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Influence of temperature gradients on the sound field in ice halls
ALEXANDRA PAPPA

Division of Applied Acoustics

Department of Architecture and Civil Engineering

Chalmers University of Technology

Abstract

This thesis studies the way that temperature gradients affect the sound field in ice
hockey halls. This is achieved through reverberation time evaluation. The mo-
tivation behind this investigation is found in recent measurements in an ice hall.
Substantial differences in reverberation times were observed when the hall was in
operation in comparison to the hall without an established ice surface. The differ-
ences were mainly located in the low and middle frequency range. The aim of this
thesis is to explore and identify the reasons behind this phenomenon. It is assumed
to be linked to the temperature gradient, formed due to the presence of ice, that
leads to refraction.

To further investigate this hypothesis, new reverberation time measurements are
carried out in three ice hockey halls. They are accompanied with air temperature
measurements, to enable the temperature gradient estimation. Additionally, COM-
SOL Multiphysics® is used to simulate one of the halls in order to showcase the
effects of refraction and calculate the reverberation time. Finally, measurement and
simulation results are compared for the case with and without ice on the ground of
the rink. Some conclusions are then drawn regarding the nature of the phenomenon
and possible modifications are considered.

Keywords: reverberation time, ice hockey, Ty, temperature gradient, room acous-
tics, geometrical acoustics, ray-tracing, refraction, COMSOL.
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1

Introduction

Ice hockey halls, like any other type of hall with big volume (concert halls, lecture
halls, etc) need special treatment when it comes to sound. That is, among others, in
order to ensure that sound is as equally distributed as possible in the room, sound
loudness lays between desired levels and the sound signal is clearly audible in all
listener positions. Room acoustics is the field of acoustics that studies the sound
field in rooms and enhances the listener’s experience. One of the most widely used
objective metrics to evaluate the sound qualities of a room is its reverberation time
(denoted as T', RT or Tgp). It is defined as the time it takes for the sound to drop to
one millionth of its initial value after it is stopped or else for the sound pressure level
to drop by 60dB [1]. Different reverberation times are desired for different types of
rooms. For example, the ideal reverberation time of a theatre would be between 0.7 s
and 1s, while in a concert hall it could reach up to 2s or even more, according to
the type of music being performed [1][2]. This thesis tries to investigate the acous-
tical properties of ice hockey halls through the evaluation of their reverberation time.

Recent measurements in an ice hall (case study 1 for the purpose of this thesis)
demonstrated strong differences in reverberation time when the hall was in use in
comparison to the hall without an established ice surface. Figure 1.1 presents re-
verberation time measured at various heights inside the ice rink and also at one
position in the audience area. In the left graph, the measurements are performed
in the summertime with concrete on the ground of the rink, while in the right one
there is an ice surface inside the rink and the measurements are performed during
the winter. It can be observed, that in the case of concrete, the results are almost
the same regardless of the measurement height. Reverberation time reaches a value
of almost 3s in the low to middle frequency range and drops down to 1s at 8 kHz.
On the contrary, when ice is present, reverberation time is double or even reaching
7s when measured closer to the ice surface. These higher values are mostly located
in the 250 Hz and 500 Hz octave bands. Additionally, there is a clearly visible height
dependency in the results. Lower measurement heights seem to yield higher rever-
beration time values, which decrease substantially at higher measurement points.
This long reverberation inside the rink affects the players as it hinders speech intel-
ligibility, making it challenging to understand spoken word during games or practice.
Furthermore, it contributes to increased loudness levels, which in the longrun can
have a significant impact to the players’ hearing.

The following explanation is considered as a working hypothesis. Due to the cold ice
surface, the temperature is lower closer to the ground and it increases with height.



1. Introduction

15m
————2m |
2.5 m

— 3 m
6 e 3.5 m| o
4 m

125 250 500 1000 2000 4000 8000 125 250 500 1000 2000 4000 8000
frequency [Hz| frequency [Hz|

Figure 1.1: Reverberation time (7%) measured at various heights inside the pro-
tective glass confined area over concrete (left) and over ice (right)

This temperature gradient leads to refraction of sound. Also, complying with ice
hockey regulations, the ice rink is surrounded by protective glass with an average
height of about 3m. Consequently, the energy is unevenly distributed in the hall,
as a larger portion of energy is trapped inside the ice rink. Less energy reaches the
ceiling and thus the reverberation time is reduced. This is a rather rare case, since
typically room acoustics handles rooms with relatively steady temperature values
throughout the room volume. As a result, no relevant literature was found.

To further explore this phenomenon, new reverberation time measurements are per-
formed in the aforementioned ice hall and in two more halls to investigate if this
is a general occurrence in ice hockey halls. These are accompanied by temperature
measurements at various heights to enable the temperature gradient estimation.
Additionally, COMSOL Multiphysics® v. 6.1 is used to simulate the first hall and
determine whether the phenomenon under consideration can be reproduced through
simulation and yield reasonable reverberation time results. COMSOL Multiphysics®
is preferred over other room acoustics software, as it is the only one that supports
calculations with graded media, translating in graded temperature and speed of
sound inside the room.

The Theory chapter of this thesis presents some basic concepts of sound and also
explains reverberation time with the help of different room acoustics approaches.
Chapter 3 describes the measurement procedure that was followed and presents the
reverberation time and temperature results. The models of the simulated hall as
well as the simulation results are shown in Chapter 4, while Chapter 5 features an
overall discussion of the results. Finally, a conclusion is drawn in Chapter 6.
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Theory

Since the ice halls under consideration are enclosed spaces, room acoustics meth-
ods will be used to study and simulate the sound field. In this chapter, different
approaches and room acoustics methods will be presented as well as some relevant
sound propagation concepts that provide a better understanding of the discussed
topics.

2.1 General sound properties

2.1.1 Wave equation

Sound is propagating in waves through a medium, either fluid or solid [3]. In the
context of this thesis this medium is the air. Sound propagation causes a deviation
from the static atmospheric pressure, which is called sound pressure. Sound prop-
erties in a fluid free of losses can be described by a differential equation called the
wave equation [4]. It is comprised by three equations, the equation of motion, the
equation of continuity and an equation based on the universal gas law. The resulting
wave equation can be written as follows for a plane wave in x direction
2 2
oy 1oy o
ox? 2 Ot?
p stands for sound pressure, ¢ for time and c¢ is the speed of sound. For a three-
dimensional spherical wave, Equation 2.1 will be modified as seen below
9 1 6%
P~ 5m = 0 (2.2)
where
2 2 2
!
ox?  0y? 022

in Cartesian coordinates. As a solution to the wave equation, sound pressure for a
plane harmonic wave can be expressed with Equation 2.4 [3]

V2p (2.3)

pla,t) =p- /) (2.4)

where p is the pressure amplitude, w the angular frequency and k the wave num-
ber.
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2.1.2 Speed of sound

The speed of sound depends on the properties of the air. It can be calculated as

¢ = (yRT)"? (2.5)

where v is the specific heat ratio with the value of 1.4 for air [5]. T represents the
temperature in Kelvin. R can be described as follows
Ry

R=2 (2.6)

with Ry being the universal gas constant with the value of 8314 J/(Kg - K) and M
the average molecular weight. Since dry air consists of 78% Nitrogen, 21% Oxygen
and 1% Argon with molecular weight 28, 32 and 40 respectively, M will be 28.96 [5].
Therefore, at 0°C or 273.15 K, the resulting speed of sound will be ¢y = 331.37m/s.
Equation 2.7 can be used to calculate the speed of sound in different temperatures
[5]. T¢ corresponds to temperature in °C.

c=cy+ 0.67¢ (27)

As a result, for an average temperature of 20°C' the speed of sound will be 343 m/s,
which is the most commonly used value in room acoustics calculations.

2.1.3 Sound pressure, intensity and power

When a source emits sound, its energy is carried by the sound waves. The sound
power P or W of the source is defined as the rate of energy transferred per second
and is measured in watt (). The flow of energy is described by the sound intensity
I, which is defined as the sound power passing through a specific area perpendicular
to the sound wave. [3] Its units are W/m? and it can be expressed as

I=pv (2.8)

where v is the particle velocity. Since v is a vector, I is also a vector and it is
particularly useful as it shows the direction of energy flow. The relation between
power and intensity in a spherical wave can be described as

W
 4mr?
where 7 denotes the distance from the source [4]. From the latter equation it can
also be observed that intensity is inversely proportional to the square of the distance
from the source.

I(r) (2.9)

2.1.4 Air attenuation

It has previously been stated that the wave equation describes sound propagation in
a lossless medium. However, in reality losses due to air absorption are inevitable not
only outdoors, but also inside rooms [6]. As a result, there is an exponential decrease
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of the pressure amplitude p [3]. For a plane wave propagating in the x-coordinate,
this can be described by Equation 2.10

pla) =p-e =" (2.10)

with m being the attenuation coefficient and x the travelled distance. Consequently,
the intensity will be

I(x)=1Iy-e ™ (2.11)

The air attenuation coefficient is temperature and humidity dependent. It can be
found in ISO 9613-1 standard in tabulated form in dB/km for various temperature
and humidity combinations and frequencies ranging from 50 Hz to 10 kHz [7].

2.1.5 Refraction

As stated in [4], usually in room acoustics the air is considered as a homogeneous
medium and in this case, the sound in high frequencies can be considered to prop-
agate in straight lines as rays, similarly to light. However, sometimes the medium
of propagation is inhomogeneous, like the air outdoors or the water. In those
cases, differences in temperature and density, amongst others, are observed. As
described above, since sound speed depends on temperature, it will be affected by
those changes and vary accordingly. Consequently, in cases where the temperature
changes with height, thus forming a temperature gradient, there is also a sound
speed gradient formed. The change of sound speed leads to curved sound paths, a
phenomenon called refraction. Refraction is not common inside rooms, since they
tend to have small volumes and their temperature is rather constant. On the con-
trary, it is quite often observed outdoors, where temperature is prone to changes
depending on weather conditions and time of day. The most common case for the
temperature outdoors is to decrease with height, leading to a similar decrease of
sound speed. As a result the sound rays are curved upwards. The opposite situation
takes place when the temperature is low closer to the ground and increases with
height (inversion). Therefore, the sound rays bend downwards, as seen in Figure
2.1. The latter is considered to be the case in an ice rink, where there is a positive
temperature gradient caused by the cold ice surface.

height

warimn

.

old &> /)

Figure 2.1: Bent sound paths due to temperature inversion
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2.1.6 Absorption, reflection and scattering

So far the sound propagation throughout the medium is described. But another
important part is the behaviour of the sound when it comes in contact with the
boundaries of a room. Walls, furniture or any other obstacles that inhibit sound
propagation can be considered as boundaries. Of course, whether or not some object
is considered as a boundary depends on the wavelength of the emitted sound wave.
Lower frequencies have several meter long wavelengths that can pass through walls,
while higher frequencies, with wavelengths of some centimeters or even millimeters,
are reflected. As explained in [4], when a sound wave hits a boundary, some of its
energy is absorbed and the rest is reflected. Boundary absorption is described by the
absorption coefficient « of the material. It is expressed as the ratio of the absorbed
energy to the incident energy that reaches the wall.

Wabs

Winc
« is frequency dependent and can take values between 0 and 1, with 1 indicating
total absorption and 0 total reflection. It can either be angle dependent or an
average over several angles of incidence [8]. Another absorption parameter used in
room acoustics is A, the equivalent absorption area of a room, measured in m?2.
All surface areas Si,Ss, ... and their respective absorption coefficients aq, a, ... are
considered in the calculation of A by Equation 2.13 [2].

(2.12)

o =

AzZSaleal—l—Sgag—f—... (213)

The energy that is not absorbed is reflected back to the room. In the case of a
completely smooth surface, the energy is reflected specularly. At boundaries with
surface irregularities, the energy is reflected diffusely or as a combination of specular
and diffuse reflection. In the latter case, the portion of the energy that will be
scattered is defined by a scattering coefficient s [8]. Similarly to the absorption
coefficient, the scattering coefficient is also frequency dependent and takes values
between 0 and 1, with 0 indicating totally specular reflection and 1 totally diffuse
reflection.

specular
reflection

diffuse \

reflection 7 —
absorption

Figure 2.2: Absorption and reflection of the ray’s energy after it hits a wall bound-
ary
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2.1.7 Sound signals and impulse response

Rooms as well as other acoustical systems like ducts, loudspeakers, etc. are char-
acterized by their impulse response [6]. Each room responds differently to a sound
signal depending on several parameters like its specific geometry, boundary con-
ditions, atmospheric conditions, etc. This response can be acquired as an output
signal when a room is excited by an impulse signal such as a Dirac pulse. Practically
this can be achieved by placing an impulsive source in one position and recording
this impulse in another position in the room. Since a room is a linear time-invariant
system, an input signal s(¢) can be combined with the impulse response h(t) of the
room, to obtain the output signal g(t) that would be recorded in the room. This
process is called convolution and can be written as

g(t) = /°° s(T)h(t — 7)dr = s(t) % h(t) (2.14)

—00
As will later be shown, the impulse response is used to determine the acoustical
qualities of a room, such as its reverberation time.

2.2 Room acoustics approaches and reverberation
time

Different approaches are used in room acoustics in order to study and explain sound
behaviour. This section tries to provide a deeper understanding of reverberation
time by viewing it in terms of different room acoustics methods.

2.2.1 Wave-based

One way of studying the sound behaviour in a room is by solving the wave equation
for the room’s specific boundary conditions [3]. This is a mostly theoretical approach
given the complexity of its application in real-case scenarios. However, it is very
useful as it allows a realization of the fundamentals of sound behaviour. The wave
equation displays non-zero solutions p, for specific values of the wave number k. For
each solution, a certain oscillation pattern representing a standing wave is formed,
which is called a room mode. It contains points of zero pressure amplitude and
points of maximum pressure amplitude. This built-up of energy leads to resonance
at certain frequencies, which are called resonance frequencies. Sound pressure in a
rectangular room with no losses can be described as

oA qzTX qyTy q.Tz
Poara. —pqquqzcos< L )—i—cos( l )+cos< L > (2.15)

Y

4z, @y, ¢- are natural numbers 0,1,2, ... and [,,!,, [, represent the dimensions of the
room in the x-, y- and z-direction respectively. If a sound wave is propagating in
only one direction, meaning that two of the three cosine terms are zero, then this
mode is called an axial mode. In the case, where only one cosine term is zero, there is
wave propagation in two directions, forming a tangential mode. Three-dimensional
propagation is present when none of the terms is zero, leading to an oblique mode.



2. Theory

In cases of losses due to absorption, each mode decays linearly with a damping
constant §. Then, reverberation can be viewed as a superposition of all decaying
room modes.

2.2.2 Statistical

Contrary to the wave approach, where the focus is given to the low frequency range,
where individual modes can be detected and studied, the statistical approach deals
with higher frequencies, where the sound field is more homogeneous due to the con-
tribution of several room modes. This method does not provide an exact description
but rather an approximate representation of the sound field [4]. A prerequisite of
the statistical method is the presence of a diffuse sound field. This means that the
energy has to be evenly distributed across the room. An irregular room shape and
a uniform absorption distribution are two factors that contribute to the creation of
a diffuse sound field [3]. Since in all real cases there are losses due to absorption,
the energy of each mode decays with a decay constant ¢ according to Equation 2.16
[4].

E(t) = Ey-e " (2.16)
From the definition of reverberation time, it follows that
—60 = 10 - log(e~2@'T) (2.17)
Hence, reverberation time is

~3in10
(9)

where () denotes the damping constant average [3]. Also according to [4]

(2.18)

me ¢S

The first term accounts for atmospheric absorption, while the second corresponds
to absorption from the room boundaries. By inserting Equation 2.19 to Equation
2.18, the reverberation time becomes

1 24V1In10
T=-- 2.20
¢ 4mV — Sin(1l — «) (220)
This is the famous Eyring equation for calculating the reverberation time of a room.
In case of low wall absorption and by omitting atmospheric absorption and inserting

¢ = 343m/s, it turns to the commonly used Sabine equation

%
T =0.161— 2.21
0,161 (2.21)

where A stands for the equivalent absorption area as defined by Equation 2.13. It
has already been stated that for a statistical approach, there needs to be significant
overlap of the room modes, such that the sound field is not influenced by individual
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mode contributions. According to [3], this happens at a frequency called "Schroeder

frequency f,", which is defined as
T
s = 20001/ — 2.22
f. = 2000y (222)

For enclosures of large volume this frequency is very low, usually below 50 Hz, per-
mitting smooth acoustics calculations in the frequency range of interest, which starts
normally above 125 Hz.

Last but not least, it should be mentioned that in the case where all modes in a
room decay with the same damping constant, the decay curve follows a straight line.
However, if a group of modes decays with a different damping constant, a decay curve
with two or more slopes is created [4]. This happens when two rooms with different
reverberation times are coupled together by an opening, as for example in a theatre
where the stage and stage house are coupled to the audience area by the proscenium
[3]. Coupling can also be observed when the absorption is not distributed uniformly
in a room. If there is an area with high absorption and another one with smooth,
hard surfaces, the sound field is not diffuse. That means that the energy is unevenly
distributed, thus creating two or more sub-spaces with different reverberation times,
leading again to double-sloped decay curves [3].

2.2.3 Geometrical

Geometrical acoustics describes sound propagation in similar terms to those used
in geometrical optics [4]. Sound waves are depicted as bundles of sound rays with
the implementation of the ray tracing and image source methods [3]. This is a high
frequency approximation, since the room dimensions need to be large in comparison
to the considered wavelengths. It is a simplified approach, as wave phenomena
such as diffraction are not taken into consideration. The simulation part of this
thesis makes use of the ray tracing method, thus a more detailed description of this
method is deemed necessary. As explained in [6] and [3], ray tracing is a stochastic
approach contrary to the deterministic image source method. In simulation models
using the ray tracing algorithm, an impulse is emitted from the sound source at a
certain position in the room, with a predefined sound power and directivity. Rays
are simulated as a number of particles moving with the speed of sound. Room
boundaries are commonly referred to as "walls". When the rays hit a wall, they are
reflected and some of their energy is lost by absorption, according to the respective
absorption coefficient of the material. Hence, the energy is decreased by a factor
(1 — ). Consequently, the scattered energy is determined by s(1 — «), while the
specularly reflected energy is determined by (1 — s)(1 — «). After a particle has hit
a wall and is reflected, it continues its travel inside the room. Energy losses can
also occur due to air absorption. In that case, the sound pressure decay is defined
by Equation 2.10. A particle is traced until a predefined time period has passed
or until its power or intensity reaches a specified minimum threshold. Ray tracing
has to be performed in all frequency bands within the considered frequency range.
Particle energy is detected by a volume detector, typically spherical, which plays

10
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the role of an omnidirectional microphone. It is placed at a certain position inside
the room and archives the energy and arrival time of every particle that passes
through it. In the end, those stored values are categorized in a histogram also called
an "energetic impulse response". It is time-averaged with a common time interval
At of 1ms. The obtained impulse response enables the calculation of objective
room acoustics metrics such as reverberation time. Crucial for the accuracy of the
resulting impulse response is the number of emitted and consequently detected rays.
A sufficient number of released rays can be calculated with Equation 2.23 according
to [9]. V stands for the enclosure volume and r is the receiver radius, when using a
spherical receiver.

%4
mricAt

The receiver radius and number of rays should be wisely chosen. A small receiver
volume could lead to several particles being excluded from the calculation, causing
an inaccurate representation of the sound field and misleading results.

Niyays = 4.347

(2.23)

2.3 Reverberation time measurements

As explained in [3], reverberation time can be obtained through the impulse response
of the room under consideration. This is achieved by recording the sound pressure
decay after the room is excited by an impulse signal. Subsequently, the slope of
the logarithmic decay curve is used to calculate the reverberation time as seen in
Equation 2.24

At
T=60-|— 2.24
60 ‘AL (2.24)

AL stands for the level difference at a specific time interval At. There are two meth-
ods in use for reverberation time measurements, called interrupted noise method
and integrated impulse response method. The first is the most traditional and as
described above, is using the recorded decay curve to evaluate the reverberation
time. However, due to measurement uncertainty it requires averaging over several
measured decay curves. The second method deals with that problem in a more so-
phisticated way. It was introduced by Manfred Schroeder and employs a backward
integration of the squared impulse response defined as

Nmaxzx

bw(t) = /t TRty dt — bw(n) = S h3(n) (2.25)

with n being the sample number in discrete-time. The measurement procedure is
thoroughly explained in ISO 3382-1 [10]. Practically, this method can be imple-
mented by firstly exciting the room with a broadband impulsive signal, e.g. a pistol
shot. The decaying sound pressure is then recorded by one or several microphones
placed at different positions in the room, yielding the impulse response of the room
at each specific position. Then, the reverberation time at each position can be de-
fined by the backward integration method. An octave or third-octave band filter can
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2. Theory

be applied to the acquired signal, to enable evaluation at different frequency bands.
Afterwards, the impulse response is squared and plotted in a logarithmic scale. An
example of such a curve is shown in Figure 2.3.
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Figure 2.3: Measured impulse response (a) and resulting decay curve using the
backward integration method (b).
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The part of the curve that falls in the background noise has to be discarded, so
that no unnecessary noise affects the accuracy of the calculation. According to the
standard, the curve has to be cut at least 10dB before it reaches the background
noise level. As a next step, all values of the curve have to be summed starting from
the last until the first. The resulting decay curve, plotted in a logarithmic scale,
is also illustrated in Figure 2.3. Tyo can then be calculated from the slope, using
Equation 2.24. A straight line fit may be necessary to reduce random fluctuations.
If the dynamic range is not sufficient, as for example in the case shown above, a
shorter range can be chosen. Most common is the evaluation of Ty or T3y, which
correspond to a level range of —5 to —25dB and —5 to —35dB respectively.
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Measurements

As mentioned in the Introduction, former measurements in ice hall 1 showed high
reverberation times when measured over the ice surface inside the ice rink. It was
decided to repeat those measurements together with temperature measurements in
order to define the temperature gradient in the hall. The reverberation time mea-
surements were conducted using the integrated impulse response method according
to ISO 3382. At the same time, thermometers were used to measure temperature
at different heights over the ice surface. This set of measurements was performed in
two more ice halls for comparison reasons. This Chapter presents the measurement
setup and procedure in each hall as well as the resulting reverberation times and
temperatures.

3.1 Setup and procedure

3.1.1 Case study 1

Ice hall 1 is a medium sized hall with a capacity of approximately 3600 seats. A
start pistol was used as the sound source for the reverberation time measurements.
It was placed in three different positions in the hall, two of which were inside the ice
rink and one in the audience area. Six omnidirectional Nor1225 microphones with
Nor1209 preamplifiers were used for each source position. Five of the microphones
were fixed in different heights inside the ice rink, while the sixth was placed in
the seating area. FEach microphone was attached to one Norl40 sound level meter.
Figure 3.1 presents a view of the ice hall and a plan with the markings of source
and receiver positions. Microphones 1-5 were placed above the ice surface at 1.5m,
2m, 2.5m, 3m and 5m respectively. Microphone 6 was placed in the audience at
a height of 1 m. The reverberation time was firstly measured in all six microphone
positions with the source located on the right side of the ice rink, marked as position
1 in Figure 3.1. The setup of this first measurement is displayed in Figure 3.2.
The microphones are circled with yellow colour and the source position is marked
with red. Each microphone was connected with one Nor140 sound level meter with
a built-in reverberation time mode. The integrated impulse response option was
selected. This option sets the sound level meter in a waiting mode, until triggered
by an impulse sound (e.g. a pistol shot). When triggered, it starts logging and
storing the sound pressure level in each frequency band. Once the measurement
is finished, it calculates and displays the reverberation time in third octave bands.
[11] The recording from each microphone was also saved to be used later for a
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3. Measurements

manual reverberation time evaluation. Afterwards, the measurement was repeated
two more times, with the source moved to position 2, on the left side of the ice
rink and position 3 in the audience. A temperature measurement was running in
parallel with the reverberation time measurements described above. Five EasylLog
USB thermometers were used and mounted on the same bar as the microphones at
0.5m, 1m, 1.5m, 2.5m and 5m height. The thermometers were turned on, logging
temperature and humidity during the whole time of the measurements.

VLo ERNE S
VAN T A 4 R ° °
> T

source source
position 2 position 1

microph'ones 1-5
and thermometers

source 0
position 3 microphone 6

(b)

Figure 3.1: Ice hall view (a) and floor plan with marked source, microphone and
thermometer positions (b)

Figure 3.2: First reverberation time measurement setup. Receiver positions are
marked with yellow and source position is marked with red
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3.1.2 Case study 2

Ice hall 2 has a bigger volume that ice hall 1 and it can accommodate 5300 spectators.
The reverberation time measurements were performed in a similar way and with the
same equipment as in the first hall. Source and receiver positions are marked on
the floor plan in Figure 3.3. In this case only five of the microphones were used,
all located at the same spot inside the ice rink at the heights of 1.5m, 2m, 2.5m,
3m and 5m, each of them being connected to a Norl40 sound level meter. A
start pistol was again used as the source signal. The first two measurements were
performed with the source located on the right and left side of the ice rink (numbers
1 and 2 in Figure 3.3), while for the third measurement, the source was located in
the audience area. The same five EasyLog USB thermometers were used for the
temperature measurement, placed at the same spot on the ice as the microphones,
at 0.30m, 0.70m, 1.25m, 2.50m and 5m. This time, it was decided to measure
closer to the ice surface, hence the first three thermometers are placed lower than in
case study 1. The thermometers were logging temperature values per minute for the
entire duration of the reverberation time measurement, which lasted fifteen minutes
approximately.

L] L]
source source
position 2 position 1

microphones
and thermometers

source
position 3 4

(b)

Figure 3.3: Ice hall view (a) and floor plan with marked source, microphone and
thermometer positions (b)

3.1.3 Case study 3

Ice hall 3 has a capacity of 6000 seats in the audience area. Some slight modi-
fications were needed this time in the measurement procedure due to equipment
availability. Only one Nor140 sound level meter was used, therefore the correspond-
ing microphone had to be moved and placed at the different heights needed. It
was decided to measure reverberation time at only three heights instead of five, to
reduce microphone position changes. The heights used were 1.5m, 2.6 m and 5.1 m.
Moreover, the source signal was generated by balloons instead of a start pistol. As
far as the temperature measurements are concerned, the same five thermometers
were used and placed on a long tripod over the ice surface. Microphone, source and
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thermometer positions are marked on the floor plan in Figure 3.4.

L] L]
source source

position 2 position 1

microphone  thermometers

L
source
position 3

(b)

Figure 3.4: Ice hall view (a) and floor plan with marked source, microphone and
thermometer positions (b)

Since this ice hall was available for measurements for a much longer period of time
than the two previous ones, it was considered wise to leave the thermometers inside
the ice rink for an hour to make sure that steady and thus reliable temperature
values would be achieved. Afterwards, they were moved to lower positions, in order
to obtain results from more points. For the first hour of the measurement, the
thermometers were placed at 0.40m, 0.80m, 1.35m, 2.60m and 5.10m. For the
next half hour, the four lower thermometers were moved to lower heights. The new
heights were 0.15m, 0.30m, 0.70m and 1 m.

3.2 Results

3.2.1 Case study 1

3.2.1.1 Reverberation time

The measured reverberation time (T5) as was obtained by the six sound level meters
is presented in Figure 3.5. The graph at the top represents the first measurement,
where the source was located inside the ice rink, on the right side. Similarly, the
middle one shows the results from the second measurement, where the source was
located on the left side of the ice rink. For the third measurement, the source was
placed in the audience area and the results are displayed in the bottom graph. When
looking at T5g values from the first two measurements, a similar trend can be noticed
in both cases. Starting with a Ty, value of almost 3s at low frequencies, there is a
significant wide peak around 400 Hz, where T, reaches 7s at the lowest microphone
position (1.5m). At 1kHz, Ty has fallen back to 3s, gradually decaying further
with rising frequency, ending up to less than a second at 10 kHz.
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Figure 3.5: Ty, measured with the sound source in position 1 (top), position 2
(middle) and position 3 (bottom). Each line represents one microphone position.
The first five microphones are placed on the ice surface, while the sixth is in the
audience area.

This trend is observed over all microphone positions. However, the peak is more
prominent when the microphones are placed closer to the ice surface. The highest
Ty value is measured with the microphone placed at 1.5m and it decreases in-
versely with receiver height. At frequencies above 1kHz, the resulting Ty doesn’t
show any significant dependence on microphone height. By looking at the results
of the first two measurements, it is noticeable that they bare a big resemblance to
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those of the previous measurements, shown in Figure 1.1. The third measurement
shows substantially lower Th, values in all receiver positions. The large peak around
630 Hz should not be taken into consideration, as it represents some noise that oc-
curred during the measurement by a double shot of the start pistol. However, this
plot is kept and is deemed valuable as it shows the behaviour of the reverberation
time when the sound source is located outside the ice rink. The same height de-
pendency is observed as in the two previous cases. However, Ty, is lower now in
all microphone positions. A wide peak between 250 Hz - 400 Hz is more visible in
the two lower microphones (1.5m and 2m) and less noticeable as the microphone
height increases. Another difference from the two previous cases is that T, mea-
sured from the 5m and audience microphones displays no peak but remains rather
constant with a value of approximately 3 s over the low and medium frequency range.

T3y was also measured and is displayed in Figure 3.6 for the first source position
together with T5y. The results of each microphone position are presented in separate
graphs for easier comprehension. Generally, T3 results follow a similar pattern as
those of Tyy. It can be observed that in the results of the lower microphones, shown
in Figure 3.6 (a) and (b), T3y and T3 are almost identical throughout the frequency
range. From the 2.5m microphone onwards ((c) to (f)), T3¢ is higher than Ty in
the frequency range close to the peak, that is between 200 HZ and 800 HZ. Further-
more, it seems that the difference gets bigger as the microphone height increases. It
has previously been stated that Tyy decreases with height. This tendency is also ob-
served in the T3 results, however is can be seen that it decreases with a much slower
rate, thus creating the deviation from 75 at higher positions, as was previously de-
scribed. Normally, if the decay curves are straight lines, there shouldn’t be any
deviation between Ty, and T3, since they are calculated from the same slope. The
fact that T3q is higher at some frequencies means that the respective decay curves
are double-sloped, thus leading to different results. This kind of curves, seems to be
more noticeable in the higher microphones and in the audience.

Figure 3.7 presents T3y results from the third measurement, where the source was
located in the audience. In this case, the reader should disregard the results between
500 HZ and 1kHZ, because they are affected by the double shot of the start pistol,
as previously explained. In this measurement, where the source was placed in the
audience, a different pattern is observed in the T3q results. T3y is again higher
than Ty in the frequencies surrounding the peak. However, this difference is more
prominent in the lower receivers (Figure 3.7 (a)-(d)). At the 5m microphone and
in the audience, T5y and T3 seem to be almost identical. It can then be concluded,
that with this source placement, double-sloped decay curves are formed mainly in
the lower receivers inside the ice rink.
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Figure 3.6: Ty (solid line) and T3¢ (black dotted line) comparison of the results
obtained from the first measurement at different receiver placements
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Figure 3.7: Ty (solid line) and T3¢ (black dotted line) comparison of the results
obtained from the third measurement at different receiver placements
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3.2.1.2 Temperature

As previously explained, five thermometers were placed at various heights over the
ice surface at the same spot as the measuring microphones. They were logging tem-
perature values per minute during the reverberation time measurement. However,
the measurement had to be performed within a tight time window, due to various
activities that were taking place in the hall. It was observed that by the time the
thermometers were removed from the ice rink, the temperature had not yet reached
steady values, but seemed that it would continue to drop if the thermometers were
left for a longer time in their positions. The final measured temperature values for
each thermometer are depicted in Figure 3.8. To estimate the temperature gradient
from these points, a least square fit method was used and the resulting curve is also
plotted in the same figure.
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Figure 3.8: Measured temperature at different heights and fitted curve

As expected, the temperature is lower close to the ice surface and increases with
height. The temperature gradient follows an exponential growth. However, it should
be noted that since the measuring points were located close to the ground, the gra-
dient may deviate a bit at higher points because it is also affected by the outer tem-
perature. As far as humidity is concerned, the three lower thermometers measured
values around 51% and some lower values were displayed at higher measurement
points. Relative humidity in the five measuring points is shown in Table 3.1.

Table 3.1: Ice hall 1: Relative humidity at the five measured heights.

Height 050m 1.00m 1.50m 250m 5.00m
Humidity 51 % 51 % 51 % 43 % 38 %
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3.2.2 Case study 2

3.2.2.1 Reverberation time

Measured Ty is illustrated in Figure 3.9 for the three source positions. Similarly to
the previous hall, the first measurement with the sound source on the right part of
the ice rink is shown in at the top, the second measurement with the source located
on the left side of the ice rink is shown in the middle and the third measurement,
where the source was placed in the seating area is shown at the bottom plot. For
these measurements, all receivers were placed inside the ice rink at the same heights
as in ice hall 1 measurements. By looking at all three graphs, it is clearly visible,
that Tyo is height independent from 800 Hz on. At this frequency, it has a value
of almost 3s and gradually decreases as frequencies increase, dropping to 0.6s at
10kHz. At frequencies between 200 Hz and 630 Hz there is a big peak in all receiver
heights, especially in the first two measurements, where the source was placed inside
the ice rink. The peak is more prominent as the receiver height decreases, with 75
even reaching the 10s mark in the second measurement, when measured at 1.5m
above the ice. The location of the peak varies slightly in each microphone, but
in general, all microphones have measured high 75, values in the aforementioned
frequency range. One exception can be found in the third measurement, where Th
obtained from the higher microphones, especially the 5m one, does not display any
peak, but stays constant at approximately 2.5s. The peak effects are also weaker in
the rest of the microphones in this measurement and 75 is lower overall. Again, the
highest value is observed at 1.5m, but this time it only goes up to 7s. The rest of
the receivers’ peak values are below 5s. The height dependency of Ty, gets weaker
below 250 Hz. Particularly between 125 Hz and 160 Hz there is no noticeable height
dependency and Ty lies between 2.5s - 3s at all measured positions.
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Figure 3.9: Ty, measured with the sound source in position 1 (top), position 2
(middle) and position 3 (bottom). Each line represents one microphone position.
All microphones are placed on the ice.

3.2.2.2 Temperature

Similarly to case 1, it was observed that not all thermometers showed steady tem-
perature values by the time the were removed from their positions. It seemed that
especially the lowest ones would measure even lower temperatures if left longer above
the ice. Measured temperatures from each thermometer are displayed in Figure 3.10

23



3. Measurements

along with the estimated temperature gradient calculated with the least square fit
method. This gradient looks much steeper than the previous one, with the temper-
ature barely reaching 11°C at 16 m. Relative humidity, measured 15 minutes after
the thermometers were placed in their positions above the ice, is shown in Table 3.2.
The values lie between 38% and 44%, with the highest humidity found closer to the
ice surface.
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Figure 3.10: Measured temperature at different heights and fitted curve

Table 3.2: Ice hall 2: Relative humidity at the five measured heights.

Height 0.30m 0.70m 1.25m 250m 5.00 m
Humidity 44 % 43 % 41 % 40 % 38 %

3.2.3 Case study 3

3.2.3.1 Reverberation time

As described in the measurement procedure, only three receiver heights were used
for reverberation time measurements in this hall, all inside the ice rink. Figure 3.11
shows Thg results from the three measurements. Again, as in the previous two halls,
the first two graphs represent 1oy measured with the source on ice, on the right and
left side of the rink respectively, while the third graph shows the measurement with
the source located in the audience. In the first two measurements, 15y falls between
3s - 4.5s at frequencies below 200 Hz and above 800 Hz. At higher frequencies,
above 1600 Hz, it starts decreasing gradually and finally drops down to 0.6s at
10kHz.
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Figure 3.11: T5; measured with the sound source in position 1 (top), position 2
(middle) and position 3 (bottom). Each line represents one microphone position.
All microphones are placed on the ice.

Between 200 Hz and 800 Hz, there is a significant peak in Ty obtained from all three
receiver positions, reaching the highest value in the 400 Hz band in the majority of
cases. Maximum Th is measured in the lowest microphone position (1.5m) with a
value around 8s in the first two measurements. Height dependency is again visible,
with the results from the middle and highest receiver position (2.6m and 5.1m
respectively) decreasing by almost 1s at the peak. As for the third measurement,
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Ts is much lower mainly in the frequency range where the peak is normally observed
(250 Hz - 630 Hz). The peak appears only in the lowest receiver results and reaches
5sin the 315 Hz and 400 Hz bands. 75y curves obtained from the two higher receivers
are significantly flatter in this third case. A height dependency is still present, but
there is no defined peak.

3.2.3.2 Temperature

As previously explained, more temperature positions were used for the tempera-
ture measurements in this hall. Temperature results from all measured points are
illustrated in Figure 3.12. The fitted curve is also depicted in the same figure.
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Figure 3.12: Measured temperature at different heights and fitted curve

Tables 3.3 and 3.4 present the relative humidity obtained by the thermometers at
the two rounds of measurements. Higher values are primarily observed at lower
heights, close to the ice surface.

Table 3.3: Ice hall 3: Relative humidity at the first round of measurements.

Height 042m 0.78m 1.35m 2.60m 5.10m
Humidity 54 % 56 % 53 % 45 % 42 %

Table 3.4: Ice hall 3: Relative humidity at the second round of measurements.

Height 0.14m 032m 0.71m 1.00m
Humidity 54 % 54 % 56 % 52 %
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3.2.4 Ice hall comparison

A direct comparison of the reverberation time of the halls cannot be drawn, since
they have very different features (dimensions, geometry, materials) but some general
remarks and reflections can be expressed. Figure 3.13 presents Ty, results from the
first measurement in each of the three halls.
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Figure 3.13: Ty results from the first measurement setup. Top: ice hall 1, middle:
ice hall 2, bottom: ice hall 3

A first observation would be that the reverberation time trend that was observed in
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the initial measurements, is not exclusive to ice hall 1 but consistently appears in
the rest of the ice hall measurements. It it interesting that the frequency range in
which Ty is increased is almost identical in all halls spanning from approximately
200 Hz to 800 Hz. The peak is also mostly located in the 400 Hz or 500 Hz third
octave band. In addition, it is very clear that T5y depends on the height of the
receiver and is gradually increasing as the measurement point gets closer to the ice
surface. Surely there are some differences in 75, values among the halls. In ice hall 2
and 3 Ty seems to be around 1s higher than in ice hall 1 in similar receiver heights.
This could be attributed to the bigger volume of those halls, ice rink dimensions,
materials and also the sound speed gradient that was affected by the outer tem-
perature at the day of the measurement. Another interesting observation is that in
the rest of the frequency range, Ty is almost identical in all three halls, with values
around 3s at lower frequencies and above 800 Hz until 2kHz. After this frequency,
Ty gradually drops further reaching 0.6s at 10 kHz as previously described in the
measurement results. Additionally, very low or no height dependency is observed at
high frequencies.

Regarding the estimated temperature gradients of the three halls, the third one
was considered more reasonable, since the thermometers remained above the ice
surface long enough to display steady values. Taking into account the fact that ice
temperature is almost the same in all halls, this gradient can be considered true for
all halls, at least in the immediate vicinity of the ice surface. At higher points, it
is also affected by the outside temperature, hence small variations may occur from
hall to hall, but also in the same hall when measured at different times of the year.
Consequently, the third temperature gradient will be used in the next chapter in
the calculation of the speed of sound for the simulations.
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Simulations

This Chapter presents the models of case study 1 that are created in COMSOL
Multiphysics® using the Ray tracing physics interface. Firstly, a 2D Axisymmetric
model is created to demonstrate the ray curvature in the graded temperature case
and determine whether refraction effects are present in the hall. The ice hall is then
simulated in 3D in three different models. The first one shows the case where there
is only concrete on the floor of the rink, leading to constant temperature and speed
of sound over the hall. The second model represents the case with an ice surface and
graded temperature. The third and final model shows a theoretical case where the
protective glass walls are removed and the rink area is only defined by the one-meter
high wooden board. Firstly the setup of each model is presented, followed by the
generated decay curves and resulting reverberation times.

4.1 Preliminary considerations

Some initial parameters had to be calculated based on measurement data before
they could be inserted in the models. These include the speed of sound for the
graded temperature case and the air attenuation coefficient. Temperature values
are necessary to determine the sound speed by Equation 2.7 as presented in the
Theory part. As explained in the previous chapter, the estimated temperature
gradient from ice hall 3 is employed for the sound speed calculation. The resulting
sound speed gradient is depicted in Figure 4.1.

height [m]

o ‘ ‘ ‘ ‘ ‘
331 3% 333 334 335 33 337 338 339
speed of sound [m/s]

Figure 4.1: Calculated sound speed over height
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The air attenuation coefficient m that was used in the models was obtained from
ISO 9613-1 standard. It corresponds to 5°C and 40% humidity. In reality though,
temperature and humidity change with height, but these values were chosen for a
more accurate representation of the ice rink conditions. Air absorption coefficient
in octave bands is shown in the following table in m™.

Table 4.1: Air absorption coefficient m in m™ for 5°C and 40% humidity.

125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz 8 kHz
051-107%* 0.1-10* 0.2-107% 0.7-1073 26-103 83-10=% 19.5-1073

4.2 2D Axisymmetric model

The purpose of this model is to examine the ray paths by viewing them in 2D and
determine whether the ray trajectories are curved due to refraction effects.

4.2.1 Setup

Only a part of a section of the ice hall is included, since it is considered sufficient
for the ray path simulation. The model geometry is shown in Figure 4.2

o 5 o s %0 %5 50 55 0 s 5o 5s 50

Figure 4.2: 2D model geometry.

The right wall of the geometry represents one of the short walls of the hall. The
inclined seating area and the protective glass are also visible on the right side of
the geometry. The left wall is the axis of symmetry and it is placed inside the
ice rink area. The bottom wall represents the ice/concrete surface. The ceiling is
modelled in parallel to the floor, which is not the case in the real hall, but it can
be overlooked in this model, as the goal of the computation is the ray curvature at
lower heights, inside the ice rink. The Wall Condition is set to Mixed diffuse and
specular reflection. The absorption and scattering coefficients of each surface can be
found in the Annex. For the axis of symmetry, a Freeze condition is chosen, which
means that the rays that hit it are not reflected back. The reason behind this is that
this model represents only a part of a section of the hall and the rays that hit the
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axis of symmetry would normally continue to travel in the hall, was it modelled in
its entirety. The air domain is meshed with a free triangular mesh with a maximum
element size of 2.2m and a minimum element size of 0.1 m. The meshed geometry
is illustrated in Figure 4.3.

m

T T T T T T T T T T T T T
L] 5 10 15 20 25 30 35 40 45 50 55 60

Figure 4.3: 2D model mesh.

The sound source is located on the axis of symmetry at a height of 2m and has an
initial power of 0.03 W. The number of released rays is set to 2000. The computation
is performed for the frequency of 500 Hz. The computation time is set to 1s with a
predefined time-step of 0.01s. For the Fluid model the "User-defined attenuation'
option is chosen, where the previously calculated speed of sound and attenuation
coefficient are inserted. The default value of 1.2kg/m? is used for the air density
parameter.

For comparison purposes, two cases are modelled. The first employs the calculated
sound speed gradient with an ice surface inside the rink, while the second uses a
constant speed of sound and concrete floor. The constant speed of sound is set
to 341 m/s, which corresponds a temperature of 17°C. For the constant speed of
sound, the Intensity computation option is set to "Compute intensity", while for the
graded case it is set to "Compute intensity and power in graded media'.

4.2.2 Results

Ray paths and SPL for the two modelled cases are shown in Figure 4.4. The two cases
are plotted next to each other with the left column representing graded temperature
and the right representing constant temperature. Each row corresponds to a different
time instant, starting with 0.1s, then 0.2, 0.3s and finally 1s. Looking at the first
row at 0.1s, one starts to notice a slight bent of the rays that have been reflected
from the ice surface in the first case (left). However, no such bent is visible in the
constant temperature case. Here the reflected rays are moving straight upwards. At
0.2s, the rays on both cases have already reached the protective glass wall and are
reflected back in the rink. However, in the graded case they seem to be reflected
almost horizontally, while in the constant case they are clearly moving upwards.
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Time=0.1s Ray Trajectories (rac): SPL Time=0.1s Ray Trajectories (rac): SPL
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Time=0.3s Ray Trajectories (rac): SPL Time=03s Ray Trajectories (rac): SPL

Time=1s Ray Trajectories (rac): SPL Time=1s Ray Trajectories (rac): SPL

Figure 4.4: Ray location and SPL at 0.1s (top row), 0.2s (second row), 0.3 s (third
row) and 1s (bottom row). The left column represents the graded temperature case,

while the right column represents a case where the temperature is 17 °C throughout
the hall.

Also, in the graded case, the part of the rays that are reflected outside the rink
after bouncing back from the ground, seem to land mostly in the seating area and
the lower part of the back wall. The situation looks different in the constant case,
where the equivalent rays land at the middle part of the back wall, barely reaching
the seating area. At 0.3 s, some reflected rays have reached the axis of symmetry on
the left side of the geometry. Those rays are positioned much higher in the constant
case than in the graded one, where they remain inside the rink. Finally, at 1s, the
total ray distribution in the room can be compared. A noticeably larger amount
of rays has remained low, inside the ice rink area in the graded case, while in the
constant one they are more evenly distributed throughout the room volume.
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4.3 3D Models

The 3D model aims to reconstruct ice hall 1 and use the ray tracing method to
calculate the impulse response at different receiver positions. Afterwards, the rever-
beration time is obtained from the decay curve, as explained in the theory chapter.
Three different models are constructed. Firstly, a model to simulate the constant
temperature case, where a speed of 341 m/s was used. The second model simulates
the graded temperature case, using the previously calculated sound speed gradient.
Lastly, the graded temperature case is simulated again, but this time without the
protective glass that surrounds the ice rink. This section starts with a general setup,
which is common in all cases and proceeds to describe the specific adjustments and
results of each case.

4.3.1 Setup

A simplified version of the hall geometry is used. It was initially created in AutoCAD
and then imported into COMSOL Multiphysics®. The ice rink is 60 m long and 26 m
wide, while the protective glass height is 2.90m at the long sides and 3.45m at the
short sides. The model geometry is shown in Figure 4.5.

Figure 4.5: 3D model geometry.

The hall volume V is set to 51600 m?. The sound source is omnidirectional with an
initial power Py equal to 0.30 W. Source and receiver positions are chosen to match
those used during the measurements. Two source positions are used, one inside the
ice rink, similar to position 1 in the measurements and one in the audience, similar
to position 3. Three spherical receivers with a 0.6 m radius are used. Two are placed
above the ice surface at 1.5 m and 3m, while the third is located in the audience.
All source and receiver coordinates are displayed in Table 4.2. The corresponding
positions in the model are illustrated in Figures 4.6 and 4.7.
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Table 4.2: 3D model source and receiver coordinates.

Point x-axis y-axis z-axis
Source 1 60 m 32m 2m
Source 3 26.5m 55m 55m

Receiver 1 32.5m 17.5m 1.5m
Receiver 2 32.5m 17.5m 3m
Receiver 3 31.5m 7Tm 4m

(a) Source 1 (b) Source 3

Figure 4.6: 3D model source positions. Position 1 is inside the ice rink and position
3 is in the audience.

The sound speed gradient, air attenuation coefficient, as calculated in Section 4.1, as
well as absorption and scattering coefficients of all surfaces are inserted as Interpola-
tion functions under Global Definitions. The Interpolation method is set to Nearest
Neighbor. The boundary conditions are defined according to the materials of the
different surfaces. Each surface is defined as a Wall boundary in the Ray Acoustics
Interface. Mixed diffuse and specular reflection is the selected option under Wall
Condition. Consequently, the boundary conditions are defined by the absorption
and scattering coefficient of each Wall surface. The surfaces used in the model are
ice, wooden board, plexiglass, concrete walls and floor, seating area, plaster walls,
Paroc walls, curtain and ceiling. The equivalent area of each material can be viewed
in Figure 4.8. The respective absorption and scattering coefficients can be found in
the Annex.

There are some structural differences in the models depending on the chosen in-
tensity computation method. When the speed of sound is constant throughout the
hall volume, the option "Compute Intensity and Power" is selected. The speed of
sound, air density and air attenuation coefficient are inserted in the settings of the
Ray Acoustics interface under "Material Properties of Exterior and Unmeshed Do-
mains'. This option requires only a surface mesh as the air domain is not taken into
consideration. The chosen mesh is free triangular with a maximum element size of
6.48 m and a minimum element size of 0.81 m. A section of the meshed geometry is
shown in Figure 4.9, where also the skewness, which represents element quality, is
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:
fox

i

(c) Receiver 3

Figure 4.7: 3D model receiver positions. Receiver 1 and 2 are placed above the
ice surface at a height of 1.5 m and 3 m respectively. Receiver 3 is in the audience.

depicted. Higher skewness means that the element shapes are regular, contributing
to higher mesh quality. It looks like all element shapes of the chosen mesh are suf-
ficiently good for a smooth calculation.

In the case of graded sound speed the intensity computation method "Compute In-
tensity and Power in graded media" is selected instead. Sound speed as a function
of height, air density and air attenuation coefficient are now inserted in the Medium
Properties settings, selecting "User-defined attenuation" as the Fluid model. As far
as the mesh is concerned, this computation calls for a volumetric instead of a surface
mesh, as the air medium has to be taken into account. A free tetrahedral mesh is
used with two different sizes. It is finer inside the ice rink with a maximum element
size of 1 m and a minimum element size of 0.3 m. The mesh is coarser in the rest of
the hall, with a maximum element size of 2.8 m and a minimum element size of 1 m.
A section of the meshed geometry and skewness is presented in Figure 4.10.
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(b) wooden board (c) protective glass

(a) ice/concrete

(e) seating area (f) plaster walls

(d) concrete walls and
floor

(i) ceiling

(h) Paroc walls

(g) curtain

Figure 4.8: 3D model wall boundaries.

A 0.998

99999

Figure 4.9: Free triangular mesh section and skewness.
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Figure 4.10: Free tetrahedral mesh section and skewness.

The source signal is a parametric sweep in octave bands from 125 Hz to 8 kHz. The
computation is terminated when the power of the rays drops to a certain threshold
power Q4,, which is set to Py/Nyays - 107 W. The number of emitted rays is deter-
mined by Equation 2.23, as explained in the Theory. For At = 0.01s, ¢ = 331m/s
and a receiver radius of 0.6 m, N,qy equals to 260000. Similarly, in the constant
temperature case, where ¢ = 341m/s, the number of emitted rays is 253000. As
described in the Acoustics module user’s guide [9], the Maximum number of sec-
ondary rays has to be sufficiently high so as to provide an accurate representation of
refraction effects. As a result, a value of 5000 is chosen in the graded case, instead of
500, which was the default option. The end time of the simulation 7,4 is set to 5s
for the constant case and 10s for the graded case, as longer reverberation times are
expected. A time-step of 0.01s is defined. However, it is expected that the solver
will take much smaller time-steps when needed, especially in the beginning of the
computation. Furthermore, for the graded temperature case, in the time-dependent
solver settings, the Amplification for high frequencies parameter was set at 0.95
instead of the default 0.75 to prevent tolerance-related errors. The modelled case
without protective glass has the same setup as the graded case. The difference is
that the ice rink area is only defined by the one-meter high wooden board as can be
seen in the geometry depicted in Figure 4.11.

Figure 4.11: 3D model geometry without protective glass.
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Ray trajectories and sound pressure level (SPL) for the 500 Hz band are illustrated

4.3.2.1 Constant temperature case

4.3.2 Results

computed with the sound source at position 1 and 3

)

sssssssss
555555555

in Figures 4.12 and 4.13

respectively.

Ray location and SPL at 500Hz after 10ms (top left), 50ms (top

right), 100 ms (bottom left) and 150 ms (bottom right).

.
.

Figure 4.12

Ray location and SPL at 500Hz after 10ms (top left), 50 ms (top

right), 100 ms (bottom left) and 150 ms (bottom right).

Figure 4.13
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Computed decay curves plotted in a logarithmic scale are shown in Figure 4.14 for
source position 1 and Figure 4.15 for source position 3. Each plot corresponds to
one receiver dataset and includes all seven octave bands used in the calculation.
For each set of plots, the two upper ones represent the rink receivers, positioned at
1.5m (top left) and 3m (top right). Data from the audience receiver is shown at the
bottom plot of each set. The —5dB and —25dB points on the y-axis are marked to
highlight the Ty evaluation range.

-255= L

Figure 4.14: Decay curves as computed at receiver 1 (top left), receiver 2 (top
right) and receiver 3 (bottom) for the seven octave bands used in the model with
the source at position 1.

For source position 1, the decay curves seem to be rather smooth at the level range of
interest in all receiver positions, which means that the resolution is satisfactory for
the Tyy evaluation. The curves of higher frequencies tend to be steeper, which indi-
cates lower reverberation time. Although the lines are not completely straight, they
can be perceived as single slopes. On the contrary, when the source is positioned in
the audience, the resulting decay curves seem to consist of two different slopes, with
the steeper one located at the beginning of each curve. This can be observed over all
receivers and all frequency bands. Double-sloped curves are more prominent in the
audience receiver. The first slope in this case extends over a wider level range with
the bent located at approximately —17 dB. This could raise questions as to the accu-
racy of Ty results, as it is evaluated in the range of —5dB to —25dB, so the second
slope will be mostly disregarded. Another observation could be that the difference
between the two slopes is bigger at lower frequencies and less obvious at higher ones.

The resulting T, as obtained by the three receivers with the sound source at posi-
tions 1 and 3 is illustrated in Figure 4.16. Looking at the left graph, which represents
source position 1, it can be noticed that Ty is very high inside the rink. There is a
large peak at the 500 Hz band, where T5, reaches a value of 7.5s at 1.5 m, followed by
6.5s at 3m. After 1kHz it falls fast, only to end up less than 1s at the 8 kHz octave
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Figure 4.15: Decay curves as computed at receiver 1 (top left), receiver 2 (top
right) and receiver 3 (bottom) for the seven octave bands used in the model with
the source at position 3.

band. On the other hand, the audience receiver displays constant values in the low
to middle frequency range that approximate 3.5s and falls further at higher frequen-
cies to meet the other two receiver results. Overall lower Ty is produced when the
source is outside the rink. A height dependency is still observed, with higher values
obtained by the lowest receiver position. Here, the peak at 500 Hz reaches up to 5s
and then Ty falls down to less than 2s at 2kHz. The 3 m receiver shows decaying
reverberation time values, starting from 4s at 125 Hz and falling down to 1.4s at
1kHz. The third receiver produces more steady reverberation time around 1.5s at
low and middle frequencies that drops a bit further at higher frequencies.

M T T T T T My T T T T T
15m

15m

10 - 3m

= = audience

T20 [sec]

125 250 500 1000 2000 4000

frequency [Hz|

8000

T20 [sec]

3m
= = audience

4000

250 500 1000
frequency [Hz|

2000 8000

Figure 4.16: Simulated T3y with the sound source placed inside the rink (left) and
in the audience area (right). Each line represents one receiver. Receivers 1 and 2 are
located inside the rink at 1.5m and 3m (solid and dotted line respectively), while
receiver 3 is in the audience (dashed line).
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These results are not at all expected. According to the respective measurements, Ty
should fall in the range of 2s to 3s and be relatively constant. The reason could be
that the opposite walls of the protective glass are completely parallel to each other.
This probably does not correspond to reality, where such perfectly parallel walls are
difficult to achieve. To confirm this assumption, the rink walls were slightly tilted
in different directions and angles, to make sure that the sound rays are more evenly
distributed. This was achieved by displacing some points at the upper edge of the
wall by a few centimeters, as illustrated in Figure 4.17. The arrows point to the
direction of the displacement. The black solid lines represent the bottom edge of the
wall with the original parallel configuration and the blue dotted lines represent the
resulting upper edge of the wall after the displacement. The displacement is very
small in reality, but it’s exaggerated in the picture for easier comprehension.

T4cm

Figure 4.17: Schematic representation of the tilted wall configuration.

The new decay curves for each octave band are shown in Figure 4.18 for the three
receiver positions and source position 1 and in 4.19 for source position 3. It seems
that with the tilted-wall configuration, the decay curves tend to be single-sloped for
both source positions used. Two slopes can only be observed in the decay curves of
receiver 1 when the source is located in the audience. The resulting reverberation
time is shown in Figure 4.20. Ty is significantly lower in both cases. For the first
case, where the source is located inside the rink, there is almost no noticeable peak
in reverberation time and it spans between 2.8s and 3.5s up to 1kHz at all three
receivers. At higher frequencies it falls further, as expected. Similar results are
produced when the source is in the audience. Ty, ranges between 3s and 4s at low
and middle frequencies, with the audience receiver producing slightly higher values
than the previous case. These results resemble more closely the real measurements
as shown in Figure 1.1, so this new tilted wall structure is maintained in the following
models.
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Impulse Response_Lovel decay, f=All

Figure 4.18: Decay curves as computed at receiver 1 (top left), receiver 2 (top
right) and receiver 3 (bottom) for the seven octave bands used in the model with
the source at position 1 and the tilted ice rink wall configuration.

Impuise Response Level decay, fo=All

Figure 4.19: Decay curves as computed at receiver 1 (top left), receiver 2 (top
right) and receiver 3 (bottom) for the seven octave bands used in the model with
the source at position 3 and the tilted ice rink wall configuration.

42



4. Simulations
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Figure 4.20: Simulated T3y with the sound source placed inside the rink (left) and
in the audience area (right). Each line represents one receiver. Receivers 1 and 2 are
located inside the rink at 1.5m and 3m (solid and dotted line respectively), while
receiver 3 is in the audience (dashed line).

4.3.2.2 Graded temperature case
Source position 1

Unfortunately, the model configuration with this source placement was very com-
putationally demanding and could not yield results. The solver needed to take very
fine time-steps especially in the beginning of the computation and in combination
with the high amount of emitted rays, the model file was too large. The RAM mem-
ory required to process the impulse responses and render the decay curves exceeded
120 GB, which was more that the computer capabilities.

Source position 3

Since in this case the source is located outside the ice rink, it becomes less compu-
tationally demanding for the graded media algorithm as the number of reflections is
reduced. Thus, the impulse responses could be computed and reverberation time re-
sults could be obtained. However, it was still a cuambersome computation that lasted
approximately 60 hours. Resulting decay curves for the three receiver positions and
all frequency bands are shown in Figure 4.21. A higher amount of irregularities
is observed compared with the constant case. That could have some effect on the
accuracy of the resulting T5y. Ideally, a higher resolution with a higher amount of
rays would be needed for smoother curves. As far as the slope is concerned, is seems
that all curves from all receiver positions and all frequency bands exhibit double-
slope characteristics. The effect is more pronounced in the decay curves produced
by receiver 3. Here, the first slope extends over a wider level range than in the cases
where the receivers are located inside the ice rink.
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Figure 4.21: Decay curves as computed at receiver 1 (top left), receiver 2 (top
right) and receiver 3 (bottom) for the seven octave bands used in the model with
the source at position 3.

The corresponding reverberation times are illustrated in Figure 4.22. Highest Ty,
values are obtained by receiver 1 at 1.5m over the ice. It shows a peak that almost
reaches 5s in the 500 Hz band. A similar peak is found in the receiver 2 results,
but approximately 1s lower. In general Ty results from the 3m receiver show a
similar tendency with receiver 1 results, but with slightly lower values. The results
converge above 2 kHz, where no height dependency is present. The audience receiver
produces much lower Ty, values. No peak is detectable and T, is pretty constant
around 1.5s until 1kHz and falling further to 0.5s at high frequencies.

1.5m
10 3m b

= = -audience
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‘
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Figure 4.22: Simulated Ty, with the sound source placed in the audience. Each line
represents one receiver. Receivers 1 and 2 are located inside the rink at 1.5m and
3m (solid and dotted line respectively), while receiver 3 is in the audience (dashed
line).
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4.3.2.3 Graded temperature case without protective glass

The final model presents the case with graded temperature and ice inside the rink,
however with no protective glass walls. The rink is surrounded only with the one-
meter high wooden board. This case is easier to compute and could yield results
in source position 1, because the ice rink wall height is significantly reduced, thus
reducing the amount of produced reflections. Reverberation time results for source
position 1 can be viewed in Figure 4.23. Ty is very low in this case. It is fairly
constant with no peak, spanning between 2s and 2.5s among the receiver positions.
At high frequencies it falls further to 1s. The dip in receiver 2 and 3 results at 1 kHz
is questionable and it is believed that it doesn’t represent reality. In any case, no
significant height dependency is observed in the results.
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Figure 4.23: Simulated 75y with the sound source placed inside the rink. Each line
represents one receiver. Receivers 1 and 2 are located inside the rink at 1.5m and
3m (solid and dotted line respectively), while receiver 3 is in the audience (dashed
line).
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Discussion

Measurement results

The new measurements in ice hall 1 support the previously performed ones, where
the phenomenon of long reverberation time was initially observed. The measure-
ments in the two additional halls prove that this is not a single hall phenomenon,
since the reverberation time curves show similar tendencies in all cases. It could
then be assumed that analogous Ty results can be expected in all ice hockey halls.
Certainly deviations are to be expected, since reverberation time depends on hall
properties like size, geometry and absorption among others. Deviations are to be
expected even in the same hall depending on time of day or time of the year, as the
outside temperature plays a role in the resulting temperature gradient. However,
the temperature gradient inside the ice rink and the rink dimensions and almost the
same in all halls and are those that mainly affect T59. Consequently, it would be
reasonable to anticipate a peak of reverberation time in the low to middle frequency
range inside the rink in every hall.

By comparison of the measured reverberation time of the three ice halls (Figures
3.5, 3.9 and 3.11), it can be observed that the peak of Ty is located in the 400 Hz
or 500 Hz band, with high reverberation times measured in a wider range, spanning
between 250 Hz and 630 Hz. A strong height dependency is present in the results
within this frequency range, with higher 75, measured at lower points inside the ice
rink. Outside this range, the reverberation time is rather constant and the results
don’t seem to be affected by the receiver’s height. In all cases much higher 75
values are measured when the sound source is located inside the ice rink. Depend-
ing on the hall, the peak of Ty can reach a value of 7s up to 10s when measured
by the lowest receiver, located at 1.5m above the ice surface. Lower reverberation
time is obtained when the source is in the audience, with the peak being reduced
by 2s to 3s at all receiver positions. It also tends to flatten or even disappear at
higher microphone placements giving its place to a less varied curve. It should also
be mentioned that at frequencies above 2kHz there is a much stronger agreement
in the results of all halls. A similar descending pattern is noticeable at all source
and receiver positions, with Ty, starting with a value of 2.5s and decaying gradu-
ally with frequency, landing at almost 1.5s at 10 kHz. This is due to the fact that
at higher frequencies, the wavelengths of the emitted sound are so short that are
mainly affected by air absorption, which is very similar in all three halls.
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2D model

The 2D Axisymmetric model results come to confirm the initial hypothesis of refrac-
tion effects having an impact on the ray paths in the hall. As shown in Figure 4.4,
in the graded temperature case, temperature inversion leads to downward bending
of the sound rays, in contrast to the straight rays that are visible in the constant
temperature case. The ray distribution throughout the space is accordingly affected,
with many of the rays being trapped inside the ice rink when ice is present. They re-
main closer to the ice and keep being reflected on the protective glass walls, leading
to a higher accumulation of energy inside the rink area. The 2D model proves that
the temperature gradient and the hall geometry are sufficient for refraction to take
place and have an impact on the ray trajectories and can be successfully simulated.
It thus gives the green light for further investigation and evaluation of reverberation
time in 3D.

3D models with constant temperature

At the beginning, a model with completely parallel rink walls was created. However,
the results were not as expected, since reverberation time as shown in Figure 4.16
reaches up to 7s instead of 3s that was the corresponding measurement result. Par-
allel walls enable the formation of standing waves inside the rink. The sound rays
are being reflected back and forth and since the walls are flat and of low absorption,
there are no big energy losses after each reflection. Consequently, a large amount of
energy remains in the rink, leading to the observed high reverberation time. A new
rink geometry was then created, where the protective glass walls were slightly tilted
in an attempt to reduce the amount of standing waves.

Ty results from the tilted wall configuration as illustrated in Figure 4.20 are much
lower, around 3s. Both source positions yield similar results. The receiver position
doesn’t seem to greatly affect the resulting Ty, either. Therefore, it can assumed
that reverberation time is rather constant throughout the hall. Figure 5.1 presents
the previously shown 3D model results for the constant temperature case with tilted
rink walls together with the corresponding results from former measurements as
were presented in the Introduction. The sound source and receivers are located
inside the rink. In the simulation results, T, from the audience receiver is also
included. The simulation results bear a big resemblance with the measured ones.
The measurements show a reverberation time of about 3s in the middle frequency
range that drops to 1s at high frequencies. The simulated reverberation time is
approximately 0.5s higher at low to middle frequencies, but follows a very similar
trend in general. In both cases there is no observed difference between the receivers
placed inside the rink area. It can be concluded that this tilted wall configuration
is a closer representation of the real case, as in reality it is very rare to come across
completely parallel walls. Moreover, the overall model can be considered to be
adequately constructed. The simplified geometry and the absorption and scattering
coefficients used can be considered sufficient and representative of the actual hall
and the hall materials and yield reasonable results.
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Figure 5.1: Measured (left) and simulated (right) T5y at various receiver positions
for the case of concrete on the ground inside the rink and constant hall temperature

(17°C).

3D model with graded temperature

As explained in the Simulations chapter, the intensity computation in a graded
medium is much more demanding than in a homogeneous one, as the air medium
is taken into consideration and bended wavefronts are created. Moreover, for this
hall size and temperature gradient, a high amount of rays is needed in order to yield
reasonable reverberation time results. The computation is more tedious when the
source is placed inside the ice rink. A higher amount of reflections is produced and
the solver needs to take very small time steps for them to be successfully represented.
For all these reasons, reasonable results could not be obtained with source position
1 since the memory requirements were too high. 260000 rays were used, which cor-
respond to a receiver radius of 0.6 m, according to Equation 2.23. A smaller amount
of rays and by extension a wider receiver radius would reduce the size of memory
needed. However, the resulting reverberation time would not be representative as
the receiver radius would be too wide to take into account the temperature gradient
effects.

Source position 3 is less demanding, since the source is placed in the audience area
and less reflections take place in the immediate vicinity of the release. Furthermore,
the source is located higher and the temperature gradient is less extreme at that
point. There is definitely an amount of rays that are trapped inside the ice rink and
reflected as in the source position 1 case. However it is a much smaller number and
the ray power is reduced by that time, so the time they remain inside the ice rink
until the computation is terminated is also reduced. Consequently, it was possible
to acquire reasonable results with this source position. Computed T5q is shown in
Figure 5.2 together with the measurement results for this source placement. The
reader is reminded to ignore the large peak of the measured results in the 630 Hz
band (left graph), since it represents an unfortunate double shot of the start pistol
and is irrelevant to the actual reverberation time. There seems to be a strong resem-
blance in the simulation and measurement results from receiver 1 and 2, which were
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located at 1.5m and 3m above the ice surface respectively. A height dependency
is clearly visible in both cases with higher Ty, observed closer to the ice surface.
T5o results from the audience receiver in the simulation are much lower than in the
measurement. This could be attributed to the fact that the decay curves at this
position (as seen in the bottom graph of Figure 4.21) are made up of two different
slopes, with the first steeper one extending to a level as low as —20dB in some
octave bands. As a result, this slope is mostly used in the Ty, evaluation, leading
to much lower values.
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Figure 5.2: Measured (left) and simulated (right) T3 for the graded temperature
case with the source at position 3 in the audience.

Possible 3D model improvements

The simulation results seem to bare an adequate resemblance to the measurements,
therefore the COMSOL models can be considered sufficient to confirm the initial
hypothesis. However, there is certainly room for further adjustments for the results
to be an accurate representation of reality. A question that could be raised is whether
Equation 2.23 that was used to determine the required amount of rays depending
on receiver radius is also valid in the graded temperature scenario. In any case, a
smaller receiver radius and therefore a larger amount of rays is assumed to increase
the resolution of the produced decay curves and contribute to more reliable and
accurate reverberation time results. The mesh resolution and the selected time-
steps could be further studied and optimized as well. As far as the geometry is
concerned, it could be modified to include some more details like door openings.
Frequency-dependent scattering coefficients could be used in case there is available
data in the future. Also angle-dependent absorption coefficients could be more
precise in the graded temperature case.

General remarks

After having reviewed the results from both constant and graded temperature mod-
els, a noteworthy observation would be that the initial model with the parallel rink
walls and the graded temperature model share lots of common features. In both
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cases a larger amount of energy is trapped inside the rink. In the constant tem-
perature case, this can be attributed to the rink wall shape that creates standing
waves. In the graded temperature case, refraction keeps the sound rays closer to the
ground, as previously explained. This larger amount of energy leads to increased
reverberation time in the rink. Figure 5.3 presents again the results from the first
measurement together with the simulation results of the constant case with parallel
walls with the source in position 1. What is interesting is the fact that in both cases
the highest values of Ty, are located in similar frequencies. Of course the measure-
ment results are more detailed since they are presented in third octave bands, but
in general the tendency is the same. Moreover, there is a clear dependency of the
results on receiver height.
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Figure 5.3: Ty results from the first measurement (left) and from the simulation
of the constant temperature case with parallel rink walls (right).

In either case, this energy concentration inside the rink hinders the creation of a
diffuse field in the hall, thus leading to coupled room effects. As a result, double-
sloped decay curves are created. As mentioned in the Theory, this means that the
various modes of the room are decaying with different damping constants. Double-
sloped decay curves can be seen in Figure 4.15 for the constant temperature, parallel-
wall case and Figure 4.21 for the graded temperature case at all receiver positions.
The coupled-room assumption is also confirmed by the measurement results, as
shown in Figures 3.6 and 3.7. The fact that T3 is longer than 75 in some frequencies
points out that they are calculated from two different slopes. It can be concluded
that the set of modes corresponding to those frequencies are the ones that are less
damped and decay with a lower rate. A question then would be why this set of
modes in particular. It could be attributed to their wavelength. Lower frequencies
have larger wavelengths that can pass through the walls, while higher frequencies
with shorter wavelengths are primarily affected by air absorption. That means that
the middle frequencies are those whose wavelengths fit to the dimensions of the ice
rink and are perpetually reflected.
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Conclusion

The aim of this thesis was to study and explain the high reverberation time that was
observed at certain frequency bands after measurements in an ice hockey hall. The
measurements were repeated and extended to two more halls and thus verified that
this is a phenomenon concerning ice hockey halls in general. Through simulations
in COMSOL Multiphysics® it was shown that the temperature gradient and ice rink
dimensions are sufficiently large for refraction effects to take place. Moreover, the
simulated reverberation time results came close to the measured ones, proving that
the predescribed phenomenon can be modelled. It was concluded that the reason
why longer reverberation is present in the low to middle frequency range is a com-
bination of factors. Sound rays are bended downwards due to refraction and then
they are being trapped inside the protective glass walls that surround the ice rink.
Since there is very little absorption, they are being reflected back and forth lead-
ing to an increased amount of energy in the rink. The frequency range in which
this phenomenon is detected corresponds to the modes that fit the rink dimensions,
which consequently dominate the reverberation time.

A model without protective glass walls was constructed to showcase the effects of
added absorption on the reverberation time. 75, was then significantly decreased
and remained constant throughout the frequency range. It was thus proved that
with added absorption, the amount of reflections would be effectively reduced, con-
tributing to much shorter reverberation time. In reality, however, it is difficult to
apply absorption inside the rink. The protective glass walls are serving specific
functions, supporting the sport and audience safety and are constructed according
to strict rules. One suggestion to reduce the amount of reflections in the rink could
be to slightly tilt all walls upwards so that the sound rays are directed upwards
and escape the rink. Another suggestion would be to use perforated glass in order
to add some absorption on the walls. The amount of perforation should be such
that will not obstruct visibility and the glass should be strong enough to hold the
force of the players and the puck. These are some ideas for future consideration. It
remains to be seen whether they can be successfully implemented or other possible
improvements can be explored. By present, it would be advised that the players
should wear some kind of ear protection if it doesn’t obstruct their performance, so
they are shielded from high noise level exposure.
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A

Appendix

Table A.1: Frequency-dependent absorption coefficients « of the ice hall materials
used in the simulation.

Absorption
Material coefficient
125 Hz 250 Hz 500 Hz 1kHz 2 kHz 4 kHz 8 kHz

Ice 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Concrete 0.10 0.05 0.06 0.07 0.09 0.08 0.08
Glass 0.18 0.06 0.04 0.03 0.02 0.02 0.02
Board 0.42 0.21 0.10 0.08 0.06 0.06 0.06
Seating 0.44 0.60 0.77 0.89 0.82 0.70 0.80
Plaster walls 0.15 0.10 0.06 0.04 0.04 0.04 0.05
Paroc walls 0.10 0.20 0.10 0.10 0.05 0.05 0.05
Curtain 0.15 0.10 0.06 0.04 0.04 0.04 0.05
Ceiling 0.68 0.81 0.93 1.00 0.95 0.84 0.75

Table A.2: Scattering coefficients s of the ice hall materials used in the simulation.

Scattering

Material coefficient
Ice 0.05
Concrete 0.05
Glass 0.05
Board 0.05
Seating 0.30
Plaster walls 0.05
Paroc walls 0.05
Curtain 0.05
Ceiling 0.20
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