double skin facades were measured in situ and 9 in a laboratory setting. The influence of the 

cavity thickness, the parallelism of the two glass panels, the absorptivity of the cavity and the effect of 

the size of ventilation slots are investigated. The results are compared with double layer wall 

insulation prediction models. Also a new, simple model is proposed that predicts the sound insulation 

of naturally ventilated double skin facades, based on the coincidence frequency, the structural 

resonance frequencies, the cavity resonance frequencies, the façade construction, the dimensions the 

and material properties.  The model predictions are validated by measurement data. 

 

1. Introduction 

Double skin facades (DSF’s) are used in more than half of countries in Europe (27), with the 

incentive to save energy in the winter period. Most frequently they are implemented as a part of 

envelope structures in large administrative buildings. The state of the art design of DSFs is the result 

of many years of research and development in the fields of structural and material design, thermo-

technology, daylight and acoustics. DSFs typically appear as elements of intelligent building concepts. 

Research has been performed to achieve the most effective combination of heating and ventilation 
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through openings by making use of integrated logic artificial neural networks [1]. Substantial efforts 

were spent on performing CFD simulations, measurements and analysis in the field of air flow in the 

DSF cavity, on the investigation of the influence of the cavity thickness, on the type of ventilation 

openings, and on façade shading systems [2, 3]. The growing emergence of the usage of DSF’s has 

opened a discussion on their influence on fire protection of buildings, propagation of fire by the façade 

construction and also on their behavior in situations of firefighting [4, 5]. The adequacy of the location 

and size of vents to prevent overheating of the interior in summer time, while allowing for preheating 

of the room in colder seasons was studied in [6]. The use of plants in the DSF interspace was also 

considered as a viable option for limiting heating by sunlight exposure of rooms [7, 8].  

From a building acoustics point of view, DSF’s offer a way to limit indoor noise even in the 

case of high exterior noise levels. By virtue of their double leaf structure, even if they allow natural 

ventilation in administrative buildings, they are effective in keeping indoor sound pressure levels 

caused by exterior noise to reasonable levels [9-13]. 

 A large number of double wall sound insulation studies have been performed [14-18].  One of 

first prediction models was proposed by Beranek and Work [19]. Their model assumes perpendicular 

incidence of acoustic waves, which allows to describe the propagation of through a wall by means of a 

structural impedance approach. An extension of the model to a diffuse sound field, involving oblique 

angles of incidence, was introduced by London [20]. Later on, White and Powel [21] introduced a 

model for bounded panels, taking into account the resonance effects caused by their dimensions. A 

statistical mechanical approach into wall structure characteristics has been implemented by Lyon 

and Maidanik [22]. Their work was based on analysis of power flow response between two or more 

coupled multi-resonant systems to random excitation, determining the coupling between a reverberant 

acoustic field and a structure by means of a radiation resistance approach. For calculating the acoustic 

insulation performance of cavities, Mulhoulland and Cummings [23, 24] took into account acoustic 

wave reflections between the two walls by means of ray-tracing approaches. In 1970, Crocker 

and Price [25, 26] proposed a Statistical Energy Analysis (SEA) method for building structures, taking 

into account non-resonant vibrations of walls and dynamic stiffness of structural parts. Another 

impedance model was designed by Mulholland for double walls without absorptive material inside the 
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wall [27]. An alternative impedance matrix method has been developed by Hamad and Tachibana 

[28]. Au and Byrne [29, 30] introduced an impedance transfer function for flexible nonporous 

materials, which was later on adapted by Ver [31]. The influence on the sound transmission of the 

mass per unit area, the bending stiffness and damping, damping has been evaluated by Heckl [32]. 

One of the first models that took into account acoustic bridges due to connections between layers 

connection was developed by Sharp [33], who found inspiration in the work of London, Cremer and 

Heckl [34]. Further work on sound insulation in the presence of rigid construction joints was done by 

Fahy [35]. Plasterboard double walls were evaluated using a statistical prediction approach by Lin, 

Garrelick [36], Craik, Wilson [37] and by Green and Sherry [38-40]. 

Concerning the acoustic properties of naturally ventilated DSFs, researchers studied the influence 

of adding a second transparent layer on facades on their sound insulation [41]. Others studied the 

effect of adding absorptive material in the cavity of a DSF [42-45]. The most extensive study was 

done by Blasco, whose aim was to develop a supplement to standards EN 12354-1 and 3 for DSF’s 

[46, 47]. He proposed three ways to predict the sound insulation, based on a double wall sound 

propagation model [48].  DSF sound insulation properties turn out to be influenced by diffraction due 

to vents on the external facade layer, and also due the finite element of structural elements in general. 

At low frequencies, diffraction effects can cause a decrease of the accuracy of sound pressure 

measurements carried out on the external side of building in low frequency range [49]. Diffraction also 

plays a role with respect to the directivity of sound waves radiated by a slot [50-53]. Barclay et al 

stressed the importance of an integrated approach to both noise exposure and ventilation performance 

in urban buildings [54]. Bibby et al looked into the use in practice of ventilation grill acoustic silencers  

[55]. The influence on the acoustic performance of DFTs of the spacing of the vents and of absorptive 

materials applied in the cavity was studied in [56, 57]. Also extensive comparative studies of the 

acoustic performance of different DSF types have been carried out [58-60]. 

This article reports on a sound insulation measurement campaign on laboratory and in situ double 

(transparent) skin structures. Chapter 2 deals with in situ measurements of 9 DSFs and with the 

influence on their construction solution on the sound insulation. Chapter 3 summarized laboratory 

measurements of double leaf specimens, their sound insulation, and the analysis of the sound field in 



 

 

Submitted to Building and Environment. Accepted on 12 Oct 2016, Vol 110 (2016) pp. 148-160.   http://dx.doi.org/10.1016/j.buildenv.2016.10.004 

the cavity. In Chapter 4 the laboratory results are compared with different prediction models. Based on 

the observations, in Chapter 5, the above mentioned existing sound insulation prediction models are 

integrated into one simple model. 

2. In situ measurements of DSF sound insulation  

  In situ measurements were carried out in the city of Bratislava on eight DSFs, and one double 

skin facade element (DSFE) on a dwelling house at Trnava road (DHTR). The measurements were 

carried out in accordance with standard EN ISO 16283-1 [61], with the addition of one microphone 

M2 inside of the cavity. Microphone M1 was placed outside the cavity, at 2m in front of the façade. 

Microphone M3 was placed in the receiving room inside the building (Fig. 1a).  Microphones M1 and 

M2 were positioned at 1.5 m above ground level. The positions of microphone M3 were in accordance 

to the recommendations of standard EN ISO 16283-1 (at least six random positions per measurement). 

The outdoor traffic noise was used as the source of sound, except for some cases, where amplified 

pink noise was used instead. The measurements were done by class 1 measuring analyzer devices 

according to the IEC 61672-1 [62]. The room acoustic parameters were determined according to EN 

ISO 3382-2 [63]. According to the Slovak legislation (Announcement of the Ministry of Health of the 

Slovak Republic 549/2007 and Slovak Republic Government prescription 115/2006), the objective 

assessment of indoor acoustic comfort should be done by long term measurements. The here presented 

sound insulation measurements were done over a short time period (usually during 15min of traffic). 

Therefore, strictly speaking, the results do not allow to judge if indoor requirements were fulfilled. 

Nevertheless it is noteworthy that in each of the measured cases A- weighted equivalent sound 

pressure level (LAeq) during the measurement period was lower than the limits in the legislation. In all 

cases, the LAeq value was less than 40 dB(A) and the reverberation time was shorter than 0.6s. 

The measured facades were quite different from each other from a structural as well as from a 

geometrical point of view (Tab. 1) [64]. 
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Table 1 General data of DSF and DSFE geometry. 

 Slotted DSF Corridor DSF ventilated by grills Corridor DSF ventilated by slots 

Name of building DBC DHTR NBS SLSP UCB IS SCST SN DP 

VR.R. (m
3) 59.1 31.3 59.3 127 185.4 51 51.9 54.5 82 

d (m) 0.17 0.280 0.6 0.65 0.85 0.67 0.85 1.350 0.880 

Length DSF (m) 1.5 2.6 3.75 >10 1.5x4) 1.22x4) 1.6x >10 >10 

Height DSF (m) 3.6 2.74 3.45 3.575 3.3 3.3 3 3 3x1) 

Ext. glazing (mm) 8 6) 5.5 7) 12 6) 12 6) 10 6) 2x8 5) 10 6) 7 6) 12 6) 

Int. glazing (mm) 4-16-8 3-52-3 4–16–4 2x6-8-8 4-10-4 6-16-6 4-10-4 4-10-4 8-12-8 

Vent. Opening (%) 3.5 1.4 7.06 13.59 6.67 14.85 2) 2) 2) 

Size of ventilation 

slot (mm) 

16x200x

75x8 

1820x20

x2 

240x 

12503) 

520x 

28003) 

220x 

15003) 

490x1

2003) 

2) 2x450x 
3) 

2) 

LAeq (ext) (dB) 63.5 69.6 61.5 66.4 69.6 60.2 72.5 72.9 72.1 

LAeq (int) (dB) 33.6 31.9 31.3 30.6 36.9 28.6 38.4 38 36.9 

T20,f=1000Hz (dB) 0.6 0.6 1.3 0.5 0.6 0.5 0.6 0.8 0.7 

D2m (dB) 5 9.5 5 7 7.5 4.5 6 7 4.5 

D2m,nTw(C;Ctr) (dB) 40(-2; 5) 40(-2;5) 40(-1;-

4) 

34(-2;0) 39(-1;-

3) 

35(-1;-

3) 

36(-2;-5) 37(-1;-

3) 

35(-1;-5) 

Building of Faculty of Civil Engineering on Technical University of Slovakia in Bratislava (DBC); 

Dwelling house at Trnava road, Bratislava (DHTR); Building of National Bank of Slovakia (NBS) 

[65]; Slovak Savings Bank headquarter (SLSP); UniCredit Bank headquarters, Bratislava (UCB); 

Ingsteel company headquarters, Bratislava (IS); Building of Slovak Centre of Scientific and Technical 

Information, Bratislava (SCST);  Slovanet company headquarters, Bratislava (SN); Digital Partk 1, 

Bratislava (DP); 

1) Cavity divided by a perforated metal based sheet (Fig. 1); 

2) Naturally ventilation through slots between adjacent glass panels; 

3) Vents across the full width of the facade; 

4) DSF cavity length continuous over the facade; 

5) Laminated glass; 

6) Tempered glass; 

7) Standard floated glass without any specification;   
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 (b) 

Fig. 1 Scheme of corridor type DSF naturally ventilated by a) grills; b) slots between adjacent glass panels. 

In accordance with standard EN ISO 16283-3 [66] the following values have been evaluated: 

D2m  Level difference;        (dB) 

D2m,nT    Standardized level difference;       (dB) 

T20,f=1000Hz  Reverberation time for f=1000Hz;      (dB) 

Nine measured facades have been divided into three groups following criteria of interspace geometry 

as well ventilation slots types: 

- Slotted DSF (cavity thickness up to 0.3 m); 

- Corridor DSF ventilated by ventilation grills (cavity thickness from 0.5 to 1.5 m); 

- Corridor DSF ventilated by slots (cavity thickness from 0.5 to 1.5 m); 

The in situ sound reduction spectra (Fig. 2) show features that reflect a combination of mass law 

behavior (low frequency slope of 6dB/octave under mass-air-mass resonance), standing wave induced 

resonances in the cavity and increased glass panel – air coupling around and above the coincidence 

frequency. The sound insulation frequency spectra of the two slotted facades, DHTR and DBC, are 

very similar. Comparison of the reduced D2m,nT  value of the DHTR facade with the DBC façade 

suggests the occurrence of resonance effects in the exterior layer of the former one caused for 
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frequencies above fR≈ 50 Hz (half wavelengths longer than 0.17 to 3.6 m), as a result of standing 

waves in the lateral directions inside the cavity (Fig. 2a). The slope of the SR curves for the facades in 

the “Slotted TF” and the “Corridor DSF ventilated by ventilation grills” groups tend to 9 dB/octave, 

steeper than one of the “corridor DSF ventilated by slots” group (roughly 6 dB/octave), which 

includes facades ventilated by approximately 20 mm thick slots between exterior glass layers.  Ideally, 

except for resonance and coincidence effects, double wall structure exhibit a 2x6=12 dB per octave 

behavior. The slope of 9 dB/octave of the former group is somewhat lower due to the ventilation gaps.  

The gap in the panel on the exterior side of the cavity renders this panel ineffective in terms of sound 

insulation.  As a result, most of the insulating effect is due to the interior panel only, explaining the 

lower slope, which is similar to mass-law behavior of that single panel. 

The complex geometry of many DSF constructions can easily result in unwanted influences of 

resonances of some of their constituents. E.g. in Figure 2b the D2m curve at frequencies above 1 kHz is 

significantly affected by structural resonances of the aluminum stripes at the outside of the facade of 

the SLSP building, caused by wind flowing across the facade during the measurements. 

 
(a) 

 
(b) 

Fig. 2 Spectrally resolved sound insulation of DSF’s measured in situ; a) D2m,nT; b) D2m.  The single number ratings are 

indicated on the right hand side of the figures (D2m,nT,w,100-3150Hz (C; Ctr)). 
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3. Laboratory measurements 

The laboratory measurements on the 9 different glass window DSF-like arrangements (Fig. 3) were 

performed in the sound transmission facility of the Laboratory of Acoustics of KU Leuven in 

accordance with standard ISO 10140-4 [67].  An additional microphone (a B&K type 4165(1663259) 

+ UA0512) was placed inside the cavity (Fig. 4b). The goal was to investigate the influence of the 

cavity thickness, the parallelism of the two glass panels, the absorptivity of the cavity, and the effect of 

ventilation slots. Two types of glass panels were used in the measurements: 12 x 1350 x 1540 mm 

single glass panel and 8.6 x 1235 x 1490 mm (442) thick laminated glass panel (two layers of 4mm 

thick floated glass coupled by doubled layer of PVB foil). Each glass window arrangement with 

annotation DG consisted of a layer of 12mm glass on one side and of a 8.6mm laminated glass panel 

on the other side. As shown in Figure 3, vertical ventilation slots were created in two variants, both in 

combination with 8.6 laminated glass. 

 
Fig. 3 Nine glass window arrangements. a) SG; b) DG314MWA; c) DG314MWTB; d) DG314; e) DG364; f) DG264; g) 

DG314VS; h) DG314VSTB; i) DGNP. 

The meaning of the abbreviations used is as follows: 

- SG (single glass 12 mm);  

- DG314MWA (double glass with 314 mm cavity thickness and mineral wall lining all around 

on the edges of the window opening);  
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- DG314MWTB (double glass with 314 mm cavity thickness and mineral wall lining on top and 

bottom side on the edges of the window opening Fig. 4);  

- DG314 (double glass with 314 mm cavity thickness);  

- DG364 (double glass with 364 mm cavity); 

- DG264 (double glass with 264 mm cavity thickness);  

- DG314VS (double glass with 314 mm cavity thickness and vertical ventilation slots);  

- DG314VSTB (double glass with 314 mm cavity thickness, vertical ventilation slots and 

mineral wall lining just on top and bottom side);  

- DGNP (double glass with nonparallel arrangement with thickness from 264 to 364 on vertical 

sides); 

The glass panels were fastened to a massive steel frame and a wooden frame, which were rigidly 

mounted in the test opening, using a standard acoustic sealant, according to EN ISO 10140-1. In 

configurations DG314MWA, DG314MWTB, DG314VSTB the cavity absorption was enlarged by 

means of a 12 mm thick mineral wool lining (Fig. 4).  

 

(a) 

 

(b) 

Fig. 4 a) Configuration DG314MWA; b) Detail showing the position of the intra-cavity microphone (10cm from surrounding 

surfaces). 

In addition to the sound insulation measurements according to ISO 10140-2[68] and the measurement 

of the sound pressure level inside the cavity, and in order to get more insight in the sound propagation 
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through the glass panel – cavity -glass panel structure, the following additional experiments were 

carried out. 

- Mapping of the structural vibration modes of the glass panels by laser Doppler scanning 

vibrometry; 

- Determination of the absorptivity of the acoustic absorption material inside cavity according to 

ISO 10140-1:2010 [69]; 

- Determination of the flow resistivity of the absorption material according to ISO 9053:1991 

[70]; 

Also the room acoustic parameters of the transmission rooms were measured according to standard 

ISO 3382-2 [71] (Fig. 5). All devices and accessories were consistent with the standard requirements 

described in IEC 61672-1, IEC 61260, IEC 60942 [62, 72, 73].  

 

Fig. 5 Scheme of the laboratory sound insulation measurement setup; 1. Control panel; 2. Real-time frequency analyzer; 3. 

Pink noise generator and equalizer; 4. Transducer; 5. PC; 

The airborne sound insulation was measured in the frequency range from 63 to 5000 Hz (Fig. 6). Four 

characteristics (mass law behavior, cavity resonance behavior, coincidence dip, and high frequency 

behavior above the coincidence frequency) can be recognized. The associated weighted sound 

reduction index values are listed in Table 2. Based upon measurement history, testing building 

elements with a significantly higher single number evaluations (as high as Rw-68 dB), the flanking 
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paths of the test suit are considered to be low enough to ensure a correct measurement of the building 

elements considered in this manuscript. 

 

Fig. 6 Airborne sound insulation spectra of nine glass 

window arrangements. 

Table 2 Weighted Sound Reduction Index (Rw) evaluation. 

Glass window arrangement  Rw 100-3150Hz (C; Ctr)   

(dB) 

SG 34 (-3; -4) 

DG314MWA 66 (-3; -8) 

DG314MWTB 65 (-2; -7) 

DG314 58(-3; -7) 

DG364 58 (-2; -6) 

DG264 58(-2; -7) 

DG314VS 40 (-3; -3) 

DG314VSMWTB 47 (-2; -4) 

DGNP 57(-2; -5) 
 

It is known that the accuracy of in situ as well as of laboratory measurements at low 

frequencies is strongly influenced by the finite dimensions of the receiving room [74-77]. This is 

especially apparent in the low frequency range, where the acoustic modal densities of the sending and 

receiving rooms are too low to assure a diffused acoustic field. For a receiving room volume of less 

than 100 m
3
, standardized microphone measurements cannot achieve sufficient accuracy below 63 Hz 

[78-82]. For the acoustic insulation measurements that were performed in this study (room volume 87 

m
3
) (Fig. 7), this is reflected in the increased standard deviation (STD) in the low frequency range 

specified according to standard EN ISO 10140-2 [83]. Reverberation time of the receiving room for 

middle frequency 1000 Hz was T20,f=1000Hz= 1.7s. The STD of measured reverberation time in 

frequencies below 280 Hz was higher than 0.5s (from 0.5s (f=200Hz) to 3.5s (f=50 Hz)). This is 

caused by the low diffusivity in the lower frequency range, which is a common problem for 

transmission rooms with volume lower than 100m
3
. The theoretically calculated Schroeder frequency 

is approximately f=280 Hz, what agrees with the measured data. 
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Fig. 7 Effect of different changes of the cavity on the frequency dependence of the sound reduction index; a)absorptivity 

change; b)shape change; c)single glass vs. double glazing with vertical slots on one of the layers. STD: measurement 

standard deviation. 

In the absence of resonances, bending and coincidence effects, the R-spectrum of a double 

glass panel without ventilation slots is expected to follow a +12 dB/octave mass law behavior.  Fig. 7 

shows that in practice the sound insulation below the coincidence frequency is effectively affected by 

cavity and panel bending resonances.  The dips in the spectrum of the sound reduction index in 

different tested configurations appear to correspond with the lowest cavity resonance around 140 Hz, 

for which /2, half of the acoustic wavelength is close to the longest cavity dimensions (1235/1540 

mm), and around 1000 Hz, for which /2 fits the thickness of the cavity (314/364 mm). 

Placing a 12 cm thick layer of mineral wool all around the edges of the cavity (configuration 

DG314MWA) improves the sound insulation around the 1100 Hz resonance frequency by 8 till 14 dB 

in the case of a closed cavity (DG314MWTB, DG314MWA), resulting in an overall Rw increase of 

about 8 dB. The presence of mineral wool lining on the top and bottom cavity surfaces only 

(alternative DG314MWTB) turns out to quench standing wave modes in the cavity sufficiently to 

increase Rw by about 7 dB.  
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Interestingly, comparing configurations DG314VS and DG314VSMWTB, i.e. the situation 

with vertical slots (typically used for ventilation purposes) without and with mineral wool lining at the 

top and at the bottom of the edges, also shows a 7 dB increase of the Rw when absorption is added to 

damp standing waves.  The presence of mineral wool lining thus has almost the same influence in 

situations with or without vertical ventilation slots on the sides. Compared to single glass, the Rw value 

of a double glass facade is 13 dB higher, even with open slots.  

No effect is noticeable of increasing the cavity thickness from 264 to 364 mm, with 

corresponding longest standing wave frequencies 2000 Hz and 2600 Hz.  Apparently, the effect is 

masked by the one of the standing wave across the longest cavity dimension.  

In order to get a more detailed insight in the sound field and the standing waves phenomena, impulse 

response measurements [84-86] were performed, not only with a microphone in front and behind of 

the double glass structures, but with also in one of the bottom corners of the cavity, at 100 mm from 

the most nearby surfaces (Figures 4 and 8).  Sine sweep excitation signal was used according to ISO 

18233 [87].  

 

Fig. 8 Setup for determining the impulse response of double glass structures with microphones in front, behind and inside of 

the cavity; 1. Control panel; 2. Amplifier; 3. Transducer; 4. PC. 

The resulting narrowband spectra (30-500 Hz) of the sound pressure level Lp in the cavity are shown 

for the different configurations (Fig. 9). Theoretical estimates of the eigenmodes of the interspace 

cavity and the laboratory rooms, calculated as Eq. (1): 
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with Lx=1.37 m, Ly=1.558 m, Lz=0.264-0.364 m the cavity dimensions, c=340 m/s the speed of sound 

in air, an nx,ny,nz integer numbers, are shown as vertical lines. The resonances below 100 Hz are due to 

standing waves in the sending room, of which the sound field drives the one in the cavity. The spectral 

peaks between 100 and 350 Hz can be associated with cavity resonances. Above 350 Hz, the 

resonances are so abundant, that, given their finite width, they are hard to distinguish.  From the 

theoretical cavity reverberation time T60,cavity=0,2 sec [88] and its volume Vcavity=0,56-0,79 m
3
, the 

Schröder frequency [89, 90], above which the sound field in the cavity can be considered as diffuse, 

equals 1200 Hz. Changing the interspace shape from a parallel glass panel configuration (DG314) to a 

nonparallel one (DGNP) only slightly changes the resonance frequencies of the cavity.  The effect of 

introducing a cavity lining of mineral wool reduces the overall sound pressure level by 8 to 10 dB. At 

the standing waves frequencies, the influence is up to about 20 dB. Opening the front facade, as in the 

configurations with vertical slots, increases the sound pressure level substantially from 50 Hz on and 

above, with about 20 dB.  

Modal analysis of glass plates fixed in testing opening was performed for each of the setups. 

Amplitude peaks corresponding to structural modes of the 2
nd

 order are clearly present (Fig. 9). The 

first order modes are below 30Hz, out of displayed range. The structural resonances of the glass are 

indicated by S (S1-8.6 mm laminated glass plate with vertical slots where f11= 18.2 Hz and f21=39.2 

Hz; S2- 8.6 mm laminated glass plate fixed around the perimeter where f11= 25.3 Hz and f21=48.4 Hz; 

S3- 12 mm glass plate fixed around the perimeter where f11= 25.6 Hz and f21=59.8 Hz) (Fig. 9). Some 

glass plate resonances are masked by cavity resonances.  
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Fig. 8 Lp spectrum inside specimen cavity. Freq. range 30- 100 Hz (up); 100-500 Hz (bottom); R- Sending room resonances; 

S- Glass plate 2nd mode natural resonances (S1- 442 laminated glass plate with vertical slots; S2- 442 laminated glass plate 

fixed around the perimeter; S3- 12mm glass plate fixed around the perimeter ). 

4. Sound insulation of double glass building elements: comparison between 

different models and experimental results 

Models of double wall constructions typically take into account the boundary conditions, the 

dimensions, the material properties, the cavity absorptivity, the angle of incidence of the incoming 

sound wave, etc.  In the case of a transparent wall, structural rigidity is realized by stiffening elements, 

such as frames. In this section, a number of analytical prediction models are compared with the 

measurement data (Fig. 10-11). Models of the following authors are considered: Fahy (three models) 

[35, 91], London [92], “technical method” [93], Sharp [33] and the Brekke [94].  Rindel [95] predicted 

the sound insulation in walls with small openings (ventilation slots).  

Three different models by Fahy are considered. The first model assumes perpendicular 

incidence and infinite double walls without absorptive material inside. The variables in this method 

are the mass of the panels, the mechanic loss factor, the damping, the stiffness, the cavity thickness, 

the speed of the sound and the density of air. Also mass-spring- mass resonance and natural 

resonances of each layers are included. Also the second model assumes perpendicular incidence, but it 
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takes into account the presence of absorptive material inside the cavity. The third model extends the 

previous one, by allowing an oblique angle of incidence. Fitting of the experimental results by this 

model are not satisfactory (Fig. 11). This is most likely a consequence of the non-realistic assumption 

of a single angle of incidence (in our simulation, we assumed an angle of 45°) and assumption due to 

the infinite window dimensions.  

The model proposed by London (Fig. 10) was originally designed for unbounded double walls 

without absorptive material inside the cavity. Also this calculation model neglects structural 

resonances and coincidence resonances of the panels. The cavity resonance frequency, the angle of 

incidence (for the frequency range below the cavity resonance they consider direct sound field, above 

the cavity resonance a diffuse sound field is considered), the mass, the approximated phase coefficient, 

the density of air, the atmospheric pressure and the speed of the sound are variables in this model. We 

have applied this model for the 3 closed DSF configurations without absorbing material: DG314, 

DG364 and DG264. After neglecting of structural resonances, the slopes of London’s model results of 

are in acceptable agreement (6 dB/oct below and 18 dB/oct above cavity resonance frequency), the 

calculated R-spectra underestimated the experimental ones, probably due to the calculations assuming 

a unbounded infinite media outside of the cavity.   

The “technical method”, which was mainly designed for double walls (cavity thickness below 

200 mm) with absorption inside the cavity, was used to predict the airborne sound insulation for 

configurations DG314MWA, DG314MWTB, DG314, DG364, DG264. The sound insulation, the 

stiffness and the coincidence frequencies of partition walls, the cavity thickness and the damping and 

mass-spring-mass resonance of the wall are taken as variables.  Figure 10 shows that the best 

correspondence was achieved for the DSF configuration DG314 without absorption.  This seems 

paradoxal, but can be explained that the method was designed for infinite walls, with absorption only 

along the walls.  Model takes into account critical and cavity resonance as well. In range below cavity 

resonance, shape of calculated R spectrum nicely follows shape of measured data results. In spectrum 

range above cavity resonance, the slope is by 10dB/oct lower in comparison to measured data.  
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An empirical model by Sharp has been derived from a large database of double wall laboratory 

measurements.  The model assumes an unbounded infinite wall filled with absorptive material, 

assuming a diffuse acoustic field in the wall cavity. The model variables of this mass-spring-mass 

model are: the cavity thickness, the airborne sound insulation and the mass of the partition walls, and 

the stiffness and damping of the wall cavity (spring). Sharp’s model gives a reasonably good 

correspondence nicely follows shape of measured values, except for a too weakly pronounced dip at 

the main cavity resonance at 1000 Hz and resonance caused by size of testing specimen at 140 Hz 

(Fig. 10).   

The same holds for the model by Brekke, which was developed for bounded double walls with 

absorptive material lining all around on the edges of the wall cavity (Fig. 10). This model was 

developed based on SEA models. The resulting calculation assumes sound insulation of partition 

walls, absorption coefficient of absorptive material, cavity circuit, thickness and surface of the wall. In 

range below cavity resonance, shape of calculated R spectrum nicely follows shape of measured data 

results. However in spectrum range above cavity resonance, the slope is appropriate but with 

underestimated values about 6dB. 

For this study, the model of Sharp and the one of Brekke yield the best correspondence with 

the measurements.  In view of that, we have implemented a combination of both, also incorporating 

the approach by Rindel to include the deterioration of the sound insulation due to a ventilation slit. A 

reasonably good results for spectrum above cavity resonance was obtained in Brekke+Rindel model, 

provided that the slot size in the model was not set equal to the average value of the DSF, but to the 

smallest one (Fig. 11). In the part of the spectrum below cavity resonance, calculated results were 

underestimated by 6dB. 
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Fig. 9 Comparison of the models of  London vs. Brekke (left) and Technical method vs. Sharp (right) with the measured 

sound insulation spectra. 
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Fig. 10 Comparison with experimental data of predictions by the Fahy models (left)and combinations of models Sharp+ 

Rindel and Brekke+Rindel (right). 

5. Prediction of the sound insulation of naturally ventilated double skin 

facades 

The incentive behind this work was to create a simple prediction method for the calculation of 

sound insulation spectra of naturally ventilated DSF, for use in an engineering environment. All 

mentioned models above were created for double leaf walls consisting of simple layers. In the current 

work, the idea was to predict the sound insulation of DSF’s based on the responses of the individual 

parts of the facade. In an attempt to tune the modeling to double skin facades, and inspired by the 

approach of Blasco [48], we have determined the individual sound insulation of each panel (R1 and R2) 

and of each element within the layers by means of standard approaches Eq. (2), and incorporated those 

in an expression for the combined sound insulation via [93] (Fig. 12b):   
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i index of interior DSF layer (e- in exterior layer case) (Fig. 12b); 

j index of element in a layer (Fig. 12b); 

s index of  ventilation slot (Fig. 12b ); 

Si,j surface of element or slot i,j (m
2
); 

Ri,j partial sound insulation of element i,j (dB); 

Ventilation slots (slot sizes are specified in Table 1) were modeled as gaps in the exterior layer (Ri,s) as 

proposed in [95] as follows Eq. (3): 
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Blasco [48] divided the sound insulation spectra to two parts, below and above the half 

wavelength matching resonance frequency of the cavity ( f0=c/2d, with d the cavity thickness).  He 

then determined the DSF layer (exterior or interior) with the lowest sound insulation, in order to 

estimate the total sound insulation. Here, we determine which of both DSF layers (the exterior or 

interior one) has the most dominant contribution in sound insulation (denoted by Rmax), and consider 

three frequency ranges:  

 

(a) 

 

(b) 
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Fig. 11 Schematic representation of the division of the spectrum into different ranges, in which the sound insulation behavior 

is dominated by different ventilation mechanisms (a) and of the implemented combination of elements to predict the total 

sound insulation (b) . f0- cavity resonance frequency; fcr-coincidence frequency; 

- The frequency range with sound insulation behavior dominated by transmission 

enhancement due to cavity resonances (below frequency f0). In this frequency range, the 

sound insulation is determined by the distance between the parallel DSF layers. The sound 

insulation is approximated by the sum of the individual insulations of the two panels, 

decremented by 4dB Eq. (4):  

  dBRRR ff 4210


                  (4) 

 

In Blasco’s model sound insulation in the frequency range below f0 is counted as (Rmin+10 

dB). For frequencies higher than f0 Blasco’s model uses R1+R2 (no further distinction in 

frequency ranges are made in his model). 

- The frequency range with sound insulation behavior dominated by the transmission of 

sound via the ventilation slots.  More specifically, this is the range between f0  and fcr, the 

coincidence frequency of the exterior glass panel, which is given by Eq. (5) [35]: 

l

cr
ch

c
f




8.1

2

     (5) 

with: 

fcr coincidence frequency (Hz); 

c speed of sound in air (m/s); 

h thickness of specimen (m); 

cl longitudinal speed of sound in specimen (m/s); 

Here, we have assumed that for ventilation by open slots, the sound insulation of the exterior 

window is to an important extent neutralized, reducing the overall sound insulation by 6 

dB/octave compared to the serial effect of two panels with mass-law behavior (+12 
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dB/octave).  For ventilation by a mesh or a grill, we have assumed an intermediate reduction 

by 3 dB/oct compared to two panels in series (see chapter 2) Eq. (6). The impact of ventilation 

elements was taken into account generally in the prediction model. Influences of wave 

diffraction are counted only partially by Eq. (3). However, the diffraction influence is not that 

significant in this case. The model was designed for facade sound insulation with closed 

windows and assumed diffuse sound fields in the frequency range where the diffraction plays 

an important role. In total, the transmission loss does not take into account the position of the 

ventilation element. 

        00 fff RR
cr
 +6 or 9 dB/oct            (6) 

- The frequency range above the coincidence frequency of the external wall.  For these high 

frequencies, even small openings in the exterior wall are neutralizing the insulating effect of 

the exterior glass panel, reducing the overall acoustic insulation to Eq. (7): 

  dBRR ffcr
6max 

        (7) 

Final step of calculation is implementation of R spectrum into D2m,nT evaluation, to achieve 

results comparable with measured data from in situ measurements Eq. (8).  

s

nTm
S

V
RD

32.0
log.10,2          (8) 

with: 

V volume of receiving room (m
3
) 

Ss Area of the specimen (m
2
) 

The presented prediction model was applied for slotted and corridor type DSF’s, and single 

rating values are compared with the experimental data in Table 3 (single number ratings).  Plots of 

sound insulation spectra of representative facades for each measured types (slotted DTF, corridor DTF 

ventilated by grills and corridor DTF ventilated by slots) are shown in Figure 13. 
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Table 3 Comparison between predicted and measured single number ratings of the sound insulation of the different DSF 

samples 

 Slotted DSF Corridor DSF ventilated by grills Corridor DSF ventilated by slots 

Name DBC DHTR NBS SLSP UCB IS SCST SN DP 

D2m,nT,w (in situ) (C; 

Ctr) (dB) 

40 (-

2;-5) 

40 (-2;-

5) 

40 (-1;-

4) 

34 (-2; 

0) 

39 (-1;-

3) 

35 (-1; 

-3) 

36 (-2; -

5) 

37 (-1; -

3) 

35 (-1; -

5) 

D2m,nT,w(predict) (C; 

Ctr) (dB) 

38 (-2; 

-7) 

38 (-2; -

7) 

39 (-1;-

4) 

42 (-1; -

6) 

38 (-1;-

4) 

35(-2;-

6) 

36 (-1;-

4) 

37 (-2;-

5) 

34 (-1;-

4) 

The proposed model predicts the sound insulation sound insulation spectra determined by the in situ 

measurements substantially better than the one of Blasco with most residues smaller than 5dB, and 

single value predictions within 1dB from the experimental ones, except for the SLSP.  

Due to the rather low excitation levels during the in situ measurements, the signal to noise ratio in the 

SLSP configuration was poor, impeding a reliable analysis.   

(a) (b)  (c)  

Fig. 12 Comparison between predicted and in situ measured sound insulation spectra for three different DSFs. a) Slotted 

DSF; b) Corridor DSF ventilated by grills; c) Corridor DSF ventilated by slots. 

6. Conclusion  

Sound insulation measurements were performed on 9 different facades in situ and 9 double 

glass arrangements in the laboratory.  
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From the in situ measurements it was found that the sound insulation of DSFs is substantially 

affected by ventilation slots and acoustic resonances of the cavity. Compared to a single glass panel, a 

double skin facade with an exterior window with open slots yields a 5 to 7 dB better Rw value. Based 

on the measured data, it can be inferred that increasing the width of the DTF cavity has a positive 

impact on the facade sound insulation, because the insulation deteriorating cavity resonance shifts to 

lower frequencies, which are less audible. The use of an appropriate distribution of ventilation grills 

(sufficiently far apart) in combination with absorptive material can yield a substantially better acoustic 

insulation compared to an open slot. 

Laboratory measurements were carried out with special focus on the importance for the sound 

insulation of DSFs of the thickness and shape of the cavity, as well as on the presence and location of 

absorptive material in the cavity.  Although increasing the cavity thickness (by 16% from 314 mm to 

364 mm) and shape (non-parallelism of 50 mm) are known to change related cavity resonance 

frequencies, the effect on the sound insulation spectrum was negligible in comparison with the 

standing wave that fits in the longest cavity dimension.  The importance of the latter was also 

illustrated by the strong effect of placing absorbing material along the sides of the cavity on the 

resonance dip in the insulation spectrum, and on the SRI (7-8 dB), not only for the closed but also for 

the open cavity.  In particular, below the coincidence frequency (1000 Hz), placement of absorptive 

material increases the slope of the sound insulation curve slope by about +4 dB/octave, both for the 

open and closed cavity.  The similar effect for the closed cavity confirms that the standing wave along 

the longest dimension of the cavity is hardly affected by the ventilation slots. Nevertheless, although a 

ventilated layer with 10 mm wide vertical gaps on both sides of the exterior layer increased the Rw with 

about 6 dB in comparison with a single glass panel, the Rw value was almost 20 dB less in comparison 

with the fully closed exterior wall, reflecting substantial changes all over the spectrum.  

A simplified prediction model to calculate the sound insulation of naturally ventilated double 

skin facade was introduced. The analytical model is based on laboratory and in situ measurements and 

works well in the middle and high frequency range, with predicted single rating sound insulation 

values as close as 1dB to experimental values. The low frequency insulation still remains difficult to 
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predict, due to the occurrence of standing waves in the intermediate space, and due to structural 

resonances. The prediction model also generally accounts for the presence of air ventilation, which is 

commonly used in DSF’s. Although the model was designed for facades with closed windows, the 

diffraction influence caused by vents was neglected: in the frequency range where the diffraction plays 

role, a diffuse sound field was assumed. The prediction model can be used as engineering tool for 

rough DTFs sound insulation in practice.  
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