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Abstract: Two significant spaces define the soundscape of worship in a church: chancel and nave. The
chancel is a space with the primary function of a sound source, where the preachers and choir are often
seated during church services. Church design and layout have changed throughout history based on
the functional needs of its target congregation. Some modern churches have omitted the chancel to fit
contemporary design aesthetics. The main aim of this study is to investigate the relationship between
the chancel and the acoustics performance of a church. Four churches with varying geometries of
circular, polygonal, and rectangular chancels were selected for this study. Two simulations of varying
chancel characteristics of chancel availability and chancel geometry were conducted. The recorded
speech intelligibility index (STI) and reverberation time (RT) results indicate that chancel availability and
geometry significantly affect churches’ acoustic performance. The simulation of the chancel availability
mainly affected speech intelligibility, where the models with chancels recorded a higher STI than the
models without chancels. In terms of chancel geometry, the results of the STI of the circular chancels
were more encouraging than the polygonal and rectangular chancels.

Keywords: acoustics; church; church design; chancel; chancel geometry; room shape; simulation;
speech intelligibility; reverberation time

1. Introduction

Gary Siebein [1] described the soundscape of worship as “based upon the presence
of a cosmos, God or higher power worthy of worship with whom people feel a need to
communicate in a variety of ways” (p. 5). One way in which people communicate in a
church is through spoken words, be it through singing, chanting, reciting, or preaching.
In the discussion of the soundscape of worship, each worship member has their own
designated location in the worship space [1]. In church architecture, two significant spaces
define the soundscape of worship: chancel and nave. The chancel is the space around
the altar, located at the east end (front part) of a traditional church building. In terms of
functionality, the chancel is the area where the altar is located and where the pastors and
choir are often seated, while the congregation is usually seated in the nave [2,3]. Based on
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this spatial description, the differences between the chancel and nave can be distinguished
in that the nave is intended as an area for sound receivers, while the chancel acts as the
sound source.

Acoustics in churches play a significant role in the Christian worship service, as most
of the service consists of singing and preaching. In early Rome, Christian worship meetings
were held in secret and, thus, worshippers occupied underground galleries of ancient mines.
These catacombs are spaces made of stones, which essentially made them caves. The nature
of caves dictates that the acoustics have a very long reverberation time [4]. The long
reverberation had an impact on how sacred texts were perceived. Acoustic environments
that create reverberant and fragmented accentuation can magnify the intensity of the
emotional impact and create a sensory experience of divine spiritual attachment, which
might have a decisive impact on the later development of church liturgy [4-6].

During the Middle Ages, namely, during the Renaissance, monumental cathedrals
of the Roman Catholics had acoustical environments with high reverberation for musical
liturgy and chanting. Early Christian service encouraged choral singing as part of the main
liturgy due to the language barrier that persisted at the time, when the people did not know
Latin. The only way to engage congregations spiritually was through music and singing. It
was only later when the Vatican Council’s emphasis on the significance of understanding
the sermons that national languages were introduced in catholic churches [3,5,7-9]. Eastern
Orthodox churches are dominated by one primary form of sound transmission, which is
singing, as the liturgy of most churches consists of singing for most of the service. The only
spoken part of the service is when the pastor is preaching to the congregation [10]. Therefore,
unlike medieval cathedrals, the early churches and synagogues required less reverberant
spaces, as their worship services mainly focused on sermons and scriptural readings [7].

In early 1517, the Protestant Reformation began, dismantling the institutional unity of
the Roman Catholic Church in Western Europe and pioneering a new branch of Christianity.
Since the beginning of this era, speech intelligibility has become a significant acoustical
parameter in church services compared to previous medieval cathedrals [11].

Modern worship spaces in churches have several functions based on the church’s
liturgical style. For example, the cathedrals are suitable for the organ’s musical sounds and
chants due to the fact of their high reverberation. At the same time, these cathedrals also
need to fulfil the role of providing sermons and speeches from church leaders that require a
greater need for speech intelligibility. On the other hand, the evangelical liturgical style has
a large volume, like cathedrals. However, the worship service only plays contemporary
music, usually accompanied by electrical organs and keyboards [11].

Traditionally, a church can be categorized as a highly reverberant space, not only due
to the materials chosen to build the space but also because the spaces were meant for a
congregation of a large number of people, hence the vast size of the space [9]. Due to the
various acoustic needs of services, churches are acoustically challenged in that they need to
strike a balance between clear speech intelligibility during sermons and musical singing
during worship, as the reverberation time required for both situations have a difference of
one-half of the value. Ideally, one should not be sacrificed for the other [8,12-14].

Accounts regarding the acoustical qualities of churches were first written by Sir
Christopher Wren (1632-1723), a British architect who was famous for the reconstruction of
churches after the Great Fire in London in 1666 [15]. Church acoustic studies have been
growing ever since, with more studies being conducted on the effects of reverberation time
and other acoustic descriptors, such as definition (D50), center time (Ts), musical clarity
(C80) and intelligibility, physical properties of materials, and even room designs [4,8,16-18].

The geometrical elements of a church significantly impact its acoustics performance.
Alvarez-Morales and Martellotta [19] discussed the geometrical acoustics of six historic
Catholic churches in Italy and Spain. The study describes the geometrical properties
present in these churches and how they affect the acoustics performance of each church.
The geometrical elements discussed include the layout plan (rectangular plan, Basilican
plan, Latin cross plan, and Greek cross plan) and the arch style of the roofs (Romanesque,
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Gothic, Renaissance, and Baroque) [19]. A typical church shape is the cross shape, consisting
of a central rectangular hall with additional side rectangles and another rectangular space
in the front for the altar, sanctuary, or chancel [20].

For optimum acoustical performance in a church, the fundamental room geometry
must be considered during the preliminary design stage of the church. Some geometrical
shapes carry more benefits than others, especially in the projection of early speech sound,
which is crucial for optimum speech intelligibility. On the other hand, some room shapes
can cause serious acoustical hindrances, such as standing waves, flutter echo, wound
focusing, and intensive late reflections that are greater than 100 ms. Concave shapes that
concentrate reflected sound should be avoided, especially if not appropriately treated with
sound-diffusing materials [21,22].

In addition, long, flat parallel walls can result in undesirable flutter echo that drastically
lowers speech intelligibility. Spatial separation, as seen in older churches, such as alcoves
and archways, can lower the effectiveness of the projection of early speech sound, thus
leading to weaker speech intelligibility [7]. Furthermore, wide fan shapes and semicircular
plans usually will not project strong early lateral reflections, because the perimeter walls
will be located too far apart unless overhead sound reflectors are installed to help solve
the lack of lateral sound reflected from the walls. However, the “reverse” fan shape (i.e., a
room that tappers towards the end) can provide music’s most excellent lateral reflections
and spatial impression [23,24].

These geometrical considerations should be taken into account in designing the floor
plan, the section of the room, and a room’s geometry in three dimensions. Henceforth, the
ratios of the room’s length to its width and the ratio of the room’s height to its width are
significant design considerations that need to be considered [7].

The main aim of this study was to investigate the impact of the chancel on churches’
acoustics performance using computer modeling and simulation analysis. The study
focused on the spatial distribution patterns of speech intelligibility (STI) and reverberation
time (RT) in the absence of artificial sound reinforcement systems. The room characteristics
concerning the chancel experimented on in this study were (i) chancel availability and
(ii) chancel geometry.

2. Methodology

The selection of churches representing Malaysia’s traditional churches was based on
their differing chancel shapes. Four churches in Kuala Lumpur and Selangor, with three
distinct chancel shapes of circular, polygonal, and rectangular, were selected. Traditional
churches from the 1890s to 1930s were selected for the study, as chancels were only found in
traditional churches. This is because chancels have become less defined in modern church
designs [25]. The measured drawings of the four churches were obtained from student
works in the University of Malaya’s Built Environment Library. The churches selected have
a seating capacity of fewer than 1000 seats, as this is generally acceptable for churches that
utilize only natural sound sources [26]. The capacity and physical measurements of the
church are summarized in Tables 1 and 2.

Table 1. Main physical characteristics of the churches in this study.

No. Church Chancel Type Year No. of Seats
1 C1 Circular 1990 600
2 P1 Polygonal 1894 280
3 P2 Polygonal 1913 960
4 R1 Rectangular 1937 220
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Table 2. Main dimensions of the churches in this study.
Dimension of Hall (m) s
No. Church
0 urc L W - Volume (m>)
1 C1 40.22 11.58 10.90 4670.33
2 P1 31.05 8.84 12.52 2713.51
3 P2 46.40 36.39 10.06 8377.47
4 R1 15.05 11.87 8.25 1473.81

2.1. Chancel Availability vs. Acoustical Performance

The first objective of this study was to identify and analyze the acoustical performance
of traditional churches based on the availability of a chancel. Thus, in Simulation 1, the
four churches were modeled with and without their chancels, as illustrated in Table 3. In
contrast, the property of the churches’ naves remained constant, including their volume,
seating capacity, and assigned material.

Table 3. The four churches and their modified chancels’ availability (Simulation 1).

Church Original Design (with Chancel) without Chancel

C1

P1

P2

R1

2.2. Chancel Geometry vs. Acoustical Performance

The study’s second objective was to identify the chancel geometry’s impact on the
church’s acoustical performance. Simulation 2 consisted of simulations of each church
with its original chancel shapes and simulations of each church with modified chancel
shapes of two other geometries of either circular, polygonal, or rectangular chancel shapes,
as illustrated in Table 4. As the simulation aimed to see the effect of different chancel
geometries, it was ensured that the chancel shapes were the only variable of the models.
Hence, even though the chancel geometry was modified, the volume and finishing materials
of the chancel remained almost the same.
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Table 4. The four churches with their original and modified chancel shapes (Simulation 2).

Church Circular Polygonal Rectangular

c1 0 j
(e
Modified
m o
d../i 0 o 1
Original
P2

Modified Modified riginal

2.3. Simulation Procedure

The plans and sections of the four selected churches were collected. The naves and
chancels of these churches were then modeled into three-dimensional drawings using
Google SketchUp 2016. This software was chosen because of its compatibility with ODEON
Room Acoustic Software 13.02 Industrial requirements, which was the selected acoustic
software for this study. ODEON recommended that the surfaces of the models used in
the software be constructed in large dimensions of approximately 0.34 m, which was
deemed to be higher than one wavelength at the midfrequency range [27,28]. Hence,
architectural details such as ornaments, cornices, and framings were excluded during the
3D modeling process, because such detail does not create any prominent early reflections to
the receivers and the results of the simulations [28-30]. However, based on a previous study
on modeling simplification for acoustics simulation in ODEON [27], it was determined
that some details pertaining to the typical components of churches, such as doors and
windows, remained as is. The finalized models were then imported into ODEON. They
were examined for “leakages” by conducting a water tightness test using 3D investigative
rays, as recommended in ODEON [28]. This step ensured that the model was fully enclosed
to produce simulations with accurate readings.

The sound sources for each church were positioned at the center of the chancels and
raised 1.5 m above the floor level to mimic the average height of a standing person [26].
As the churches selected for this study are traditional churches built in the early 1900s
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to the 1990s, the study conducted the experiment by assuming the absence of a modern
audio system, which explains the sound source type used in this study. The receivers were
spread uniformly throughout the churches’ nave in rows from the front, middle, and rear
at a height of 1.2 m. Table 5 shows the basic room setting information for the simulations.
The positioning of the sound sources and receivers for each church is illustrated in Table 6.
Since there are no acoustical data and detailed information on the acoustic properties
of the materials in the measured drawing, the materials assigned were applied with the
nearest absorption coefficient data that could represent the typical or plausible surfaces
and materials of the churches, which were adapted from the software’s material library
database. As this study focused on the effect of chancel availability and geometry, the same
set of materials with similar acoustic absorption coefficients was applied to avoid random
variables that could affect the simulation results. It should also be noted that all simulated
models considered 100% occupancy as a constant variable representing the church’s full
operation. This is reflected in the material selection for the seating. Table 7 shows the
absorption coefficients of the materials applied in the simulated models.

Table 5. Basic information of the simulation settings fixed in ODEON.

No. of sound sources 1 (set at 1.5 m high from the floor)

BOSE BB93_RAISED_NATURAL_S08;

Total power: 75.4 dB(A)

Grid Points (all set at 1.2 m high)

C1: 16 points; P1: 16 points; P2: 24 points; R1: 16 points
Impulse response length Between 1660 ms and 6020 ms

Temperature input 24°C

Sound source type

No. of multi-point responses

Table 6. Location of the sound source and receivers (red: source; blue: receiver).

Church Source and Receivers’ Location

P1

=
E
Sie
Sz

.
etey
B
=]
=
(
e -~
"

] g 1
i Bl 8|
| |

R1
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Table 7. Sound absorption coefficient of the materials used in the simulated models.

No.

Component

Frequency

250 500 1000 2000

Material/Description

XIS U s WN P

Floor
Walls
Ceiling
Column
Seating

Window
Door
Railing

Carpeted (on ceramic tiles) 0.44 0.68 0.79 0.56
Smooth brickwork 0.09 0.12 0.16 0.22
Perforated gypsum board 0.55 0.60 0.90 0.86
Concrete column, painted 0.05 0.06 0.07 0.09
Wooden chair, with the assumption of 0.24 056 0.69 081
100% occupancy

Ordinary window glass 0.25 0.18 0.12 0.07
Solid wooden door 0.10 0.06 0.08 0.10
Solid glass block 0.02 0.02 0.02 0.02

-----------------

It should be noted that the plans and sections of the existing traditional churches
used in this study were obtained from an architectural library archive, which was the
product of a measured drawing class, a compulsory subject in the architectural curriculum.
The course aimed to produce related documents and learn about architectural elements,
such as building plans, concepts, layouts, spatial organization, and architectural details, of
Malaysia’s architectural heritage buildings. The study of acoustics was not included then;
hence, the data only contained information on the design and technical measurements
of the churches. Furthermore, the churches have undergone significant refurbishment
work, which has diverted the construction and finishes from the original design. As the
study’s primary purpose was to study and compare the chancel availability and forms in
the early design of the churches, the need to compare the simulated acoustic data with the
actual measured data was omitted. This should not affect the research’s primary purpose,
which was experimenting with the geometrical designs of the churches. Nevertheless, the
conditions of the models were regulated by applying materials that matched the churches’
plausible surface materials. Hence, the discrepancies and variables between the original
and the modified models were limited to only the geometrical differences.

2.4. Acoustical Parameter

The acoustics parameters used to determine the acoustical performance of the selected
churches in this study were the (i) speech transmission index (STI) [31] and (ii) reverberation
time (RT).

Figure 1 shows that a good STI rating ranges from 0.6 to 0.75. Ermann [32] describes
speech intelligibility as the ability to identify and distinguish the form and structure of
the speech sound and to identify the sound of consonants and vowels clearly. A reference
scale was proposed by Barnett [33], the Common Intelligibility Scale (CIS), based on a
mathematical relation with STI (CIS =1 + log (STI)).

.........................................................................

Figure 1. Speech Transmission Index (STI) rating and the Common Intelligibility Scale (CIS).

Doelle [34] recommended that the RT for traditional churches depends according to
the respective church sizes. Since all churches selected in this study are Roman Catholic
churches, the recommended RT is determined as follows: C1, P1, P2 is between 2.0 and
2.6s,and R1is 1.9s.
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3. Results and Discussion
3.1. Chancel Availability vs. Acoustical Performance

Figure 2 illustrates the speech intelligibility ratings of the four churches in the with- and
without-chancel simulations. The effectiveness of the chancels is evident across the graphs,
where the simulation with chancels showed more uniform and constant STI readings,
even at receivers located farther away from the sound source. The without-chancels
simulation showed stronger STI readings near the sound source. However, the steep graph
line indicates a quick decrease in the STI as the distance increased. The with-chancel
simulations have better STI ratings at longer distances from the sound source than the
without-chancel simulations. Generally, all churches, regardless of the chancel availability,
had “good” ratings in the STI of 0.6-0.75. This is because the presence of a chancel helps
direct the early sound reflections from the source to the back of the room and enables a
more uniform STI reading. Older churches tend to have chancels to assist in projecting
sound from the preacher to the congregation to ensure the speech can be heard clearly
throughout the church.

0.9
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Figure 2. Comparison of the average STI between the simulations with a chancel and without a
chancel: (a) C1; (b) P1; (c) P2; (d) R1. (Blue and orange dotted lines are the trendlines for both with
and without chancel data, respectively).
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Figure 3a—d compare the reverberation time (RT) readings of the four churches in the
simulations with and without chancels, respectively. The RT data for both simulations are
presented in the midfrequency range of 250 Hz to 2000 Hz, which is within the normal
human voice range. Through the simulations, it is evident that the chancel’s availability
impacts the RT value in the church. However, the impact is not consistent in all churches.
The simulation results for C1 and P1 show that the two churches obtained lower RTs
without chancels. Meanwhile, the P2 results show a different trend, where the model
without a chancel resulted in slightly higher RT levels. On the other hand, R1 shows no
changes in the RT values for both models. It should be noted that none of the churches,
with or without a chancel, attained the recommended RT of 2.0-2.6 s for the large churches
(C1, P1, and P2) and 1.9 s for the medium churches (R1).
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Figure 3. Comparison of the average RT between the simulations with a chancel and without a
chancel: (a) C1; (b) P1; (c) P2; (d) R1.

Comparing the simulated results between STI and RT for the four churches, it is
evident that the RT levels were low, as they fell way below the recommended RT levels. As
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music needs a longer RT to be effective and stimulating, the RT should be on the higher
side of the recommended range [31]. Therefore, it can be said that the four churches are
more appropriate for preaching services rather than for singing or music.

3.2. Chancel Geometry vs. Acoustical Performance

Figure 4 shows the effectiveness of the circular, polygonal, and rectangular chancel
shapes on the STI for the four churches. The circular chancels performed the best in
terms of speech intelligibility in C1, P2, and R1. The concave walls and ceiling of the
circular chancel help focus and direct sound reflections [31,35,36] towards the congregation
seated at the nave or, in this case, the sound receivers, thus providing better STI readings
compared to other geometries. Regardless, the polygonal chancel performed better in P1.
The rectangular chancels consistently recorded the lowest STI readings across all churches
compared to the circular and polygonal shape chancels. Regardless of the chancel geometry,
all churches recorded exceptional STI readings above 0.6. C1, and R1 reached “excellent”
STI ratings of 0.75 and above in some receiver points closer to the sound source.
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Figure 4. Comparison of the average STI among the various chancel shapes: (a) C1; (b) P1; (c) P2;
(d) R1. (Blue, orange, and grey dotted lines are the trendlines for circular, polygonal, and rectangular
church data, respectively).
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The effectiveness of the different chancel shapes on the reverberation time (RT) for
C1, P1, P2, and R1 are presented in Figure 5. Throughout the four churches, it is apparent
that rectangular chancels resulted in the highest RT. On the other hand, circular chancels
recorded the lowest RT, even in C1, which has a circular chancel as the original chancel
shape. Circular and polygonal chancels have concave walls and ceilings, which cause too
many early sound reflections [31,35,36]. This leads to energy loss as they reach the sound
receivers and, thus, lose decibels faster, leading to a lower RT in circular and polygonal
chancels than rectangular chancels. As per the RT results from Simulation 1, none of the
churches achieved the recommended RT of 2.0-2.6 s for the large churches (C1, P1 & P2)
and 1.9 s for the medium size churches (R1).
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Figure 5. Comparison of the average RT among various chancel shapes: (a) C1; (b) P1; (c) P2; (d) R1.

4. Conclusions

In the study of church acoustics, many layers and variables can significantly affect
the acoustics performance. The variables of physical design alone can range from the
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References

geometrical shapes of the floor plans, room width and height, and the volumetric area
to the selection of materials for the internal surfaces of the church. The presence of a
congregation or, in technical terms, the room occupancy ratio is another determining
factor of church acoustics performance. The presence of people could indirectly affect the
acoustics of a church by increasing the sound absorption in the space, lowering the RT and,
consequently, increasing speech intelligibility. Another crucial element that can significantly
influence a church’s acoustics is the audio design. Whether or not a church uses a public
address (PA) system or depends solely on the preacher’s voice power can influence the
acoustic performance and the physical design of the church as well. However, the main
objective of this study was to analyze the impact of chancel availability and geometrical
form on the acoustical performance of traditional churches. Four traditional churches with
distinct chancel features were categorized into three main geometrical categories: circular,
polygonal, and rectangular. The general results showed that the chancel design could
impact the performance of the acoustics, specifically the RT and speech intelligibility, a
significant parameter in the study of church acoustics. Based on the results presented in this
study, it can be concluded that the chancel can notably impact the acoustics performance of
a church. Simulation 1, which studied the availability of a chancel, demonstrated how the
presence of a chancel significantly influences speech intelligibility. The presence of a chancel
assisted in making sure speech sounds were still comprehensible, even for the congregation
at the back of the nave. On the other hand, the chancel availability presented little impact
on the churches’” RT due to the inconsistent results from all four churches. Regarding
the chancel shapes studied in Simulation 2, rectangular-shaped chancels recorded the
highest RT compared to other chancel shapes. This might be due to the small amount
of sound wave reflection that produces constructive waves, which could be better for
reverberation. However, none of the churches with any chancel shapes achieved their
respective recommended RT. Meanwhile, circular-shaped chancels fared well in the STI
rating due to the short distance between the wall and the sound source, leading to more
early reflections reaching the audience more quickly. Further onsite investigations with
existing conditions and occupancy ratio experiments are being pursued intensively.
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