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ABSTRACT

This research aims to identify optimal design strategies for natural ventilation
systems in order to predict traffic and air flow noise level in indoor environments set in
urban settlements. Natural ventilation systems can utilize outdoor air in order to improve
the quality of the indoor environment as well as to reduce energy consumption. However,
natural ventilation systems create acoustic problems if a building is in an urban area. For
instance, if windows are opened for natural ventilation high levels of traffic noise or high
wind driven air pressure through windows can interrupt people working in the building.
Much research has been done to study traffic noise prediction methods in calculating the
sound attenuation during propagation outdoors based on ISO (International Organization
for Standardization) 9613; however, this research introduces a method combining
outdoor sound propagation with indoor sound transmission based on ISO Acoustic
Standards. This study to predict background noise level in a building for natural
ventilation can be categorized into two specific areas: (1) traffic noise and (2) air flow
noise. Traffic noise is designed by CoRTN (Calculation of Road Traffic Noise, U.K)
algorithm and FHWA TNM (Federal Highway Administration Traffic Noise Model,
2007) models. The project will use numerical calculations to determine traffic noise
values including the effects of sound attenuation, transmission and building façade. After
controlling building façade design, targets of ventilation, outdoor weather conditions and
traffic noise attenuation are specified for these design solutions. The air flow noise is
generated by an opening in naturally ventilated building. The pressure difference by wind
driven and stack effects of an opening determine air flow rate. Therefore, this research
identifies airflow noise related by the pressure difference and air flow rate. The results of
these simulations indicated that natural ventilation systems succeeded not only in
predicting environmental traffic noise, but also in providing optimum wind driven air
pressure. Finally, the results should compare numerical simulations and real
measurements with natural ventilation while providing acoustic comfort for building
occupants in urban areas.
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Introduction

1.1. Background

Today, there are many buildings in urban areas and many new buildings are still being
built. These buildings define the city skyline. However, the buildings consume a lot of
energy to operate heating, cooling, lighting and air-ventilating systems. Hence, in order to
save energy this research project explores the natural ventilation system in urban
environments.
Natural ventilation systems can utilize outdoor air to improve the quality of the indoor
environment as well as to reduce building energy consumption. However, natural
ventilation systems could create acoustic problems, if a building is in an urban area. For
instance, if windows are opened for natural ventilation, high traffic noise and air flow
noise through windows can interrupt people working in the building. Therefore, based on
the concept of acoustic design by computer simulations, traffic noise values were
predicted including indoor and outdoor sound attenuation and transmission properties,
and air flow noise levels were calculated by pressure differences between indoor and
outdoor environment, the size of opening, and wind velocities.

1.2. Objectives

The purpose of this research is to predict traffic noise level and air flow noise levels with
an opening for natural ventilation for buildings located in urban areas. In order to predict
traffic noise levels in a building, this study devises a novel method considering indoor
and outdoor sound attenuation and transmission properties. The prediction method of air
flow noise level is based on a window opening size and air flow rate through that
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opening. Finally, this study is to evaluate the predicted noise levels by comparing them to
general indoor background noise levels in office and residential spaces.

1.3. Approach

Studies to predict sound power levels of traffic noise are based on the statistical
measurement data which has been done in L10 level of CoRTN and average traffic noise
patterns of U.S department of transportation (FHWA TNM). This study uses the line
source of noise and a typical flat urban road condition having high rise buildings to
simulate the performance of noise transmission. Building façades are typically flat in the
vertical direction and the primary building materials are assumed to be concrete and
glass. Figure 1-1 shows the general computational domain in an urban area. The
computational domain contains the noise source, the received position, attenuating noise
of building walls and floors, air absorption, transmission loss of walls with open areas
and noise reflection of building facades. The reflection noise level calculation considers
outdoor wall reflections from the noise source. The traffic noise and airflow noise level at
the receiver position in a building are analyzed by a recommended Noise Criteria value
for office and residential spaces. Figure 1-2 depicts the proposed research plan.

3

Figure 1-1 The computational domain to determine noise levels in an urban area
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Figure 1-2 Schematic illustration of the proposed research plan

2

Literature Review

Many research activities have been studied traffic noise prediction methods in calculating
the sound attenuation during propagation outdoors based on ISO (International
Organization for Standardization) 9613; however, this research introduces a method
combining outdoor sound propagation with indoor sound transmission based on
ISO Acoustics Standards. This study to predict background noise level in a building for
natural ventilation can be categorized into two specific areas: (1) traffic noise and (2) air
flow noise. Traffic noise level is mainly designed by CoRTN (Calculation of Road
Traffic Noise, U.K) algorithm and FHWA TNM (Federal Highway Administration
Traffic Noise Model, 2007) models. The noise is propagated and transmitted into the
indoor environment considering the effects of distance, air absorption, wall and floor
attenuation and an opening size based on ISO 9613, 1996-2 ISO 140-3 and ISO 140-5
(International Organization for Standardization,1996,2007,and 1998). The air flow noise
is generated by an opening in a naturally ventilated building. The pressure difference by
wind driven and stack effect of an opening and the opening size determine the air flow
rate through that opening. Therefore, this research identifies airflow noise related by the
pressure difference, wind velocity, and an opening size.

2.1. Prediction of traffic noise

The study to predict traffic noise level in a building can also be classified into three areas:
1) prediction of traffic noise level on a road, 2) outdoor sound attenuation and 3) sound
transmission in a room. Starting with the traffic noise design prediction, models are
required as aids in the design of highways and other roads. The novel algorithm
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combining the CoRTN algorithm with vehicle noise emission pattern according to
FHWA appendix represents broad band prediction value of traffic noise.
These models are considered to have good accuracy (±2dB) and they are updated to
represent present traffic and vehicle conditions. The models are commonly needed to
predict sound pressure levels, specified in terms of (Leq) L10, set by the UK government
authorities. In this research, the CoRTN model is used for predicting traffic noise values.
Calculation of Road Traffic Noise (Anon 1975) CoRTN was replaced by a more
convenient system, Predicting Road Traffic Noise (Anon), which followed Delany et al.'s
(1976) rationale for the procedure. These authors reported that, for the range 50 to 54.9
dB(A) the mean difference between their predicted and measured levels was +1.4 dB(A).
On the other hand, between 80 and 84.9 dB(A), the mean error was -1.2 dB(A).
Therefore, CoRTN underestimated high levels and overestimated low levels. Samuels et
al. (1982, and 1983), observed significant model discrepancies for Australian vehicles,
depending upon the prevailing wind conditions.
In addition, the CoRTN prediction has A-weighting values (dB(A)). However, the Aweighting value cannot be directly analyzed by broad frequency band spectra.

To

achieve the broad band prediction value of traffic noise, this research used the vehicle
noise emission pattern of the FHWA. The appendix of the FHWA traffic noise model
contained equations for the following components of sound-level emissions: (U.S
Department of Transportation) A-weighted sound-level emissions, 1/3rd –octave band
spectra, relative to A-weighted sound level emission and vertical sub-source strengths,
relative to 1/3rd octave band spectra. The emission spectra of FHWA traffic noise model
having automobiles and average pavement type was used. This research calculates the
sound power level of traffic noise by infinite line source in a free field based on CoRTN
predicted noise model at the reference distance 10m.
Second, ISO 9613 standards (ISO 9613-1, ISO 9613-2) represent methods of calculation
to predict noise attenuation of sound during propagation outdoors. The attenuation terms
show the geometrical divergence, atmospheric absorption, ground effect, and the barrier
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effect. Wall and floor attenuation effect has the same geometrical background algorithm
of barrier effect. Noise reflections are considered in terms of image sources. The real
source and source image are handled separately. Attenuation provided by a screen or
barrier is well understood and can be calculated using techniques based upon classical
diffraction theory which can be found in ISO standards and texts (Maekawa and
Beranek). The sound power level of the source image Lw,im shall be calculated from ISO
9613-2. Prediction and measurement data based on ISO 140 parts, Sound Reduction
Index (SRI) presents sound transmission loss of traffic noise. The value of sound
reduction index (SRI) quoted for a building element normally describes the expected
reduction in sound energy across the façade when exposed to a source field of randomly
incident sound (M.H.F. De Salis et al 2002).
The equation shows that the effective sound insulation of a composite facade is a function
of the sound reduction indices and relative areas of each component. (M.H.F. De Salis et
al 2002). The convenient way in which to illustrate this is shown in the paper by Ricahrd
D Bines (1987). The value of transmission loss of glass and concrete block are calculated
and measured by J.H Rindel (1982).This research predicts transmission loss values of
glass and concrete walls through an opening area for natural ventilation.
Finally, the transmitted noise source has room acoustic property combining direct and
diffuse sound field. The sound pressure level calculation in a room is derived by a
general formula as a function of distance from a sound source (J.H. Rindel 2004).

2.2. Prediction of air flow noise

Environmental air flow noise problems have been found due to wind and stack effects in
a building. Wind driven air flow relies on the height of local space of buildings
(ASHRAE handbook 2005) and measured meteorological data. Airflow due to stack
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effect is determined by the degree of vertical separation between inlets and outlets,
opening size and temperature difference between indoor and outdoor environments. The
separate stack and wind effects determined in this study are found to combine with one
another in the following manner (Warren et al 1984). The overall sound power level (Lw)
from airflow noise can be estimated from the empirical formula (M.Hubert 1970). In
addition, Nelson and Morfey (1981) have investigated aerodynamic sound production in
low speed flow ducts. In developing their theory, Nelson and Morfey took into account
the effect of the duct environment on the generation of noise. The basis of the Nelson and
Morfey theory is that the sound power radiated by an in-duct spoiler is related to the total
fluctuating drag force acting on the spoiler. They further made the assumption that the
fluctuating drag force is in direct proportion to the steady drag force (Oldham and
Ukpoho, 1989). This research also introduces the pressure drop coefficient of wind
velocity based on a local weather wind velocity, wind direction, and measured value of
normalized wind pressure coefficient. The predicted noise value is compared with
measured noise value published by F.R.Fricke (1971).
Results of this study present a novel method to predict traffic and air flow noise level in a
naturally ventilated building due to traffic noise and air flow noise in an urban area. This
study is to evaluate the predicted noise levels compared with general indoor background
machinery and talking noise level of office and residential spaces. Finally, this research
shows a new possibility to use a natural ventilation system considering noise pollution in
urban areas.

3

Prediction of traffic noise

The prediction of traffic noise starts with the selection of an appropriate algorithm and input
assumptions. In the present study, CoRTN and FHWA TNM algorithms are combined to
overcome the limitations and take advantage of algorithm strengths. Specifically, CoRTN
algorithms can predict noise levels for different traffic flow rates, different vehicle types and
speed, while it cannot predict noise frequency spectra. In contracts, FHWA TNM algorithms can
nicely predict noise frequency spectra, but it cannot consider specific traffic conditions. Therefore,
a combination of these two algorithms provides an opportunity to provide detailed noise levels
and spectral distribution for local traffic conditions.

3.1.1

CoRTN (Calculation of Road Traffic Noise, U.K)

The CoRTN algorithm to estimate road traffic noise was developed for the United
Kingdom Department of the environment by Delany, Harland, Hood, and Schles. The
algorithm is updated on a continuous basis.
The CoRTN equation for the hourly value of L10 at the reference distance, 10m is:
L10 = 10 log q + 33 log (v + 40 + 500/v) + 10 log (1 + 5p/v) + 0.3G - 27.6

(1)

Where, q is flow rate, v is the speed, p is the percentage of heavy vehicles and G is the gradient,
whose coefficient becomes 0.2 if the vehicles are assumed to slow down when traveling up hill.

The predicted sound pressure levels are specified in terms of Leq, L10, etc., set by
government authorities. L10 is the level exceeded for 10 percents of the time. Leq is
described as the average sound level over the period of the measurement.
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3.1.2

FHWA TNM (Federal Highway Administration Traffic Noise Model, U.S)

FHWA TNM appendix describes the results of all TNM emission level measurement and
their statistical analysis. This research uses TNM emission spectra of automobiles with
average pavement. Figure 3-1 shows the vehicle noise spectra.

Figure 3-1 TNM emission spectra: Automobiles, average pavement
Therefore, Combining CoRTN algorithm with FHWA TNM emission spectra creates
traffic noise prediction level having frequency spectra.

3.1.3

Attenuation of sound during propagation outdoors

ISO (International Organization for Standardization) 9613 defines the attenuation of
sound during propagation outdoors: the general method of calculation.
The attenuation terms in equation A are given by the equation:
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A = Adiv + Aatm + Agr + Abar + Amisc

(2)

Where, Adiv is the attenuation due to geometrical divergence, Aatm is the attenuation due to
atmospheric absorption, Agr is the attenuation due to ground effect, Abar is the attenuation due to a
barrier and Amisc is the attenuation due to other miscellaneous effects.

3.1.3.1 Geometrical divergence

This research calculates the sound power level of traffic noise by infinite line source in a
free field based on CoRTN predicted noise model at the reference distance 10m. When
the acoustic power per unit length of the line source is W, the sound intensity I at distance
d is given by equation (2) since the sound energy is distributed over the cylinder surface
with radius d.

(3)

When sound power level is Lw per unit length then the sound pressure level is given by
(Z.Maekawa and P.Lord 1994).
(4)

3.1.3.2 Atmospheric absorption

The attenuation due to atmospheric absorption Aatm, decibels, during propagation through
a distance d, in meters, is given by equation (5).
Aatm = αd / 1000

(5)
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Where α is the atmospheric attenuation coefficient, in decibels per kilometer, for each
octave band at the midband frequency.

Table 3-1 Atmospheric attenuation coefficient α, for octave bands of noise
Temperature
°C

Relative

Atmospheric attenuation coefficient, α, dB/km

humidity

Nominal midband frequency, Hz

%

63

125

250

500

1k

2k

4k

8k

10

70

0.1

0.4

1.0

1.9

3.7

9.7

32.8

117

20

70

0.1

0.3

1.1

2.8

5.0

9.0

22.9

76.6

30

70

0.1

0.3

1.0

3.1

7.4

12.7

23.1

59.3

15

20

0.3

0.6

1.2

2.7

8.2

28.2

88.8

202

15

50

0.1

0.5

1.2

2.2

4.2

10.8

36.2

129

15

80

0.1

0.3

1.1

2.4

4.1

8.3

23.7

82.8

3.1.3.3 Ground effect

Ground attenuation, Agr, is mainly the result of sound reflected by the ground surface
interfering with the sound propagating directly from source to receiver. This method of
calculating the ground effect is applicable only to ground which is approximately flat,
either horizontally or with a constant slope. ISO 9613 describes this effect in detail. This
study simply defines the ground effect which the Agr is -1.5 dB of hard ground condition
for urban areas.

3.1.3.4 Screen (barrier) effect on wall and floor

When determining the screen effect of wall and floor by means of numerical calculation,
the identity of the diffracting wall and floor is determined and the path difference,
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between rays arriving at the element of the area via diffraction this wall and floor directly
from the source is calculated for both direct and reflect rays. The differences present
depending on the aperture’s location.
Screen attenuation of a point source is calculated (Maekawa, 1965) using the maximum
Fresnel number, which is determined from the difference between the shortest
propagation path that touches the edge of the barrier and the direct path through the
screen. The geometrical property is given in Figure 3-2.

Figure 3-2 The geometry of screen effect of wall and floor

The maximum Fresnel number N is

(5)
Where (A+B-r) is the minimum path length difference,

is the wavelength of sound.

For a simple point source the screen attenuation formula due to Kurze and Anderson is
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∆
=

√

0

√
| |

.

| |

(6)

.
Where ΔLb = Screen (barrier) effect attenuation for a point source (dB)
A, B, and r = minimum source to receiver distances over and through the barrier (m or ft)
N = maximum Fresnel number defined by equation (5)
= the wavelength of the frequency of interest (m or ft)
Kb= barrier constant which is 5dB for a wall
The diffracted sound field from an infinite line source which is parallel to an infinite
barrier has also been calculated by Keller for large Fresnel numbers N. Kurze and
Anderson (1971) derived the equations to solve infinite line source diffraction.

Figure 3-3 Attenuation of an acoustic barrier vs. maximum Fresne / number for
incoherent line source and closest point source (Kurze and Anderson, 1971)
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Figure 3-3 shows that the excess attenuation of a barrier for sound emanating from an
incoherent line source is always smaller than the attenuation of sound from the closest
point on the line. The maximum difference between the point and line source is 5dB.
In addition, Koyasu and Yamashita (1973) shows a comparison between the experimental
curve obtain and the results of Kurze and Anderson’s numerical calculation. Figure 3-4
shows the results. Sound attenuation for a line source shows values lower than those of
Maekawa’s results which are for a point source by 3-5dB. The results of Kurze and
Anderson agree fairly well with Koyasu and Yamashita’s results. The difference is

4 or

5 dB between a point and line source prediction data based on Koyasu and Yamashita’s
results.

Figure 3-4 Comparison of different results for sound attenuation by acoustic barrier:
(1)Maekawa’s results (for a point source) (2) Kurze and Anderson’s result
(calculated for a line source) (3) Koyasu and Yamashita’s results (measured for a
line source)
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3.1.3.5 Reflections

ISO 9613 defines that reflections are considered in terms of image sources. These
reflections are from outdoor ceilings and more or less vertical surfaces, such as the
facades of buildings, which can increase the sound pressure levels at the receiver. The
effects of reflections from the ground are not included because they enter into the
calculation of Agr.
The real source and image source are handled separately. The sound power level of the
image source LW,im shall be calculated from

,

(7)

Where ρ is the sound reflection coefficient on the surface of the obstacle, Dir is the
directivity index of the source in the direction of the receiver image.

3.1.3.6 Additional types of attenuation (Amisc)

According to ISO 9613, the terms Amisc in equation (2) cover contributions to the
attenuation from miscellaneous effects not accessible by the general methods of
calculating the attenuation. These contributions include: Afol, the attenuation of sound
during propagation through foliage, Asite, the attenuation during propagation through and
industrial site and Ahous, the attenuation during propagation through a built-up region of
houses. Each contribution to the attenuation from miscellaneous effects is explained to
ISO 9613 in detail.
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3.2

Sound reduction index (SRI)

For calculation of noise propagation into a building, it is important to understand noise
attenuation at the building enclosure. A method to account for sounds attenuation for
different building enclosure materials utilizes Sound Reduction Index (SRI). ISO 140
standard provides instructions on how to measure SRI for different building enclosure
walls, windows and other openings.

3.2.1

Definitions

For the purposes of the part of ISO 140, the definitions given in ISO140-3 and the
following definitions apply.

3.2.2

Average sound pressure level on a test surface, L1.S

Ten times the logarithm to the base 10 of the ratio of the surface and time average of the sound
pressure squared to the square of the reference sound pressure, the surface average being taken
over the entire test surface including reflecting effects from the test specimen and façade; it is
expressed in decibels.

3.2.3

Average sound pressure level in a room, L2

Ten times the logarithm to the base 10 of the ratio of the space and time average of the sound
pressure squared to the square of the reference sound pressure, the space average being taken over
the entire room with the exception of those parts where the direct radiation of a sound source or
the near field of the boundaries (wall, window, etc.) is of significant influence; it is expressed in
decibels.
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3.2.4

Equivalent continuous sound pressure level, Leq

Value of the sound pressure level of a continuous steady sound that, within the measurement time
interval, has the same mean square sound pressure as the sound under consideration, the level of
which varies with time; it is expressed in decibels.

3.2.5

Sound reduction index, R

Ten times the logarithm to the base 10 of the ratio of the sound power W1 incident on the
test specimen to the sound power W2 transmitted through the specimen.

(8)

3.2.6

Apparent sound reduction index, R’

Ten time the logarithm to the base 10 of the ratio of the sound power W1 which is
incident on test specimen to the total sound power transmitted into the receiving room, if
in addition to the sound power W2 radiated by the specimen, sound power W3 radiated by
flanking elements of by other components is significant.

(9)

3.2.7

Apparent sound reduction index, R’45°

Measure of the airborne sound insulation of a building element, when the sound source is
a loudspeaker and when the angle of sound incidence is 45°.The angle of sound incidence
is the angle between the loudspeaker axis directed towards the centre of the test specimen
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and the normal to the surface of the façade. The apparent sound reduction index is then
calculated from equation (10).
°

.

.

(10)

Where L1.S is the average sound pressure level on the surface of the test specimen, as
defined in 3.1, L2 is the average sound pressure level in the receiving room, S is the area
of the test specimen, A is the equivalent sound absorption area in the receiving room.

3.2.8

Apparent sound reduction index, R’tr.s

Measure of the airborne sound insulation of a building element, when the sound source is
traffic noise and the outside microphone position is the test surface. The apparent sound
reduction index is then calculated from equation (11).

.

, ..

,

(11)

Where Leq.1.S is the average value of the equivalent continuous sound pressure level on
the surface of the test specimen including reflecting effects from the test specimen and
facade, Leq.2 is the average value of the equivalent continuous sound pressure level in the
receiving room, S is the area of the test specimen, A is the equivalent sound absorption
area in the receiving room.

3.2.9

Level difference, D2m

Difference, in decibels, between the outdoor sound pressure level 2m in front of the
façade, L1.2m, and the space and time averaged sound pressure level L2 in receiving room.

20
.

3.2.10

(12)

Standardized level difference, D2m.nT

Level difference, in decibels, corresponding to a reference value of the reverberation time
in the receiving room

(13)

.

Where TO = 0.5s

3.2.11 Normalized level difference, D2m.n

Level difference, in decibels, corresponding to the reference absorption area in the
receiving room

.

(14)

Where AO = 10m2

3.3

Multi–element partitions and apertures

Rindel (2004) shows the definitions given and the following definitions apply. A partition
is often divided into elements with different sound insulation properties, e.g. a wall with a
door. Each element is described by the area Si and the transmission coefficient τi. If the
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sound intensity incident on the surfaces of the source room is denoted Iinc the total
incident sound power on the partition is

∑

(15)

The total area is called S. The total sound power transmitted through partition is

∑

(16)

Thus, the transmission coefficient of the partition is

∑

(17)

The same result can also be written in terms of the transmission losses Ri of each element.
.

)

(18)

An aperture in a wall is a special example of an element with different transmission
properties. As an approximation it can be assumed that the transmission coefficient of the
aperture is 1. If following results for the resulting transmission loss of the wall with
aperture.

.

.

(19)

De Salis et al (2002) also described the sound reduction index of the partition wall and
aperture below. Background theory of the equation is same as above theories.
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The standard equation for sound reduction index (SRI) of a composite panel consisting of
an aperture of area AA and sound reduction index SRIA in a wall of area AW and sound
reduction index SRIW is:
SRIW+A(dB)

10log

3.4

A

SRIW

AA

AW AA

SRIA

]

(20)

Room acoustic properties

The room acoustic properties, such as sound diffusion and reverberation, strongly
influence the noise propagation in indoor spaces (Rindel, 2004). These acoustic
properties depend on the material absorption coefficient for internal surface enclosure
materials, furniture absorption coefficient, and room size. In order to assess indoor noise
propagation, it is first important to define the diffuse sound field coming from the outside
traffic or airflow noise. In addition, indoor environment has its own noise sources that
can be defined with their sound power levels. Both the outdoor and indoor noise sources
are used to calculate the indoor sound field to understand noise level spatial distribution
and directivity.

3.4.1

The diffuse sound field

The diffusion sound filed calculation has to start with a definition of a diffusion filed
created by a single noise source, called a mode. In this chapter, the acoustical behavior of
a room is treated from a statistical point of view, based on energy balance consideration.
To simplify noise level calculations in indoor spaces, it is assumed that the modal density
is high enough, so the influence of single modes in the room can be neglected (Rindel
2004). It is also assumed that the reflection density is high enough, so the phase relations
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between individual reflections can be neglected. This means that the reflections in the
room are assumed to be uncorrelated and their contribution can be added on an energy
basis. The diffuse sound field is defined as a sound field in which: energy density is the
same everywhere and all directions of sound propagation occur with the same probability.
It is obvious that the direct sound field near a sound source is not included in the diffuse
sound field. Neither are the special interference phenomena that are known to give
increased energy density near the room boundaries and corners. The diffuse sound field is
an ideal sound field that does not exist in any room. However, in many cases the diffuse
sound field can be a good and very practical approximation to the real sound field.

3.4.2

Incident sound power on a surface

In a plane propagation sound wave, the relation between rms sound pressure p1 and
sound intensity I1 is
(21)

In a diffuse sound field, the rms sound pressure pdiff is the result of sound waves
propagating in all directions, and all having the sound intensity I1. By integration over a
sphere with the solid angle ψ = 4π the rms sound pressure in the diffuse sound field is

4

(22)

In the case of a plane wave with the angle of incidence θ relative to the normal of the
surface, the incident sound power per unit area on the surface is

(23)
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Where pdiff is the rms sound pressure in the diffuse sound field, this is just the sound
intensity in the plane propagating wave multiplied by the cosine, which is the projection
of a unit area as seen from the angle of incidence.
The total incident sound power per unit area is found by integration over all angles of
incidence covering a half sphere in front of the surface. The integration covers the solid
angle ψ = 2π.

(24)

It is noted that this is four times less than in case of a plan wave of normal incidence.

3.4.3

Equivalent absorption area

The absorption coefficient α is defined as the ratio of the non-reflected sound energy to
the incident sound energy on a surface. It can take values between 0 and 1, and α =1
means that all incident sound energy is absorbed in the surface.
The product area and absorption coefficient of a surface material is the equivalent
absorption area, i.e. the area of open windows giving the same amount of sound
absorption as the actual surface. The equivalent absorption area of a room is
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∑

…

(21)

Where S is the total surface area of room and αm is the mean absorption coefficient. The
unit of A is m2. In general, the equivalent absorption area may also include sound
absorption due to the air and due to persons or other objects in the room.

3.4.4

Energy balance in a room

The energy balance in a room is the most common approach to calculate sound pressure
levels (Kuttruff, 2003). The total acoustic energy in a room is the sum of potential energy
and kinetic energy, or twice the potential energy, since the time average of the two parts
must be equal (Rindel, 2004). The total energy E is the energy density multiplied by the
room volume V:

(22)

Here and in the following, p denote the rms sound pressure in the diffuse sound field.
The energy absorbed in the room is the incident sound power per unit area multiplied by
the total surface area and the mean absorption coefficient, i.e. the equivalent absorption
area,

,

(23)

If Pa is the sound power of a source in the room, the energy balance equation of the room
is
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(24)

,

(25)

With a constant sound source a steady state situation is reached after some time, and the
right side of the equation is zero. So, the absorbed power equals the power emitted from
the source, and the steady state sound pressure in the room is

(26)

This equation shows that the sound power of a source can be determined by measuring
the sound pressure generated by the source in a room, provided that the equivalent
absorption area of the room is known. It also shows that the absorption area in a room has
a direct influence on the sound pressure in the room. For some cases it is more
convenient to express eq.(26) in terms of the sound pressure level Lp and the sound
power level Lw,

(27)

Where A0 = 1 m2 is a reference area. The approximation comes from neglecting the terms
with the constants and reference values
.

·

·
·

.

(28)
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3.4.5

Stationary sound field in a room, Reverberation distance

The reverberation time T60 is defined as the time it takes for sound energy in the room to
decay to one millionth of the initial value, i.e. a 60dB decay of the sound pressure level.
Hence, for t= T60,

(29)

So, the reverberation time is

·

·

.

(30)

This is Sabine’s formula named after Wallace C. Sabine, who introduced the
reverberation time concept around 1896. V is volume of a room in m3 and A is area of
absorption in m2.
The sound power radiated by an Omni-directional source is the sound intensity at the
distance r in a spherical sound field multiplied by the surface area of a sphere with radius
r
(31)
Thus, the sound pressure squared of direct sound in the distance r from the source is

(32)

The stationary sound is described by (26)
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The reverberation distance rrev is defined when an Omni-directional point source is
placed in a room. It is a descriptor of the amount of absorption in a room, since the
reverberation distance depends only on the equivalent absorption area

.

√

(33)

At a distance closer to the source than the reverberation distance, the direct sound field
dominates, and this is called the direct field. At longer distances the reverberant sound
field dominates, and in this so-called far field the stationary, diffuse sound field may be
usable approximation.
An expression for the combined direct and diffuse sound field can be derived by simple
addition of the squared sound pressures of the two sound fields. However, since the direct
sound is treated separately, it should be extracted from the energy balance equation,
which was used to describe the diffuse sound field. To do this, the sound power of the
source should be reduced by a factor of (1-αm), which is the fraction of the sound power
emitted to the room after the first reflection. So, the squared sound pressure in the total
sound field is

(34)

·

(35)

Normal sound source like a speaking person, a loudspeaker or a musical instrument
radiate sound with different intensity in different directions. The directivity factor Q is
the ratio of the intensity in a certain direction to the average intensity,
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·

(36)

So, the squared sound pressure of the direct sound is
·

(37)

This leads to a general formula for the sound pressure level as a function of the distance
from a sound source in room.

(34)
Where A0 = 1m2. In a reverberant room with little sound absorption, the sound pressure
level in the far field will be approximately as predicted by the diffuse field theory, i.e. the
last term will be close to zero. In the case of a highly directive sound like a trumpet
(Q>>1) the direct field can be extended to distances much longer than the reverberation
distance. The mean absorption coefficient is calculated as

·∑

(35)

4

Prediction of airflow noise

Natural ventilation is the flow of air through open windows, doors, grilles, and other
planned building envelop penetrations. Natural ventilation is caused by air pressure
difference between the outside and the inside of the building. The amount of natural
ventilation air depends on this pressure difference; the number, the size, and the shape of
the openings involved. The relation connecting these quantities is given as following
(ASHRAE Fundamentals, 2005 and Spitler, 2009):

∆

(41)

Where
Q= flow rate of air (cfm or m3/s)
ΔP=pressure difference between the inside and the outside surfaces of building (in. of
water gauge or Pa)
n= flow exponent.
C=flow coefficient. C is determined experimentally and includes the crack or opening
size (Area)
The air flow noise of natural ventilation is also highly connected with the size of opening,
the local wind velocity, and the pressure difference between the inside and the outside of
the building. (Ver and Beranek,2005)
The pressure difference ΔP is given by:

∆

∆

∆

∆

(42)

Where
ΔPs = pressure difference caused by the stack effect, in of water gauge or Pa
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ΔPw= pressure difference caused by wind, in of water gauge or Pa
ΔPp= pressure difference caused by pressurizing the building, in or water gauge or Pa
The natural ventilation rate is related to ach and space volume as follows (ASHRAE
Fundamentals, 2005):
/

(43)

Where
Q= Natural ventilation rate, cfm or m3/s
VOL= space volume, ft3 or m3

4.1

Determination of pressure differences

In order to define the pressure differences, it is necessary to estimate the pressure
difference based on the two major component contributions, stack effect and wind effect.

4.1.1

Stack effect

Stack effect is driven by buoyancy which occurs due to the difference in indoor to
outdoor air density resulting from temperature and moisture differences. Assuming
temperature and barometric pressure are constant over the height of interest, the stack
pressure decreases linearly as the separation above the reference point increases. For a
single column of air, the stack pressure can be calculated as (ASHRAE Fundamentals,
2005).
(44)
Where
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Ps= stack pressure, Pa
Pr= stack pressure at reference height, Pa
g= gravitational acceleration, 9.81 m/s2
ρ= indoor or outdoor air density, kg/m3
H= height above reference plan, m
Under the influence of the stack effect, there will be a vertical location in the building
where the inside pressure equals the outside pressure. This location is defined as the
neutral pressure level (NPL) of the building (Spitler, 2005). In theory, if cracks and other
openings are uniformly distributed vertically, the neutral pressure level will be exactly at
the mid-height of the building. If larger openings predominated in the upper portions of
the building, this will raise the neutral pressure level. Likewise, large openings in the
lower part will lower neutral pressure level. Tamura and Wilson (1966, 1967) show that
the neutral pressure level in tall buildings typically varies between 30% and 70% of the
total building height. This study defines the neutral pressure levels between 25% and 75%
of the total building height to calculate the pressure difference of the stack effect.
Neglecting vertical density gradients, the stack pressure difference for a horizontal leak at
any vertical location is given by (ASHRAE Fundamentals, 2005):

∆

(45)

Where
To= outdoor temperature, K
Ti= indoor temperature, K
ρo= outdoor air density, kg/m3
ρi= indoor air density, kg/m3
HNPL= height of neutral pressure level above reference plane without any other driving
forces, m
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Spitler (2005) shows that the ΔPst given by equation (45) is valid only for building with
no vertical separations, that is, no floors-as, for example, an atrium, an auditorium, or fire
stair towers. There are pressure drops from one story to the next. If these resistances, such
as doors, can be assumed uniform for ever floor, then a single correction, called the
thermal draft coefficient, Cd, can be used to relate ΔPst and ΔPs, the actual pressure
difference (ASHRAE Fundamentals,2005):
∆
∆

(46)

Equations (45) and (46) are combined to yield:

∆

(47)

Tamura and Wilson (1967) showed that, with no doors in the stairwells, Cd has a value of
1.0. Values of Cd determined experimentally for a few modern office buildings ranged
from 0.63 to 0.82.

4.1.2

Wind effect

The wind pressure or velocity pressure is given by:

(48)

Where
Pw = wind surface pressure relative to outdoor static pressure in undisturbed flow, Pa
Ρ = outdoor air density, kg/m3
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U = wind speed, m/s
Cp = wind surface pressure coefficient, dimensionless
ASHRAE Fundamentals (2005) define the Cp which is a function of location of the
building envelope and wind direction. The pressure coefficient will always have a value
of less than 1.0 and can be negative when the wind causes outdoor pressures below
atmospheric on some surfaces of a building.

Figure 4-1 Variation of surface-averaged wall pressure coefficients for low rise
buildings (Swami and Chandra 1987)
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Figure 4-2 Surface-averaged wall pressure coefficients for tall buildings (Akins et al.
1979)

Swami and Chandra (1987) showed average wall pressure coefficients for low rise
buildings in Figure 4-1. Akins et al (1979) gives average pressure coefficients for tall
buildings in Figure 4-2.
Measured meteorological data are usually available at 10m (33ft). This wind speed needs
to be corrected for reductions caused by the difference between the height where the wind
speed is measured and the height of the building. The effective wind speed UH can be
calculated from the reference wind speed Umet using boundary layer theory and an
estimate of terrain effect is given by (Spitler. 2008):

(49)

Where
δ = boundary layer thickness of the local terrain in table, m
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a = exponent for the local terrain in table, dimensionless
δmet = boundary layer thickness for the meteorological station in table, m
amet = exponent for the meteorological station in table, dimensionless
H= average height above local obstacles, weighted by the area plan, ft
Hmet = the height at which the wind speed was measured, m

Table 4-1 Atmospheric Boundary Layer Parameters (2005 ASHRAE handbookfundamentals, chapter 16)

The wind boundary layer thickness δ and exponent a used in Equation (49) are
determined from Table 4-1. Typical values for meteorological stations, generally
measured in flat, open terrain (category 3 in table 4-1), are amet = 0.14 and δmet = 270m.
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Equation (49) is less reliable at hights below the average obstacle height. (2005 ASHRAE
Handbook of Fundamentals)
The wind induced indoor and outdoor pressure difference is found using the coefficient
Cp(in-out), which is defined as (2005 ASHRAE Handbook of Fundamentals)

(50)
where Cin is the internal wind induced pressure coefficient. For uniformly distributed air
leakage sites in all the walls, Cin is about -0.2.
The wind induced pressure difference is given by:

∆

4.1.3

(51)

Building pressurization

Spitler (2008) shows the pressure inside a building PP and the corresponding pressure

difference ΔPP depend on the air distribution and ventilation system design and are not a
result of natural phenomena. A building can be pressurized by bringing in more outdoor
air through the air-handling system than is allowed to exhaust.

4.2

Air flow noise predictions

In this study, the prediction of airflow noise uses two algorithms based on air velocities
and openings, commonly found in building mechanical systems. The two algorithms are:
(1) method based on the grid or grille noise, and (2) method based on ventilation duct
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noise. Each of these methods is applied to building enclosure openings, even though they
were not a part of a mechanical system. Nevertheless, the noise propagation through
building openings has sufficiently similar boundary conditions to noise propagation in
mechanical systems. Due to this similarity, many studies used pressure drop equations
developed for mechanical systems in calculations of pressure drops for building
enclosure elements (Davidovic et al., 2006). This similarity is here extended to
calculations of noise pressure levels.

4.2.1

The prediction method of grid or grille noise levels

The overall sound power of a diffuser can be related to the pressure drop ΔP across the
grid, the size of grid, and the air velocity. To do this, the pressure drop coefficient is
derived.
∆

(52)

Where
ρ= density of air, kg/m3
u= mean flow speed in duct prior to grid, m/s
ξ and Cp are pressure different coefficient.
The overall sound power level Lw from diffuser can be estimated from the empirical
formula (Hubert, 1970)
(53)
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Where
S= area of duct cross section prior to diffuser, m2
ΔP = pressure drop through diffuser, Pa
The prediction noise level fits most diffuser noise spectra to within ±5dB.

4.2.2

The prediction method of airflow generated noise in ventilation ducts

Melson and Morfey (1981) obtained two equations to determine the sound power
generated by an in-duct spoiler, one corresponding to frequencies below the duct cut-on
frequency, fo,and one corresponding to frequencies above the duct cut-on frequency :
for fc < fo,
(54)

for fc > fo,

(55)

Where SWLD is the in-duct sound power level, ρo is the density of air, co is the speed of
sound in air, wo is the angular center frequency of the band of frequencies under
consideration, A is the cross-sectional area of the duct, a is the duct width and b is the
duct height, The Strouhal number, St was determined by St = fcd / Uc. The value of Uc
employed was determined from Uc = ( q / Ac ),where q is the volume flow rate and Ac is
the unobstructed area. The value of the characteristic dimension, d, employed was always
the spoiler width. CD is the spoiler drag coefficient given by
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(56)
Where
is the steady state force on the spoiler, σ is the open area ratio, Ac/A, and U is the duct
velocity (q/A).
The pressure loss coefficient is defined as
∆

(57)

CL is the same value of ξ and Cp which is pressure different coefficient for natural
ventilation function.
Where U is the mean flow velocity in the unobstructed portion of the duct (= Q / A). The
pressure loss coefficient is related to the drag coefficient as follows:

(58)

(59)
From which

(60)

The maximum effective velocity is given by

/

(61)
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Oldham and Ukpoho shows a trend line based upon simple linear relationships over the
range of measurements is shown in Figure 4-3. The trend line shown in Figure 4-3 has
been used to predict the spectra of noise generated by a damper inclined at angles other
than those employed to derive this curve. The trend line for the results obtained in the
work with the orifice plates also differs slightly from that obtained for the single damper.

Figure 4-3 Collapse of all data: ●, damper; ○, orifice plate; –, trend line (Oldham
and Ukpoho, 1990)

At a given Strouhal number, the experimental points plotted for the damper tend to be
higher than those for the orifice plate with the largest differences being observed for the
lowest Strouhal numbers (Oldham and Ukpoho, 1990).

5

Evaluation of environmental noise

The outlined and adopted procedures for calculation of noise levels can provide spatially
distributed indoor noise levels. These levels can be compared to acceptable levels of
environmental noise for human occupants defined by Noise Criteria (NC) and AWeighted sound level criteria (Ver and Beranek, 2005).

5.1

Noise criterion (NC) curves

Noise criterion curve is the most widely used method today for evaluating the suitability
of the noise in a space for human occupancy and for writing noise specifications. It is
shown in Figure 5-1. The numerical values from which Figure was plotted are given in
Table 5-2.
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Table 5-1 Recommended Noise Criteria for HVAC systems for rooms of various
uses (Ver and Beranek, 2005)
Occupancy

NC recommended criterion curve

Private residences
Bedrooms

25-30

Apartments

30-40

Family rooms and living rooms

30-40

Office buildings
Offices
Executive

25-35

Small, private

35-40

Large, with conference tables

30-35

Conference rooms
Large

25-30

Small

30-35

Open-plan areas

35-40

Business machines, computers

40-45

Public circulation

40-50
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Figure 5-1 Noise criteria curves (Ver and Beranek) and the threshold of hearing
(ANSI S 12.2-1995)

Table 5-2 Noise criteria curves from Figure 5-1 to nearest decibel (Ver and Beranek,
2005)
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5.2

A-Weighted sound level criteria

A-Weighted sound level criteria take into account the human threshold of hearing octavebends (Ver and Beranek, 2005). The advantage of A-Weighted sound level criteria is that
uses a single value to define noise levels acceptable to human occupants in different type
of indoor environments such as different residential or commercial spaces. Table 5-3
presents recommended A-Weighted sound levels for occupants in different spaces.

Table 5-3 Recommended A-Weighted sound level criteria for HVAC systems for
rooms of various uses (Ver and Beranek, 2005)
Occupancy

A-Weighted Sound Level LA in dBA

Private residences
Bedrooms

35-39

Apartments

39-48

Family rooms and living rooms

39-48

Office buildings
Offices
Executive

35-44

Small, private

44-48

Large, with conference tables

39-44

Conference rooms
Large

35-39

Small

39-44

Open-plan areas

44-48

Business machines, computers

48-53

Public circulation

48-57

When evaluating a measured noise spectrum, the octave-band levels are plotted on the set
of curves in Figure 5-1. The rating given to the noise is set by the band level that
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“touches” the highest NC curve (interpolated to the nearest decibel) (Ver and Beranek,
2005).

6

Results for traffic and air flow noise level predictions

The proposed algorithm for prediction of combined traffic and airflow noise levels is
applied to a typical multi-storey building in an urban area. Two indoor rooms, a small
and large office room, are studied with different building enclosure openings. For these
case studies, the calculation of noise levels is conducted according to the outlined steps
that include calculation of: (1) traffic noise source, (2) outdoor traffic sound propagation,
(3) traffic sound transmission through building enclosure, (4) airflow noise source for
building enclosure openings, and (5) indoor sound noise propagation for combined traffic
and airflow noise sources.
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6.1

6.1.1

Prediction of traffic noise

The predicted traffic noise level at reference distance, 10m

Figure 6-1 The predicted traffic noise level at reference distance, 10m

Based on the CoRTN algorithm, the predicted traffic noise levels are reported in Figure
6-1.
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6.1.2

The predicted traffic noise, sound power level (SPL) dB

Combining the CoRTN algorithm with FHWA TNM’s traffic noise spectra, this study
newly achieves the predicted traffic noise power levels. The values are shown in Figure
6-2 and 6-3.

100
SPL dB
95
90
85
80
4000 veh/hr 60Km/h 30%

75

4000 veh/hr 60Km/h 20%
4000 veh/hr 50Km/h 30%

70

4000 veh/hr 50Km/h 20%

65
60
63Hz

125Hz

250Hz

500Hz

1kHz

2kHz

4kHz

8kHz

Figure 6-2 The predicted traffic noise, sound power level (SPL) dB of 4000 vehicle
numbers per hour
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Figure 6-3 The predicted traffic noise, sound power level (SPL) dB of 8000 vehicle
numbers per hour

6.1.3

The screen effect on an outdoor wall, a floor, and an opening

Figure 6-4 shows the screen effects depending on opening positions. The identity of the
diffracting wall and floor is determined and the path difference, between rays arriving at
the element of the area via diffraction this wall and floor directly from the source is
calculated for both direct and reflect rays. The path differences achieve the attenuation
level by the screen effect.
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Figure 6-4 Screen effects depending on opening positions

6.1.3.1 The outdoor boundary condition

The distance from vehicle road to sidewalk is 1meter (m).
The sidewalk width is 4m.
Receiver position from the façade in a building is 1m.
Vehicle road width is 10m.
The height of sidewalk from the vehicle road is 0.1m.
The floor height is 3.425m.
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Sound attenuation and spectral variations of the screen effect were obtained with variable
boundary conditions. Figures 6-5 to 6-12 show screen effect results related to sample
boundary conditions. The results show the highly attenuated level of the screen effect due
to differences between direct and indirect sound distance from a sound source to a
receiver position.
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Figure 6-5 The screen effect on an opening posited on a floor, the reference receiver
position is 1 m from the outdoor wall
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Figure 6-6 The screen effect on an opening posited on a floor of reflected sound, the
reference receiver position is 1 m from the outdoor wall
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Figure 6-7 The screen effect on an opening posited at ¼ of outdoor wall height, the
reference receiver position is 1 m from the outdoor wall
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Figure 6-8 The screen effect on an opening posited at ¼ of outdoor wall height of
reflected sound, the reference receiver position is 1 m from the outdoor wall
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Figure 6-9 The screen effect on an opening posited at ½ of outdoor wall height, the
reference receiver position is 1 m from the outdoor wall
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Figure 6-10 The screen effect on an opening posited at ½ of outdoor wall height of
reflected sound, the reference receiver position is 1 m from the outdoor wall
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Figure 6-11 The screen effect on an opening posited at ¾ of outdoor wall height, the
reference receiver position is 1 m from the outdoor wall
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Figure 6-12 the screen effect on an opening posited at ¾ of outdoor wall height of
reflected sound, the reference receiver position is 1m from the outdoor wall

6.1.4

Transmission loss

6.1.4.1 Combining glass with concrete

The effective sound insulation of a composite outdoor wall is a function of the sound
transmission loss, relative areas of each component, and sound incident angles. The
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overall sound transmission loss of the façade is driven by the material which has the
worst acoustic performance. Figures 6-13, 6-14 and 6-15 show the complied results for
different wall construction types.

Figure 6-13 Transmission loss of glass (4 mm) (the incident angle of 0 degrees) and
concrete (152mm) wall
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Figure 6-14 Transmission loss of glass (4 mm) (the incident angle of 45 degrees) and
concrete (152mm) wall
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Figure 6-15 Transmission loss of glass (4mm) (the incident angle of 70 degree) and
concrete (152mm) wall

6.1.4.2 Combining materials with openings

The overall sound transmission loss of the façade will be dominated by the poor acoustic
performance of the opening. Most notably, the differences in transmission loss between
glass and concrete walls with an opening are minimal at the middle and high frequency
bands. These results are shown in Figure 6-16, 6-17, 6-18, 6-19 and6- 20.
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Figure 6-16 Transmission loss of glass (4mm) (incident at 0 degrees), concrete (152
mm) wall and opening rate 1/25
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Figure 6-17 Transmission loss of glass (4mm) (incident at 0 degrees), concrete (152
mm) wall and opening rate 1/50
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Figure 6-18 Transmission loss of glass (4mm) (incident at 0 degrees), concrete (152
mm) wall and opening rate 1/100
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Figure 6-19 Transmission loss of glass (4mm) (incident at 0 degrees), concrete (152
mm) wall and opening rate 1/200
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Figure 6-20 Transmission loss of glass (4mm) (incident at 0 degrees), concrete (152
mm) wall and opening rate 1/400

6.1.5

Indoor sound propagation

6.1.5.1 Absorption coefficient of indoor materials
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Table 6-1 Absorption coefficient of materials
63Hz
Acoustic
ceiling tiles

125Hz

250Hz

500Hz

1kHz

2kHz

4kHz

8kHz

0.7

0.7

0.66

0.72

0.92

0.88

0.75

0.75

Plaster
boards
Glass
Concrete

0.29
0.18
0.1

0.29
0.18
0.1

0.1
0.06
0.05

0.06
0.04
0.06

0.05
0.03
0.07

0.04
0.02
0.09

0.04
0.02
0.08

0.04
0.02
0.08

Wood/
plywood
19mm

0.2

0.2

0.18

0.15

0.12

0.1

0.1

0.1

Fabric
upholstered

0.49

0.49

0.66

0.8

0.88

0.82

0.7

0.7

Carpets on
concrete

0.02

0.02

0.06

0.14

0.37

0.6

0.65

0.65

6.1.5.2 Definition of room condition
6.1.5.2.1

The small office room

•

The floor area is 4.25 m × 4.00 m and the height is 3.25 m.

•

The exterior wall area is 4.25 m × 3.25 m and the wall’s construction is 50%
concrete and 50% glass.

•

The area of each of the two side walls are 4.00 m × 3.25 m and these are
constructed with 100% plaster board.

•

The inside wall area is 4.25 m × 3.25 m and the wall’s construction is 90% plaster
board and 10% plywood.

•

The ceiling area is 4.25 m × 4.00 m and it is 100% acoustic ceiling tile.

•

The floor area is 4.25 m × 4.00 m and it is 100% carpets on concrete.
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6.1.5.2.2

The large office room (20 times bigger than small room)

•

The floor area is 4.25 m × 4.00 m ×20 and the height is 3.25 m.

•

The exterior wall area is 4.25 m × 3.25 m ×10 and the wall’s construction is 50%
concrete and 50% glass.

•

The area of each of the two side walls are 4.00 m × 3.25 m × 4 and these are
constructed with 100% plaster board.

•

The inside wall area is 4.25 m × 3.25 m ×10 and the wall’s construction is 90%
plaster board and 10% plywood.

•

The ceiling area is 4.25 m × 4.00 m ×20 and it is 100% acoustic ceiling tile.

•

The floor size is 4.25 m × 4.00 m ×20 and it is 100% carpets on concrete.

6.1.5.2.3

The large office room with furniture (partitions)

The large office with furniture has the same room conditions as the large office room
with exception of the addition of furniture. The furniture has an effective area of 4.25 m ×
3.25 m ×20, 4 m × 3.25 m × 4 is assumed to be 100% fabric upholstered.

The room boundary conditions which are volume, size, material and furniture affect
indoor sound propagation loss. Figures 6-21, 6-22, 6-23 and 6-24 show the effects of
room boundary condition differences.
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Figure 6-21 Sound propagation properties from outdoor wall to1-5 m in the small
room
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Figure 6-22 Sound propagation properties from outdoor wall to 1-5 m in the large
room
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Figure 6-23 Sound propagation properties from outdoor wall to1-5 m in the large
room with furniture
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Figure 6-24 Sound propagation properties from outdoor wall to 1-5 m with 100%
absorbed wall

6.1.6

Combining outdoor and indoor propagation properties

6.1.6.1 A small office room

The rate of attenuation of noise with increasing elevation above the street depends on
several other variables. Opening rate and position of façade, indoor room boundary
condition, and the elevation highly affect the predicted traffic noise level. Floors which
are closer to the ground level have limitations to adopt an aperture for natural ventilation
due to a high traffic noise level. Opening rate mainly influences noise attenuation for
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natural ventilation system. Figures 6-25, 6-26 and 6-27 show the results of predicted
traffic noise level in the small room considering façade material with opening rate.

Figure 6-25 Predicted noise value having boundary conditions, 4 mm glass, 152 mm
concrete wall and 1/25 opening rate and evaluation at the receiver position, 1 m
from a façade in the small room
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Figure 6-26 Predicted noise value having boundary conditions, 4 mm glass, 152 mm
concrete wall and 1/50 opening rate and evaluation at the receiver position, 1 m
from a façade in the small room
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Figure 6-27 Predicted noise value having boundary conditions, 4 mm glass, 152 mm
concrete wall and 1/100 opening rate, centrally posited the opening and evaluation
at the receiver position, 1 m from a façade in the small room

6.1.6.2 A large office room

The large room volume is twenty times larger than the volume of the small room. In the
large room, the predicted traffic noise level is less than the levels of the small room
because the reflected and diffused noise levels are affected by the increase of absorption
areas and room volume. Even though the predicted traffic noise levels in the large room
are attenuated by changed room boundary conditions, floors closer to the ground level
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exceed recommended office noise level, NC 40. The results are shown in Figure 6-28, 629, and 6-30.

Figure 6-28 Predicted noise value having boundary conditions, 4 mm glass, 152 mm
concrete wall and 1/25opening rate and evaluation at the receiver position, 1 m from
a façade in the large room
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Figure 6-29 Predicted noise value having boundary conditions, 4 mm glass, 152 mm
concrete wall and 1/50 opening rate and evaluation at the receiver position, 1 m
from a façade in the large room
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Figure 6-30 Predicted noise value having boundary conditions, 4 mm glass, 152 mm
concrete wall and 1/100 opening rate and evaluation at the receiver position, 1 m
from a façade in the large room
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6.2

Prediction of air flow noise

The predictions of air flow noise levels requires specific boundary conditions that include
local weather conditions, as well as building enclosure opening size, elevation, and
orientation.

6.2.1

Boundary conditions for air flow noise calculations

Table 6-2 presents local boundary conditions selected for calculations of air flow noise
levels in all cases studies for small and large office rooms.
Table 6-2 Building and weather conditions
Site
14.692

Site Barometric Pressure (psia)
MSCW(mph) = U met

22.5

m/s

MSCWD (degrees from due North)

270

Building Orientation (degrees from N)

0

10

Outside Temp. (F)

65

(C°)

18.33

Design Inside Temp. (F)

70

(C°)

21.11

Length (ft)

30

meter

9.144

Width (ft)

120

meter

36.576

50

# Floors
11.23

Floor to Floor (ft)

meter

L/W Ratio

0.25

Opening size (height × width) (meters)

0.685 ×0.85

Building Environment
α

0.33

δ

1500 ft
Meteorological Station

α

0.14

δ

900 ft

3.425
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Case I

33.0
Definition of Neutral pressure Level
(NPL)
NPL = Building height / 4

Case II

NPL= Building height / 2

Case III

NPL= Building height × (3/4)

H met
Cases

6.2.2

Definition of pressure drop coefficient

Figure 6-31Pressure difference coefficient across the inlet as a function of the windward
wall porosity (Ainlet/Awall) for equal inlet and outlet area (Karava et al., 2007)

Figure 6-31 shows the variation of the pressure drop across an inlet (ΔCp =Cpw-Cpin) for
single-sided and cross-ventilation (A1=A2). Results of a series of experiments carried out
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in a Boundary Layer Wind Tunnel (BLWT) for the evaluation of the internal pressure
coefficient in a building with cross-ventilation are provided. Discharge coefficient values
for different opening configurations with variable inlet to outlet ratios are presented and
compared with those of previous studies (Karava et al.,2007). This study uses a wide
opening, 4% windward wall porosity (1/25 ratio) and the pressure difference (the higher
value than 0.6) of single-sided ventilation to define boundary conditions.
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Figure 6-32 Predicted air flow noise power levels considering three main boundary
conditions combining wind effect with stack effect, Neutral Pressure Levels (NPLs) ,
and pressure drop coefficients based on Hubert’s empirical formula

The predicted air flow noise level tends to be dominated by combining wind effect with
stack effect, Neutral Pressure Level (NPL), and pressure drop coefficients. The counter
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force between wind and stack effects above the upper NPL reduces the pressure
differences and subsequently reduces the air flow noise level. Figure 6-32 shows the
results of the variations. This study compares the predicted air flow noise value with
Fricke’s measurement air flow noise level with two main assumptions. These
assumptions are; a small room scale and absorption coefficients of typical office
materials due to insufficiency details. Fricke’s measurement of air flow power level of a
wide opening window with the above assumptions is approximately 67.66 dB in a wind
of 10.30 m/s. The Hubert’s predicted noise level is approximately the same as Fricke’s
measurement of noise level since Hubert’s noise spectra has margin errors about ±5dB of
empirical data.
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Figure 6-33 Predicted air flow noise power levels based on Nelson and Morfey’s
equation
In Figure 6-33, Nelson and Morfey’s equation was used to predict the spectra of noise
generated considering wind flow with a wide opening (0.582 m2). The Figure also shows
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a comparison between the noise level in the case of combining wind effect with stack
effect and the noise level in the case of considering only wind effect.
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Figure 6-34 The results of comparison between Hubert’s empirical equation and
Nelson and Morfey’s equation

Figure 6-34 shows that Hubert’s equation, and Nelson and Morfey’s equation are in
agreement when using a wide opening. However, Oldham and Ukpoho‘s scatter results
associated with the experimental points of Figure 4-3 are difficult to define when the
comparing the two methods in the low frequency and a small size opening.

6.3

Case studies of combined traffic and airflow noise level predictions

In order to test a model, the following case study was chosen:
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•

Location: New York City, NY, U.S.A.

•

Weather condition: 68 F° (20 C°), May

•

Fifty story high-rise building

•

Length: L= 30 ft (9.14 m)

•

Width: W= 120 ft (36.58 m)

•

Height: H= 561.5 ft (171.15 m)

•

Wind speed = 5, 10, and 20 m/s

•

Wind incidence angle with respect to front façade = 0 degrees

•

Terrain category: α= 0.33 (large city center), δ =1500 ft(large city center)

•

Opening size = 0.685 m × 0.85 m

Figure 6-35 and 6-36 show the annual dry bulb temperature (C°) and wind speed (m/s) of
New York City.

Figure 6-35 Annual dry bulb temperature of New York City (red line is maximum indoor
comfort temperature, green line is minimum indoor comfort temperature based on
ASHRAE 2004)
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Figure 6-36 Annual wind speed of New York City
Figure 6-37, 6-38, 6-39 and 6-40 shows the statistical wind speed data of New York City
in May and May 16th. The statistical data present the possibility to predict airflow noise
level in a design day. For example, the wind speed can be considered to 5.6 m/s, 75
percents of total data or 6.2 m/s, 90 percents of total data for the design day, May 16th.
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Figure 6-37 Wind speed of New York City in May (May 1st to May 31th)
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Figure 6-38 Statistical data of New York City wind speed in May (May 1st to May
31th): red line (mean value), blue line (quartile value (25% to 75%) of total data)
and black line (minimum to Maximum value)
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Figure 6-39 Wind speed of New York City in May 16th
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Figure 6-40 Statistical data of New York City wind speed in May 16th: red line
(mean value), blue line (quartile value (25% to 75%) of total data) and black line
(minimum to Maximum value)

Figure 6-41 and 6-42 shows the hourly traffic flow rate and noise level. Even though the
traffic flow rates are variable in a day, the traffic noise level is fairly constant in a day
time. It is because the other factor, vehicle speed also mainly affect the traffic noise level.
In addition, the figures present the difference in noise pattern. The background noise
level at night time is very low, but the peak noises due to vehicles are just as loud by
night as by day (Stephenson et al, 1967). Therefore, the designed traffic noise level
should cover not only daytime traffic condition but also night time peak traffic noise level.
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Figure 6-41 Noise levels by the M4 motorway (measured 20ft from the nearest
carriageway) in London (Stephenson et al, 1967)

Figure 6-42 Traffic noise recordings by night and day in London (Stephenson et al,
1967)
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In Figure 6-43, it can be seen that noise attenuation with increasing distance above the
street follows either one of two patterns: the level decreases by 0.5 dB for each 100 ft of
elevation, or it decreases 2.5dB for each 100 ft of elevation (Schultz, 1979). The actual
value depends on the geometry conditions which include; density, enclosed buildings,
buildings height, façade material, and the road width. The results of the case study show
that the noise attenuation level decreases by 2.21 dB for each 100 ft of elevation. The
case study considered direct traffic noise and single reflect sound. These study results
have reasonable points of view compared with measured data. Figure 6-44 shows the
wind velocity in an urban area considering terrain category; α= 0.33 (large city center), δ
=1500 (large city center). Figure 6-45, 6-46, 6-47, 6-48, 6-49, and 6-50 show the results
of the case study. At the upper floors, there are higher air flow noise levels than traffic
noise levels. However, because wind speed fluctuates so rapidly, the study considers the
time of wind blow in the prediction of total environment noise level.
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Figure 6-43 Variation of noise level with elevation above street level in London: The
light dashed lines indicate average attenuation with elevation at the rate of either 0.5
or 2.5 dB/100ft (Anon, 1965)
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Figure 6-44 Wind velocities in an urban area, terrain category: α= 0.33 (large city
center), δ =1500 ft(large city center)
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Figure 6-45 Results of the case study to predict traffic noise and air flow noise in an
urban area: LexT (traffic noise level at an exterior wall), LsmT (indoor traffic noise
level at 1m from a exterior wall), Nelson and Morfey’s L stack+wind (air flow noise
using Nelson and Morfey’s equation combining stack effect with wind driven effect)
with the wind velocity, 5 m/s at 1m from a exterior wall in a small room, and Total
traffic + airflow noise
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Figure 6-46 Results of the case study to predict traffic noise and air flow noise in an
urban area: LexT (traffic noise level at an exterior wall), LsmT (indoor traffic noise
level at 1m from a exterior wall), Nelson and Morfey’s L stack+wind (air flow noise
using Nelson and Morfey’s equation combining stack effect with wind driven effect)
with the wind velocity, 10 m/s at 1m from a exterior wall in a small room, and Total
traffic + airflow noise
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Figure 6-47 Results of the case study to predict traffic noise and air flow noise in an
urban area: LexT (traffic noise level at an exterior wall), LsmT (indoor traffic noise
level at 1m from a exterior wall), Nelson and Morfey’s L stack+wind (air flow noise
using Nelson and Morfey’s equation combining stack effect with wind driven effect)
with the wind velocity, 20 m/s at 1m from a exterior wall in a small room, and Total
traffic + airflow noise
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Figure 6-48 Results of the case study to predict traffic noise and air flow noise in an
urban area: LexT (traffic noise level at an exterior wall), LlmT (indoor traffic noise
level at 1m from a exterior wall), Nelson and Morfey’s L stack+wind (air flow noise
using Nelson and Morfey’s equation combining stack effect with wind driven effect)
with the wind velocity, 5 m/s at 1m from a exterior wall in a large room, and Total
traffic + airflow noise
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Figure 6-49 Results of the case study to predict traffic noise and air flow noise in an
urban area: LexT (traffic noise level at an exterior wall), LlmT (indoor traffic noise
level at 1m from a exterior wall), Nelson and Morfey’s L stack+wind (air flow noise
using Nelson and Morfey’s equation combining stack effect with wind driven effect)
with the wind velocity, 10 m/s at 1m from a exterior wall in a large room, and Total
traffic + airflow noise
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Figure 6-50 Results of the case study to predict traffic noise and air flow noise in an
urban area: LexT (traffic noise level at an exterior wall), LlmT (indoor traffic noise
level at 1m from a exterior wall), Nelson and Morfey’s L stack+wind (air flow noise
using Nelson and Morfey’s equation combining stack effect with wind driven effect)
with the wind velocity, 10 m/s at 1m from a exterior wall in a large room, and Total
traffic + airflow noise

Figure 6-51, 6-52, 6-53, 6-54, 6-55, 6-56, and 6-57 show the results with frequency
spectra of air flow noise, traffic noise and total noise level of the case study in a small
room. Figure 6-58, 6-59, 6-60, 6-61, 6-62, 6-63, and 6-64 show the results with frequency
spectra of the case study in a large room. Air flow noise has higher low frequency noise
level than high frequency noise level. Air flow noise at the wind speed 5m/s does not
significantly affect total noise level, combining traffic noise level and air flow noise level.
However, the air flow noise above the wind speed 10m/s highly influences the total noise

100

level at the middle and upper floors. At lower floors, the traffic noise strongly dominates
the total noise level in all cases.
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Figure 6-51 Results of the case study to predict air flow noise with frequency spectra
at each floor in an urban area: air flow noise using Nelson and Morfey’s equation
combining stack effect with wind driven effect (Cp 1.0) with the wind velocity, 5m/s
at 1m from an exterior wall in a small room
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Figure 6-52 Results of the case study to predict air flow noise with frequency spectra
at each floor in an urban area: air flow noise using Nelson and Morfey’s equation
combining stack effect with wind driven effect (Cp 1.0) with the wind velocity, 10m/s
at 1m from a exterior wall in an small room
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Figure 6-53 Results of the case study to predict air flow noise with frequency spectra
at each floor in an urban area: air flow noise using Nelson and Morfey’s equation
combining stack effect with wind driven effect (Cp 1.0) with the wind velocity, 20m/s
at 1m from an exterior wall in a small room
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Figure 6-54 Results of the case study to predict traffic noise with frequency spectra
at each floor in an urban area: traffic noise using CoRTN algorithm combining with
FHWA automobile noise emission data with the traffic flow rate, 4000 vehicles/hr,
60 km/hr and 30 percent heavy vehicles at 1m from an exterior wall in a small room
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Figure 6-55 Results of the case study to predict total noise combining traffic noise
with airflow noise using Nelson and Morfey’s equation combining stack effect with
wind driven effect (Cp 1.0) with the wind velocity, 5m/s with frequency spectra: at
1m from an exterior wall in a small room

105

70
60

1th total
5th total

50

10th total
15th total

40

20th total
25th total

30

30th total
35th total

20

40th total
45th total

10

50th total

SPL dB
0
63Hz 125Hz 250Hz 500Hz 1kHz

2kHz

4kHz

8kHz

Figure 6-56 Results of the case study to predict total noise combining traffic noise
with airflow noise using Nelson and Morfey’s equation combining stack effect with
wind driven effect (Cp 1.0) with the wind velocity, 10m/s with frequency spectra: at
1m from an exterior wall in a small room
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Figure 6-57 Results of the case study to predict total noise combining traffic noise
with airflow noise using Nelson and Morfey’s equation combining stack effect with
wind driven effect (Cp 1.0) with the wind velocity, 20m/s with frequency spectra: at
1m from an exterior wall in a small room
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Figure 6-58 Results of the case study to predict air flow noise with frequency spectra
at each floor in an urban area: air flow noise using Nelson and Morfey’s equation
combining stack effect with wind driven effect (Cp 1.0) with the wind velocity, 5m/s
at 1m from an exterior wall in a large room
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Figure 6-59 Results of the case study to predict air flow noise with frequency spectra
at each floor in an urban area: air flow noise using Nelson and Morfey’s equation
combining stack effect with wind driven effect (Cp 1.0) with the wind velocity, 10m/s
at 1m from an exterior wall in a large room
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Figure 6-60 Results of the case study to predict air flow noise with frequency spectra
at each floor in an urban area: air flow noise using Nelson and Morfey’s equation
combining stack effect with wind driven effect (Cp 1.0) with the wind velocity, 20m/s
at 1m from an exterior wall in a large room
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Figure 6-61 Results of the case study to predict traffic noise with frequency spectra
at each floor in an urban area: traffic noise using CoRTN algorithm combining with
FHWA automobile noise emission data with the traffic flow rate, 4000 vehicles/hr,
60 km/hr and 30 percent heavy vehicles at 1m from an exterior wall in a large room
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Figure 6-62 Results of the case study to predict total noise combining traffic noise
with airflow noise using Nelson and Morfey’s equation combining stack effect with
wind driven effect (Cp 1.0) with the wind velocity, 5m/s with frequency spectra: at
1m from an exterior wall in a large room
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Figure 6-63 Results of the case study to predict total noise combining traffic noise
with airflow noise using Nelson and Morfey’s equation combining stack effect with
wind driven effect (Cp 1.0) with the wind velocity, 10m/s with frequency spectra: at
1m from an exterior wall in a large room
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Figure 6-64 Results of the case study to predict total noise combining traffic noise
with airflow noise using Nelson and Morfey’s equation combining stack effect with
wind driven effect (Cp 1.0) with the wind velocity, 20m/s with frequency spectra: at
1m from an exterior wall in a large room

In order to test a model, the following case study was chosen also:
•

Location: London, U.K.

•

Weather condition: 68 F° (20 C°), May 26th, 1997

•

Fifty story high-rise building

•

Length: L= 30 ft (9.14 m)

•

Width: W= 120 ft (36.58 m)

•

Height: H= 561.5 ft (171.15 m)
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•

Wind incidence angle with respect to front façade = 0 degrees

•

Terrain category: α= 0.33 (large city center), δ =1500 ft(large city center)

•

Opening size = 0.685 m × 0.85 m

Figure 6-65 shows the wind speed in a day (May 24th, 1997) and figure 6-66 shows the
statistical wind velocity data.

Figure 6-65 One day wind velocity of London (May 24th, 1997)
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Figure 6-66 Statistical data of wind speed in London (May24th, 1997): red line
(mean value), blue line (quartile value (25% to 75%) of total data) and black line
(minimum to Maximum value)

Based on the measured traffic noise data shown in figure 6-41 and the wind speed data
shown in figure 6-66, the five scenarios were planned to predict traffic noise and air flow
noise level. Each scenario considers the information of the noise variation throughout 24
hours at Heston Street on the M4 (motorway) and wind velocities on May 24th in London.
The scenarios are shown in Table 6-3.
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Table 6-3 Scenarios to predict traffic and air flow noise level in London
May 24th, London
For air flow
noise
prediction

For traffic noise prediction
scenario

dB(A) (measured
6.1m(20ft)from the
nearest
carriageway)

hr

Vehicles/hr (total
traffic flow rate)

percent
of heavy
vehicle

km/hr

m/s (wind
velocity)

1

0

77.39

1100

60

30

4.6

2

4

61.52

100

55

5

2.6

3

9

80.8

3800

30

20

6.7

4

14

77.05

2300

50

10

6.2

5

18

79.14

4100

25

10

6.7

Figure 6-67, 6-68, 6-69, 6-70, and 6-71 shows the results of five scenarios. Low wind
speed below 6.7m/s does not highly influence the total noise level. Figure 6-68 presents
that the counter force between wind driven and stack effect at upper floors reduces the air
flow noise level. Higher stack effect at upper floor dominates air pressure differences in
low wind velocity. Therefore, the air flow direction is to be opposite and airflow noise is
dominated by the stack effect. Figure 6-72, 6-73, and 6-74 shows the result of scenario 5
to predict air flow noise, traffic noise and total noise with frequency spectra. The result
patterns of other scenarios with frequency spectra also follow similar noise frequency
patterns of the figure 6-72, 6-73 and 6-75.

117

50
45
40
35
30

L airflow noise
(stack+wind,Cp 1)

25

Traffic noise

20
Total airflow +traffic

15
10
5
Floor
0
0

20

40

60

80

SPL (dB(A‐weighted))

Figure 6-67 Results of the case study, scenario 1 to predict traffic noise and air flow
noise in London: time(midnight), the traffic condition (1100 vehicles/hr, 60km/hr,
and 30 percent of heavy vehicle) and wind velocity (4.6m/s)

118

50
45
40
35
L airflow noise
(stack+wind,Cp 1)

30
25

Traffic noise

20
Total airflow +traffic

15
10
5
Floor
0
0

20

40

60

80

SPL (dB(A‐weighted))

Figure 6-68 Results of the case study, scenario 2 to predict traffic noise and air flow
noise in London: time(4 am), the traffic condition (100 vehicles/hr, 55km/hr, and 5
percent of heavy vehicle) and wind velocity (2.6m/s)
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Figure 6-69 Results of the case study, scenario 3 to predict traffic noise and air flow
noise in London: time(9 am), the traffic condition (3800 vehicles/hr, 30km/hr, and
20 percent of heavy vehicle) and wind velocity (6.7m/s)
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Figure 6-70 Results of the case study, scenario 4 to predict traffic noise and air flow
noise in London: time(2 pm), the traffic condition (2300 vehicles/hr, 50km/hr, and
10 percent of heavy vehicle) and wind velocity (6.2m/s)
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Figure 6-71 Results of the case study, scenario 5 to predict traffic noise and air flow
noise in London: time(6 pm) the traffic condition (4100 vehicles/hr, 25km/hr, and
10 percent of heavy vehicle) and wind velocity (6.7m/s)
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Figure 6-72 Results of the case study, scenario 5 to predict air flow noise with
frequency spectra in London: wind velocity, 6.7m/s
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Figure 6-73 Results of the case study, scenario 5 to predict traffic noise with
frequency spectra in London: the traffic condition (4100 vehicles/hr, 25km/hr, and
10 percent of heavy vehicle)
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Figure 6-74 Results of the case study, scenario 5 to predict traffic noise and air flow
noise with frequency spectra in London: the traffic condition (4100 vehicles/hr,
25km/hr, and 10 percent of heavy vehicle) and wind velocity (6.7m/s)
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6.4

Summary and discussion

These results to predict background noise level in a building for natural ventilation can be
categorized into two specific areas: (1) traffic noise and (2) air flow noise.
This study newly achieves the predicted traffic noise power levels with frequency spectra
combining the CoRTN algorithm with FHWA TNM’s traffic noise emission level spectra,
in order to analyze traffic noise propagation properties with frequency spectra. In terms
of outdoor noise propagation properties, the screen effect attenuates traffic noise level
due to differences between direct and indirect sound distance from a sound source to a
receiver position and especially high frequency noise is significantly reduced by the
effect. The overall sound transmission loss of the façade is driven by the material or
opening which has the worst acoustic performance. Furthermore, indoor noise
propagation properties could be also analyzed. In the large room, the predicted traffic
noise level is less than the levels of the small room because the reflected and diffused
noise levels are affected by the increase of absorption areas and room volume. The actual
traffic noise value depends on the geometry conditions which include; density, enclosed
buildings, buildings height, façade material, and the road width. The results of the case
study show that the noise attenuation level decreases by 2.21 dB for each 100 ft of
elevation. The case study considered direct traffic noise and single reflect sound. Noise
power level roughly below 80dB, corresponding to total traffic flow rate 2000
vehicles/hour at 40 km/hr speed, does not significantly affect indoor noise level.
The predicted air flow noise level tends to be dominated by combining wind effect with
stack effect, Neutral Pressure Level (NPL), and pressure drop coefficients. The counter
force between wind and stack effects above the upper NPL reduces the pressure
differences and subsequently reduces the air flow noise level. The Hubert’s predicted
noise level is fairly similar to Fricke’s measurement of noise level since Hubert’s noise
spectra has margin errors about ±5dB of empirical data. Figure 6-34 shows that Hubert’s
equation, and Nelson and Morfey’s equation are in agreement when using a wide opening.
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Air flow noise has higher low frequency noise level than high frequency noise level. Air
flow noise at the wind speed 5 or 6.7 m/s does not significantly affect total noise level,
combining traffic noise level and air flow noise level. However, the air flow noise above
the wind speed 10m/s highly influences the total noise level at the middle and upper
floors. At lower floors, the traffic noise strongly dominates the total noise level in all
cases.
Based on the measured traffic noise data considering the information of the noise
variation throughout 24hours and the wind speed data of local weather condition, the
research can predict traffic noise and air flow noise level.
CoRTN model assumes a line source and constant speed traffic, and in Britain is the sole
instrument for the assessment of road traffic environmental impacts by road authorities
(anonym, 1975). Therefore, this research assumed a line source and constant speed traffic
to define traffic noise source.
Most manufactures publish dada on both discharge and casing radiated sound from the
Variable Air Volume (VAV) unit. The most useful data are given in terms of sound
power levels; however, some manufactures list data in terms of Noise Criterion (NC)
levels. Therefore, the combined traffic and air flow noise levels are evaluated by NC
levels and could be compared with recommended VAV unit noise source or machinery
noise level by NC levels.
Although transient horn sound contribute a relatively small amount to the total noise
exposure, their psychological impact may be greater because of the startling effects of
such noise (Phan et al, 2010). With regard to the role of impulsive sounds in international
standards, the newly revised version of ISO R 1996 recommends a 5 dB penalty for
impulsive noise while another study suggest penalties of 10dB (Groenevel et al, 1985).

127

Suppose a perfectly sealed partition achieves Sound Transmission Class (STC) 50. An
effective crack of 0.002-0.004 inches around each panel can reduce the effective STC to
40 (Stewart, 2004). Additionally based on measurement data of the manufacturer, an
operable window has 5dB or 10dB difference in middle and high frequency compared
with the transmission loss of no operable window.
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7

7.1

Conclusions and Future Work

Summary of work

This work has studied several subjects related to the fields of noise control and natural
ventilation. The main focus of efforts was to predict traffic noise level and to develop a
noise control for natural ventilation systems in urban areas. This included a study of
urban wind and how it combines with the stack driven pressure in buildings. It also
involved validation of indoor and outdoor sound attenuation and transmission properties
by predicted traffic noise level. Finally, this study evaluated the predicted noise levels by
comparing them to general indoor background noise levels in office and residential areas.
The accomplishments of this research are the following:
•

Improvement of the traffic noise prediction method including outdoor sound
propagation and indoor sound transmission method within open areas in a building.

•

Prediction of air flow noise level through an opening for naturally ventilated
buildings located in urban areas.

•

Effects of geometrical divergence from the noise source, air velocities, screen effect,
and floor elevation produce different noise levels from both wind and traffic sources.

•

For lower building floors traffic noise tends to be higher, while for the higher
building floors air flow noise is potentially dominant.

•

Room boundary conditions, such as room volume and absorption coefficient of
materials, affect the noise propagation in a room.

•

For all the same conditions except the room volume, smaller rooms stronger
propagate noise than larger rooms.

•

Development of a performance evaluation of the traffic and air flow noise value by
numerical simulations considering optimum recommended indoor comfort conditions
for natural ventilation systems in an urban area.
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7.2

Prediction of traffic noise

This study predicted environmental noise levels in a building with open areas due to
traffic and air flow noise. The main methods of calculation are based on the CoRTN
(Calculation of Road Traffic Noise) algorithm, FHWA TNM (Federal Highway
Administration Traffic Noise Model), and ISO (International Organization for
Standardization) standards. The newly predicted traffic noise levels generated across the
frequency spectra combined the CoRTN algorithm with the automobile emitting spectra
of the FHWA TNM. There are various boundary conditions to predict noise level. The
results showed the noise levels considering sidewalk length, the floor of interest, façade
height, receiver position, and size of the open area. The results also involved the
consideration of room acoustic properties, room volume, indoor materials, and furniture.
In the analyses related to screen effect, high differences between direct and indirect sound
distance from a sound source to a receiver position produced the more attenuated sound
levels. In multi-materials analyses, the sound transmission loss of a composite façade is
dominated by the material or an opening with the poorest acoustic performance. Opening
rate mainly influences noise attenuation for natural ventilation systems. The room volume
and inside materials also affected the environmental noise level.

7.3

Prediction of air flow noise

This study derived the natural air flow noise by applying Hubert’s equation, and Nelson
and Morfey’s equation. These results included wind driven effect and stack effect.
Neutral pressure level in a building involved co-ordinate force or counter force between
wind driven effect and stack effect. The related forces influenced the air flow noise level.
However, the calculation of the neutral pressure level location is not exact since the
boundary conditions are variable and depend on the opening rates. In addition, Oldham
and Ukpoho‘s scatter results associated with the experimental points make it difficult to
predict the noise level correctly when using low frequencies and a small opening size.

130
7.4

Evaluation of combined traffic and airflow noise levels

The predicted noise levels were evaluated by the Noise criterion curve, which is the most
widely used method today for evaluating the suitability of the noise in a space for human
occupancy and also for writing noise specifications. Recommended noise criteria for each
room type or machinery noise are also given. The evaluation additionally considered not
only outdoor environmental noise level but also indoor office or residential background
noise level at the receiver position.

7.5

Overall view

Natural ventilation systems create acoustic problems due to traffic and air flow noise.
Computational simulations can be an appropriate answer to evaluate traffic and air flow
noise pollution through openings for natural ventilation in urban areas. The proposed
project offers possibilities to reduce environmental noise for natural ventilation systems
in urban areas, and to show an effective way of creating optimum acoustic conditions by
the usage of numerical calculations. To evaluate performance of the natural ventilation
system, many studies (especially experimental and numerical studies) have been done.
However, most of these studies did not simulate noise levels resulting from natural
ventilation in urban areas. Finally, this study will identify tradeoffs between the acoustic
design and natural ventilation design in an urban area.

7.6

Future research

One of the long term goals of this study is to offer comfortable acoustic conditions for
natural ventilation systems. In order to provide recommended acoustic conditions, special
noise attenuators should be installed e.g. an acoustic plenum, a quarter wave resonator,

131

and a muffler for natural ventilation while considering air pressure loss. The air flow
performance of acoustic attenuators can be simulated by Computational Fluid Dynamics
(CFD) tools or can be tested experimentally. Furthermore, another long term goal of this
study is to predict naturally ventilated building energy savings compared to actively
ventilated building energy consumption. In addition, natural ventilation systems have
limitation to control the indoor environment in extreme weather conditions. Therefore, a
hybrid ventilation system combining natural and active ventilation systems will be
recommended to maintain a comfortable indoor condition throughout the year. Finally
this research hopes to show the possibility that human space can approach nature closely.
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