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In coupled volume room systems, sound does not necessarily decay at an 

exponential rate. Under certain circumstances, concave double sloped 

decays can occur. This can be favourable in performance spaces for the 

ability to combine the two contradicting qualities: clarity and reverberance. 

Unfavourable occurrences can be found in office spaces where a double 

sloped decay might lead to under estimation of reverberation and 

subsequently under dimensioning of acoustic measures.  

 

Previous research is mainly conducted using frequency independent 

methods that assume a diffuse sound field or represent sound by rays 

travelling in a straight path. Such assumptions are especially incorrect at 

low frequencies where the sound field is dominated by a few acoustic 

modal shapes. To gain insight in the low frequency behaviour of coupled 

volume room systems, the decay of low frequency sound is simulated 

using the finite element method by solving the acoustic wave equation to 

approximate sound propagation in time and space. The computational 

model is validated using measurement data of a coupled volume room 

system at the laboratory of acoustics of the Eindhoven University of 

Technology. 

 

The model consists of a box-shaped primary and secondary room with a 

uniform distribution of sound absorption. The coupling surface varies in a 

total of nine configurations that differ in aperture distribution and location 

while the total aperture area remains constant.  

 

The results show that the receiver location has a strong influence on the 

decay curve dependent on the modal shapes in the primary room. The 

location of the apertures has a large influence on the decay curve due to 

the modal shapes in the secondary room. This is evident from the strong 

correlation between reverberation time and intensity magnitude on the 

aperture surface, since high surface intensity magnitude on the aperture 

surface coincides with a high level of the late decay.  

 

A systematic frequency dependence of the decay curve as a result of 

aperture transparency has not been found but is likely to be present. The 

effect is expected to be more distinctly present in more diffuse or larger 

volume room systems. 
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1 Introduction 

When two rooms are connected by an aperture, they form a system of coupled volume rooms. 

An important property of such a room system is that sound does not necessarily decay at an 

exponential rate, meaning that the decay is split in two stages, the early and the late decay. In 

both stages the sound decays at a different rate. This non-exponential (double sloped) decay 

can attribute to a unique acoustic quality on one hand and be the cause of noise nuisance on 

the other.  

 

Clarity and reverberance are two qualities sought after in performance spaces such as 

concert halls. Normally these are contradicting qualities since clarity is achieved through a fast 

initial decay and reverberance is characterized by slow decay. In coupled volume rooms the 

two can coexist since a concave double sloped decay can have both a fast initial decay in the 

first slope and a long late decay due to the second slope in the decay curve [1]. 

 

When a coupled volume room system is created unintentionally, for example in an office 

environment where a room is coupled to an atrium, a double sloped decay can cause 

nuisance. This is because with the use of traditional statistical acoustics methods such as the 

Sabine, Eyring or Millington Sette model for predicting reverberation time, the effects of the 

second volume are not taken into account [2]–[4]. This can lead to a severe underestimation 

of the reverberation and subsequently under-dimensioning of acoustic measures.  

 

Previous research has been conducted mainly using frequency independent methods such 

as, statistical-, geometrical- and diffusion based acoustics [5]–[9]. These methods either 

assume a diffuse sound field or represent waves by rays without phase. For low frequencies, 

the sound field is far from diffuse and phase effects become stronger [10]. To gain an insight 

in the decay behaviour of coupled volume rooms at low frequencies, simulations are 

performed using a numerical method that uses the wave equation to solve sound propagation 

in time and space. Treating the sound as actual waves is suitable for low frequencies because 

it inherently removes the limitations caused by the assumption of a diffuse field and 

representation by rays. 
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1.1 Outline 

The research consist out of three main parts, the literature study, the validation study and the 

variant study. In the literature study, non-exponential decays and their occurrence are 

explained, and an insight is given in different methods to predict reverberation time and decay 

curve. In the validation study, the method used for the variant study is validated based on 

comparison of simulation results with measurement results for a similar room system. In the 

variant study simulations are performed on a room system with varying aperture location and 

distribution. The aim is identifying the frequency dependence of non-exponential decays and 

showing the influence of aperture location and distribution. Finally the results are presented 

and discussed leading to conclusions and recommendations. 

1.2 Research question 

 

During the literature study a gap in literature has been found regarding the frequency 

dependence of double sloped decays and the influence of aperture location and distribution at 

low frequencies. This leads to the central research question, formulated as: 

 

Does the aperture location and distribution influence the double slope effect for low 

frequency sound in coupled volume room systems and is the effect frequency 

dependent? 

 

To answer this question, the decay of low frequency sound is simulated in a wave-based 

computational model. Simulations are performed for multiple configurations with varying 

geometry regarding aperture distribution and location. The effect of each parameter on the 

double slope effect is evaluated per 1/3 octave band. Additionally, the decay curves are 

compared to the modal shapes of the room system. 
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2 Background 

Sound is formed by pressure waves propagating through a medium and the waves contain a 

certain energy. Part of this energy is converted into heat upon interaction with a boundary 

surface of the medium, the waves are reflected and continue to propagate with a reduced 

energy content. This means that if a sound source in a room is abruptly switched off, the 

sound is not immediately dissipated but decays over time, this is referred to as reverberation. 

It is a frequency dependent characteristic of a room, dependent on room geometry and 

surface materials. 

 

In a room, sound energy decays at an exponential rate. When this is expressed in a decay of 

sound pressure level in decibel and plotted over time, the curve is a straight line with a single 

slope. This is true for most frequencies and room types. However, in some situations non-

exponential decay curves can occur. One of these situations presents itself when two or more 

room volumes are connected through an aperture. The occurrence of a concave non-

exponential decay, as depicted in figure 2.1, is referred to as the double slope effect for the 

characteristic shape of the decay curve.  

 

In coupled volume rooms, energy transfer takes place between the subrooms. When an active 

source is located in the primary room, the sound incident on the aperture is transferred to the 

secondary room. Reflections in the secondary room incident on the aperture surface are in 

turn transferred back to the main room with a certain delay [11].  

 

When the secondary room is sufficiently reverberant, and the aperture size is within the range 

specified in section 2.2.1, the delayed feedback of energy can become predominant in the 

sound field of the primary room. In this case, the decay curve of the primary room is double 

sloped.  

 

The feedback of energy has the result that upon evaluating the decay in the primary room, the 

aperture cannot be regarded as an open window. This is because of the feedback of energy 

from the secondary room [11]. 

 

In figure 2.1 an example of a concave double sloped decay is shown. The steep early decay 

represents the exponential decay of the primary room, the late shallow decay represents the 

feedback from the secondary room. The feedback energy is added to the remaining energy 

level in the primary room.  

 

Figure 2.1: Example of a concave double sloped decay curve [12]. 
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2.1 Impulse response and decay curve 

The reverberation measurements and simulations performed in this research, return an 

impulse response for a certain combination of source and receiver position in the room 

system. To obtain an impulse response, a short pulse is created by a sound source. On the 

receiver position the pulse, together with the reflections from the room system is recorded for 

a certain time interval.  

 

The impulse response shows strong fluctuations over time, as can be observed in figure 2.2, 

making it difficult to analyse it’s properties. To simplify determining the slope, a backward 

integration is performed on the root mean squared impulse response, resulting in the 

Schroeder curve [13].  

 

Different methods exist to identify the slope in the Schroeder curve. The most commonly used 

method is fitting of a straight line (y=ax+b) to the Schroeder decay, by means of the least 

square fit method. Figure 2.2 shows an example of both the root mean squared impulse 

response and the corresponding backward integral. For double sloped decays, two separate 

exponential lines are used to correctly represent the decay characteristics.  

 

  

Figure 2.2: Example of a root mean squared impulse response (left) and its backward integral (right) [13]. 

 

For non-exponential decays it sometimes proves to be hard to recognize and extrapolate the 

separate slopes. A solution can be found in the application of Bayesian parameter estimation 

[9], [14]–[16]. The Bayesian theory formulates the posterior probability density function of 

model parameters through the sample data, expressed as the likelihood function, and the 

prior distribution, which represents additional available information. For non-exponential 

decays, this results in two straight lines corresponding to the two decays [14]. The method 

has a high complexity and is found to not always indicate the presence of the double slope 

effect [12]. 

 

When the least square fit method is able to identify the different slopes in the decay, there is 

no need to use the more complex Bayesian method. However, when the transition between 

the two slopes occurs at a high level, the decay starts in the bend between the two slopes (an 

example of this bend can be observed in figure 2.1). In this case the least square fit method is 

unable to determined the first slope.  
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2.2 Occurrence of double sloped decays 

Double sloped decays are sensitive: for the occurrence of such a non-exponential decay, 

several preconditions have to be fulfilled. Both speaker and receiver must be located in the 

same room [11] (the room in which the receiver is located is the primary room). If the source is 

located in the secondary room, the observed decay approximates the decay of the individual 

primary room. In this case, the aperture simply acts as a sound source. In order for the energy 

feedback from the secondary room to become predominant over the energy contained in the 

primary room, both source and receiver have to be located in the least reverberant room [11]. 

With regards to room geometry and surface materials, the occurrence and magnitude of the 

double slope effect is mainly depending on two factors: reverberation ratio and aperture size 

[11].  

2.2.1 Reverberation ratio 

The secondary room has to be sufficiently reverberant for the containment and delayed 

feedback of energy to the primary room, where the feedback energy should become 

predominant over the remaining sound field. For creating distinct double sloped decays, high 

reverberation ratio’s are crucial. Typically the secondary room should be at least 3.5 times as 

reverberant as the primary room but preferably more than 5 times as reverberant [5], [9], [17], 

[18]. 

 

The difference in reverberation time can be quantified by the dimensionless parameter, RT 

ratio (reverberation time ratio) as calculated by equation 2.1. The RT ratio should be 

evaluated for the individual frequency bands under consideration.  

 

 ��	�����	 =	 ���;�;	���;�;	 equation 2.1 
 

   

Where: ���;� [s] is the reverberation time of the primary room, ���;� [s] is the reverberation 

time of the secondary room and � denotes the frequency band.  

 

In order to characterize the RT ratio, two additional dimensionless parameters are used, the 

absorption ratio and the volume ratio, given in respectively equation 2.2 and equation 2.3 [12]. 

The absorption ratio, quantifies the equivalent area of absorption in the secondary room as a 

portion of the equivalent absorption area in the primary room [12]. This ratio should be 

determined for each frequency band under consideration. The volume ratio gives the volume 

of the secondary room as a portion of the primary room. The absorption ratio and volume ratio 

are related to the RT ratio through the Sabine model given in equation 2.18. 
 

 ����������	�����	 =	 Σ	(	��)�;	Σ	(	��)�;	 equation 2.2 
 

   

Where: α [-] is the absorption coefficient and S [m²] is the surface area, � and � denote the 

primary and secondary room and � denotes the frequency band.  
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 ������	����� = 	 ����	 equation 2.3 
 

   

Where: � [m³] is the volume and � and � denote the primary and secondary room.  

 

The distinction in how the RT ratio is achieved is important, because both volume and 

absorption are affecting the Schroeder frequency that indicates the transition from low to high 

frequencies [19].  

 

Increasing the volume will only increase the reverberation time to a certain extent since an 

infinitely large secondary room will result in an exponential decay where the aperture acts as 

an open window. The increase of the reverberation time holds at least for volume ratio’s of up 

to 0.5 [12]. 

2.2.2 Aperture area 

The different rooms in the system are coupled by means of an aperture that allows an 

exchange of energy. When the aperture is very large, the coupling is strong and rooms are 

connected as if they are one. When the aperture is very small the coupling is weak and the 

rooms is separated into two individual systems. For double sloped decay to occur as an effect 

of the coupled volumes, the rooms have to be loosely coupled [20]. The strength of the 

coupling can be expressed in the coupling strength, such as determined in equation 2.4 to 

equation 2.6. There are three states of coupling, defined as: strong κ≈1, weak κ≈0 and loose 

for values of κ in between strong and weak. 

 

  ! =	 �"�!�#! +	�" equation 2.4 
 

   

 

 
 % =	 �"�%�#% +	�"  

equation 2.5 
 

   

 

 
 = &'!'(  

equation 2.6 
 

   

Where: κ [-] is the average coupling strength, κP [-] and κS [-] are the coupling strengths of 

respectively the primary and secondary room, Sc [m²] is the aperture surface area, 

S [m²] is the total boundary surface area and )* [-] the average absorption 

coefficient. 

   

The total area of the apertures can be quantified as aperture opening. This is defined as the 

percentage of the total available boundary surface area of the main room (floor area is 

excluded) as described by equation 2.7. The equation yields a normalised quantity that can 

compare the relative aperture area in different volume primary rooms [12]. 

 

 ��������	������+ = 	 S-�� − ��;/ × 100% equation 2.7 
 

   

Where: S- [m²] is the combined surface area of the apertures, �� [m²] is the total surface 

area of the primary room and ��;/	[m²] is the floor area of the primary room. 
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room, resulting in a lower sound pressure level in the secondary room th

aperture. For the feedback of energy to the primary room, a small aperture will contain the 

sound energy in the secondary room for a longer period of time
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shorter period of time. This can be seen in 
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energy feedback becomes higher but the decays

opening only has a significant effect on the late 
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2.3 Statistical acoustics in single volume rooms 

In single volume rooms, several statistical acoustics models are available among which the 

Sabine, Eyring and Millinton Sette models are the most well known [2]–[4]. The Sabine model, 

given by equation 2.8 is explained further, because it is used for determining the absorptive 

properties of the rooms system’s surface materials for the validation model and predicting the 

RT ratio 

 

 ��� = 0.161	 6%7*	  equation 2.8 

   

Where: � [m³] is the volume of the room, S [m²] is the surface area and �# [-] is the average 

absorption coefficient.  

 

The model has some limitations inherent to the assumptions that are made. The sound field is 

assumed to be completely diffuse and the distribution of sound absorption to be uniform. An 

average path length is assumed that is invalid for tubular or large flat rooms. Finally, the 

absorption coefficients must be low, since the application of the model on a room with 

absorption coefficients �# = 1 (so no reverberation is possible) will result in a reverberation 

time of ��� = 0.161 6� 	in contrary to the actual absorption reverberation time of zero seconds. 

2.4 Statistical acoustics in coupled volume 
rooms 

In coupled volume room systems, energy transfer takes place between the sub rooms. 

Therefore, in coupled volume rooms there is no single parameter similar to T60, sufficiently 

describing the decay over time. Instead of predicting a single parameter, the statistical 

acoustics model for coupled volume rooms is in the form of an energy balance predicting the 

remaining energy density over time, based on the initial energy density. The model given in 

equation 2.9 to equation 2.16 treats the coupled volumes as a system of independently 

decaying sub rooms, that only interact through exchange of energy between the two different 

sound fields through the aperture(s). The sound field in each room is fully diffuse and the 

transition at the aperture is abrupt. The energy density for the primary (P) and secondary (S) 

room is calculated using equation 2.9 and equation 2.10 [8], [23], [24]. Both rooms have to 

fulfil the requirements for statistical acoustics models with regard to diffusivity, geometry and 

spatial absorption distribution as described in section 2.3. The limitations of single volume 

models are also limiting the coupled volume model.  

 

 

 8!(�) = 8!9 exp(−2>?�) + 8%@ '!1 − >??/>! �B�(−2>??�) equation 2.9 

   

 

 
8%(�) = 8!9 	 '!1 − >?/>% exp(−2>?�) + 8%@�B�(−2>??�) equation 2.10 

   

Where: 8!9 and 8%@ are the initial values of the decay calculated by equation 2.11 and 

equation 2.12, '! [-] is the coupling strength of the primary room and >? [-] and >?? 
[-] are the eigenfactors of the coupled rooms calculated by equation 2.15. 
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 8!9 = 8�! − 8�%'!/(1 − CDDCE)1 − '@/(1 − CDCE)(1 − CDDCE) 
equation 2.11 

   

 8%@ = 8�% − 8�!'!/(1 − CDCE)1 − '@/(1 − CDCE)(1 − CDDCE) 
equation 2.12 

   

Where: 8�! and 8�% are the initial steady state energy densities of the rooms calculated by 

equation 2.13 and equation 2.14, κ [-] is the mean coupling strength, δP [-] and     

δS [-] are the damping coefficients of the uncoupled rooms calculated according to 

equation 2.16. 

   

 8�! = 4G 	 H(�" + �%�#%)(�" + �!�#!) − �"@ equation 2.13 

   

 8�% = '%8�! equation 2.14 

   

Where: Sc [m²] is the coupling area, P [W] is the acoustic source power, c [m/s] is the 

adiabatic speed of sound, �!�#! [m²] and �%�#% [m²] are the equivalent absorption 

areas. 

   

 >?.?? = 12 (>! + >%) ±	J14 (>! + >%)@ − (1 −  )@>!>% equation 2.15 

   

 >%.! = G	�	�#8	�  equation 2.16 

   

The model describes the individual decay in the primary room, the transfer of energy to the 

secondary room, the resulting energy density in the secondary room and transfer of energy 

from the secondary room to the primary room. 

 

The statistical acoustics method for coupled volume rooms is the least complicated method 

available for predicting double sloped decays. The assumption of a diffuse sound field makes 

it unfit for low frequencies. In this research the method is used as a reference for the decay at 

high frequencies and compared to the low frequency simulation results in section 6.2.2. 

2.5 Acoustic transparency of apertures 

At high frequencies where the wavelength is significantly smaller than the aperture 

dimensions, all sound incident on the aperture is transferred through the aperture. However, 

when the wavelength approaches the aperture dimensions, the sound is partly reflected [10]. 

The statistical acoustics method does not take this reduced acoustic transparency into 

account, neither does geometrical acoustics or diffusion equation models. 

 

 

 

 

 



 Technische Universiteit Eindhoven University of Technology 

 

Master’s Thesis T.W. Tijsma         Page 10 

The reduced transparency of the apertures implies that the optimum aperture opening of 

between 0.5% and 1.0% does not hold for low frequencies. For example when half of the 

incident sound is reflected, the aperture needs to be significantly larger to achieve the same 

transfer of sound to the other room. The optimal area originates from studies conducted using 

methods that do not take this reduced transparency into account, such as statistical- and 

geometrical acoustics. 

 

To approximate the acoustic transparency of the apertures for different distributions, the 

apertures are treated as a radiating piston in a plane boundary [10]. This is represented by 

equation 2.17 and equation 2.18 which describe the power output of the piston in Watt.  

 

 HL = 12	�M�@�N� O1 − 2P9(2'�)2'� Q equation 2.17 
 

   

 '� = 2RSG ∗ � 
equation 2.18 

 

   

Where: �M� [m/s] is the mean particle velocity at the surface, N� [Pa�s/m] is the 

impedance,	'� [-] is the Helmholtz number,	P1 is the Bessel function of the first 

order, S[Hz] is the frequency, G [m/s] is the speed of sound and S [m²] is the 

surface area of the piston. 

 

The use of a radiating piston to indicate acoustic transparency is an approximation that has 

several limitations. The piston is a vibrating flat surface, which is representing a plane wave 

with normal incidence on the aperture surface. In the time domain studies in section 4 and 

section 5, the sound incident on the apertures will not be a plane wave and incidence is 

random. Furthermore, the piston is circular as opposed to the square aperture surface in this 

research.  

2.6 Wave-based computational model 

The statistical acoustics model is the most simple model, but heavily relies on the limitations 

discussed in section 2.3. Diffusion equation models also assume a diffuse field and have 

severe limitation in predicting the early reflections in the decay. In geometrical acoustics, the 

sound field is not regarded as diffuse but sound is represented by rays, beams or cones 

travelling in a straight path. As a consequence, modal behaviour cannot be predicted in any of 

the models that use a simplified representation of the physical behaviour of sound, making the 

methods unfit for predicting low frequency sound. 

 

In order to predict low frequency sound fields, a wave-based method has to be used. This 

method relies on solving the wave equation to predict sound propagation in time and space. 

By treating the sound as actual waves, the limitations of the previous methods are overcome 

The downside is that the method is computationally demanding, this limits the frequency 

range to low frequencies.  

 
The acoustic wave equation (equation 2.19 and equation 2.20 [25]) is solved using the finite 

element method. The model is created in the acoustics module of the COMSOL multiphysics 

software environment, version 5.0. 
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1UG@ 	V

@�WV�@ + ∇ ∗ −1U (∇�W − YZ) = 	[\ equation 2.19 

   

 �W = � + �]  equation 2.20 

   

Where: UG@ [N/m³] is the bulk modulus, � [Pa] is pressure, U [kg/m³] is the density and [\ 

[l/s²] and YZ [N/m³] are two optional source terms representing respectively a 

monopole and dipole source. 

 

The walls are represented by impedance boundary conditions, represented by equation 2.21. 

Real valued impedance values can be obtained from absorption values α using equation 2.22. 

 

 −^_−1U (∇p` − ab)c = 1Nd V�WV� 	 equation 2.21 

   

 N = 	UG	 1 + √1 − �1 − √1 − �	 equation 2.22 

   

Where: U [kg/m³] is the specific density, G [m/s] is the speed of sound, α [-] is the 

absorption coefficient and Nd [Pa�s/m] is the surface impedance. 

 

An eigenfrequency solver is used to find the modal frequencies and shapes of the room 

system. The solver uses the homogeneous Helmholtz equation in the frequency domain, 

given in equation 2.23 [25]. 

 

 ∇ f− 1U" ∇�g + h@�U"G"@ = 0 equation 2.23 

   

Where:  h [-] is the eigenvalue related to S [Hz] by h = 2RS. 

2.7 Quantifiers for the double slope effect 

In previous research, several parameters have been suggested and evaluated to quantify the 

double slope effect [12], [15], [18], [22]. Among these quantifiers are: coupling coefficient, 

LDT/EDT, LDT/T10, decay ratio and ∆dB(∆L). The sound energy level range over which the 

parameter is determined together with the multiplication factor is listed in table 2.1. For 

example T15 is the duration in seconds of the decay from -5 dB to -20 dB multiplied by 4. 

 

Harrison and Madaras [22] use the coupling coefficient, defined as T30/T15 where T15 

represents the early decay and therefore the steep slope, the T30 is meant to represent the full 

decay profile. So T30/T15 gives the relation between the overall decay and the early (steep) 

decay. 

 

To achieve a quantifier that is able to show smaller differences than the coupling coefficient, 

Bradley and Wang [12] proposed the LDT/ETD and later [18] a revised version in the form of 

LDT/T10. This quantifier relates the early decay to the late decay, instead of the overall decay. 

LDT is chosen to ensure measurement are above the noise floor when taken in accordance 

with ISO-3382-1 [26]. T10 replaces EDT since T10 is less influenced by early reflection patterns 

than the EDT that starts at -0 dB. 
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Table 2.1:          Parameters used in the quantifiers  

 

Quantifier Range multiplication  

T60 0 dB to -60 dB -  

T30 -5 dB to -35 dB 2  

T15 -5 dB to -20 dB 4  

T10 -5 dB to -15 dB 6  

EDT 0 dB to -10 dB 6  

LDT [12]  -25 dB to -35 dB 6  

            Figure 2.4:         Clarification of the ∆dB [5]. 

     

Bradley and Wang [5] proposed two new quantifiers, decay ratio and ∆dB, to be used together 

for quantification. The non-exponential decay is regarded as two distinct slopes described by 

both slope and y-intercept. Both the early and late part of the decay curve are extrapolated 

and for each part a separate decay time (T60) is calculated. The quotient of the two decay 

times is the decay ratio. The difference in level where both extrapolated lines intersect the y-

axis (the level of the decay at zero seconds) is the ∆dB. This is indicated in figure 2.4. The 

double slope effect is strong if both the decay ratio is small and ∆dB is large at the same time. 

However, when ∆dB becomes too large, the seconds slope is at such a low level that the 

decay is regarded as exponential. For a strong double slope effect ∆dB should be in the range 

from 20 dB to 40 dB. 

 

The quantifiers that relate certain parts of the decay curve have the downside of fixed ranges 

and prove to be erroneous when the bend in the in the decay profile does not lay in between 

these ranges [27]. Additionally, they do not uniquely describe the decay curve [12]. Therefore, 

it is preferred to use the decay ratio and ∆dB values that, together, uniquely describe the 

decay curve. However, being two separate parameters they fail to give an immediate clear 

insight in the strength of the double slope effect in the decay curve.  

 

Additionally, in this report the 90 dB decay time is used as a quantifier related to the level of 

late decay. It is defined as the time in which the level drops from 0 dB to -90 dB. In this 

research the time to 90 dB decay is preferred over the time to 60 dB. At -90 dB the decay 

curves are fully developed, meaning that 90 dB decay is reached in the late decay (after the 

bend). A more universally applicable quantifier would be the 60 dB decay time, defined as: the 

time in which the level drops from 0 dB to -60 dB. The parameter would correspond to the 

decay range over which the decay is traditionally evaluated. The 90 dB decay time is found to 

allow a clear comparison between the level of the late decay of multiple decay curves. It is 

used as an addition to the quantifiers decay ratio and ∆dB. 
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3 Signal processing and post processing 

To enable a proper comparison, the post processing of the results obtained either from the 

measurements or the computational model is done using the same algorithm. This ensures 

that both results are treated equally.  

 

To be able to asses of each frequency band independently, the impulse responses are filtered 

into 1/3 octave bands using a two sided 3
rd

 order Butterworth filter in conformity with both: IEC 

61260:1995 filter class 0 and ANSI S1.11-2004 [28]. 

 

The logarithm of the resulting signal consists out of two parts, the initial early decay and the 

late decay after the transition in slope. The transitions occur at a level sufficiently low for the 

Schroeder method to distinctly identify the two slopes. For both parts of the decay, a separate 

backward integral is calculated over the root mean squared impulse response resulting in the 

Schroeder curve. Limits of integration are respectively 0.4 seconds and 4.0 seconds. On both 

parts of the curve, a semi infinite straight line (i = �B + �) is fitted within a set interval using 

the least square fit method. The lines are energetically summed, resulting in the decay curve. 

The line fit interval for the early decay is from 0 dB to -20 dB, for the late decay the interval is 

from 1.5 seconds to 2.25 seconds. The intervals are chosen to achieve the best possible fit 

over all decay lines in this research. Each line fit is visually inspected. The range for which the 

straight lines are fitted are shown in figure 3.1. 

  

 

Figure 3.1: Ranges for the least square fit of the straight lines on the Schroeder curves 

 

To get to a single, spatially averaged, decay curve for the primary room, the decay curves are 

averaged over the positions. This is achieved by averaging the parameters describing the 

decay curve rather than averaging the level at each point in time. The used parameters are 

the slope of the early decay, the slope of the late decay and the y-intercept of the extended 

late decay. The parameters are averaged and used to calculate the room averaged decay 

curve. Dividing the T60 for the early decay with the T60 for the late decay result in the decay 

ratio. The y-intercept of the line fitted to the Schroeder curve of the late decay is the ∆dB. 

 

The frequency content of the signal is extracted using a fast Fourier transformation. To 

objectively compare the frequency spectrum of both the measured impulse response and the 

simulated impulse response. The spectrum is corrected for the source spectrum. For the 

simulation results. This is the frequency content of the used Gaussian pulse described by 

equation 4.2. The measured results are corrected using a 3
rd

 order polynomial function fitted 

to the frequency content of a source similar to the source used during measurements 

(corresponding manufacturer and type) measured under open field conditions. 
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4 Validation study 

The decay curves for the different configurations and frequency bands in section 5 are 

determined using a computational model. Prior to the computations the model is validated for 

the applicability on predicting double sloped decays and more important the correct prediction 

of the occurring room modes.  

 

The model is validated through comparison of measurement data from a coupled volume 

room system with results of a computational model of the room system. A coupled volume 

room system for this purpose, is found at the acoustics laboratory of the Eindhoven University 

of Technology. By using two connected rooms and adding absorptive materials, a setting is 

created so that double sloped decays occur. The room system is then recreated in the 

computational model. A floor plan and vertical cross section of the room system can be found 

in figure 4.1 and figure 4.2. 

 

The main focus of the validation study lies on comparison of the spectral energy density of the 

impulse responses obtained through both methods. The decay curve itself heavily relies on 

the approximation of the boundary properties of the laboratory room system and is therefore a 

less suitable parameter since the boundary properties have to be approximated. 

 

The validation study consists of three parts: measurements, the computational model, and 

evaluation of the results. 

 

 

Figure 4.1: Floor plan of the laboratory room system.  

    

      

Figure 4.2: Vertical cross section of the laboratory room system. 
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4.1 Measurements 

The measurements are conducted in the acoustics laboratory of the Eindhoven University of 

Technology, measurement rooms 1 and 2. The rooms are connected through an aperture of 

(w x h) 1.2 m by 1.5 m, corresponding to an aperture opening of 1.5%. A floor plan and cross 

section of the room system with the relevant dimensions is shown in figure 4.1 and figure 4.2. 

 

Measurement room 2 serves as the primary room and measurement room 1 serves as the 

secondary room due to its longer reverberation time. All non-fixed elements are removed from 

the rooms leaving only light fixtures, cable trays, electrical sockets and amenities for mounting 

measurement equipment. 

 

The reverberation in measurement room 1 can be controlled by adding or removing 

absorptive material to achieve the minimally desired RT ratio of 5.0. 

4.1.1 Method and Setup 

Impulse responses are recorded on several positions in the primary room. For each 

measurement, a minimum INR (impulse to noise ratio) of 60 dB is maintained. This means 

that the sound pressure level of the impulse response is at least 60 dB above the noise floor. 

This can be achieved by using a high source power. Another way is to lower the noise by 

using multiple sweeps to determine one impulse response or a long sweep duration. During 

the measurements, this is achieved by using five e-sweeps per measurement position with a 

duration of 21.8 seconds each. The recorded 48 kHz signals are deconvolved into the 

response of a single hypothetical pulse described by the Dirac delta function for each position. 

 

To achieve the desired minimum RT ratio of 5.0 in the frequency range of interest, absorptive 

material with a total area of 6.48 m² (9 sheets of 1.2 m x 0.6 m) and a thickness of 0.11 m is 

placed on the floor of measurement room 2 between the coordinates (x; y; z): (-1.8; 1.2; 0.0), 

(-5.4; 1.2; 0.0), (-5.4; 3.0; 0.0) and (-1.8; 3.0; 0.0). To achieve non-exponential decay 

behaviour, both source and receiver positions are located in measurement room 2. The 

location of the source and receiver positions are listed in table 4.1 and shown in figure 4.1. 

The measurement conditions are listed in table 4.2. An overview of the used equipment is 

listed in table 4.3. 
 

Table 4.1:  Receiver positions 

Positions X [m] Y [m] Z [m] 

Microphone position 1 -1.5 1.9 1.2 

Microphone position 2 -2.5 1.0 1.0 

Microphone position 3 -3.0 3.5 1.5 

Source position 1 -6.2 2.4 1.6 

 

Table 4.2: Measurement conditions 

Condition  

Temperature 20.5°C 

Relative Humidity  50% 

Atmospheric pressure (KNMI: Eindhoven 29-05-2015) 1009.6 hPa 
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Table 4.3: Measurement equipment 

Description Manufacturer Model Serial number ID 

Laptop Toshiba Sat. M50D-A-10D XD099625P LVA_tosh4 

Software 
Acoustics 

Engineering 
Dirac 6 - - 

a/d converter 
Acoustics 

Engineering 
Triton 03300350 2 

Power Amplifier Bruël & Kjær 2706 - ID.1068 

Sound source 
Acoustics 

Engineering 
Pyrite 0201 ID.1145 

Sound level meter Rion NL-32 01110084 ID.0994 

Microphone Rion UC-53A 102178 ID.0994 

Mic. Amplifier Rion NH-21 02955 ID.0994 

Temperature/rel. 

humidity MK1 
Vaisala 

HMP233 

A2B0A2EE12F1A3B 
U0320003 - 

Temperature/rel. 

humidity MK2 
Vaisala 

HMP233 

A2B0A2EE12F1A3B 
U0320004 - 

Calibrator Bruël & Kjær 4230 1234096 AA000353 

4.2 Simulations 

Time-domain simulation are performed using a wave-based method to recreate a simplified 

version of the laboratory room system. The simulation results are compared to measurement 

results to validate the computational model for the variant study on coupled volume room 

systems. 

4.2.1 Computational model 

The computational model uses the finite element method to solve the wave equation 

(equation 2.19 and equation 2.20) [25]. The model is solved using the acoustics module of the 

COMSOL multiphysics software environment, version 5.0. more information can be found in 

section 2.6. For validation proposes the 63 Hz and 125 Hz full octave band are modelled.  

4.2.2 Geometry 

The geometry of the laboratory room system is recreated for the model. Simplifications are 

made regarding several detailed room features. Only the outside boundary of the room is 

included in the model, light fixtures, cable trays, electrical sockets and such are not taken into 

account.  

 

The representation of the added absorptive materials is simplified by modelling the material as 

flat surface. The reason is that the computational model does not support incorporation of 

models for absorption of porous materials in the time-domain study. Since the reflection of the 

sound incident on the material occurs on the surface of the floor behind the material, the 

material is modelled as a flat surface rather than a volume. Dimensions of the modelled 

geometry can be found in figure 4.1 and figure 4.2. The positions of the source and receiver 

are identical to the positions during the measurements and shown in table 4.1.  
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4.2.3 Domain and Boundary conditions 

The computational domain is modelled as a volume of air behaving as an ideal gas. 

Boundaries are modelled using an impedance boundary condition represented by equation 

2.21 [25]. The boundary properties of the interior surfaces of the laboratory room system are 

obtained from literature when available, and shown in table 4.4. The literature data is in terms 

of the dimensionless absorption coefficient α, that is converted into a real valued surface 

impedance using equation 2.22. 

 

For the absorbent material added to achieve an RT ratio of 5.0, no data is available from 

literature. The data is obtained by extracting the total equivalent absorption area from the 

impulse responses of the room without added absorption and the room with added absorption. 

This is done using the Sabine model as described in section 2.3. The difference in total 

equivalent absorption area is contributed to the added absorptive material and is divided by 

the surface area of the material to achieve the absorption coefficient α. Using this method 

over impedance tube measurement has both up and downsides. The absorbing material has 

a thickness of 0.1 m, but is modelled as a flat surface as described in section 4.2.2. The 

horizontal edges of the absorptive material add up to a significant surface area of 1.3 m² while 

sound incident on the edge surfaces experiences a large material thickness dependent on the 

angle of incidence. This effect is taken into account using this method. Also, random 

incidence is taken into account as opposed to only normal incidence for impedance tube 

measurement. On the downside, the method uses the Sabine method to determine the total 

equivalent absorption area which assumes a diffuse sound field. This is especially incorrect 

for low frequencies. A similar error is present, to a smaller extent in the data from literature, 

since measurements are performed in a reverberation chamber. The smaller extent is due to 

the larger volume of the chamber, making the sound field more diffuse. 

 

The properties of the cement bound plate on a cavity filled with absorptive material are difficult 

to approximate from literature because of the unusual composition. Since it is the only 

unknown material, the properties are estimated using the properties of the room and the other 

materials using the Sabine method (section 2.3). The total equivalent absorption area in the 

room is extracted from the impulse response and reduced by the combined equivalent 

absorption area of the other surfaces. The remaining absorption can be contributed to the 

cement bound plate on a cavity filled with absorptive material. 

 
Table 4.4: Material properties 

 

  

Material 

Real valued surface 

impedance Z [Pa�s/m] 
Absorption coefficient α [-] 

63 Hz 125 Hz 63 Hz 125 Hz 

Smooth painted concrete [29] 327630 327632 0.005 0.005 

Rough concrete [29] 81495 81495 0.02 0.02 

Painted brick [30] 163816 163816 0.01 0.01 

Plated steel [31] 19748 19748 0.08 0.08 

Cement bound plate, with filled cavity 4125 8842 0.33 0.17 

Absorptive panels 4439 2064 0.31 0.55 
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4.2.4 Discretisation 

Both spatial and temporal discretisation of the computational domain is inherent to the finite 

element method. The mesh is composed of unstructured tetrahedral elements and in order to 

produce meaningful results, a minimum of 6 spatial elements per wavelength is maintained 

[25], [32]. In narrow regions the mesh is twice as fine, the transition has a maximum growth 

ratio for adjacent elements of 1.5.  

 

Since temporal discretisation has a higher influence on the error in the results [25], the 

number of temporal nodes per wave period is larger than the number of spatial nodes per 

wavelength. The ratio between the temporal and spatial discretisation can be expressed in the 

CFL number according to equation 4.1 [33], [34]. 

 

 jkl = G∆�ℎ  equation 4.1 

   

Where: G [m/s] is the speed of sound, ∆� [s] is the time step and ℎ [m] is the spatial element 

size. 

 

A CFL number of 0.2 is maintained, meaning that the minimum number of temporal nodes per 

wavelength (time step) is 5 times the number of spatial nodes per wavelength. Resulting in a 

similar error as a result of temporal discretisation and spatial discretisation [30]. 

 

The simulation for the frequency bands within the 63 Hz full octave band are conducted with a 

coarser spatial mesh than the frequency bands within the 125 Hz full octave with respectively 

a maximum element size of 0.650 m and 0.323 m. The temporal discretisation is kept 

constant over all simulations at 0.0002 second. This means the error as a result of temporal 

discretisation is smaller or similar to the error as a result of spatial discretisation [25]. 

4.2.5 Source and source signal 

The source is modelled as a small sphere with a diameter of 0.01 m, with a pressure 

boundary as outer surface. The use of a such a fully omni-directional source in the model is a 

good approximation for the source directivity at the frequency range of interest [35]. 

 

The impulse response obtained during the measurements is based on a hypothetical pulse 

described by the Dirac delta function. Since the duration of this pulse is infinitely short, this 

cannot be used in the model. To give an approximation of the Dirac pulse, a Gaussian pulse 

with a finite duration is used when pressure over time is described by equation 4.2.  

 

 � = ��o	(pqr)ss∗ts  equation 4.2 

   

Where:  � [-] is the amplitude, b [s] is the pulse centre and c [-] is the standard deviation. 

 

An infinitely short pulse results in an equal source power in all frequency bands. A finite 

Gaussian pulse however, has a limited frequency content. To keep the variation in source 

power within the same 1/3 octave band small, two different pulses are used. The parameters 

describing each pulse are listed in table 4.5. The maximum deviation from the average level 

for a frequency within a 1/3 octave band is 0.85 dB. The 31.5 Hz full octave is only evaluated 

in the variant study. 



 Technische Universiteit Eindhoven University of Technology 

 

Master’s Thesis T.W. Tijsma         Page 19 

 

Table 4.5: Pulse parameters and maximum deviation of source power within one 1/3 octave 

Parameter 31.5 Hz full octave 63 Hz full octave 125 Hz full octave 

Pulse centre b [s]: 0.02 0.02 0.02 

Standard deviation c [-]: 0.002475 0.002475 0.001225 

max.  dev. per 1/3 octave[dB]: ±0.85 ±0.55 ±0.51 

4.3 Results 

The simulated decay curve heavily relies on the approximated boundary properties, and its 

level is mainly determined by the dominating room modes. A good agreement of measured 

and simulated decay curves, would indicate a correct estimation of boundary properties and 

correct prediction of the dominant modes, rather than a good prediction for all frequencies 

within the range of interest. For this reason, the validation focuses on the frequency content of 

the decay curve obtained from time-domain simulation results. 

 

The frequency content of the source power from the source used during measurements 

fundamentally differs from that of the source used in the simulations. For this reason, a source 

power correction is performed. The source power per frequency is subtracted from the 

spectrum of the results of the measurements and simulations. The frequency content of the 

measurement source is obtained from free field condition measurements on a source of the 

same make and model in 1/3 octave bands. The frequency content of the simulation source is 

the Fourier transform of the used pulse. Both uncorrected and source power corrected results 

are shown in figure 4.3. 

    

Figure 4.3: Uncorrected (left) and source power corrected (right) simulation and measurement results for the 

two simulations of respectively the 63 Hz, and 125 Hz full octave band. 

    

Figure 4.3 (right), shows the corrected results for the 63 Hz octave simulation and the 125 Hz 

simulation, from the graph can be observed, that at 46 Hz the simulation shows a drop in level 

that is not present in the measurement. At 150 Hz the simulation shows a much higher level 

than the measurement, but of similar shape. Also at 100 Hz the simulation shows a peak in 

level that is not present in the measurement. The cause of these anomalies is unknown. 

 

Overall the simulations show a good agreement with the measurements. The model with the 

current settings will therefore be used in the variant study.  
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5 Variant study 

In order to answer the research question, a computational model is made with 9 

configurations that distinguish themselves through both increasing number of apertures and 

varying aperture location. The influence of aperture distribution is investigated using different 

simulations where the total aperture area is distributed over 1, 2 or 4 apertures. Subsequently 

the apertures are shifted twice for the previous 3 configurations to create the remaining 6 

geometries to study the influence of aperture location. The frequency dependence can be 

evaluated on each configuration individually. Two simulations are performed for each 

configuration with a different source signal and spatial discretisation.  

5.1 Time domain computational model 

The finite element computational model used for time domain simulations in the validation 

study is also used from the variant study, and is described in section 2.6. The model is solved 

using the acoustics module of the COMSOL multiphysics software environment, version 5.0, 

more information can be found in section 2.6. Simulations are performed in the time domain. 

5.2 Geometry 

The model geometry represents a small sized primary room with dimensions one might 

encounter in an office space. The large reverberance required to get the desired RT ratio is 

achieved through wall characteristics rather than sheer size as an attempt to limit the 

computational demand. Nevertheless, the larger dimensions are assigned to the secondary 

room. 

 

The dimensions of the room system are chosen so that each 1/3 octave band in the frequency 

range of interest comprises at least two axial modal frequencies. This should prevent a single 

mode from solely dominating the frequency band. Figure 5.1 shows a floor plan and vertical 

cross section of the room system. The volumes of the primary and secondary room are 

respectively 130.56 m³ and 187.92 m³ resulting in a volume ratio of 1.44. 

 

 

Figure 5.1: Floor plan (left) and vertical cross section (right) of the geometry of the uncoupled room system 

used in the computational model. 
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Previous studies related to the optimum aperture opening for creating double sloped decays 

[17], [18], showed a maximum double slope effect at aperture opening of between 0.5% and 

1.5% of the available surface area (excluding the floor area). Therefore an aperture opening 

of 1.0% is chosen as a basis. 

 

To gain insight in the effect of the distribution of the aperture area over a number of apertures, 

three configurations are modelled with respectively 1, 2 and 4 apertures. The total area of the 

combined apertures in each configuration adds to 1,0% aperture opening. For each 

configuration, three variant models are made with changing aperture location. For the base 

cases the coupling surface is divided in a number of equal rectangular sections corresponding 

to the number of apertures. Each aperture is located in the centre of a section. The section 

boundaries are shown as grey dotted lines in figure 5.2. For the variant models the aperture is 

shifted horizontally, vertically or both horizontally and vertically depending on the number of 

apertures. Together these variations result in a total of 9 configurations. An image of the 

coupling surface of each configuration as seen from the primary room is shown in figure 5.2. 

 

The aperture size for each aperture distribution is given in table 5.1 together with the 

apertures centre on a two dimensional coordinate system, projected on the coupling surface 

in the primary room. Each configuration is given a number that includes the number of 

apertures and the aperture location. The configuration numbers are displayed in the bottom 

right of each coupling surface in figure 5.2. 

 

 Location 1 Location 2 Location 3 

1 Aperture 

 

2 Apertures 

 

4 Apertures 

 

 

Figure 5.2: Aperture distribution and location on the coupling surface for the 9 configuration with varying 

aperture location and distribution. 

 
 

 

 

 

 

 

 

config: 1-1                                config: 1-2                              config: 1-3 

config: 2-1                                config: 2-2                              config: 2-3 

config: 4-1                                config: 4-2                              config: 4-3 
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Table 5.1: Aperture size and location 

5.3 Domain and Boundary conditions 

The impedance boundary from the validation study is used, represented by equation 2.21. In 

contrary to the boundary conditions in the validation model that aim to represent the physical 

behaviour of the boundaries of the measurement rooms, both rooms in the variant models 

have a spatially uniform boundary condition to achieve an even distribution of sound 

absorption throughout the individual rooms in the variant models. The boundary condition is 

frequency independent to facilitate a proper comparison between decay curves in different 

frequency bands. 

 

The properties of the boundaries are used to achieve the desired RT ratio of 5.0 as described 

in section 2.2.1. For the primary room the reverberation time is assumed to be similar to a 

typical office space (T60 = 0.8 seconds). The secondary room has a reverberation time of 4.0 

seconds (5 times 0,8), commonly encountered in for example atria [36]. The real valued 

surface impedance of the walls to achieve the desired reverberation times is approximated 

using the Sabine model described in equation 2.8 [2]. The obtained absorption values are 

transformed into real valued surface impedance values using equation 2.22. The result is a 

real valued surface impedance of 9000 Pa�s/m for the primary room, 43000 Pa�s/m for the 

secondary room and an absorption ratio of 4.78. The computational domain consists of air, 

characteristics are assumed to follow the ideal gas law.  

5.4 Discretisation 

The spatial and temporal discretisation of the validation study is used, as described in section 

4.2.4. Due to the error requirement, a time step of 0.0002 seconds and maximum spatial 

element size of 0.650 m and 0.232 m are maintained, for respectively the simulations for the 

31.5 Hz and 63Hz full octaves and the 125 Hz full octave simulation. 

  

configuration 

number [-] 

Aperture size 

[m²] 

Centre of 

aperture 1 

(x;y) [m] 

Centre of 

aperture 2 

(x;y) [m] 

Centre of 

aperture 3 

(x;y) [m] 

Centre of 

aperture 4 

(x;y) [m] 

1-1 1.25 3.2 ; 2.0 - - - 

1-2 1.25 2.4 ; 2.5 - - - 

1-3 1.25 1.6 ; 3.0 - - - 

2-1 0.62 1.6 ; 2.0 4.8 ; 2.0 - - 

2-2 0.62 1.6 ; 2.5 4.8 ; 1.5 - - 

2-3 0.62 1.6 ; 3.0 1.6 ; 1.0 - - 

4-1 0.31 1.6 ; 3.0 4.8 ; 3.0 1.6 ; 1.0 4.8 ; 1.0 

4-2 0.31 2.0; 3.0 5.2 ; 3.0 1.2 ; 1.0 4.4 ; 1.0 

4-3 0.31 2.4 ; 3.0 5.6 ; 3.0 0.8 ; 1.0 4.0 ; 1.0 
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5.5 Source and source signal 

The source type and signal of the validation study described by equation 4.2 are used for the 

variant study. Two separate simulations are performed with a different pulse duration. The 

parameters describing the pulse and maximum source power deviation within one 1/3 octave 

band are shown in table 4.5. The simulation results for the frequency bands within the 31.5 Hz 

and 63 Hz full octave are filtered from the simulation with the pulse with a standard deviation 

of 0.002475. The simulation for the frequency band within the 125 Hz full octave are filtered 

from the simulation with the pulse with standard deviation of 0.001225. Within one frequency 

band the level at a certain frequency has a maximum deviation of 0.85 dB from the average 

level of that frequency band. The source is located at coordinates: x=-4.0 m; y=2.5 m; z=2.0 

m. 

5.6 Receiver positions 

To achieve an averaged decay curve of the room, a total of 18 receiver points are located in 

the primary room. The coordinates of the receiver positions are listed in table 5.2. In figure 5.3 

the positions are shown within the room geometry. 

                
Table 5.2: Receiver positions 

Position X [m] Y [m] Z [m]  Position X [m] Y [m] Z [m] 

1 -2.75 6.10 1.14  10 -4.77 3.10 2.85 

2 -1.40 5.74 2.28  11 -3.70 3.03 2.85 

3 -3.05 5.52 1.71  12 -3.39 2.60 1.71 

4 -4.03 5.00 0.57  13 -2.38 2.45 1.14 

5 -5.09 4.75 3.42  14 -0.41 2.05 1.71 

6 -3.12 4.35 1.14  15 -1.40 1.70 3.42 

7 -2.11 4.20 2.25  16 -2.43 1.25 1.14 

8 -1.80 3.77 3.42  17 -4.10 1.06 0.57 

9 -0.60 3.72 2.25  18 -2.75 0.70 2.85 

 

 

                      

Figure 5.3: Receiver locations in the room geometry.  
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5.7 Frequency range 

The lower limit of the frequency range is chosen above the lowest modal frequency one of the 

rooms can support. For box-shaped rooms, this fundamental frequency occurs when half a 

wavelength coincides with the distance between two opposing walls [10]. This distance is 7.2 

m resulting in a modal frequency of 23.8 Hz, just inside the 31.5 Hz full octave. The upper limit 

of the frequency range is limited by the corresponding computational demand since both 

spatial and temporal discretisation are dependent on the wavelength. The limit is set to 

include the 125 Hz full octave.  

 

The frequency range consist mostly of low frequencies according to the Schroeder frequency, 

which describes the transition from low frequencies to mid frequencies based on the 

dominance of individual modes [19]. For the primary room, the frequency range includes the 

Schroeder frequency which is located, based on the design parameters, at 157 Hz. For the 

secondary room the Schroeder frequency is at 292 Hz, outside of the frequency range. 

5.8 Eigenfrequency analysis 

An eigenfrequency study is performed to find the modal frequencies and shapes in the room 

system and relate the aperture location in combination with the modal shapes to the decay 

curves. The solver is described in section 2.6. 

 

The study is performed using the geometry of the time domain simulations (section 5.2), and 

an adapted geometry that only includes the secondary room. In the adapted geometry, the 

aperture surfaces are replaced by an impedance boundary with the surface impedance of the 

surrounding surface. The surface intensity magnitude on the aperture is integrated over the 

surface, resulting in the sound power magnitude in Watt for each modal shape. 

 

The total energy feedback to the primary room per 1/3 octave band consist of the sum of the 

feedback of all frequencies within that band. When this is extended to the results of the 

eigenfrequency study, this would mean summing the intensity magnitudes within the same 1/3 

octave band. However, to achieve a result in the same order of magnitude for each frequency 

band, the intensity magnitudes are averaged. Since the number of modal frequencies per 

octave band is the same for the different configurations, this yields the same result regarding 

correlation. 
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6 Results and Discussion 

The decay of low frequency sound in a system of coupled volume rooms is simulated for the 9 

configurations varying in aperture distribution and aperture location as defined in section 5. 

The results relevant for answering the research question are given and discussed in this 

chapter. The full results can be found in annex 1 to 3. The results are displayed in a different 

fashion depending on the effects under consideration, resulting in the sections: receiver 

location, frequency dependence, distribution of aperture area and aperture location. The 

decay curves are determined as described in section 3. 

6.1 Influence of receiver location 

The acoustic pressure in the time-domain simulations is recorded at 18 positions in the 

primary room. For each position, the decay curve is determined. The decay curves are 

averaged to get a spatially averaged decay curve for the room, as described in section 3. In 

figure 6.1, the individual decay curves for all 18 positions together with the averaged decay in 

the room is displayed for the 1/3 octave bands with centre frequencies 31.5 Hz, 63 Hz and 

125 Hz for configuration 1-1. 

 

 

              

Figure 6.1: Decay curves and averaged decay curve for 18 positions in configuration 1-1 for the 1/3 octave 

bands with centre frequencies 31.5 Hz, 63 Hz and 125 Hz. 

 

The decay curves vary dependent on the receiver location. Figure 6.3 shows that the time to 

90 dB decay lies within a range of 1,5 seconds per location and frequency band. At a point in 

time, this can attribute to a difference in sound pressure level of 20 dB between two locations 

in the room. 

 

The rate of the early decay in figure 6.1 slightly varies between different positions. This is 

expected as the decay rate also shows strong variation for different positions in single volume 

rooms at low frequencies.  

 

The rate of the late decay is only slightly influenced by the receiver position, however the level 

of the late decay is influenced more strongly. This is supported by the decay ratio and ∆dB 

given in figure 6.2. The decay ratio is relatively constant over the positions, the variation that 
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is still present is mainly caused by the different rate of the early decay. ∆dB Shows variations 

of up to 30 dB for the same frequency band, together with the fairly constant decay ratio this 

indicates that the level of the late decay shows strong variations as can be observed from 

figure 6.1. 

 

 

Figure 6.2: Decay ratio and ∆dB on 18 positions of configurations 1-1 for the 1/3 octave bands with centre 

frequencies 31.5 Hz, 63 Hz and 125 Hz. 

 

At a receiver position where the level of the late decay is relatively high, this level is high for 

the different configurations. This can be observed form figure 6.3 where the 90 dB decay time 

is given for all configuration in the frequency bands with centre frequencies 31.5 Hz and 63 

Hz.  

        

Figure 6.3: Time [s] to 90 dB decay of all configurations for the 1/3 octave bands with centre frequencies 

31.5 Hz and 63 Hz.  

 

The relative level (to the other positions) in figure 6.3 is constant for most configurations. For 

the single aperture configurations the same pattern can be observed but to a smaller extent. 

That the 90 dB decay time relative to the other positions is constant, shows that the variations 

in decay over the positions is not due to the aperture location or distribution, and therefore the 

secondary room. It is probably due to the modal shapes in the primary room.   
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6.2 Frequency dependence 

The time-domain simulation results are filtered in 1/3 octave bands in the frequency range 

containing the full octave bands with centre frequencies 31.5 Hz, 63 Hz and 125 Hz. For the 

filtered results, decay curves are averaged over the receiver positions. Figure 6.4 shows the 

decay curves per 1/3 octave band for the configurations 1-1, 2-1 and 4-1. The full results for 

all configurations can be found in annex 1. 

 

  

     

Figure 6.4: Decay curves per 1/3 octave band for configuration 1-1, 2-1 and 4-1. 

    

The decay curves in figure 6.4 vary strongly over the evaluated frequency bands. The 90 dB 

decay time lies within a range of 1.0 second. At a point in time this can attribute to a difference 

of approximately 20 dB between two frequency bands.  

 

For configurations 2-1 and 4-1 the rate of late decay is fairly constant, for configuration 1-1 the 

rate of the early decay shows more variation. This is supported by the decay ratio as shown in 

figure 6.5. The level of the late decay has a difference of up to 50 dB for configurations 1-1 

and 2-1 as becomes evident from the ∆dB plotted in figure 6.5. Configuration 4-1 shows less 

variance with a range of 20 dB. 

 

Figure 6.5: Decay ratio and ∆dB per 1/3 octave band for configurations 1-1, 2-1 and 4-1. 
 

Frequency has a large influence on the decay. However no correlation is observed between 

the centre frequency of the considered band and the level or rate of the decay. This is in 

contrast with the expectations from the reduced acoustic transparency of apertures at low 

frequencies. In order to show whether the transparency significantly changes in the frequency 

range of interest, the normalised power output of the combinations of apertures is calculated 

and shown in section 6.2.1. In order to give an indication whether the acoustic transparency of 

the apertures might have a systematic effect on the decay curve, the decay curves are 
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compared to a decay curve obtained from the statistical acoustics model for coupled volume 

rooms in section 6.2.2. The statistical acoustics model assumes full transparency of the 

apertures. This would mean that the early decay is at a slightly faster rate, because more 

energy is transferred to the secondary room. The late decay should be at a higher level since 

the more transparent aperture allows a higher intensity of energy feedback. 

6.2.1 Evaluation of the acoustic transparency 

The acoustic transparency of the apertures for different aperture distributions is evaluated. 

The apertures are treated as a radiating piston in a plane boundary [10] represented by 

equation 2.17 and equation 2.18. The method and its limitations are described in section 2.5. 

 

The piston in the equations is circular as opposed to the apertures which are square. To 

approximate the square aperture, the surface area of the piston equals the surface area of a 

single aperture. For the 2 and 4 aperture configurations, equation 2.17 and equation 2.18 are 

used to calculate the power output of a single aperture. The result is then multiplied by the 

number of apertures in that configuration, respectively 2 and 4. The normalised results are 

shown in figure 6.6. 

 

 

Figure 6.6: Combined normalised power output of 1, 2 and 4 apertures based on the power output of a 

radiating piston. 

 

In figure 6.6, the radiated power increases with increasing frequency and approaches a 

limiting value that is reached between 200 Hz and 500 Hz dependent on the aperture 

distribution. For low frequencies, more power is radiated by a single large aperture than a set 

of multiple small apertures. When this is extended to the transparency of the apertures, it is 

expected that a single large aperture is acoustically more transparent than a set of smaller 

apertures with a equal total surface area. 

 

Within the frequency range of interest (the 31.5 Hz, 63 Hz and 125 Hz full octave bands) the 

acoustic transparency increases with increasing frequency. A normalised power output of 1 is 

not achieved. With regard to the optimal aperture opening range of 0.5% to 1.5%, an aperture 

with reduced acoustic transparency effectively equals an aperture with a smaller surface area. 

The result is that the energy feedback from the secondary room happens at a lower rate. 

Therefore, the level in the late decay will be lower.  
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6.2.2 Comparison to statistical acoustics 

The power output of a piston in a plane boundary indicates that the apertures are not fully 

transparent at low frequencies. A reduced transparency would result in a less steep initial 

decay since energy is transferred to the secondary room at a lower rate. Also the level of the 

late decay is expected to be lower since energy is transferred back to the primary room at a 

lower rate. To provide a further indication if an effect of frequency dependence could be 

present in the current results, the time-domain simulation results are compared to the decay 

calculated using the statistical acoustics model. The statistical acoustics model is a frequency 

independent method that assumes fully transparent apertures corresponding to a normalised 

radiation impedance of 1. The results are shown in figure 6.7. 

 

 

Figure 6.7: Decay curve calculated using statistical acoustics for multi volume rooms compared with the 

results from the finite element model. 

 

The initial decay of the time-domain simulation in figure 6.7 results is in all configurations, less 

or equally steep as the statistical acoustics results. This indicates a less transparent opening 

(i.e. less energy is transferred to the secondary room). The level of the late decay is lower in 

most configurations and slightly higher in some configurations. 

6.2.3 Résumé of frequency dependence results 

The effect of frequency has not found to be systematic. Therefore, the variation in the decays 

has to be attributed to cause other than acoustic transparency of the apertures, possibly the 

modal shapes in the room systems, which different for each frequency band. 

 

Figure 6.6 and figure 6.7 support the theory that the decay lines are frequency dependent as 

a result of aperture transparency to some extent. However based on figure 6.6 a more distinct 

effect would be expected. 

 

For the small room type in this research the effect, if present, is diminished by other effects, 

possibly the modal shapes in the secondary room. For significantly larger or more diffuse 

rooms, the effect of frequency on acoustic transparency is likely to be larger. 
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6.3 Aperture location  

The study consists of configurations with 1, 2 or 4 apertures. For each number of apertures, 

three variants are modelled where the location of the apertures changes. Figure 6.8 shows 

the decay curves for the single aperture configurations 1-1, 1-2 and 1-4 for the 1/3 octave 

bands with centre frequencies 31.5 Hz, 63 Hz and 125 Hz. The full results can be found in 

annex 2. 

 

 

       

Figure 6.8: Decay curves per 1/3 octave of configurations 1-1, 1-2 and 1-3 for the frequency bands with 

centre frequencies 31.5 Hz, 63 Hz and 125 Hz. 

 

Shifting the aperture to the corner has a clear effect on the decay curves as can be observed 

from figure 6.8. The early decay that is determined by the primary room, remains mostly 

unchanged. The level of the late decay is higher resulting in a longer reverberation time. 

When the aperture is increasingly shifted off centre, the reverberation time increases for the 

single aperture configurations. In the decay ratio and ∆dB in figure 6.9 this is not as clearly 

observed.  

 

Figure 6.9: Decay ratio and ∆dB per 1/3 octave of configurations 1-1, 1-2 and 1-3 for the frequency bands 

with centre frequencies 31.5 Hz, 63 Hz and 125 Hz.  

 

The increase of the level of the late decay in figure 6.8 can be explained through the modal 

shapes in the secondary room. When a modal shape causes a high sound intensity on the 

aperture surface, energy is transferred back to the primary room at a high level. This results in 

a high level in the late decay and therefore a long reverberation time. This effect is illustrated 

with the 38 Hz mode for the single aperture configuration in figure 6.10 where the aperture is 

shifted to the corner into a region with higher surface intensity magnitude.  
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Figure 6.10: Aperture locations in configuration 1-1, 1-2 and 1-3 plotted on graph of the surface intensity 

magnitude of the coupling surface of the secondary room, seen from the primary room.              

 

The observed effect in figure 6.8 has influence on the level of the late decay. This level is 

determined by the energy feedback from the secondary room. To show whether this effect is 

in fact due to the modal shapes in the secondary room in combination with the aperture 

location, an eigenfrequency analysis is performed. The analysis focuses on the magnitude of 

the intensity on the surface of the aperture in the secondary room due to the room geometry 

(without the presence of a source). 

 

The surface intensity magnitude obtained through eigenfrequency analysis is chosen over the 

surface intensity obtained from the time-domain simulations. This is because the surface 

intensity magnitude is a room property that is mostly dependent on the geometry of the room 

system. This in contrast to the intensity on the aperture surface during the time domain, which 

is the direct cause of the level in the late decay. The surface intensity magnitude is integrated 

over the aperture surface to yield the sound power magnitude of the sound incident on the 

aperture surfaces. 

 

The modal shapes in the secondary room are influenced by the aperture location. However, to 

isolate the modal frequencies in the secondary room from the modal frequencies in the 

primary room, only the secondary room is modelled. This allows that the effect of the shape of 

the secondary room can be evaluated individually.  

 

The sound power magnitude of the sound incident on the aperture surfaces is compared to 

the 90 dB decay time in figure 6.11. The use of the 90 dB decay time is elucidated in section 

2.7.  

         

  

  

Location 3 

Location 1 
Location 2 
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Figure 6.11: Time [s] to 90 dB decay (blue) and sound power magnitude (red) for the decay curves of all 

configurations for 1/3 octave bands in the frequency range of interest. 

     

The graphs in figure 6.11 show a strong correlation between the decay time and sound power 

magnitude on the aperture surface in the secondary room, mainly for the 1 and 4 aperture 

configurations. For the 2 aperture configurations, the correlation is less strong. This is mainly 

due to the large influence of the aperture locations on the modal shapes in the secondary 

room at some frequencies. Since only the secondary room is modelled, these effects are not 

taken into account in the incident power derived from the modal analysis. 

 

Figure 6.12 and figure 6.13 clarify the influence of the apertures on the modal shape with the 

38 Hz modal shape as an example. In the single room models in figure 6.12, the shape of the 

mode is independent of the aperture location. As a result, shifting the apertures vertically 

places the apertures in a region with higher pressure fluctuations. A horizontal shift has no 

effect. 

 

For the full, two room models in figure 6.13, the shape of the eigenfrequency changes with 

changing aperture location. For the 4 aperture configurations and the single aperture 

configurations, shifting the aperture has a similar effect as in the single room models. For the 

2 aperture models, shifting the apertures has a different effect since the modal shape moves 

along with the apertures. As a result the aperture remains in a fairly neutral area. This 

corresponds with the 40 Hz 1/3 octave graph in figure 6.11, where the 90 dB decay time is 

constant over the aperture locations. 
  

   
Figure 6.12: 38 Hz modal shape for all configurations obtained from the single room models.  
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Figure 6.13: 38 Hz modal shape for all configurations obtained from the full, two room models. 

 

The strong correlation between the 90 dB decay time and the surface intensity magnitude on 

the aperture surface of the secondary room, shows that the level of the late decay form the 

time-domain simulation is caused by the modal shapes in the secondary room. When the 

aperture is located in a region with a high surface intensity magnitude on the aperture surface 

the level of the late decay from the time-domain simulations is high as well. 

  



 Technische Universiteit Eindhoven University of Technology 

 

Master’s Thesis T.W. Tijsma         Page 34 

6.4 Distribution of aperture area 

The total aperture opening is kept constant at 1.0% of the available surface area of the 

primary room for all configurations. This area is distributed over 1, 2 or 4 apertures. Figure 

6.14 shows the decay curves at varying aperture distributions, configuration 1-1, 2-1 and 4-1 

for the 1/3 octave bands with centre frequencies 31.5 Hz, 63 Hz and 125 Hz. The full results 

for all evaluated frequency bands can be found in annex 3. The decay ratio and ∆dB are 

shown in figure 6.15.  

    
 

 

Figure 6.14: Decay curves per 1/3 octave band for configurations 1-1 , 2-1 and 4-1. 

 

Figure 6.15: Decay ratio and ∆dB per 1/3 octave band for configurations 1-1 , 2-1 and 4-1. 

 

The decay curves in figure 6.15 vary strongly dependent on the aperture distribution. The 90 

dB decay time (where, after the bend, the decay is fully developed) lies within a range of 1,5 

seconds. At a point in time this can attribute to a difference in sound pressure level of 35 dB 

between aperture distributions. 

 

In section 6.2.1, the acoustic transparency of different sized apertures is calculated, with as 

result that a single large aperture is acoustically more transparent than a set of smaller 

apertures with a equal total surface area. Based on the acoustic transparency it would be 

expected that the level of the late decay in the single aperture configuration is higher than in 

the 2 and 4 aperture configurations. However, no systematic effect of the number of apertures 

on the 90 dB decay time, decay ratio or ∆dB (figure 6.15), is observed.  

 

If the aperture distribution has an effect on the decay, as would be expected from the 

theoretical power output of a piston in a plane boundary, the effect is insignificant compared to 

other effects. While altering the aperture distribution, also the location of the apertures 

changes. This might be the cause of the strong variation. 
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7 Conclusions 

The decay of low frequency sound in a system of coupled volume rooms is simulated for 9 

configurations with varying aperture distribution and location. The aim is to determine whether 

the aperture distribution is of influence on the double slope effect of the sound energy decay, 

and if the effect is frequency dependent. The results in 1/3 octave bands are mutually 

compared and compared to the modal shapes in the room system. This leads to following 

conclusions: 

 

The location of the receiver affects the sound energy decay curve, mainly the level of the late 

decay. The effect is constant over the configurations and not significantly affected by the 

aperture location or distribution. This means that, if the level in the late decay for a certain 

position is relatively high compared to the other positions, the level is relatively high in other 

configurations as well. This indicates that the variation is the effect of a property of the primary 

room, probably the modal shapes in the primary room. 
 

The decay curves show a large variation over the different frequency bands. The level of the 

late decay is expected to be correlated to the frequency because of the theoretical reduced 

acoustic transparency of the apertures for low frequencies. However, the frequency 

dependence has not found to be systematic. This means that the observed variation in the 

decays has to be attributed to a different cause, possibly the different modal shapes for 

different frequencies. Comparison of the decay curves to the results of a statistical acoustics 

model indicates that a frequency dependence as a result of reduced acoustic transparency 

might be present to a small extent. This effect is likely to be more clear for secondary rooms 

that are more diffuse or have a significantly larger volume, so the modal behaviour is less 

strong in the frequency range of interest. For the small room type in this research, a 

systematic frequency dependence, if present, is diminished by other effects, possibly the 

modal shapes in the secondary room. 

 

The decay curves vary strongly over the configurations with different distribution of aperture 

area. Theoretically, a single large aperture is acoustically more transparent than a set of 

smaller apertures with a equal total surface area. Therefore it would be expected that the level 

of the late decay in the single aperture configuration is higher than in consecutively, the 2 and 

4 aperture configurations. However, no systematic effect on the decay curve has been found. 

Altering the aperture distribution results in changing the location of the apertures, this might 

be the cause of the strong variation. This effect is likely to be more clear for secondary rooms 

with larger volumes, where the modal behaviour is less strong in the frequency range of 

interest. 

 

A strong effect due to varying aperture location is found. This effect is caused by the modal 

shapes in the secondary room. A comparison of the sound intensity magnitude on the 

combined aperture surfaces with the decay time shows a strong correlation. When the 

intensity on the aperture surface is high as a result of the model shapes in secondary room, 

the feedback of energy to the primary room is taking place at a higher rate than when the 

intensity on the aperture surface is low. This causes an early transition from the first decay 

rate to the second decay rate. Subsequently the higher level in the late decay results in a 

longer decay time.  
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The quantifiers decay ratio and ∆dB, which have been used in literature to quantify the double 

slope effect, are found to have some limitations. Together the quantifiers uniquely describe a 

decay curve. However, without the decay curve itself they fail to enable a clear comparison 

between late decays with different slope and level. To compare the level of the late decay in 

this research, the additional quantifier 90 dB decay time is used. A more universally applicable 

quantifier would be the 60 dB decay time. 
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8 Recommendations 

Based on the limitations in this research, the following recommendations can be made 

regarding further research: 

 

- A similar study could be conducted using more diffuse or larger volume rooms. For 

the current geometry, the effect of modal behaviour in both the primary and the 

secondary room is predominant over any frequency dependence or effect of aperture 

distribution that might be present. The current study does not show these results but 

indicates that there might be a considerable effect. 

 

- This research might be extended to formulate design criteria regarding double sloped 

decays in coupled volume rooms at low frequencies. 

 

- In this research, the transition between the early and late decay is not always 

complete within the 60 dB decay range where sound decay is usually assessed. 

Further research should be conducted using a larger aperture opening or larger RT 

ratio to achieve a fully developed double sloped decay within the 0 to 60 dB decay 

range. 

 

- The quantifiers decay ratio and ∆dB have limitations with regard to the comparison of 

different decay curves. This can be overcome by the addition of a third parameter. 

Further research could be conducted to find the most appropriate quantifier.  
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Annex 1: Full results frequency dependence 

 
 

 
 

 
 

 
 

 
Figure A1.1: Decay curves per 1/3 octave band for all configurations to compare different frequency band. 
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Figure A1.2: Decay ratio and ∆dB per 1/3 octave band for all configurations to compare different frequency 

bands. 
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Annex 2: Full results aperture location 

 
 

 
 

 
 

 
 

 
Figure A2.1: Decay curves per 1/3 octave band for all configurations to compare different aperture locations. 
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Figure A2.2: Decay ratio and ∆dB per 1/3 octave band for all configurations to compare different aperture 

locations. 
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Annex 3: Full results distribution of aperture 

area 

 
 

 
 

 
 

 
 

 
Figure A3.1: Decay curves per 1/3 octave band for all configurations to compare different aperture 

distributions.  
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Figure A3.2: Decay ratio and ∆dB per 1/3 octave band for all configurations to compare different aperture 

distributions.  

 


