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Abstract

:

The most common acoustical treatment of public rooms, such as schools, offices, and healthcare premises, is a suspended absorbent ceiling. The non-uniform distribution of the absorbent material, as well as the influence of sound-scattering objects such as furniture or other interior equipment, has to be taken into account when calculating room acoustic parameters. This requires additional information than what is already inherent in the statistical absorption coefficients and equivalent absorption areas provided by the reverberation chamber method ISO 354. Furthermore, the classical diffuse field assumption cannot be expected to be valid in these types of rooms. The non-isotropic sound field has to be considered. In this paper, a statistical energy analysis (SEA) model is derived. The sound field is subdivided into a grazing and non-grazing part where the grazing part refers to waves propagating almost parallel to the suspended ceiling. For estimation of all the inherent parameters in the model, the surface impedance of the suspended ceiling has to be known. A method for estimating the scattering and absorbing effects of furniture and objects is suggested in this paper. The room acoustical parameters reverberation time    T  20    , speech clarity    C  50    , and sound strength  G  were calculated with the model and compared with calculations according to the classical diffuse field model. Comparison with measurements were performed for a classroom configuration. With regard to all cases, the new model agrees better with measurements than the classical one.
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1. Introduction


Many people spend most of their working hours in rooms such as offices, and education and healthcare premises. For the wellbeing of the people in those work places, the acoustical conditions are an important factor. The most common acoustical treatment in these type of public rooms is a suspended absorbent ceiling. The acoustical design is often aimed at reducing noise levels, improving speech intelligibility or, as in open-plan offices, preventing sound propagation. Due to the fact that most of the sound absorption located at the ceiling and other surfaces can be quite sound reflecting, the decay of sound energy and its relation to absorption is not properly explained by the classical assumption of a linear decay under diffuse field condition. These room types comprise a group of rooms where the diffuse field assumption is not valid and the sole use of reverberation time for characterization of the acoustical conditions is not sufficient.



The aim of this paper is to present a model for calculation of reverberation time    T  20    , speech clarity    C  50    , and sound strength  G , as defined in ISO 3382-1 [1] and ISO 3382-2 [2]. The model was particularly designed for rooms with suspended absorbent ceilings. For public rooms, such as classrooms, offices, health-care premises, dining rooms, sport arenas, retail premises and similar kind of spaces, the typical acoustical treatment is a suspended absorbent ceiling. The model presented is based on a statistical energy analysis (SEA) approach used to describe the conditions at steady state and during the sound decay.



Rooms, as mentioned above, are places where large numbers of people spend most of their time during the day. It is obvious that the environment where we spend so many of our working hours should contribute to well-being and the ability to perform working tasks in the best possible way. The acoustical conditions are important in this respect. The purpose of the model presented in this paper is to obtain an estimation of room acoustic parameters for a relevant characterization of the acoustical conditions.



Schools are one of our largest work places. For learning and for the well-being of students and staff in educational premises, acoustic conditions play a central part. It has been recognized in several studies [3,4,5,6] that learning and the ability to remember and concentrate are affected by acoustic conditions as well are general well-being and the onset of stress-related symptoms. The effect of different signal-to-noise ratios on the ability to recall words shows that noisy surroundings in classrooms impair learning [7,8,9].



The effect of room acoustic improvement on the work situation in schools has been investigated in [10,11]. It has been shown that, with improved room acoustic conditions, the students social behavior becomes calmer and the teachers experience less physiological load (heart rate) as well as less fatigue. Poor acoustics in classrooms can result in high vocal loading of teachers, which presents a risk factor for voice disorders [12]. Keeping speakers’ acoustics conditions in mind, measurement methods for the prediction of voice support and room gain in classrooms have been developed [13,14].



The high activity-based noise levels in preschools have been thoroughly investigated [15,16]. However, the long-term effects on children and staff are still a topic for investigations [17].



The sound environment in hospitals is diverse due to different activities that take place, the sound of medical equipment, and alarms and background noise. This can contribute to stress symptoms among staff as well as being a hinderance to patient recovery [18].



The acoustically challenging environments that open-plan spaces involve have received a great deal of attention in recent years [19]. Standards have been developed that present new measurement methods relevant for the typical scenarios occurring in open-plan offices as well as guidelines for creating good acoustic quality in these environments [20,21].



The knowhow relating to characterization of the acoustical conditions in public rooms has increased in recent years. Several investigations [22,23,24,25] have pointed out the necessity of addressing several acoustic parameters to achieve a relevant characterization of the acoustic environment. As has been shown, parameters relating to noise levels and speech intelligibility are an important complement to reverberation time. In [26], the speech clarity parameter    U  50    , i.e.,    C  50    , including the effect of background noise, is used for designing good speech conditions in classrooms.



In [27,28], Barron presents a model for calculating clarity index and sound strength in rooms assuming linear sound decay. In [29], special effort was focused on explaining the non-diffusivity effect of the sound fields in public rooms with ceiling treatment and how these circumstances influence these parameters.



Since Sabine’s [30] discovery and his classical formula, reverberation time has been the key parameter in room acoustics. In many standards and regulations, it is still the main parameter defining target values for good acoustics [31]. However, today, there are some new standards that have included measures, such as    C  50     and speech transmission index   S T I   [32], as complements to reverberation time [33].



The idea of two rooms with approximately the same reverberation times being perceived as different is not a new finding and is mentioned in textbooks on acoustics [34,35] as well. This is especially the case in public rooms with ceiling treatment.



Many suggestions for improvement of the reverberation time formulas have been made. Several examples of such refinements are given in [34,35].



The influence of different corrections to Sabine’s formula has been investigated by Joyce [36,37]. In support of Sabine’s formula, Joyce shows that understated conditions of weak absorption and irregular reflections provides the correct answer.



In [38] Fitzroy presents an empirically derived formula for the reverberation time in rooms with non-uniform distribution of absorption. A modified version of Fitzroy’s formula is presented by Neubauer [39]. The non-uniform distribution of absorption is also dealt with by the formula of Arau-Puchades [40]. The effect of location of absorbent material in a mock-up of a classroom and in a reverberation chamber has recently been studied by Cuchrero et al. [41].



In [42], Sakuma uses an image source method where the image sources are grouped as axial, tangential, and oblique groups corresponding to normal modes in wave acoustics. Scattering is taken into account by introducing the scattering coefficient. The non-linear decay in rooms with non-uniform distribution of absorption as well as the importance of scattering are apparent in the results.



In [43], Bistafa and Bradley compared experimental results with analytical and computer predictions of reverberation time in a simulated classroom. Their paper emphasizes the need to quantify the amount of scattering due to furniture and other objects in a room. The influence of scattering is also experimentally investigated by Prodi et al. [44].



A general problem in many reverberation time formulas is the use of a random absorption coefficients as input data. This is of course natural, as most manufacturers of absorbent products provide this data measured according to ISO 354 [45]. However, the non-isotropic properties in rooms with ceiling treatment differ from the almost diffuse conditions in reverberation chambers. In fact, even in reverberation chambers, the concept of a diffuse sound field is hard to achieve [46]. In [47,48], Nilsson presented a model particularly developed for rooms with suspended absorbent ceilings. The non-diffuse conditions were dealt with by introducing two sound fields related to grazing and non-grazing sound waves. The idea of subdividing the sound field into a grazing and non-grazing group were also adopted in [49].



To deal with the non-diffuse conditions in the model presented in this paper, an estimation of the surface impedance of the ceiling is used. The reason is to take into account the angle-dependent properties of the ceiling absorber. This is a major difference to the other energy models referred to above. Another difference to the referred models is the handling of the scattering effect of interior objects such as furniture. In rooms with absorbent ceiling treatments, the directional scattering effect of objects is important. A method for estimation of the directional scattering effect is suggested as an outcome of the model formulation.



When evaluating the reverberation    T  20     or    T  30     according to ISO 3382-2 [2], the dynamical ranges −5 to −25 dB and −5 to −35 dB are used, respectively. This means that the early reflections of the impulse response are neglected. Therefore,    T  20     and    T  30     are often referred to as late reverberation times. In a room with absorbent ceiling treatment, the late reverberation times are often related to energy travelling in the horizontal plane, comprising grazing waves in relation to the absorbent ceiling.



The importance of early reflections for design of auditoria was already observed by Lochner and Burger [50]. Chiara et al. [51] has investigated the subjective influence of early diffuse reflections on speech intelligibility and spatial perception. In [52], Bradley et al. show the importance of early reflections for speech intelligibility both for normal- and hearing-impaired listeners. These investigations show the benefits of using parameters incorporating the early reflections such as speech clarity.



The examples in the text above show that public rooms with acoustic ceiling treatment comprise a large and important group of rooms that deserve closer examination. This involves investigation into how different acoustical treatment affects the sound field and how this impact can be predicted in a more accurate way than by the classical diffuse field assumption. Further, elucidate the limitations related to only using reverberation time as a descriptor characterising the acoustics.



This paper presents a model that considers the special features of rooms with ceiling treatment and gives an estimation of several room acoustic parameters that are important for the subjective perception of the acoustics. The model takes into account the mounting height of ceiling absorbers and absorbent wall panels, as well as the scattering effect of furnishing, diffusers, or other objects. The purpose is to serve the user with a model that gives an estimation of room acoustic parameters that are reasonably consistent with measurements in rooms with ceiling treatment and thus, also to emphasize phenomena that influence the subjective perception of the acoustics.




2. General Description of the Model


A general discussion of the model is presented in this chapter. The model is based on a statistical energy analysis (SEA) approach [53,54]. The model addresses rectangular rooms with absorbent ceilings, i.e., rooms where the main contribution to the total absorption is related to the ceiling. A more precise requirement for this condition is given further on.



Important considerations are, firstly, that the surface impedance of the absorbent ceiling, including the air cavity behind the absorber, has to be known, and secondly, that the absorbing and scattering effects of furniture and other interior fittings have to be estimated. A method for measuring the scattering effect is proposed in Section 3.2.5. This method takes into account the directional scattering of objects due to the orientation towards the ceiling.



With the exception of the ceiling, other surfaces in the room are characterized by the statistical absorption coefficient. Further, added wall panels are defined by their statistical absorption coefficient, as measured according to ISO 354 [45].



The room acoustic parameters calculated are reverberation time    T  20     according to ISO 3382-2, speech clarity    C  50     in dB, and sound strength   G   in dB according to ISO 3382-1.



Speech clarity is defined as


   C  50   = 10 log       ∫  0  0.05    p 2   t  d t     ∫  0 ∞   p 2   t  d t      



(1)




where   p  t    is the impulse response at the measurement point.



Sound strength is defined as


  G = 10 log       ∫  0 ∞   p 2   t  d t     ∫  0 ∞   p  10  2   t  d t      



(2)




where   p  t    is the impulse response at the measurement point and    p  10    t    is the impulse response measured at 10 m in a free field.



An omni-directional sound source is required for measurement of the acoustical parameters.



The model comprises the following steps:



Basic formulas are derived in Section 3.1 comprising




	
Establish a general expression for the energy sound decay in a two-system SEA model.



	
Express the total sound energy decay in the parameter sound strength  G  as defined in ISO 3382-1.



	
From the expression for the total sound energy decay, derive an expression for the speech clarity    C  50     and the reverberation time    T  20    .








Estimation of the inherent parameters in the basic formulas are presented in Section 3.2 comprising




	
Subdivide the total sound field into a grazing and non-grazing part where grazing refers to sound waves propagating almost parallel to the absorbent ceiling.



	
Calculate the angle-dependent absorption coefficient, Section 3.2.1.



	
Estimate the number of modes in the grazing subsystem as well as a representative absorption coefficient, Section 3.2.2.



	
Estimate the number of modes in the non-grazing subsystem as well as a representative absorption coefficient, Section 3.2.3. Two approaches for estimation of the number of non-grazing waves were used: one empirical and one theoretical.



	
Based on a 2-dim and 3-dim reverberation formula, estimate the reverberation times    T g    and    T  n g     corresponding to the grazing and non-grazing subsystem, respectively. See Section 3.2.4.



	
By knowing    T g    and    T  n g     and the number of modes in each subsystem, the energy ratio C for the grazing and non-grazing sound fields in the formula for sound strength  G  can be calculated.








As an effect of the subdivision of the total sound field into a grazing and non-grazing part, the scattered and absorbed sound, due to objects such as furniture in the room, can be interpreted as a coupling loss factor between the two subsystems, see Figure 1. The coupling loss factor is reformulated as an equivalent scattering absorption area, denoted as    A  s c   .   A corresponding measurement method of    A  s c     is suggested. See further Section 3.2.5.



As the distance  r  is included in the model, the room acoustic parameters as a function of distance can be calculated. However, in the calculations performed, a representative value of  r  is used. See Equation (41).



The theoretical background for the model is presented in the next chapter and verifying measurements in Section 5. The new model will hereinafter be referred to as “non-diffuse” and the classical diffuse field model (Sabine) as “diffuse”.




3. Theory


3.1. The SEA Model


The sound field in a room with absorbent ceiling treatment is modelled as an SEA system consisting of two subsystems. One subsystem comprises non-grazing waves and the other comprises grazing waves. The term grazing refers to the angle of incidence towards the ceiling absorber. Thus, grazing comprises waves travelling almost parallel to the absorbent ceiling. The coupling loss factor between the two subsystems is related to the energy transfer from the grazing subsystem to the non-grazing subsystem. This energy transfer is most often due to the interior fittings in the room such as furniture, but could also be due to a tilting wall, for example. The back-transfer from the non-grazing to the grazing subsystem is neglected. The SEA model is illustrated in Figure 1.



The power flow into the grazing (g) and non-grazing (ng) subsystem (   Π  n g   ,  Π g  ) ,   as well as the dissipated power      Π  n g , d   ,  Π  g , d     ,   are shown in Figure 1. The total energy in the subsystems are denoted as    E  n g     and    E g   , respectively. The power lost by the grazing subsystem to the non-grazing is represented by    Π  g , n g    . Generally, a weak coupling is assumed, i.e., that the losses related to the coupling between the two system is less than the internal losses in the grazing and non-grazing subsystems [54].



In a room with non-uniform distribution of absorption, such as the rectangular room with a highly absorbent ceiling and the other surfaces almost reflecting, the energy decay is estimated by


    E  t  =  E  n g    0   e  − ω  η  n g   t   +  E g   0   e  − ω  η g  t    



(3)







   E  n g    0    and    E g   0    are the initial energies for the non-grazing and grazing subsystems, respectively. The loss factor in the non-grazing and the grazing subsystems are denoted as    η  n g     and    η g   , respectively.



Using   Π = ω η E   and, assuming that the coupling loss factor is negligibly small compared to the internal losses in the two subsystems, the energy ratio is given by


  E  t  =  E  n g    0  (  e  − ω  η  n g   t   +    E g   0     E  n g    0     e  − ω  η g  t   ) =  E  n g    0  (  e  − ω  η  n g   t   +    η  n g    Π g     η g   Π  n g      e  − ω  η g  t   )  



(4)







The condition in Equation (4) above is valid for a rectangular room with absorbent ceiling, but without furniture. Including furniture will lead to the introduction of a coupling loss factor related to the energy transfer from the grazing to the non-grazing sound field, see Figure 1. Replacing    η g    in Equation (4) by    η g  +  η  g , n g     where    η  g , n g     is the coupling loss factor, the absorbing and scattering effect of furniture can be accounted for. The coupling loss factor is further discussed in Section 3.2.5.



As shown in [55], the ratio    Π g  /  Π  n g     is approximately given by    N g  /  N  n g    , where    N g    and    N  n g     are the number of modes in the grazing and the non-grazing subsystems, respectively.



In geometrical acoustics, sound waves are often represented as rays with a certain sound intensity. Further, in room acoustical calculations, the reverberation time is a well-established parameter and normally the frequency depending on reverberation times are studied in frequency bands, usually octave bands.



By converting Equation (4) into sound intensity, assuming octave band values and using the relation   Δ  Π g  / Δ  Π  n g   ≈ Δ  N g  / Δ  N  n g    , and further introducing the reverberation time  T  using the relation   ω η = 6 ln   10   / T  , we get


  I  t  =  I  n g    0  (  e  − 13.8 t /  T  n g     +    T g  ∆  N g     T  n g   ∆  N  n g      e  − 13.8 t /  T g    )    



(5)







The procedure presented for a linear decay by Barron and Lee [27] is applied for the double sloped decay, as given by Equation (5).



The steady-state condition at   t = 0   gives the power balance


  W = ω η  I c  V  



(6)




where  W  is the input power and V is the room volume.



Assuming a point source and a distance    r 0    between the source and receiver and further, that the sound field at steady-state is diffusewith a reverberation time    T  n g    , the intensity at steady-state is given by [56]


  I  0  =  I 0   r 0 2     T  n g    V    4 π c   6 l n   10     = 312  I 0   r 0 2     T  n g    V   



(7)




where    I 0    is the intensity of the direct sound at the distance    r 0    from the sound source.



The total (energy) decay, as given by Equation (5), adjusted towards the steady-state intensity in Equation (7) will be given by


  I  t  = 312  I 0   r 0 2     T  n g     V   1 + C     (  e  − 13.8 t /  T  n g     + C  e  − 13.8 t /  T g    )  



(8)




where


  C =    T g  ∆  N g     T  n g   ∆  N  n g      



(9)







Including the direct sound gives


  I  t  =  I d  +  I  r e v    



(10)







   I  r e v     is given by Equation (8) and    I d    is the direct sound at distance  r  given by


   I d  =  W  4 π  r 2     



(11)




where  W  is the input power.



Following Barron et al. [27], the sound strength G is calculated. The sound strength G is defined as


  G =  L p  −  L  p , 10    



(12)




where    L p    is the sound pressure level at the measurement point and    L  p , 10     is the sound pressure level at a distance of 10 m in a free field given by


   L  p , 10   = 10 log     ρ c    p  r e f  2     W  4 π   10  2       



(13)




where    p  r e f     is 2 × 10−5 Pa.



Combining Equations (8), (10) and (12) gives


  G = 10   log     100    r 2    + 31 , 200      T  n g     V   1 + C     (  e  −   13.8 t    T  n g       + C  e  −   13.8 t    T g        )  



(14)







Setting   t = r / c   [27] i.e., the time for the sound wave to propagate  r  metres, gives the final expression. This implies that the decay starts after the direct sound arrived at the receiver position.


  G = 10   log     100    r 2    + 31 , 200      T  n g     V   1 + C     (  e  −   0.04 r    T  n g       + C  e  −   0.04 r    T g        )  



(15)







The received sound energy is divided into three components, the direct sound ( d ), the early reflected sound i.e., a delay <50 ms (   e  50    ), and the late reflected sound i.e., a delay >50 ms (   l  50    ). Using Equation (8) normalized to    I 0  = W /   4 π   10  2      gives


  d = 100 /  r 2   



(16)






   e  50   =  I n   t  −  I n    t + 50   = 31 , 200    T  n g     V   1 + C        e  −   0.04 r    T  n g         1 −  e  −   0.691    T  n g         + C  e  −   0.04 r    T g        1 −  e  −   0.691    T g           



(17)






   l  50   =  I n    t + 0.05   = 31 , 200    T  n g     V   1 + C        e  −   0.04 r + 0.691    T  n g       + C  e  − (   0.04 r + 0.691    T g         



(18)







The sound strength   G   is given by


  G = 10   log   d +  e  50   +  l  50      



(19)







The speech clarity    C  50     is given by


   C  50   = 10 log     d +  e  50      l  50        



(20)







   T  20     is calculated using the logarithmic version of Equations (8) and the −5 to −25 dB dynamical range according to ISO 3382-2.



To calculate    T  20    ,    C  50    , and  G , the inherent parameters    T  n g   ,      T g   , and  C  in Equations (8), (17), and (18) have to be estimated. This is described in the next paragraph.




3.2. Estimation of the Inherent Parameters    T  n g    ,    T g    and  C 


This chapter concerns the approach of estimating the inherent parameters in Equations (8), (17), and (18). Estimation of these parameters is of central importance in the model and some detailed explanations are presented in this paragraph. These estimations involve considerations regarding how to define absorption and the number of modes for the grazing and non-grazing sound fields and how to take into account the effect of sound-scattering objects in the room. The method involves defining a grazing and non-grazing region, according to Figure 2. The grazing sector is defined by the grazing angles    θ g   . For the non-grazing sector, two approaches were used: a theoretical one and an empirical one. Before we go into the derivation of    θ g    and the limits for the non-grazing sector, the calculation of the angle-dependent absorption coefficient will be discussed.



3.2.1. The Angle-Dependent Absorption Coefficient


For each sector, representative absorption coefficients (   α  n g    ,    α g   ) and a representative number of modes (  ∆  N  n g    ,   ∆  N g   ) have to be determined. It is assumed that the surface impedance of the ceiling absorber is known or can be estimated. Several types of commercial software’ are available today for calculating the angle-dependent surface impedances [57,58] for different types of absorbers. In this study, only suspended ceilings of porous material were investigated. For porous absorbers, the surface impedance   Z   f , θ     can be calculated by applying empirical models if the air flow resistivity is known. In this case Miki’s model was used [59]. An extended reaction is assumed when calculating    α  n g     and    α g   . The angle-dependent absorption coefficient for a plane sound wave impinging on a plane infinite surface is given by


  α   f , θ   = 1 −       Z   f , θ   cos  θ  −  ρ 0   c 0    Z   f , θ   cos  θ  +  ρ 0   c 0       2   



(21)




where   Z   f , θ     is the surface impedance at incidence angle  θ ,    ρ 0    is the density of air, and    c 0    is the speed of sound. The surface impedance for an extended reaction is calculated as [60]


  Z   f , θ   =    Z c  k    k x        − j  Z 0  cot    k x  d   +  Z c   k   k x       Z 0  − j  Z c   k   k x    c o t    k x  d        



(22)




where  k  is the wave number in the absorber,    k x  =    k 2  −  k 0 2    sin  2   θ      is the normal component of   k ,      k 0    is the wave number in air,  d  is the thickness of the absorber, and    Z c    is the characteristic impedance of the absorber. The backing impedance    Z 0    is given by


   Z 0    f , θ   = − j    ρ 0   c 0     k 0     k x      cot    k 0   d 0  cos θ    



(23)




where    d 0    is the depth of the air cavity behind the absorber.



The characteristic impedance for the absorber    Z c    is calculated by Miki’s model according to


   Z c  =  ρ 0   c 0    1 + 0.070      f σ      − 0.632   − j 0.107      f σ      − 0.632      



(24)




and wave number


  k =  ω c    1 + 0.109      f σ      − 0.618   − j 0.160      f σ      − 0.618      



(25)







The only material parameter needed for Miki’s formula is the air flow resistivity  σ  of the porous material. Miki’s formula is an improvement of the Delany and Bazley model [61]. Another modification of the Delany and Bazley model has been developed by Komatsu [62].



The extended reaction (the angle-dependent impedances) is of particular importance for accurate estimation at low frequencies. This is illustrated in Figure 3 where local and extended reactions are compared for the reverberation time    T  20     measured in a sparsely furnished room with dimensions 7.56 m × 7.30 m × 3.50 m and with a 15 mm thick absorbent ceiling at a mounting height of 200 mm (case 4 in Section 4). The figure shows the results using extended vs. local reaction in the model. Considerable deviation at low frequencies (125 Hz and 250 Hz) appears.




3.2.2. Estimation of    α g    and   ∆  N g   


To calculate the total energy decay, Equation (8) in Section 3.1, the number of modes in each sector and the corresponding reverberation times must be known. In this paragraph and the following paragraph, we will firstly estimate the representative absorption coefficients    α g    and    α  n g     for the grazing and non-grazing sectors in Figure 2, as well as the number of modes   ∆  N g    and   ∆  N  n g     in each sector.



The grazing sector is defined by an angle    θ g    given by


   θ g  = arccos    c  4 f  L x       



(26)







The derivation of    θ g    is given in Appendix A. The grazing sector in the wavenumber space is illustrated in Figure 4.



By knowing the surface impedance of the ceiling, the angle-dependent absorption coefficient can be calculated. The grazing absorption coefficient    α g    is then calculated as the average absorption coefficient in the grazing region, i.e., between   π / 2 −  θ g    and   π / 2  . This absorption is often quite small but not negligible when compared to the total absorption for the grazing field. Equation (26) is a high-frequency estimation. At low frequencies, i.e., at 125 Hz and 250 Hz, the grazing absorption is estimated by


   α  g , c e i l i n g   = π ρ c  A  x l  ′   



(27)




where      A  x l  ′    is the real part of the admittance for the ceiling absorber.    A  x l  ′    is given by the real part of   1 / Z  , where  Z  is given by Equation (22), assuming an extended reaction. The derivation of Equation (27) is given in Appendix B.



The number of grazing modes in the frequency band   ∆ f   is given by [55]


  ∆  N g     θ g    =       4 π  f 2  V    c 3      cos    π 2  −  θ g    +     2 f    c 2        π  L y   L z  +  θ g     L x   L z  +  L x   L y      +    1 c       L y  +  L z      ∆ f  



(28)




where  V  is the volume and    L x   ,    L y   , and    L z    are height, length, and width of the room, respectively. As    θ g  → 0  , the number of grazing modes corresponds to the tangential and axial modes in the yz plan.




3.2.3. Estimation of    α  n g     and   ∆  N  n g    


To estimate    α  n g    , an intermediate step was used. This step includes the introduction of a weighted normalised absorption coefficient given by


   α n    f , θ   =   α   f , θ   ∆ N   f , θ     max   α   f , θ   ∆ N   f , θ        



(29)







In this expression,   ∆ N   f , θ     is the number of modes as a function of frequency and angle, as given by Equation (28) replacing    θ g    with  θ . The absorption coefficient   α   f , θ     is the angle-dependent absorption coefficient given by Equation (21), assuming an extended reaction. The non-grazing absorption coefficient      α  n g     is given by Equation (21) for an angle (   θ  n g    ) corresponding to the maximum value in the distribution given by Equation (29).



Examples of this distribution are given for case 1 in Section 4 and for the frequencies 250 Hz and 4000 Hz, see Figure 5. In the classical diffuse field assumption, the angle-dependent absorption coefficient is weighted by the factor   sin   2 θ    , according to the Paris formula [63]. For comparison, the diffuse field weighting   sin   2 θ     is also shown. As can be seen in the figure, there is a bias between the classical approach and the distribution, according to Equation (29). The representative angle for the non-grazing absorption coefficient is somewhat higher compared to the   sin   2 θ    . For the higher frequency, we see that the classical weighting corresponds to almost 45 degrees, as expected. The irregular shape at 250 Hz is due to the assumption of an extended reaction.



Two approaches for determination of   ∆  N  n g     were used: a theoretical one and an empirical one. For the empirical approach, the number of non-grazing modes was determined by adjustment towards experimental results for several configurations where room dimensions and acoustical treatment and furnishing were varied. An approach using minimization of a cost function to perform a curve fitting is presented in [64]. In the empirical method, the upper and lower angles defining the non-grazing sector, see Figure 2, are given by    θ  n g ,   l o w e r   =  θ  n g     1 − ∆ θ     and    θ  n g ,   h i g h e r   =  θ  n g     1 + ∆ θ    , where   ∆ θ   was estimated by comparison with measurements. Note that the angle of incidence   = π / 2 − θ  . Further,    θ  h i g h e r     is restricted to be less than   π / 2    . The values for   ∆ θ   is given in Table 1 for the octave bands 125 Hz to 4000 Hz.



The number of modes in the non-grazing sector   ∆  N  n g     in Figure 2 is given by the repeated use of Equation (28) and is given by


  Δ  N  n g   = Δ  N g     θ  n g , u p p e r     − ∆  N g     θ  n g , l o w e r      



(30)







The theoretical approach involves calculating the number of modes for the non-grazing sector   ∆  N  n g     as


  ∆  N  n g   =  1   α  n g       ∫  0  π / 2   α   f , θ   N   f , θ   d θ  



(31)




where    α  n g     is the absorption coefficient corresponding to the angle defined by the maximum in the weighted normalized absorption coefficient given by Equation (29). By knowing this non-grazing angle, see Figure 5 right, the non-grazing absorption coefficient    α  n g     can be given by Equation (21).



For a room with dimensions 7.56 m × 7.30 m × 3.50 m and with an absorbent ceiling corresponding to case 1 in Table 2, the number of included modes in the non-grazing group given by the empirical and the theoretical approaches are compared in Figure 6. At lower frequencies (125 Hz and 250 Hz), the correspondence is good. At higher frequencies, the theoretical estimation gives significantly higher values compared to the empirical one. The consequence of this discrepancy will be further discussed in Section 5.



The empirical and theoretical approaches described above are used for frequencies of 500 Hz and above. At 125 Hz and 250 Hz, the non-grazing absorption coefficient is estimated in the same way as the grazing one at low frequencies, i.e.,


   α  n g , c e i l i n g   = π ρ c  A  x l  ′   



(32)




where    A  x l  ′    is the real part of the admittance for the ceiling absorber, see Equation (27).



By knowing the number of modes in each sector, i.e.,   ∆  N g    and   ∆  N  n g    , and the representative absorption coefficients    α g    and    α  n g    , we can go on and estimate the corresponding reverberation times    T g    and    T  n g    .




3.2.4. Estimation of    T g    and    T  n g    


The non-grazing reverberation time    T  n g     is given by


   T  n g   =   0.161 V    A  n g , c e i l i n g   +  A  f u r n i t u r e   +  A  s u r f a c e   + 4 m V    



(33)




where    A  n g , c e i l i n g   =  α  n g    S  c e i l i n g     and    α  n g     is the absorption coefficient corresponding to the angle given by the maximum in the weighted normalized absorption coefficient, as described in Section 3.2.3.    A  f u r n i t u r e     is the Sabine equivalent absorption area for the furniture. An estimation of    A  f u r n i t u r e     is given in [49] as    A  f u r n i t u r e   =  V  f u r n i t u r e   2 / 3    .    A  s u r f a c e     is the equivalent absorption area for the walls and floor. Normally, the absorption coefficients for those surfaces are rather small and can be found in tables, e.g., in [49]. The air absorption is taken into account by the term   4 m V   where  m  is the energy attenuation constant in air and  V  is the room volume.



Equation (33) is similar to the Sabine formula, but the skewness in the energy distribution is taken into account by using    α  n g    , as described in the paragraph above.



The grazing reverberation time    T g    is given by a 2-dim version of Sabine formula [55]


   T g  =   0.127 V    A  g , c e i l i n g   +  A  s c   +  A  s u r f a c e   + π m V    



(34)




where    A  g , c e i l i n g   =  α g   S  c e i l i n g     and    α g    represents the absorption coefficient for the grazing sector, as derived in Section 3.2.2. In this formula, we also introduce the parameter equivalent scattering absorption area    A  s c    . This parameter quantifies the absorption and scattering effects of furniture and other objects in rooms with absorbent ceiling treatment. Thus, it also accounts for the directional scattering effects that can appear in these types of rooms, depending on the objects’ orientation relative to the absorbent ceiling. The estimation of    A  s c     will be further discussed in the next paragraph.    A  s u r f a c e     is similar, as in Equation (33). It could be stated that a 2-dimensional statistical absorption coefficient should be used instead of a 3-dimensional one, but as the difference is small [55],    A  s u r f a c e     is calculated in the same way, as in Equation (33). It is assumed that the contribution of the floor is small and that it can be represented by the statistical absorption coefficient. However, for the air absorption, the distinction between the 2- and 3-dimensional sound fields is accounted for by using   π m V   instead of   4 m V  .




3.2.5. Estimation of    A  s c    


The sound-scattering effects of furniture and other objects in rooms will greatly influence the room acoustic parameters in rooms where the absorbent material is concentrated to the ceiling. Reverberation time    T  20     and speech clarity    C  50     will be particularly affected. Sound strength  G  will normally be less affected as it is related to the steady-state conditions and thus will not be sensitive to the distribution of the absorbent material. To quantify the scattering effect, the following procedure was used.



In the terminology of SEA, the transfer of energy from the grazing to the non-grazing sound field is expressed in a coupling loss factor    η  g , n g    . The power flow      Π  g , n g     from the grazing to the non-grazing subsystem is given by


   Π  g , n g   = ω  η  g , n g    E g   



(35)




where    η  g , n g     is the coupling loss factor from the grazing to the non-grazing subsystem and    E g    is the energy in the grazing subsystem.



The coupling loss factor    η  g , n g     can be estimated in a rectangular room with a highly absorptive ceiling. It is assumed that the two-system SEA model is valid for the sound field in the room, both with and without scattering objects (furniture) present. This is very often the case in rooms with absorbent ceiling treatment, as it is really difficult to create isotropic conditions in these types of rooms.



The coupling loss factor is then given by


   η  g , n g   =  η  g , w i t h   o b j   −  η  g , w i t h o u t   o b j    



(36)




where    η  g , w i t h   o b j     is the grazing loss factor with objects in the room and    η  g ,   w i t h o u t   o b j     is the grazing loss factor without objects in the room. These loss factors are determined from the reverberation time    T  20    , i.e., the late part of the decay curves in the room with and without objects. The relation between the reverberation time  T  and the loss factor is given by


  η =   6 l n 10   ω T    



(37)







In a two-dimensional sound field, an equivalent scattering absorption area can be defined as [55]


   A  s c   =   π ω V  c   η  g , n g    



(38)




where   c   is the speed of sound and  V  is the room volume.



Combining Equations (36)–(38) gives the equivalent scattering absorption area for objects as


   A  s c   = 0.127 V    1   T  20 , w i t h     −  1   T  20 , w i t h o u t        



(39)




where    T  20 ,   w i t h     and    T  20 , w i t h o u t     are the reverberation times in the room with ceiling absorber, with and without objects, respectively. Equation (39) assumes that the late reverberation time    T  20     in a room with a highly absorptive ceiling is determined by a two-dimensional sound field. The measure    A  s c     is affected by the sound scattered into the ceiling and by the absorption of the objects. This measure is similar to the equivalent absorption area used in Sabine formula. It is used in the same way in Equation (34).



Of course, the    A  s c     will depend on the ceiling absorption properties. However, if the mean absorption coefficient of the ceiling absorber, for the mid and high frequencies, is larger than about 0.7, we will obtain a reasonable estimation of    A  s c     that can be used in most common situations of rooms with absorbent ceilings [65].



The    A  s c     for the investigated furniture configurations were measured according Equation (39) and are further discussed in the Section 5.





3.3. Summary


By knowing    T g   ,    T  n g    ,   Δ  N g   , and   Δ  N  n g   ,   the coefficient   C   in the basic formulas in Section 3.1 can be calculated. It is given by


  C =    T g  ∆  N g     T  n g   ∆  N  n g      



(40)







It is possible to calculate the distance   r   between the sound source and the receiver for the actual positions, but in our calculations a representative distance was used given by


  r =  1 2     L y 2  +  L z 2     



(41)




where    L y    and    L z    are the width and length of the rectangular room, respectively.



Thus, all parameters are given and can be inserted into Equations (16)–(18) for further calculation of    C  50    , and  G .    T  20     is calculated using the logarithmic version of Equation (8).



It should also be mentioned that, as the number of grazing and non-grazing modes are mainly related to the floor area and the volume of the room, it is of interest to investigate the model’s applicability for other room shapes than rectangular, as long as the ceiling absorber is parallel to the floor.





4. Measurements and Methods


4.1. Measurement Configurations


The measurements were performed in a mock-up of a classroom with dimension length × width × height = 7.56 m × 7.30 m × 3.50 m, where 3.50 m refers to the height to the soffit. The classroom was sparsely furnished with 10 tables, 19 chairs, and 3 shelves, see Figure 7.



Two types of suspended ceilings were tested at two mounting heights. One of the suspended ceilings was tested in combination with wall panels on two adjacent walls, see Figure 7 right. The different configurations and specification of the material used are presented in Table 2.



The absorption data for the products used are presented in Figure 8. The absorption coefficients were measured according to ISO 354 [45] and evaluated by ISO 11654 [66]. This presentation of absorption data as a practical absorption coefficient is common practice by manufactures of absorbent ceilings.




4.2. Measurement Method


The room impulse responses were measured using the Dirac system (Dirac type 7841, v.6.0). An exponential sweep signal was fed to an omnidirectional loudspeaker and recorded by an omnidirectional microphone. Two loudspeaker positions at the front of the classroom were used and, for each loudspeaker position, six microphone positions were used throughout the room. No microphone positions were closer than 2 m to the loudspeaker and none were closer than 1 m to any of the room surfaces.



The room acoustic parameters measured were reverberation time    T  20     (s), speech clarity    C  50     (dB), and sound strength  G  (dB).    C  50     and  G  are defined in ISO 3382-1.    T  20     was evaluated according to ISO 3382-2 using the interval −5 to −25 dB of the decay curve. The sound strength  G  was measured using a constant sound power source (Nor278, Norsonic). The sound power source was located in the same positions as the loudspeaker.




4.3. Repeatability


A repeatability test was performed for the measurement procedure described above. The measurements were repeated five times. Between each measurement, the loudspeaker and the microphone were taken out of the room and reinstalled at different positions. For details see [67].



In Table 3, the uncertainty is given for the measurement procedure.



The variations in repeated measurements are less noticeable (JND), according to ISO 3382-1 [1]. This supports the discussion of significant differences in the measurements.




4.4. Estimation of the Equivalent Scattering Absorption Area    A  s c    


The    A  s c     for the furniture configurations is estimated by Equation (39). The    A  s c     for the furniture in combination with the two ceiling treatments and for the two mounting heights, given in Table 2, were measured. No wall panels were present during these measurements. The results are presented in Section 5.1. The same number of microphone and loudspeaker positions were used, as for the measurements of the room acoustic parameters.




4.5. Comparison between Measurements and Calculations


The measurements and calculations were compared for the octave band frequencies 125 Hz to 4000 Hz. Calculations of    C  50     and  G  were performed with the formulas presented in Section 3, according to Equations (19) and (20).    T  20     was calculated by the logarithmic version of Equation (8) using the −5 to −25 dB dynamical range according to ISO 3382-2.



For comparison, calculations according to the Sabine formula were included. The reverberation time  T  was calculated as


  T =   0.161 V    A  c e i l i n g   +  A  f u r n i t u r e   +  A  s u r f a c e   + 4 m V    



(42)




where    A  c e i l i n g   =  α p   S  c e i l i n g     and αp is the practical absorption coefficient given in Figure 8.    A  f u r n i t u r e   =  V  f u r n i t u r e   2 / 3    , according to the EN 12354-6. For a sparsely furnished room,    V  f u r n i t u r e     is approximately 1–2% of the room volume [29].    A  s u r f a c e     and the air absorption were calculated in the same way as in Equation (33).



The absorption coefficients for the floor and walls were estimated from the reverberation time measurements in the empty room, i.e., without an absorbent ceiling. Those values were used both in the diffuse and non-diffuse calculations for calculating    A  s u r f a c e    .



Assuming a linear decay under diffuse field conditions and a reverberation time, given by Equation (42),    C  50     and  G  are calculated as


   C  50   = 10 log     10   ( 6 / T ) 0.05   − 1    



(43)







And


  G = 10 log    4 A    + 31  



(44)




where   A = 0.16  V T      is the equivalent absorption area in m2 sabin and   V   is the room volume.





5. Results


5.1. Estimation of    A  s c    


The equivalent scattering absorption area    A  s c     for the furniture was measured for configurations 1, 2, 4, and 5 given in Table 2. The    A  s c     is estimated according to Equation (39). In Figure 9, the results are presented together with the averaged values.



   A  s c     depends on the absorption of furniture as well as the scattered sound energy transmitted to the non-grazing sound field and mainly absorbed by the ceiling absorber. As can be seen in Figure 9, the frequency behavior is quite similar for the different cases despite the fact that there is a variation of the ceiling absorber concerning airflow resistivity, thickness, and mounting height. This supports the idea that, for ceiling absorbers with a reasonably high absorption, see comment in Section 3.2.5, the correction for furniture absorption and scattering by    A  s c     is justified. For furnishing with tables, chairs, and shelves, the highest values of    A  s c     appears for the mid frequencies, as apparent from Figure 9. In practice, it is also possible to define    A  s c     per m2 floor area to obtain a value that can be used for different sizes of rooms. In [29], values of    A  s c     per m2 floor area are suggested for what can be considered as sparse, normal, and dense furnishing. It is noteworthy that, in EN 12354-6, the correction for furniture and other objects in the room is independent of frequency.




5.2. Measurement Results


The measurements results are presented in Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, corresponding to the cases 1 to 5 in Table 2. In the figures (a) is the reverberation time    T  20     in seconds, (b) is the speech clarity    C  50     in dB and (c) is the sound strength  G  in dB. Comparisons are made between measurements, Sabine calculation and the non-diffuse calculation. For the non-diffuse calculation, both the empirical and the theoretical approaches, discussed in Section 3.2.3, are shown.



Overall, the non-diffuse model fits better with the measurement results than the diffuse model. In particular, the overestimation of the absorption in the diffuse model is reduced in the non-diffuse model. The large differences between the diffuse calculations and the measurement results are typical for sparsely furnished rooms with an absorbent ceiling treatment. The cause of this is the lack of diffusion and the influence of the grazing sound field. Naturally, the empirical estimation given in Table 1 agrees better with measurements than the theoretical approach, according to Equation (31). This is more apparent at the higher frequencies. It is noticeable that the non-diffuse model captures the frequency behavior better than the diffuse one.



An important feature of the non-diffuse model is the reaction to wall panels. The effect of wall panels is the reduction in the energy in the grazing sound field. In sparsely furnished rooms, this largely influences the late reverberation time and the speech clarity. This is clearly shown in Figure 15. The correspondence between the non-diffuse calculation and measurement is good. For the diffuse model, a much smaller effect is noticed. The effect of wall panels on sound strength  G  is small. As  G  is a steady-state measurement, it is mainly related to the total absorption in the room, assuming that the sound field is fairly diffuse before the onset of the decay. During the decay, the degeneration of the sound field towards a grazing sound field will affect reverberation times and speech clarity to a great extent, as shown in the experimental results.



Note that the results presented above refer to a sparsely furnished room which is very sensitive to the accuracy of the input data. It is notable that the case with the wall panels decrease the discrepancy between the theoretical and empirical model and also fits better with measurements.



In Figure 16, a comparison of the two ceilings absorbers corresponding to case 1 and 2 in Table 2 is shown. The practical absorption coefficients for these absorbers, as given by the manufactures, is shown in Figure 8. Besides the large difference between the diffuse calculations on the one hand (red curves) and the measurements and non-diffuse calculations on the other (blue and green curves) some other remarks can be made. The practical absorption coefficients, based on ISO 354 measurements, show similar values at 125 Hz for the two absorbers. Accordingly, the diffuse calculations show the same reverberation time at this frequency. However, the non-diffuse calculations give a large difference at 125 Hz which also corresponds to the measurements. It is also noteworthy that, at high frequencies, the non-diffuse calculations and the measurements show contradictory behavior in comparison with the diffuse calculations. The diffuse calculations follow the difference in the practical absorption coefficients which is not the case for the measurements and the non-diffuse calculations. This emphasizes the fact that the absorption coefficients measured under reverberant conditions, as in ISO 354, do not comprise sufficient information for the acoustic design of rooms with ceiling treatment. Other information is needed and, in the model presented, the surface impedance of the ceiling absorber is necessary input data.





6. Discussion


A model is presented based on a subdivision of the sound field into a grazing and non-grazing subsystem, where grazing refers to sound waves propagating almost parallel to the absorbent ceiling. An advantage of this approach is its interpretation of sound scattering due to interior equipment such as furniture, diffusors, or similar. The scattering effect is quantified in a parameter related to the energy transfer from the grazing to the non-grazing group. The parameter is denoted as the equivalent scattering absorption area    A  s c     and comprises the scattering and absorbent effect of interior objects in a room with a highly absorptive ceiling. Due to the presumption of an absorbent ceiling, the directional scattering effects of objects will appear. It is assumed that the ceiling absorption is much larger than the average absorption for walls and floors. An average absorption coefficient for the ceiling absorber greater than 0.7 for the octave bands ranging from 250 to 4000 Hz seems to be sufficient for most practical situations, but this has to be further investigated [65]. There is an assumption concerning sufficiently great ceiling absorption to ensure that the energy reflected back to the non-grazing field can be neglected. It might also be of future interest to specify the conditions for a laboratory configuration as to how to estimate    A  s c   .   The methodology could be used to give input data for typical furnishing scenarios in different segments such as schools, offices, and healthcare premises. The directional effects of diffusors were studied in a classroom configuration by Arvidsson et al. [67].



In the presented model, it is assumed that the surface impedance is known or can be calculated for the suspended ceiling. Other surfaces are dealt with in a normal way using the practical or statistical absorption coefficients. Data for this can be found in handbooks in acoustics or manufactures’ websites. The surface impedance is not a parameter normally provided by the manufacturers of absorbent ceilings. However, several examples of commercial software exist today that calculates the surface impedances for different types of absorbers.



The need to include more complex boundary conditions for improved accuracy has also been noted in the development of simulation models [68]. Furthermore, the assumption of local reaction was investigated and the benefits of an extended reaction were shown to improve in accuracy, especially at lower frequencies [69].



In the model, the distance from the sound source to the receiver is a parameter. In this investigation, a representative value, see Equation (41), was used. For open-plan offices, it is of interest to calculate the sound propagation over distances corresponding, e.g., to different workplaces. As the model accounts for the distance and takes into account the angle-dependent absorption of the ceiling absorber, it would also be of interest to investigate this application.



Another application where the non-diffuse sound fields appear are sport halls. A common treatment in such rooms is an absorbent ceiling. The present model clarifies the considerable deviation between diffuse field calculations and measurements that often appear in these rooms. It also shows the importance of a more uniform distribution of absorbent material.



The general assumption of the SEA approach and the method for a subdivision into a grazing and non-grazing sound field can be further improved. It is assumed that the ceiling is the most absorptive area in the type of rooms investigated. However, a more precise description of the non-uniform absorption conditions would be valuable. Comparison with field measurements of different room types would clarify the models applicability and point out opportunities for improvements. Similarly, the limits in the method of estimating the equivalent scattering absorption area must be further investigated. The statistical approach requires a certain minimum room volume for the application of the model. This needs further investigation, but experiences so far indicate a room volume larger than 50 m3.



In any event, the purpose of the model is to give a direct and reasonably accurate estimation of room acoustic parameters in rooms with absorbent ceiling treatments. The model accounts for the actual mounting height of the ceiling absorber, including both the scattering and absorbing effects of furniture, and reveals the typical characteristic behavior of sound fields in rooms with ceiling treatment, such as the effects of adding wall absorbers.




7. Conclusions


A statistical energy analysis (SEA) model was developed for rooms with absorbent ceiling treatments. The model is based on a subdivision of the sound field into a grazing and non-grazing subsystem where grazing refers to sound waves propagating almost parallel to the absorbent ceiling. The scattering and absorbing effects of furniture and other interior objects is quantified in a measure denoted as the equivalent scattering absorption area    A  s c    . This parameter is related to the energy transfer between the grazing and non-grazing subsystem. The back-transfer from the non-grazing to the grazing subsystem is assumed to be negligible. As a consequence, it is assumed that the ceiling absorption is much greater than the average absorption for walls and floors. An average absorption coefficient for the ceiling absorber greater than 0.7 for the octave bands ranging from 250 to 4000 Hz seems to be sufficient for most practical situations, but this has to be further investigated. In the model, it is assumed that the surface impedance for the suspended ceiling is known or can be calculated. Other surfaces are dealt with in the usual way, using the practical or statistical absorption coefficients. Based on the airflow resistance of the ceiling absorbers investigated, the surface impedances are estimated by the Miki’s model, assuming an extended reaction. Thus, the actual mounting height of the ceiling absorber can be accounted for.



The new model was compared with the classical diffuse field model. Experiments were carried out in a classroom mock-up. Two different ceiling absorbers for two different mounting heights were each investigated. One of these cases was also tested in combination with wall panels on two adjacent walls. For all the experiments carried out, the new model shows better agreement with measurements than the classical diffuse field model. The new model reproduces the frequency behaviour of the room acoustic parameters as well as accounting for wall panels in closer agreement with measurements than the diffuse field model.



Further comparison with well-documented field measurements is necessary for the fine-tuning of the model, as well as investigation of the methodology used for estimating the equivalent scattering absorption area.
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Appendix A


Derivation of the grazing angle at high frequencies.



A more profound argumentation for the theory outlined in this appendix is given in [55,70].



We consider the rectangular room in Figure A1.
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Figure A1. Room with absorbent ceiling. 






Figure A1. Room with absorbent ceiling.
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From the wave equation, the complex wave number is given by


    k _  2  =   k _  x 2  +   k _  y 2  +   k _  z 2   



(A1)




and


  cos  θ  =    k x   k   



(A2)




where    k x    and  k  is the real part of     k _  x    and   k _  , respectively.



Near the absorbing ceiling we expect a phase step of nearly π for grazing incidence. This means that the real component of     k _  x    is approximately [55]


   k x  =  π   L x       n x  +  1 2     



(A3)




where    n x    is an integer 0, 1, 2 …



Equations (A2) and (A3) gives


  cos  θ  =   c π   ω  L x       n x  +  1 2     



(A4)







   θ g    is defined by Equation (A4) for    n x    = 0. Thus we get


   θ g  = arccos    c  4 f  L x       



(A5)







By knowing the impedance  Z  of the ceiling absorber, the grazing absorption coefficient    α g    is then calculated as the average absorption coefficient in the grazing region defined by    θ g   .




Appendix B


Grazing absorption at low frequencies.



If we consider sound propagation mainly in the   y z  -plan in Figure A1, the surfaces at   x = 0   and   x =  L x    are exposed for the grazing sound field. An expression for a grazing decay constant at low frequencies was derived by Morse and Bolt [71]. An expression of the decay constant at low frequencies is given by


  δ = ρ  c 2       A  x 0  ′  +  A  x l  ′    2  l x    +    A  y 0  ′  +  A  y l  ′     l y    +    A  z o  ′  +  A  z l  ′     l z       



(A6)




where   A ′   is the real part of the admittance. Assuming all the walls and floor in Figure A1 rigid, except for the ceiling, we get


  δ = ρ  c 2     A  x l  ′    2  l x     



(A7)







For the almost two-dimensional grazing sound field, the contribution from the ceiling to the grazing absorption is given by [55].


   η  g , c e i l i n g   =  c  π V ω    S  c e i l i n g    α  g ,   c e i l i n g    



(A8)







The relation between the loss factor  η  and the decay constant δ is


    η =   2 δ  ω   



(A9)







The grazing ceiling absorption is given by combining Equations (A7)–(A9). We get


     α  g , c e i l i n g   = π ρ c  A  x l  ′   



(A10)




where    A  x l  ′    is the real part of the admittance for the ceiling absorber.    A  x l  ′    is given by real part of   1 / Z   where   Z   is given by Equation (22), assuming an extended reaction.



Equation (A10) is used as an approximation for    α  g , c e i l i n g     for the frequencies 125 Hz and 250 Hz.
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Figure 1. The SEA model. 
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Figure 2. Illustration of the grazing and non-grazing sectors. 
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Figure 3. Local vs. extended reaction. Calculations according to the SEA model in a classroom with a 15 mm thick porous ceiling absorber with a mounting height of 200 mm (case 4 in the Section 5). Calculated local reaction (red), measured (blue), calculated and extended reaction (green). 






Figure 3. Local vs. extended reaction. Calculations according to the SEA model in a classroom with a 15 mm thick porous ceiling absorber with a mounting height of 200 mm (case 4 in the Section 5). Calculated local reaction (red), measured (blue), calculated and extended reaction (green).



[image: Applsci 11 06607 g003]







[image: Applsci 11 06607 g004 550] 





Figure 4. Grazing sector in the wavenumber space. 
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Figure 5. Distribution curves for the normalised weighted absorption coefficient according to Equation (29) for case 1 in Section 4.1. (Red) diffuse model, (blue) non-diffuse model. 
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Figure 6. The number of modes in the non-grazing sector estimated by the empirical (solid) and theoretical (dashed) approaches. 
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Figure 7. Sparsely furnished classroom mock-up. To the right with wall panels on two adjacent walls. 
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Figure 8. The practical absorption coefficients for the ceiling absorbers and wall panels used in the experiments. (Red) Ecophon Industry Modus 50 mm, (blue) Ecophon Gedina A 15 mm, (green) Wall Panel A 40 mm. 
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Figure 9.    A  s c     for the furniture estimated from cases 1, 2, 4 and 5 in Table 2, (black) average, (blue) case 4, (red) case 5, (purple) case 1 and (green) case 2. 
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Figure 10. Sparsely furnished room with dimensions 7.35 × 7.50 × 3.50 m. Ceiling treatment: 50-mm glass wool absorber at a mounting height (air cavity behind the absorber) of 750 mm. (a) Reverberation time    T  20     in seconds, (b) speech clarity    C  50     in dB, (c) sound strength   G   in dB. Curves shown are (red) diffuse calculation (Sabine), (blue) measurement, (dashed) non-diffuse calculation, where the number of non-grazing modes is estimated by Equation (31), and (dash-dotted) non-diffuse calculation, where the number of non-grazing modes is empirically estimated, see Table 1. 
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Figure 11. Sparsely furnished room with dimensions 7.35 × 7.50 × 3.50 m. Ceiling treatment: 15-mm glass wool absorber at a mounting height (air cavity behind the absorber) of 785 mm. (a) Reverberation time    T  20     in seconds, (b) speech clarity    C  50     in dB, (c) sound strength   G   in dB. Curves shown are (red) diffuse calculation (Sabine), (blue) measurement, (dashed) non-diffuse calculation, where the number of non-grazing modes is estimated by Equation (31), and (dash-dotted) non-diffuse calculation, where the number of non-grazing modes is empirically estimated, see Table 1. 
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Figure 12. Sparsely furnished room with dimensions 7.35 × 7.50 × 3.50 m. Ceiling treatment: 15 mm glass wool absorber at a mounting height (air cavity behind the absorber) of 785 mm. 6.48 m2 40 mm glass wool wall absorber equally distributed on two adjacent walls and directly mounted on the walls, see Figure 7. (a) Reverberation time    T  20     in seconds, (b) speech clarity    C  50     in dB, (c) sound strength   G   in dB. Curves shown are (red) diffuse calculation (Sabine), (blue) measurement, (dashed) non-diffuse calculation, where the number of non-grazing modes is estimated by Equation (31), (dash-dotted) non-diffuse calculation, where the number of non-grazing modes is empirically estimated, see Table 1. 
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Figure 13. Sparsely furnished room with dimensions 7.35 × 7.50 × 3.50 m. Ceiling treatment: 15 mm glass wool absorber at a mounting height (air cavity behind the absorber) of 185 mm. (a) Reverberation time    T  20     in seconds, (b) speech clarity    C  50     in dB, (c) sound strength   G   in dB. Curves shown are (red) diffuse calculation (Sabine), (blue) measurement, (dashed) non-diffuse calculation, where the number of non-grazing modes is estimated by Equation (31), (dash-dotted) and non-diffuse calculation, where the number of non-grazing modes is empirically estimated, see Table 1. 
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Figure 14. Sparsely furnished room with dimensions 7.35 × 7.50 × 3.50 m. Ceiling treatment: 50 mm glass wool absorber at a mounting height (air cavity behind the absorber) of 150 mm. (a) Reverberation time    T  20     in seconds, (b) speech clarity    C  50     in dB, (c) sound strength   G   in dB. Curves shown are (red) diffuse calculation (Sabine), (blue) measurement, (dashed) non-diffuse calculation, where the number of non-grazing modes is estimated by Equation (31), and (dash-dotted) non-diffuse calculation, where the number of non-grazing modes is empirically estimated, see Table 1. 
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Figure 15. Comparison of case 2 and 3 in Table 2, i.e., the cases with and without wall panels. (a) Reverberation time    T  20     in seconds, (b) speech clarity    C  50     in dB, (c) sound strength  G  in dB. (Blue solid) measured without wall panels, (blue dashed) measured with wall panels, (purple solid) non-diffuse calculation without wall panels, (purple dashed) non-diffuse calculations with wall panels, (red solid) diffuse calculations without wall panels, and (red dashed) diffuse calculations with wall panels. The empirical approach is used for the non-diffuse calculations, see Section 3.2.3. 
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Figure 16. Measured and calculated reverberation times for case 1 and 2 in Table 2. Fifty mm and fifteen mm thick porous ceiling absorbers at a mounting height of 760 mm and 785 mm, respectively, were investigated. (Dashed green) 15 mm absorber, non-diffuse calculation; (solid green) 15 mm absorber, measurement; (dashed blue) 50 mm absorber, non-diffuse calculation; (solid blue) 50 mm absorber, measurement; (dashed red) 50 mm absorber, diffuse calculation; and (dash-dot red) 15 mm absorber, diffuse calculation. 
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Table 1. Empirical determined limit parameter   ∆ θ   for defining the non-grazing region.
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	Frequency Hz
	125
	250
	500
	1000
	2000
	4000



	   ∆ θ   
	0.63
	0.31
	0.14
	0.17
	0.07
	0.08
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Table 2. Measurement configurations.
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	Case
	Ceiling and Wall Panels
	Mounting Height (Depth of Air Cavity) of Suspended Ceiling (mm)
	Air Flow Resistivity of Ceiling Absorber (kPas/m2)





	1
	50 mm glasswool ceiling absorber * no wall panels
	750
	11.8



	2
	15 mm glasswool ceiling absorber **, no wall panels
	785
	77.8



	3
	15 mm glasswool ceiling absorber **, 6.48 m2 40 mm glasswool wall absorber *** distributed on two adjacent walls and directly mounted on the walls, see Figure 7.
	785
	NA



	4
	15 mm glasswool ceiling absorber **
	185
	77.8



	5
	50 mm glasswool ceiling absorber *
	150
	11.8







* Ecophon Industry Modus, ** Ecophon Gedina A, *** Ecophon Wall Panel A. Note: the air flow resistivity is only used as input data for the ceiling absorbers and not for the wall panels. For the wall panels the practical absorption coefficients are used, see Figure 8.
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Table 3. Uncertainty interval related to repeatability, corresponding to a 95% confidence interval, for the measurement procedure used in the experiments.
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	     G  a v g     ( dB )    
	     C  50 , a v g     ( dB )    
	     T  20 , a v g     ( s )    





	125 Hz
	±0.61
	±0.56
	±0.077



	250 Hz
	±0.30
	±0.29
	±0.018



	500 Hz
	±0.40
	±0.29
	±0.010



	1000 Hz
	±0.25
	±0.27
	±0.006



	2000 Hz
	±0.37
	±0.38
	±0.010



	4000 Hz
	±0.36
	±0.36
	±0.008
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