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Abstract

Focusing on the generation of lung sounds in asthma, a 3-D geometrical model of the lower respiratory tracts with a 30% diameter reduction has
been developed, and the airflow behavior and the resulting lung sounds are simulated under normal breathing conditions.

The results show that:
1) Vorticities at the junctions between airways are higher than those in tubes, and increase to the peak value in the middle of exhalation.

2) Sound pressure levels at the junctions between airways are higher than those in tubes, and the peak values are at the junction between G6 and
G7 in the middle of exhalation (0.75s). Inside the airways, the average sound pressure level varies between 120-135dB, which is about 70dB higher
than that on the surface of the body.

3) There were three energy peaks at approximately 970, 1900, and 2850 Hz in the computed lung sounds in the 30% diameter reduced airways.

4) The average sound pressure levels inside the constricted airways (30%) are about 12-20dB higher than those in normal airways. In contrast, on

the body surface, it is only 5dB more than that of normal airways.
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Introduction

Asthma is a common chronic inflammatory disease of the lungs
that kills about 1000 people every day and affects as many as 339
million people of all ages. Its prevalence is still rising [1] and ex-
erts a large burden on society, especially in low and middle-income
countries [2]. Lung sounds play an important role in the investi-
gation of pulmonary disease [3,4] since they can offer a cheap,
non-invasive, non-radioactive source of information. Wheeze is the
most widely reported adventitious lung sound and has traditionally
been used to define asthma in diagnosis and assess the effects of
treatment [5,6], particularly in young children, both in research and

clinical practice. Then, the specific events that generate wheezing
have been a focus of speculation and many investigational efforts
have been carried out in the past centuries. In 1726, Floyer [7] first
mentioned that wheezes were generated at sites where muscular
contraction generates and were noted predominantly during ex-
piration. He also noted that wheezing was related to more severe
constriction of the airways. In 1833, Williams [8] described the or-
igin of sonorous rhonchi as a “flattened contraction in a bronchus
of considerable size” where it “leaves little or no gaping aperture.”
He indicated that “air forcing its passage” through “very viscid mu-
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cus” could cause a “ticking sound.” Since wheezes can be described
as musical sounds, their mechanisms of production may be similar
to those of wind instruments. Forgacs [9] first compared the air-
way at the point of closure to a reed in a toy trumpet and found
the mass and elastic properties of the bronchus can determine the
pitch of a wheeze. Gavriely also states the pitch of a wheeze does
not change when breathing a helium-oxygen mixture [10]. As the
air runs through the collapsible tubes, a typical vibration with a
much higher frequency (termed flutter) may be produced [11,12],
due to the dominant wall inertia. The flutter is regarded as the pos-
sible cause of wheezing. Grotberg and Davis proposed a simplified
analytic model of flow through an infinite, two-dimensional, flex-
ible channel [13]. With this model, Grotberg [14,15] obtained the
critical flow velocity that will initiate airway walls flutter, which
depends on the mechanical and physical characteristics of the tube
and the gas. Gavriely documented the characteristics in the time
and frequency domain of breath sounds in 10 wheezing patients,
compared their experimental results with predictions from flutter
theory, and concluded that wall flutters in compliance tubes were
the probable mechanism that causes oscillations [16-18].

Another potential mechanism of wheeze generation may in-
volve vortices. When the fluid is flowing through complex tubes
or over obstacles, swirls will be formed. The generated pressure
fluctuations can be sources of sound. The vortex shedding has been
made visible in physical models [19] and explained in theory [20].
Some experimental results have supported to vortex shedding as
one potential mechanism [21]. Nevertheless, the generating mech-
anism of wheezes has not been understood thoroughly, and this
often causes confusion in diagnosis. Take asthma as an example,
although the patients have the same features such as airflow lim-
itation, variable airflow obstruction, and airway hyper-respon-
siveness, the clinical manifestations are heterogeneous, i.e., not all
people with asthma have rhonchi (wheezes) [22]. This is the main
problem in both research and daily clinical practice and often caus-
es inadequate treatments in young children [23]. Due to its non-in-
vasive character, lower cost, and better repeatability, Computation-
al Fluid Dynamics (CFD) has been increasingly used in the research
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on these chronic obstructive lung diseases during the last two de-
cades. Numerical investigations on geometrical modeling [24-27],
airflow field [28,29], and drug delivery [30-34] have been reported.
Furthermore, Computational Aeroacoustics (CAA) has been also
employed to simulate the generation and propagation of noises in
pipes [35,36], ducts [37], nose-throat airways [38,39], main airway
[40], and constricted T-branch model [41].

The generation of wheezes is complex and cannot be under-
stood completely unless the influence of the involved factors is
investigated separately and thoroughly. One prominent feature of
asthma is the constriction of airways, which has the most signifi-
cant impact on airflow patterns and the resulting lung sounds.
Computational Aeroacoustics (CAA) can quantitatively evaluate the
influence of constriction and is attractive in this area. However, up
till now, the application of CAA in the generation of lung sounds in
the constricted lower respiratory tracts has scarcely been report-
ed. Hence, based on CFD and CAA, the generation of lung sounds in
airways (30% diameter reduction) is simulated in this paper, and
the results are further compared with those from normal airways.

Numerical Method

Geometrical Model

As asthma mainly affects the small airways, a 3-D pulmonary
model of G5-G8 is reasonable. Additionally, airway narrowing is a
characteristic feature of patients who have asthma, and it may be
the leading factor producing turbulence flow and wheezes. To rep-
resent asthma-associated airway narrowing, a 30% diameter re-
duction was implemented, which is consistent with the reports of
Brown and Mitzner [42].

An idealized geometrical model is more appropriate in analyz-
ing the influence of the airway narrowing. So, based on Weibel’s
23-generation lung model [43], a 3-D model for 30% constriction
is prepared and shown in Figure 1(a). The Geometric parameters
are illustrated in Table 1 [44]. Tetrahedron elements were used to
mesh the model in Ansys ICEM (Figure 1b) and the cell number was
1345,786 (Table 1) (Figure 1a,1b).

(a) Airway model by using ProE (b) Meshes on the symmetrical plane (y=0)

body surface).

Figure 1: Geometrical model of G5-G8 (1-10 represent acoustic receiver locations, receivers 1-9 are in the airways and receiver 10 is on the
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Table 1: main parameters of geometric model (unit: mm).
Generation number
parameters
5 7 8
length 10.7 7.6 6.4
diameter 2.45 1.96 1.61 1.302
It is worth mentioning that these models were not patient-spe- op d(p) 0
L w

cific, the reasons why we choose the idealized ones are as follows:

1.  Though many real geometrical models have been report-
ed by using the data from CT or MRI [29,30], to the best knowledge
of authors, it is almost impossible to develop the diameter reduced
models based on the real ones with the software such as Pro-E,
since the parameters such as curve, surface and diameter are all
irregular.

2. If the patient-specific models are used to compute the
aeroacoustic noise with the direct mothod, the associated compu-
tational cost will become prohibitive. It is reasonable to choose the
idealized geometry instead of real one, since they are both effective
to evaluate the influence of airway constriction.

Governing Equations

The sonic sources, which are induced by eddies in the transient
flow, are distributed in the whole flowing area, so the flow field
should be computed first, then followed by the acoustic field.

1. Flow Field by CFD

For flow in smooth cylindrical pipes, laminar flow occurs at low
Reynolds numbers which is less than 2000. The flow will change
from laminar to turbulent in the range of Reynolds numbers from
2000 to 4000 and Reynolds numbers greater than 4000 indicate
fully turbulent flow. However, bifurcation geometries often expe-
rience transitional and turbulent flows at much lower Reynolds
numbers [45]. Grigorio, Kostas, and Andrew also proposed the
mixed turbulent-laminar flow is mostly encountered in human
airways [46]. Besides, airway constriction in asthma can lead to
higher Reynolds numbers, which may range from approximately
100 to 5900 in this study. Furthermore, the respiratory sounds can
only be produced by turbulent airflow [47], turbulent solutions are
necessary to resolve the flow fields and evaluate the associated ae-
ro-acoustic noises. LES (Large eddy simulation) was more suitable
to analyze transient flows and then selected for this study with a
sufficient degree of accuracy without being prohibitively expensive.

Within the LES method, small eddies are calculated by using
a sub-grid scale model whilst also filtered versions of the Na-
vier-Stokes equations are used for calculating the large-scale
motion of the flow. Accordingly, the velocity is decomposed into
two parts: u; =, +u;,55, where i is filtered velocity and v, g is the
subgrid-scale velocity. The filtered Navier-Stokes equation is given
in Eq. (1) as follows:

opw) puu)) op o, om,. Ot
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b = Py~ Pt (3)

Where, i,j=1,2,3; p denotes density; p is turbulent viscosity coef-
ficient; tij is known as sub-grid scale stress.

2.  Acoustics Computation

In this paper, FW-H method was used to compute the ae-
ro-acoustics field. First, the Lighthill equation is derived from N-S

52,0 -4 52/0 _ 82TU.
o O o @

i Xixj

equation:

T, = put; +[(p+ py = a3 (p = p )15, (5)

Subsequently, in order to solve the acoustic problem induced by
moving objects in fluid, Ffowcs Williams & Hawkings proposed the
generalized function method, i.e., the FW-H equation'

28 anp=Lion L m——[(pm 6f]+ (6)

or

Where: #'=P=p, , P'=P~P,, Tij is Lighthill tensor. The
three parts in the equation’s right side can be regarded as three
types of sonic sources: monopole, dipole, and quadrupole, which
are caused by surface acceleration or displacement distribution,
surface pressure fluctuations, and fluid turbulence, respectively.

Computational set-up and Boundary Conditions

Since wheezes during exhalation are more obvious than
that during inhalation, the transient analysis of exhalation under
breathing conditions (60L/min) was implemented in this work. In-
lets are set on the end surfaces of G8; the instantaneous values for
the velocity profile were generated by the following equation [48]
and shown in (Figure 3).

v, =v,, Sin(27 ft) (7)

Where: v, is the maximum inlet velocity, ¢ is the nondimen-
sional time, and f is the breathing frequency in cycles per unit of
time. User-Defined Functions (UDFs) hooked in Ansys Fluent are
given to set the above inlet velocity profile. The upper surface of G5

is the outlet, and the pressure outlet condition is applied.

The LES algorithm using the Smagorinsky sub-grid-scale mod-
el within ANSYS Fluent was used to analyze the flow first. The to-
tal solution period was 1.5 s, and the time step was chosen to be
1.5E-4s. Then, by using Ffowes-Williams&Hawkings model, the ae-
ro-acoustics field is simulated with the same solution period.
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The fluid is assumed to be incompressible, as the flow speed is
very low sub-sonic. The air is therefore treated as isothermal, and
modeled using the ideal gas equation of state. Fluid properties are
shown in (Table 2).

Table 2: Fluid properties.

Copyright© Juntao Feng

Validation

The current simulation has been validated via comparisons
with experimental data in Figure 2 For details of these particular
case studies, see Zhaso and Lieber [49]. Generally, a good agree-
ment between the simulated and experimental results has been
achieved. This validation establishes the credibility of the present

Temperature 298K
P . numerical method to tackle the airflow problem and the following
ressure a
; aero-acoustic analysis in human airways (Figure 2).
Density 1.184 (kg/m?)
Viscosity 1.82x10° (kg/ms) Figure 3 and Figure 4 show the velocity and pressure fields on
' the symmetrical plane (y=0) under 45L/min.
o3pl W experimental data " expenmental data
simulation results . 0.25 - ., - simulation results
-
025 b " o o
. 4 020 b
020 ey g
= m 015 F
E_ﬂ“!' L - - - -
- L] 0.10 -
0.10
-
s 0.05
005 b
0.00 - - 0.00 - -
i i A A i i i i
10 2.5 00 0.5 10 10 05 a0 08 10
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(a) location 3

(b) location 13

Figure 2: Comparison of transient velocities (t=0.1T) in a single bifurcation with Lieber and Zhao [49].
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Figure 3: Velocity profiles in the airway model during exhalation under 45L/min at: (a) t =0.06s; (b) t =0.75s; and (c) t =1.475s.

(b) (c)

Figure 4: Pressure profiles in the airway model during exhalation under 45L/min at: (a) t =0.06s1; (b) t =0.75s; and (c) t =1.475s.
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One can note:

I both the velocity and the static pressure first increase,
reach to the peak value at 0.75s and then falls gradually. Higher ve-
locity or pressure can easily lead to turbulence flow. And this means
a larger aero-acoustic noise will be produced at the middle of the
exhalation.

I. The pressure and the velocity in junctions (especially that
between G6 and G7) vary more greatly than those in the tubes of
all generations. For example, velocity varies from 0 to 3.73m/s in
junction between G7 and G6 (Figure 3 (b), which is much higher
than those in other positions; And the pressure only decreases from
19.6Pa to 18.2Pa in tubes of G7; in contrast, pressure falls sharply

Copyright© Juntao Feng

from 18.2Pa to 15.6Pa in the 2 junctions between G7 and G6 (Fig-
ure 4 (b). This can be explained as follows: after rushing from 2
daughter airways, two blasts of air will crash and converge with
each other and will result in a higher pressure or velocity area near
the higher generation of airways, and a lower pressure or velocity
area near the two daughter airways. So, the velocity and pressure
fluctuations will produce the quadrupole and dipole sonic source,
respectively.

Thus, one may suggest that the aero-acoustic noises are most
likely to be produced in the junctions between airways, and that in
the junction between G7 and G6 may be the highest one. Additional-
ly, the noise will reach the peak value in the middle of the exhalation
(about 0.75s) (Figure 5).

(b) 0.75s (c) 1.47¢

~ W
] L] _-'
(a) 0.03s
Figure 5: Contour of vorticity (Q-criterion) magnitude in the symmetry plane (z=0).

Forgacs proposed that it is only turbulent airflow that is ca-
pable of producing respiratory sounds [47]. Vortices are a major
component of turbulent flow. In order to identify the turbulent vor-
tices formed in airways, the widely used Q-criterion visualization
(Q represents the balance between the rate of vorticity and the rate
of strain) is obtained and illustrated in figure 5.

Obviously, the vorticity (Q-criterion) first increases, reaches the
peak value at 0.75s, then falls gradually. Vorticity is the identifica-
tion of the vortices, so higher vorticity generally means a stronger
turbulence flow that is the cause of aeroacoustic noise. As a result,
a larger aero-acoustic noise may be produced in the middle of the
exhalation.

It can be clearly, seen that the boundary layer near the walls of
the airways appears to be laminar and no evident turbulence struc-
tures appear due to the smaller vorticities. Vorticities at junctions
are higher than those in the tubes of all generations. For example, at
0.03s, the peak value of vorticity is located at junctions between G7
and G6. This phenomenon can be explained as follows: after rush-
ing from 2 daughter airways, two blasts of air will crash with each
other and converge, then result in a higher pressure or velocity area
near the higher generation of airways and a lower pressure or ve-
locity area near the two daughter airways. Then in the junctions,
the rollup of turbulent eddies is observed due to boundary layer
flow separation and turbulence transition. The velocity and pres-
sure fluctuations above may further produce the quadrupole and
dipole sonic sources, respectively. Thus, it may suggest that lung
sounds are most likely to be produced in the junctions between air-
ways. Additionally, the sound will reach the peak value in the mid-
dle of the exhalation (about 0.75s).

In Figure 1 (b), ten receivers are placed in the airways to in-
vestigate the lung sounds: receivers 2, 4, 6, and 8 are located at the
centers of tubes G8, G7, G6, and G5 respectively; receivers 3, 5, and
7 are at the junctions of G5-G6, G6-G7, and G7-G8 respectively; re-
ceiver 1 and receiver 9 lie in the centers of inlet and outlet respec-
tively; receivers 10 is situated on the surface of the body (Figure 6).

The SPL (sound pressure level) was computed based on the
whole airway (G5-G8). Figure 6 shows the predicted SPL for ex-
halation (0-1.5 s) in the frequency range of 0-3300. The smallest
time step size was 1.5E-4 s, which was equivalent to a maximum
frequency of 3300 Hz. The highest SPL occurs in the range of 0-20
Hz, which is below the audible frequency of human ears. There
were three energy peaks at approximately 970, 1900, and 2850 Hz
(Figure 7).

Figure 5 exhibits the computed average sound pressure and the
Sound Pressure Level (SPL) of various receivers for the numerical
simulations. For the 30% diameter reduced airways, the average
SPLs at receivers 3, 5, and 7 are 132.89, 133.26, and 128.99dB, re-
spectively; in contrast, the average SPLs at receivers 2, 4, 6, and 8
are 130.8, 131.4, 132.40, and 128.11dB. So, lung sounds at junc-
tions (receivers 3, 5, and 7) are higher than those at the tubes (re-
ceivers 2, 4, 6, and 8). Receiver 5 has the highest value of average
sound pressure and average sound pressure level, which means the
lung sound is peaked at the junction between the G6 and G7 tubes.
Moreover, the average SPL on the body surface (receiver 10) drops
quickly to 40dB, which is approximately 70dB lower than those in-
side the airways. This marked discrepancy can be attributed to the
dissipative behavior of the sound through the medium, namely, the
tissue (muscles and bones) significantly impaired the propagation
of the lung sounds.
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Figure 7: Average sound pressure (a) and average sound pressure level (b) of various receivers.

Both the average sound pressure and the average SPL inside
the airways with a 30% diameter reduction are notably higher
than those in the normal airways, so the constriction of airways
can lead to a louder lung sound. It is also observed that a 30% di-
ameter reduction only results in a slight rise in lung sound on the
body surface (receiver 10), namely, the average sound pressure in-
creases from 0.0011Pa to 0.0021Pa, and the average SPL increases
from 35dB to 40 dB. This means it is difficult to obtain the situation
inside the airways with stethoscope since the signals on the body
surface cannot accurately reflect the variation of airways such as
remolding, constriction, and inflammation (Figure 8).

Since the normal breathing sound or wheezes usually range

from 100 Hz to 1000 Hz, the spectral features of receiver 1 between
20-1000 Hz are further illustrated in Figure 8. According to Li S H
[50], the peak intensity of wheezes was mainly distributing from
250 Hz to 500 Hz, and is relatively narrower than that of normal
breathing sounds. In Figure 7, a comparatively higher sound pres-
sure level is found in the range of 220 - 400Hz (black circle). The
intensity of wheezes at frequencies less than 200Hz is lower. In Fig-
ure 7, the curve is steep as it looks at lower frequencies (<200Hz),
though, the lung sounds may not be heard as the ear is less sensi-
tive to low audio frequencies, and the actual sound pressure level
should be decreased. So, to some extent, the constriction of airways
did play a certain part in the generation of the wheezes.
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Figure 8: Comparison of Spectral Analyses of receiver 1 between the 30% diameter reduced airways and the normal airways.

Despite the similarities above, significant differences are found
between the computed lung sounds and the true wheezing sounds
[50]. Several factors could weigh heavily for this discrepancy, first,
the mechanical property and the flutters of airways were not con-
sidered in this work. Second, the input waveform was simplified as
a sinusoidal wave which may affect the computation of the airflow
and the lung sounds, so the improved waveform should be consid-
ered in the subsequent research. The generation of wheezes is a
complicated process, which is caused by a number of factors, such
as the vibration of the walls, turbulent flow, remolding of the air-
ways, geometrical model, etc. The model presented can be a first
step to constructing a functional method that in the future could
shed light on the generation of wheezes.

Conclusion

In order to investigate the lung sounds of asthma, simulations
of the aero-acoustissc noises during exhalation have been carried
out on a 3-D geometrical model of lower respiratory tracts (G5-G8)
with a 30% diameter reduction, and the results have been further
compared with those from the normal airways. The conclusions are
drawn as bellows:

1.  Turbulent vortices mainly exist in the junctions between
tubes and the vorticity (Q-criterion) increases to the peak value in
the middle of exhalation.

2. The lung sounds at the junctions between airways are
higher than those of tubes, the highest value of which lies at the
junction between G7 and G6 in the middle of exhalation.

3.  Three dominant frequencies (970, 1900, and 2850 Hz)
are found in the resulting lung sounds in the 30% diameter reduced
airways.

4. Due to the 30% diameter reduction, the average sound
pressure levels inside the airways decrease by 12-20 dB. In con-
trast, a 30% diameter reduction only leads to a slight rise in lung
sounds on the body surface, namely, average SPL increases from 35
dB to 40 dB.
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