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1 Abstract

Introduction. Inaudible but ubiquitous environmental infrasound undoubtedly affects the frame of mind and health of

humans.

Objective. The object of the study is to prove that civil engineering objects can be sources of infrasound, and a review of
the literature on effects of infrasound on the health of people and animals.

Methods. Computer simulation of an air flow around a typical element of outdoor infrastructure. The simulation was carried
out using the author’s computer programme, based on Discrete Vortex Method algorithms.

Results and conclusions. The numerical experiment clearly proved that industrial objects can be sources of infrasonic
noise during windy weather. The picture of air flow around a cylinder shows that regular turbulent motion is a source of
sound with one dominating frequency. The sound once generated propagate far from its source. Frequency and intensity
of the sound depends on wind velocity and shape of the object. Further research in this area are advisable.
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INTRODUCTION

The human ear has the ability to perceive sound frequency
ranges from 20-20,000 Hz [1, 2]. The borders may vary due
to personal predisposition, state of health and environmental
conditions. Sound below 20Hz is called infrasound and its
effects on living organisms have been studied for the last
decades. Nowadays, it is commonly accepted that people and
animals exposed to infrasound can develop health problems.

Although infrasound noise is usually connected with
industrial expansion, it is also a natural phenomenon.
Natural sources of infrasound may be both of an inanimate
and animate nature. Sound within a wide range of frequency,
including these under 20 Hz, always accompany widely
understood tectonic activity. Constantly dripping water
(including ice) or a wavy surface of water usually spreads
a broad spectrum of acoustic effects exceeding the limits of
audible sounds. Meteorological phenomena, such as wind,
rain or atmospheric discharge, take place in atmospheric
air so that they cannot occur without noise, including its
infrasonic part.

The second group of infrasonic sources are animals.
Big animals, such as elephants or whales, are known to
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communicate using low frequencies of sound. The regular
walking of an animal or a human also generates infrasound.
All of the enumerated sources of infrasound are natural and it
is almost certain that they are not harmful, and it is industrial
growth which has caused increased interest in infrasound.
There is no doubt that machinery (engines, vehicles, etc.) is
the source of the most dangerous infrasound. Much research
has been carried out in order to determine the infrasonic
environment in the vicinity of machines (including interiors
of vehicles), and to discover its influence on people. The
knowledge in this field seems to be extensive [3].

Although infrasound has been studied for along time, there
is still one group of its sources that seem to be overlooked -
the group constituted by the urban environment. Buildings
such as skyscrapers or towers, outdoor industrial installations
(e.g. pipelines, chimneys) or transport infrastructure
(bridges, long free-standing walls, e.g. noise barriers). All
such objects as sources of aerodynamic turbulence emit
sound during windy weather. The frequency and intensity of
the sound depends on shape of the object, its neighbourhood
and wind speed. Computer simulation has showed that even
at moderate wind speed infrasound generation is possible
for a typical element of urban environment. This group
of infrasonic noise sources can be placed between the two
previous groups, because sound is generated by wind but
the objects are artificial and not occur in nature. This study
investigates environmental sources of infrasound and its
influences on people and animals.
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OBJECTIVE

The object of the study, based on numerical analysis and
computer simulation on a simplified model, to prove that
civil engineering objects can be sources of infrasound.

MATERIALS AND METHOD

The object of the study is sound generated aerodynamically,
and focuses on noise generated as a by-product of an
airflow. Due to high costs of field measurements, computer
simulations have been chosen for preliminary research.

Airflow, as an example of fluid flow, is governed by a
Navier-Stokes equation, which is a differential equation
that still challenges scientists and theoretical engineers.
Exact analytical solutions of the equation are known for
simple cases only, and is the reason why numerical computer
simulations are commonly used to explore fluid flows and
their effects. The most commonly used methods here are the
Finite Volume Method and Finite Element Methods, called
classical methods nowadays. Due to the fact that the precision
of sound emission estimation depends crucially on the
accuracy of the vorticity field reconstructed on the grounds of
fluid motion velocity field, the two classical numerical mesh-
based methods used for solving the Navier-Stokes equation
usually fail to show which flows can generate sounds. This
is a problem often neglected in engineering simulations.
Audible sounds are usually explored using different methods,
but inaudible sounds are seldom taken into consideration.
The Discrete Vortex Method (DVM) is an alternative to
the classical methods, in which the finite element mesh is
not used, and it is not the velocity but vorticity field that is
simulated directly, which suits the method well for sound
emission estimation. In addition to the quantitative output,
each simulation of fluid flow results in a good visualisation
of turbulence given in a time scale. The visualisation allows
assessment of the sound emission (including inaudible
sounds) taking place. The DVM method, however, is less
popular than the classical methods. Currently, there is no
computer software available (commercial or open source)
for performing computer simulations of fluid flow using the
method, and all implementations of DVM still remain at the
stage of academic research. One such implementation is the
computer program ‘Ventus’ developed in the Department of
Structural Mechanics at University of Technology in Lublin,
Poland [4]. The programme was the research tool used in the
presented study.

The Discrete Vortex Method (DVM) is a numerical method
developed for solving the Navier-Stokes equation, based
on the Lagrangian model of a particle tracing [4, 5]. In
DVM, the equation is solved by direct computer simulation
of a physical phenomena. A finite mesh, known from the
finite element and finite volume methods, is not applied
in DVM.

Considering 2D areas of fluid flow and assuming a
homogeneous dry air with a constant density, the following
form of the N-S (Navier Stokes) equation can be used to
describe the phenomenon of interest:

a—u+(ro)u:—le+vAu, 1)
ot Yol

where: u-velocity field, p—pressure field, p—density, t-time
v-kinematic viscosity. The part (u-V)is the operator.

The equation (1) is decomposed by calculation of the
rotation of the vector u, which gives the so-called vorticity
transport equation:

9 | (1-V) o = 1Ao, 2)
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where o is a vorticity field of the flow. The last equation (2)
is composed of two components: advection (3) and diffusion
(4) one:
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The separation let us treat fluid flow as two simultaneous
and independent phenomena: advection and diffusion, and is
known as Split Algorithm. In DVM it is not the velocity field
which is being directly simulated, but its vorticity constituent.
The vorticity field is represented in a discrete form, which for
the 2D case reduces to a set of particles, a so-called vortex cloud.
Each vortex particle contribute to then total cloud velocity field
of the flow, that it co-represents, under the aerodynamic Bio-
Savart law. Assembly of the cloud velocity field and potential
velocity field not included in equation (2) but present in
equation (1) gives the final velocity field in which the vortex
cloud is drifted. The process is described by the advection
formula (3), while the diffusion (4) is implemented as the
vortex cloud erosion caused by viscosity of the fluid medium.

The source of vorticity in the flow is a solid body immersed in
it, precisely the solid-fluid border. Because fluid velocity at the
border is zero, there is a need to cover the body with a vortex
sheet that reduces the influence of the environment outside
the body. The sheet is created and shed at every simulation
step. Vortex particles that have been shed become members
of the vortex cloud. To sum up it, must be stated that DVM
is well suited to the computer modelling of turbulent flows.

RESULTS

The computer simulation was performed using Discrete
Vortex Method (DVM), a numerical method developed for
solving the Navier-Stokes equation [5], which describes the
motion of fluid continues substance. Solutions of the equation
usually give fields of velocity and pressure of unsteady fluid
medium. The output can be used subsequently for estimating
sound emission [6, 7].

The case taken into consideration concerns the wind flow
round a long straight cylinder (Fig. 1) of 0.2m in diameter
under a wind attack of 5m/s (18km/h), such as a long cable
or a thin pipeline. Model tests are well established methods
of wind engineering. They allow the obtaining of reliable
results by means of wind tunnel laboratory tests or numerical
simulations [8, 9]. The long tradition of model research in
wind science has arisen due to the high cost of field study. The
computer simulation included mutual interaction between
the solid body and fluid. The air stream was assumed to be
non-turbulent before encountering the cylinder, so only the
vorticity that appeared in the flow came from the presence
of the solid body in the stream. Figure 2 presents a fully
developed vortex street on the leeward side of the cylinder.
The street vortex is a well known form of turbulence called
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Figure 1.View of the object underaerodynamicanalysis: 1 -long cylinder,2 - DVM
analysis plane, 3 - section from Fig. 3, 4 - wind attack

Figure 2. Computer simulation of wind flow over a long cylinder (Source: own
research)

Figure 3. Side forces affected by the cylinder from Fig. 2: a) time history of the
force b) amplitude spectrum

the von Karman vortex street. The colour indicates the turn
of vorticity; red has been used for clockwise vorticity, green
for counterclockwise. The phenomena consists in shedding
vortices in a regular way. The next vortex always has inverse
spin to the previous one. Each vortex that appear in the
stream causes decrease or increase in air pressure. Pressure
jumps occur close to the solid body, which makes it a source
of sound. The sound then propagate far its source [6, 7]. If
the frequency of vortex shedding drops below 20Hz, then
the sound is called infrasound and is usually referred to as
being below the threshold of human hearing.

Vortex shedding is not the only source of sound but also
induces side aerodynamic force, which is easily calculated
by the ‘Ventus’ programme. Figure 3a shows how the force
changes in time, while figure 3b is an amplitude spectrum
of the signal (Fig. 3a). The dominating frequency is 4.2 Hz.
Because the same vortexes generate sound, the sound is of the
same frequency - 4.2 Hz, which means that it is infrasound
generated under the level of human perception.

The case of the cylinder that has been analyzed may be
referred to real civil engineering structures. Practically, each
long element of the building structure with a circular cross-
section and diameter of 0.2 m (or close to 0.2 m) placed in free
space generates a vortex street, which results in infrasound
emission during wind at speed 5 m/s (or similar). Such an
element can be one of cables used in cable-stayed or suspended
structures: bridges, footbridges, large-surface roofs. Similar
cables are parts of high masts and the base structure of a cable
railway. The same effect is created by a pipeline suspended

on pylons. All the building are common in urban areas, but
probably do not complete urban environmental infrasound
sources. Although it goes beyond the presented research,
it is high probable that long obstacles in a flat terrain, such
as a regular drop (e.g. cliff, earth embankment) or long
free-standing wall (e.g. baffle board) are another group of
infrasound sources because they too are able to generate
vortex speed as specific wind speeds.

DISCUSSION

Infrasound is not audible for humans, based on its definition,
but it is accepted to be sensed by the body. Infrasound can
result in human body functional disturbance, even injury
[10]. Industrial wind turbines can harm human health
if sited close to residents. Harm can be avoided if wind
turbines are situated at an appropriate distance from humans.
The infrasound effects studied were on the cardiovascular
(myocardium) and nervous systems, eye structure, hearing
and vestibular function, and endocrine modulation. Specific
central nervous system (CNS) effects studied included
annoyance, sleep and wakefulness, perception, evoked
potentials, electroencephalographic changes, and cognition.

Volunteer studies investigating the potential effects of
infrasound are relatively limited, and the quality of many of
them is questionable, and they yield conflicting results. Very
few studies appear to have been published in recent years.
Most of the studies identified involved infrasound exposures
at 90 dB and higher, and ranged from minutes to several
months. Of the many animal studies identified, there were
none involving long-term (six months or more) exposure.
There were few studies evaluating reproductive function,
developmental effects, and immunological effects, and no
studies that evaluated carcinogenic effects. The primary effect
of infrasound in humans appears to be annoyance. Aural
pain and damage (i.e., scarring of the tympanic membrane
and vascular infection of the eardrum membrane) have been
reported [11].

Infrasound (i.e. <20 Hz for humans) is not audible, but
exposure to high-levels of infrasound will produce large
movements of cochlear fluids. Infrasound entering the ear
through the ossicular chain is likely to have a greater effect
on the structures of the inner ear than sound generated
internally. Exposure to infrasound of about 90 dB-G can
cause excessive fatigue, drowsiness and noise-induced
hearing loss [12]. In animals exposed to 4 kHz OBN (octave
band of noise) at 108 dB SPL, there were larger functional
losses and much greater hair-cell loss in the cochlea. The
presence of infrasound during this intense 4 kHz OBN
exposure increased cochlear damage because infrasound
caused more intermixing of cochlear fluids through the
damaged reticular lamina. Simultaneous infrasound and
a moderate 4 kHz OBN did not increase cochlear damage
because the reticular lamina rarely breaks down during this
moderate level of exposure [13].

Studies of 1,063 residents in multifamily buildings in
Sofia, Bulgaria, experiencing a noise level above 60 dBA
and infrasound levels from 55 to 78 dB, found a statistically
significantly increased percentage of persons with
psychosomatic complaints (e.g., weakness and fatigue) and
sleep disturbance (e.g., restlessness during sleep) versus
those exposed to a lower level noise and infrasound [14].
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Rats exposed to infrasound for 60 days showed biochemical
and morphological changes in blood and tissues, including
dystrophic tissue changes in the lungs, liver, kidneys, heart,
adrenals, and testicles [15].

Some people with wind turbines located close to their home
have reported a variety of clinical symptoms that in rare
cases are severe. These symptoms include sleep disturbance,
headaches, difficulty in concentrating, irritability and
fatigue, as well as a number of otologic symptoms, including
dizziness or vertigo, tinnitus and the sensation of aural pain
or pressure. The symptom group has been termed ‘wind
turbine syndrome’ and speculated to result from the low
frequency generated by wind turbines [16].

Pierpont documented symptoms reported by individuals
exposed to wind turbines, which include sleep disturbance,
headache, tinnitus, ear pressure, dizziness, vertigo, nausea,
visual blurring, tachycardia, irritability, problems with
concentration and memory, and panic episodes associated
with sensations of internal pulsation or quivering when
awake or asleep.

Nissenbaum et al. used validated questionnaires in a
controlled study of two marine wind energy projects. They
concluded that the noise emissions of wind turbines disturbed
sleep, caused daytime sleepiness, and impaired mental health
in residents living within 1.4 km of the two wind turbines
installation under study [17].

Several studies have investigated the possible effects of
infrasound on the cardiovascular system. Borredon and
Nathie reported elevation in diastolic blood pressure in
a male exposed to infrasound for 50 min [18]. Standberg
et al. found exposure to infrasound for one hour increased
diastolic blood pressure, decreased systolic blood pressure
and increased pulse rate [19]. Another study reported that
exposure to infrasound reduced the strength of cardiac
contraction. In addition, behavioural and neurophysiological
changes were observed.

Ratsand guinea pigs (5 testanimals, 2 controls per group) were
exposed to infrasound for 3 h/day for 45 days; and tissues were
collected on days 5, 10, 15, 25, and 45 for pathomorphological
examination. A single exposure of 4-10 Hz at 120 - 125 dB
led to short-term arterial constriction and capillary dilatation
in the myocardium. Prolonged exposure led to nuclear
deformation, mitochondrial damage [20].

Twenty healthy males were exposed to infrasound for
20 min. in one series of experiments and then for one hour on
alternate days in a second series of experiments. Infrasound
was observed to increase diastolic blood pressure, with the
most significant effect seen with 16 Hz, and a maximum mean
increase of 8 mm Hg occurred after 30 minutes, and a decrease
in systolic blood pressure and pulse rate. This suggests that
peripheral vasoconstriction with increased blood pressure
was induced with acute infrasound stimulation [21].

Researches have shown that infrasound exposure causes
functional and structural disorders of the central nervous
system, which lead to lower work efficiency, poor memory
and easily provoked agitation.

Brain injury observed in rats exposed to infrasound at
high sound pressures may be due to elevated glutamate
concentrations and its exciting toxicity. Four groups of rats
were exposed to infrasound. Significant increases in brain
glutamate were observed in rats exposed at 120 dB, with
the effect being more pronounced in the rats exposed to
16 Hz [22].

Infrasound is not audible, but exposure to a high-level
of infrasound will produce large movements of cochlear
fluids. Lim et al. were the first to examine in detail the
histopathology of the middle and inner ears following
exposure to infrasound. They found a number of pathological
changes including rupture of the tympanic membrane and
middle-ear bleeding [23]. Hensel et al investigated the impact
of infrasound on cochlea function by measuring distortion
product otoacoustic emissions. The cochlea is the auditory
portion of the inner ear. Infrasound induced changes in
sound processing by the cochlea, but did not cause damage
to the outer hair cells [24].

Landstrom et al. investigated the effects of 15 min.
infrasound at EEG frequencies on wakefulness in six
volunteers. Changes in EEG were variable and none was
significant, although there was a suggestion that theta activity
increased with the eyes closed [25]. When 18 healthy male
students were exposed to infrasound during sleep, the pattern
of sleep was little affected. In contrast, audible sound (i.e.
synthesized traffic noise) had more ‘harmful effects’ on sleep
(e.g. caused difficulty in initiating sleep and affected reaction
rates after exposure) [26].

Infrasound induced adverse bioeffects on reproduction
depend on the exposure parameters. Serum testosterone
concentration of rats exposed to infrasound for one day
decreased significantly compared to control. Exposed
to infrasound, rats of all experimental groups displayed
significantly increased latency to first mount or ejaculation,
and decreased the numbers of mount or ejaculation compared
to control, and with prolonged exposure, sexual behavior was
reduced more profoundly [27].

CONCLUSIONS

The presented numerical experiment proved clearly that
industrial objects can be sources of infrasonic noise during
windy weather. The picture of air flow around a cylinder
shows that regular turbulent motion is a source of sound
with one dominating frequency. The sound once generated
propagated far from its source. Frequency and intensity of
the sound depends on the velocity of wind and shape of the
object. Further researche in this area are advisable.
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