4 Moisture in
building
components
Page 167: A new problem was added:

4.14 Calculate the water vapour pressure and the dry air pressure in a

room for humid air of pressure 100 kPa, temperature 21 ○ C and relative
humidity 60 %. What is the mass of water vapour and the mass of dry air
in 300 L of this humid air? When we open a chest freezer of volume 300 L,
the air from the room completely displaces the air in the freezer. When
the freezer is closed again, the air inside cools down to −18 ○ C. How much
water vapour deposes in the freezer? What is the pressure of the cooled
air inside the freezer? The molar masses of water vapour and dry air
are 18 g/mol and 29 g/mol, respectively. (1.5 kPa, 98.5 kPa; 3.3 g, 350.8 g;
3.0 g; 85.6 kPa)
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7 Building
acoustics
Page 217: A new text was added after the first paragraph:
In contrast to the previous section, the sound energy is almost uniformly
distributed and the net energy flow must therefore be zero everywhere in
the room. Consequently, the sound pressure no longer relates to the density of sound energy flow rate through a given point, but to the density of
sound energy at a given point. Although the original concept of sound
intensity becomes obsolete, it can still be used to demonstrate basic room
phenomena because it relates to the density of sound energy (6.21). Under
the new conditions, the sound intensity at a given point is conceptualised
as the sum of the sound intensities of all sound waves passing through that
point, regardless of their direction.
Page 225: After the Section 7.2.3, new section is added:

7.2.4 Specular reflections from room
boundaries
In Section 7.1 we defined the quantity that describes the fraction of energy
that is reflected by the material. Now we will take a closer look at how
individual sound waves are reflected and what consequences this has.
Depending on the properties of the waves and the surfaces, reflections generally fall into two categories: If the wavelengths are larger than the dimensions of the surface imperfections, the reflection is specular, meaning that
the angle of the reflected wave is equal to the angle of the incident wave.
However, if the wavelengths are smaller than the dimensions of the surface imperfections, the reflection is diffuse, which means that the reflected
waves have several different directions.
Heat transfer by radiation and light are facilitated by waves with short
wavelengths, generally less than 100 µm. With the notable exception of
perfectly flat mirrors, the surface imperfections are larger, so the reflections are diffuse. The reflected waves are then treated as if they were generated by these surfaces, as explained in Section 8.3.3.
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Figure 7.7: The paths of direct and reflected sound waves. The path of the reflected
sound wave, assuming that the angles of incidence and reflection θ are
equal, can be easily determined by the image source method. The wavefronts of the direct and reflected waves are shown by solid and dashed
lines, respectively.

On the other hand, the wavelengths of sound waves are much larger,
0.02 m–20 m, usually larger than the dimensions of the surface imperfections, so that the reflections are specular. The path of the reflected sound
wave between the source and the receiver is unique and well defined, because there is only one point on the surface that satisfies the condition that
the angle of incidence and the angle of reflection are equal. This point can
be easily determined by the image source method: The image source is obtained by mirroring the real source over the reflecting surface (Fig. 7.7).
In the calculation, it can be assumed that the reflected sound actually originates from the image source and not from the real source.

Sound fields near reflective surfaces
Specular reflection causes a 3 dB increase in the sound pressure level near
reflective surfaces.
To demonstrate this effect, we first consider the plane wave reflected perpendicularly from the perfectly hard surface at z = 0. The wave functions
of the displacement for the incident wave x 1 , reflected wave x 2 and standing wave x can be written (Section 5.5)
x 1 = x 0 sin(ωt − kz),
x 2 = x 0 sin(ωt + kz + π),
xx 1 + x 2 = −2x 0 cos ωt sin kz.
As shown in Section 5.4.1, the pulse is inverted for a hard surface (fixed
boundary), which is described by a phase difference of π for the reflected
wave. Consequently, the displacement amplitude of the standing wave at
the surface, z = 0, is zero, as expected. However, when we calculate the
pressure wave functions (6.2)
p 1 = p 0 cos(ωt − kz),
p 2 = p 0 cos(ωt + kz),
pp 1 + p 2 = 2p 0 cos ωt cos kz,
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Figure 7.8: The paths of a wave of wavenumber k incident at an angle θ i . The
wavenumber k must be decomposed into a component perpendicular to the surface k z and a component parallel to it k y . The reflection
reverses only the perpendicular component of the wavenumber k z .

we see that the pressure amplitude of the standing wave at the surface has
the maximum.
Let us also calculate the sound intensity of the plane wave in the free sound
field If , that is, the incident sound wave without the reflected sound wave
by calculating the time average of the squared sound pressure p 1 (6.14)
t′

1 1
If =
⋅
ρc t ′

∫

p21 (t) dt =

p20
.
2ρc

0

We have already established that in the diffuse sound field, the incident
sound waves come from all directions. For a wave incident at an angle θ i ,
the wavenumber k must be decomposed into a component perpendicular
to the surface, along the z-axis, and a component parallel to it, along the yaxis (Fig. 7.8). The reflection reverses only the perpendicular component
of the wavenumber
p 1 = p 0 cos(ωt − k cos θ i z − k sin θ i y),
p 2 = p 0 cos(ωt + k cos θ i z − k sin θ i y),
p = p 1 + p 2 = 2p 0 cos(ωt − k sin θ i y) cos(k cos θ i z).
The superposition of the incident and reflected waves forms a standing
wave perpendicular to the surface and a travelling wave parallel to the surface. To calculate the intensity, we must calculate the time average of the
squared sound pressure (6.14)
t′

1 1
⋅
I(z, θ i ) =
ρc t ′

∫ p (t) dt,
2

0

I(z, θ i ) = 2 If [1 + cos(2 k cos θ i z)].

(7.33)

Finally, we can find the total intensity for plane waves coming from all
angles of incidence, using the same procedure as in Section 7.2.2
π/2

I(z) = 2 If

∫ [1 + cos(2 k cos θ z)] 2π sin θ dθ = 4π I
i

0

i

i

f

(1 +

sin 2kz
).
2kz
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Figure 7.9: Sound intensity near hard surfaces: Single frequency sound intensity
near the room boundary relative to the sound intensity of the diffuse
field (left) and octave band averaged sound intensity for a perpendicular sound wave near the façade relative to the sound intensity of the
free field (right).

This expression describes the sound intensity within the room. For larger
distances from the room boundary, kz ≫ 1, the sound intensity tends to
its diffuse value Id , so that the sound intensity in the room relative to the
sound intensity of the diffuse field is
I(z) = Id (1 +

sin 2kz
).
2kz

(7.34)

Because of coherent interference between waves of different directions, the
sound intensity at the surface is twice the sound intensity further away
(Fig. 7.9, left), which corresponds to 3 dB increase of the sound pressure
level.
To avoid boundary effects, standards require that sound pressure levels
should generally be measured at a distance of at least 0.5 m from room
boundaries [48, 49, 65].
The same effect can be demonstrated in the free sound field, but for a frequency band. We will now examine the situation with sound waves of the
same intensity, that is, of the same sound pressure amplitude, perpendicular to the façade. For a single wave intensity we use the expression obtained above (7.33), with θ i = 0. The average intensity is determined for
√a
one octave
band
around
the
central
frequency
f
,
extending
from
f
/
2
0
0
√
to f 0 2, which corresponds to the average intensity for √
a one octave
band
√
around the central wavenumber k 0 extending from k 0 / 2 to k 0 2
k0

√

∫

2

2 If
√
I(z) = √
[1 + cos(2 kz)]dk
k0 2 − k0 / 2 √
k0 / 2
√
√
sin(2 2k 0 z) − sin( 2k 0 z)
√
I(z) = 2 If (1 +
).
2k 0 z

(7.35)

The average sound intensity is twice the sound intensity of the free field
(Fig. 7.9, right) because the energy of the sound wave reflected from the
surface adds to the energy of the incident sound wave. The average sound
intensity at the surface is further doubled by the coherent interference
between sound waves of different frequencies, quadrupling the sound intensity of the free field. This corresponds to a 3 dB increase in the sound
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pressure level near the reflective surface and a 6 dB increase in the sound
pressure level at the reflective surface itself compared to the sound pressure
level of the free sound field.
The standard ISO 1996-2 [26] prescribes a correction of 6 dB for microphones mounted on the reflecting surface and a correction of 3 dB for
the microphone 0.5 m–2 m in front of the reflecting surface to obtain
the free sound field value. In addition, the equations in the standard
ISO 16283-3 [65] include a 3 dB correction for the positions of the microphone mounted on the façade relative to those further away from the
façade.
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