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ABSTRACT
The incidence of respiratory diseases such as bronchiole inflammation and asthma tends to increase. These diseases
are directly linked to air pollution and to the deposition of particulate pollutants in the lungs. To prevent or treat
these diseases, most therapies use drugs, which are delivered into the lungs in the form of aerosol. A better
understanding of the airflow mechanism within the human pulmonary system could help to identify factors, which
may define the respiratory patterns. Consequently, the investigation of flows in the respiratory network under
normal or high breathing frequencies is one of the approaches used to understand particles transport and deposition.
The aim of this study is to investigate airflow in the conductive pulmonary airways to contribute to a better
understanding of the pulmonary system. This experimental study deals with the investigation of oscillatory flows
within a 3D model of three successive generations of lung bifurcations. The experimental measurements are
performed with the time-resolved Particle Image Velocimetry technique. This technique is used to provide dynamic
and temporal information on the patterns of the flow.
Experiments were performed by imposing oscillating flow rates around a mean velocity equal to zero in order to
understand and assess the flow fields in successive bifurcations. The time-development of the velocity through
successive bifurcations is presented for different Reynolds and Womersley numbers.
This study allows to highlight the effects of both the Reynolds and Womerlsey numbers on the flow structure and in
particular on the boundary layer development in function of time. It also allows to investigate the quasi-steadiness
of the flow as the frequency of the oscillations decreases. Moreover, this investigation demonstrates that, in certain
conditions, the structure of the flow can repeat itself from one bifurcation to the other one, despite the presence of
strong secondary motions.
Finally, the phenomenon of Steady Streaming Displacement, that concerns the displacement of a fluid element
during a complete period, is illustrated as a way to estimate the particle transport during a complete breathing cycle.
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1. INTRODUCTION
In groups at risk (e.g. children), the incidence of respiratory diseases such as bronchiole inflammation and asthma,
tends to increase. These diseases are directly linked to air pollution and to the deposition of particulate pollutants in
the lungs. To prevent or treat these diseases, most therapies use drugs, which are delivered into the lungs in the
form of aerosol. The efficacy and efficiency of such treatments depend on the size of the particles, on their transport
and deposition in the bronchial tree. Whereas the effectiveness of a specific aerosol treatment concerns the area of
clinical research, a better understanding of the human pulmonary system and of the airflow mechanism within it can
help to identify factors which may define the respiratory patterns and may contribute to the breathing disturbances.
Consequently, the investigation of flows in the respiratory network under normal or high breathing frequencies is
one of the approaches used to understand particles transport and deposition.
However, the lung is a complex network of successive bifurcations. The airways, from the trachea to the alveolar
zone, divide by dichotomy and become shorter and narrower as they penetrate deeper into the lung. In vivo
investigations of pulmonary flows are not possible, and scaled-up physical models have to be built to perform in
vitro studies.
Numerous experimental and numerical studies exist but geometric constructions are often oversimplified as most
studies dealt with airflow patterns in a single bifurcation. The experimental studies conducted until now have
concluded that the steady inspiratory flows are independent of the Reynolds number and of the entry velocity
profiles (Schroter and Sudlow (1969), Farag et al. (1998)). Nevertheless, Pedley (1977), Chang and El-Masry
(1982) and Zhao and Lieber (1994) have shown that the flow patterns in a single or multiple bifurcations, are likely
dependent on the airway geometry. Recently, a numerical study by Comer et al. (2001) described the flow patterns
in a symmetrical double-bifurcation under steady conditions. This study has shown how complex the flow patterns
are in such a geometry. Indeed, the bifurcation spacing is insufficient for the flow to reestablish itself between two
successive bifurcations, and hence multiple bifurcations need to be investigated.
Therefore, this investigation deals with a system of three generations. The zone studied is the laminar flow zone of
the conductive part of the respiratory tract. First, steady and oscillating flows are investigated by means of the laser
measurement techniques in a two-dimensional model (Ramuzat et al. (1997, 1999)). However, the two-dimensional
configuration does not represent the complex three-dimensional flow structures, which exist in bifurcating airways
(Wilquem & Degrez (1997)).
The aim of this study is to investigate the time dependent phenomena, which occur within a three-dimensional
model of a symmetric multiple bifurcations under different breathing conditions. The experiments are performed
with a time-resolved Particle Image Velocimetry (PIV) technique.
2. EXPERIMENTAL METHODS
2.1. Experimental model
For the design of the scaled experimental model, the dynamic similarity with the two characteristic dimensionless
parameters, the Reynolds and the Womersley numbers, has to be respected. The Reynolds number (Re) is based on
the mean velocity and diameter of the parent branch. The Womersley number (α), which is the ratio of the
oscillatory inertia force to the shear force, is based on the frequency of oscillation and on the diameter of the parent
branch.
The pulmonary zone under investigation in this study is the laminar flow zone in the conducting part of the
respiratory tract. In the region of the fifth generation, during normal breathing (flow at the mouth of 0.5 l/s, at a
frequency of 0.25 Hz), the Reynolds number is approximately 400 and the Womersley number is 0.6. Moreover, for
mechanical ventilation, the high frequency ventilation uses small tidal volume at high frequency, essentially
simulating the panting mode. In this mode, the Reynolds and Womersley numbers can increase to respectively 1500
and 20.
In the central airways, the walls are covered by cilia and are normally lined with a layer of mucus. A study by King
et al. (1982) has nevertheless shown that the presence of mucus only induces a cross-sectional narrowing. In
addition, in this region, the flexibility of the airways can be neglected as they are of a large diameter and are not
found to expand neither in length nor in diameter by a significant amount during the breathing cycle.
The three-dimensional model represents a multiple symmetrical bifurcation. The model has been scaled up from
physiological data and the geometric characteristics of each bifurcation have been strictly preserved. This model
has been designed following the description of Weibel (1963) concerning lung geometry. The characteristic
dimensions such as the length diameter branch ratio equal to 3.2, the branching diameter ratio between 2 successive
generations of bifurcations equal to 0.8 and the branching angle of 70º have been chosen according to the
description done by Hammersley and Olson (1992) and reported by Pedley (1977).
Great care was put in the design of the transition zone between the parent and daughter branches, which is
subdivided into an elliptical and a carinal region. In the elliptical region of the transition zone, the cross-section
changes shape from circular (fig.1a) to elliptical (fig.1b), keeping the cross-section area constant. The carinal region
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(fig.1c) has a complex three-dimensional shape that exhibits progressive carinal indentation (area increase by 13%)
and ends at the circular onset of the daughter branch (fig.1d).
Finally, the model has to respect two main conditions: i) as the investigation of the flows is performed with laser
measurement techniques, the model must have an optical access; ii) in order to investigate axial and secondary
flows, the model should be completely transparent and have an optical access from any direction under study.
This is the reason why the model has been built with a casting technique. The casting procedure used an alloy with
a low melting point and a mixture of silicone and curing agent. The particularity of the silicone is its transparency,
which allows a good optical access.

Figure 1. Details of the transition region (T). From
Horsfield et al. (1971).

Figure 2. Three-dimensional model of multiple
bifurcations.

2.2 Experimental set-up
The experimental set-up has been especially designed to simulate both steady and oscillating flows. In order to
preserve the similarity with the non-dimensional numbers, the experiments are performed with water. The set-up is
constituted of a stagnation tank at the top of the test section to create a smooth entrance flow, which leads to a
better-developed flow in the test section. Two other tanks fitted with an overspilling system are set to avoid any
decrease in the upper flow level and to maintain an uniform and adjustable downstream pressure.
The oscillating flow conditions are imposed thanks to a piston system (fig. 3), which controls the variable flow rate.
The piston system is located downstream of the test section, to avoid any disturbances at the entrance of the test
section. In order to keep the four outlets independent of one another, it is necessary to use four separate pistons. The
four pistons are mechanically fixed to one another so that the flow rate in each branch is the same.
To regulate the average and unsteady flows, needle valves are placed between the pistons and the overflow tank #3.
Therefore, if the needle valves are completely closed, all the fluid moved by the pistons will be forced in the test
section, and on the contrary, partially opened needle valves allow to have a mean flow. A stepper motor controls the
pistons motion. Some limitations are due to the piston stroke displacement and to the stepper motor characteristics
(maximum and minimum input voltage and signal frequency).
3. Time-resolved PIV technique
The Particle Image Velocimetry technique has been used to perform the velocity measurements in the 3D model.
For this study, the technique has been modified to particularly suit the low speed flows measurements. As the
maximum velocity in the parent branch has a low range (from 1.5 to 6 cm/s), it allows to perform the measurements
with a continuous laser sheet and a video camera allowing continuous acquisition at 25 Hz.
The laser used is a 2.5 watts Argon Ion continuous laser, with a wavelength of 515 nm. An optical fiber is
connected to the output of the laser and a cylindrical lens placed at the output of the optical cable allows to create a
laser sheet with a maximum thickness of 1 mm.
The pictures are recorded with an I2S IEC800 camera through a video recorder. The camera has an acquisition rate
of 25 Hz, and the odd and even fields of an entire frame are acquired with a delay of 0.02 seconds. This camera has
an easy adjustment of the aperture and shutter speed. The typical acquisition for the measurements was a fully open
aperture (1.6) and a shutter speed between 1/100 and 1/250 second.
The acquisition of the pictures is then performed with a MIRO DC 30 grabbing card, which allows the acquisition
of up to 1000 successive images.
The processing of two images is performed with the cross-correlation algorithm Wi.D.I.M. (Scarano & Riethmuller,
1999) using Fast Fourier Transform algorithms. The method is iterative and the algorithm proceeds to the
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displacement, in integer pixels, of the interrogation windows. It is coupled to a progressive window refinement as
well as to a validation. It also applies a relative deformation between corresponding windows according to a
predicted distribution of the velocity and of the local velocity gradient. This window distortion is performed using a
sub-pixel displacement and window interpolation. This last feature allows to decrease significantly the peak
locking. The adopted PIV measurement procedure allows to obtain data sets of higher spatial resolution and
accuracy when compared with a conventional cross-correlation method. The details of the algorithm are given in
the literature (Scarano & Riethmuller (2000)).

Figure 3. Pistons system

Figure 4. Experimental set-up

A typical image processing configuration for the analysis of oscillatory flows, is composed of 2 refinement steps for
the window size: (I) 64 x 64 pixels, (II) 32 x 32 pixels. A 50% window overlap factor is applied at the last iteration
yielding a grid spacing of 8 x 8 pixels (1.06 x 1.06 mm²).
The experiments in the model are conducted with water, fluid with a refractive index of 1.33, value slightly
different from the refraction index of the silicone, which is about 1.4. Some tests were performed to determine the
deformation and the aberration, which may be created by the difference in the refractive indexes. However, the tests
did not show any phenomena such as astigmatism or large deformation.

Figure 5. PIV set-up
Nevertheless, as the refractive indexes of the fluid and the silicone do not match exactly, there are reflections at the
wall and particularly at the carina, where particle deposition takes place. To avoid this problem, we used fluorescent
particles to seed the flow. The principle of fluorescence is that molecules absorb light at specific wavelengths and
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then reemit light at other wavelengths. The fluorescent particles have an absorption wavelength of 500 - 550 nm
and an emission wavelength of about 590 nm. A red filter opaque to the wavelengths below 525 nm, is placed in
front of the camera lens. The filter has a nominal density of 0.1 at 550 nm and a nominal transmittance of 79.43 %.
The reflections of the laser at the wall are then removed. The fluorescent particles have a mean diameter of 10 µm,
and their density is very close to the water density, so they are neutrally buoyant in water.
The peak locking effect, which occurred during this study, limits the accuracy of the measurements. The principal
sources of peak locking are the distortion of the correlation peak from its expected shape, and the three point
Gaussian fit approach for the sub-pixel fitting algorithm. This results in a cyclic systematic error, with a maximum
reached for displacement of (n+0.5) pixels. Then, when studying laminar flow, the velocity profile is stair shaped
(Riethmuller, 1998).
The amount of peak locking in the measurements related to the investigation of oscillating flows can be ascertained
by inspecting the velocity histogram of the flow. This histogram is calculated over 4 periods of oscillation. It
appears that there is a spurious concentration of measurements corresponding to integer pixel displacements
(fig. 6).
A source of peak locking is the diameter of the particle image, which should be at least 2 pixels in size in order to
minimise it (Nogueira et al. (2001)). In our experiments, the particle image is larger than 2 pixels in size (fig. 7).

Figure 6. Velocity histogram showing the peak locking effect of
for oscillating flow at α = 16 and Re = 1000

Figure 7. Close-up of a 70 x 50 pixel
zone of a PIV image

Another source of peak locking is the measurement sensitivity to turbulent flows. The uncertainties due to peak
locking have been highlighted by Gouriet et al. (2001) and they have shown that the peak locking phenomenon can
completely disappear when the turbulence level is high. In our application, peak locking appears only during the
study of oscillating flows, when the turbulence does not have time to establish itself as the maximum of velocity
only appears periodically during a short period of time. The error associated with the peak locking is 2-3% at the
maximum velocity.
4. EXPERIMENTAL RESULTS AND DISCUSSION
The oscillating flow study consists in imposing a sinusoidal flow rate around a mean velocity equal to zero. The
Reynolds number is then based on the maximum velocity found at the maximum inspiration. Fig. 8 shows the
evolution of the pistons displacement and the respective theoretical evolution of the flow rate in the parent branch.
Table 1. Oscillating flow conditions
F (Hz)
0.2
0.2
0.05
0.01

α
16.1
16.1
8.1
3.6

Remax
1000
400
1000
1000

VT (ml)
40.8
16.3
163.2
816

with
Remax =

Figure 8. Sinusoidal flow rate: piston and velocity
evolution

D ω and
Umax ⋅ D ;
α=
ν
2 ν

VT =

U max ⋅ D 2
4 ⋅F

where D is the diameter of the parent branch, Umax is the
maximal velocity, F is the frequency of oscillations,
ω = 2πF and ν is the kinematic viscosity.
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The displacement of the pistons varies as a function of sinωt. Hence, the time-development of the velocity through
successive bifurcations is studied to understand the flow topology under different oscillating flow conditions,
governed by the Reynolds and Womersley numbers.
4.1. Flow topology
The flow structure in the multiple bifurcations model depends on both the Reynolds and Womersley values.
Figure 9 shows the temporal evolution of the flow in the parent branch, at station 4 (see fig. 10.a), as a function of
the phase of the flow, for four different cases. The profiles are plotted for phase angle steps of ∆ωt=45°, and for a
complete period. Figures 10 to 13 present the velocity fields at maximum inspiration (ωt=180°) and maximum
expiration (ωt=0°) for the same cases.

a)
b)
c)
d)
Re = 1000, α = 16.1
Re = 1000, α = 8.1
Re = 1000, α = 3.6
Re = 400, α = 16.1
Figure 9. Temporal evolution of the flow at station 4, for the different cases
At maximum expiration, ωt = 0°, the velocity profiles present a 2-peak shape in the parent branch. However, this
shape is more marked for Re = 1000 at α = 8.1 than for the cases where α = 16.1. Furthermore, at station 1, the
profile tends to be parabolic (fig. 11.b), which is not the case for the other cases.
Then, the system starts the inspiration phase for ωt varying from 0° to 180°. The flow rate is decreasing until it
reaches the phase of zero velocity at ωt = 90°. In the parent branch, the velocity profile at this phase is convex with
positive value for α = 16.1 and Re = 1000 whereas for the others cases, the profiles keep their 2-peak shape.
For ωt varying from 90° to 180°, the system is ending the inspiration phase, to reach the maximum inspiration at
ωt = 180°. At this stage, the velocity profile for α = 16.1 and Re = 1000 (fig.9.a), has a 2-peak shape. The cases
corresponding to Re = 1000, α = 8.1 (fig.9.b) and Re = 400, α = 16.1 (fig.9.d) have a flat velocity profile, whilst
the velocity profile for the case where the Womersley number is the smallest (fig.9.c) is more parabolic-like.
Then, for ωt varying from 180° to 360°, the velocity profiles present the evolution of the flow rate for the expiration
phase. The boundary layer reacts first (ωt = 270°) in the parent branch and the velocity profiles have always a twopeak shape. However, the profile at Re = 1000 and α = 16.1 is completely different from the profile obtained for
Re = 1000 and α = 8.1. For a smaller frequency of oscillation (α = 8.1, frequency of 0.05 Hz), the flow has more
time to react. At station 1 (fig. 11.b), the flow has enough time to remove the velocity deficit which appears at
station 2, whereas it is not the case for the higher Womersley number (fig. 10.b). This phenomenon is frequency
dependent. Indeed, when the frequency of the phenomenon decreases; the flow tends to behave more and more like
a quasi-steady flow. Moreover, at Re = 1000 and α = 16.1 (frequency of 0.2 Hz), we can also notice that the
velocity deficit present in the centreline of the parent branch is still present at station 1 (fig. 10.b), whereas for the
lower Reynolds number, this deficit has almost disappeared (fig.13.b). So, this phenomenon is also flow rate
dependent.
The velocity profiles obtained in the daughter branch (stations 8 to 14) are strongly dependent on the flow in the
parent branch. At the maximal inspiration, the profile at station 10 presents a 2-peak shape for Re = 1000, at
α = 16.1, whereas the profile presents a maximum velocity towards the internal wall of the bifurcation for
Re = 1000, at α = 8.1, which is more characteristic of a steady flow. This confirms the quasi-stationarity of the flow
as the Womersley number decreases.
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a)
Figure 10. Re = 1000, α = 16.1 -- a) Maximum inspiration; b) Maximum expiration

b)

a)
Figure 11. Re = 1000, α = 8.1 -- a) Maximum inspiration; b) Maximum expiration

b)

a)
Figure 12. Re = 1000, α = 3.6 -- a) Maximum inspiration; b) Maximum expiration

b)
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a)
Figure 13. Re = 400, α = 16.1 -- a) Maximum inspiration; b) Maximum expiration

b)

For a high Womersley number, the fluid acceleration is
high and the inertial effects are dominant in the central
zone where the fluid tends to react as a core. Close to the
walls, the boundary layer reacts more rapidly to the
changes in direction of the flow. As the Womersley
number decreases, the flow tends to behave as a quasisteady flow.
The quasi-steadiness of the flow is illustrated at figure
14. At the level of the station 1, the velocity profiles for
different Womersley numbers have been plotted for the
maximal inspiration. The velocity has been
adimensionalised by the maximum velocity in the parent
branch. The comparison shows that, as the Womersley
number decreases, the shapes of the velocity profiles
change, from a two-peak shape for α = 16.1, to a
parabolic shape for α = 3.6. The flow in the parent
Figure 14. Velocity profiles at the maximal inspiration
branch becomes quasi-steady. Indeed, the profile
for different α, at Re = 1000
obtained for α = 3.6, is almost a Poiseuille-like profile.
Moreover, for different Reynolds numbers, at a Womersley number equal to 16.1, it has been observed that an
interaction exists between the oscillating boundary layer and the conductive one.
One of the objectives in studying a network of bifurcations is to verify whether the structure of the flow repeats
itself from one bifurcation to the other one. A way to determine the character of the flow is to compare the velocity
profiles obtained at different positions within the model. Indeed, a similarity has been reported for Re = 1000, at
α = 16.1. A comparison between the profiles obtained at stations 4 and 10 is presented on figure 15.

a)
b)
Figure 15. Similarity of the velocity profiles at different positions within the network of bifurcations,
Re = 1000, α = 16.1; a): Stations; b): Maximal inspiration, c): Maximal expiration.
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c)

The stations 4 and 10 are placed above the carinal angle, half a diameter away from the parent branch and from the
daughter branch respectively (fig.15.a). It shows that the velocity profiles, obtained at different positions, have a
similar shape. For both positions, at the maximal inspiration, the profiles present a velocity deficit in the centre of
the branch. At the maximal expiration, both stations present a flat velocity profile. Despite the presence of strong
secondary motions in the bifurcation, in particular during the expiration phase, there is a similarity between the
velocity profiles, at different stations within the model. This characteristic of the flow does not exist for the smaller
Womersley numbers, because then the flow tends to behave more like a quasi-steady flow with skewed velocity
profiles in the daughter branches, as it is presented at figure 12.a.
4.2. Steady Streaming Displacement
Steady Streaming is the name given to a phenomenon observed in oscillating flows. One would assume the fluid
particles to oscillate period after period always following the same path. Actually, because of the lack of symmetry
between the incoming and outgoing flows, the fluid particles follow a very complex and extended path.
Steady Streaming Displacement, which concerns the local deposition sites of inhaled particles, was first mentioned
by Haselton & Scherer (1982). This phenomenon concerns the displacement of a fluid element during a complete
period. This displacement depends on many parameters like the initial location of the fluid element, the Reynolds
and Womersley numbers. Indeed, particles suspended in the flow, which are far from the bifurcation, are less
affected by the bifurcation carina. When coupled with High Frequency Ventilation, Steady Streaming Displacement
can improve gas-exchange and has a potential clinical use during surgery and in the intensive care setting.
When using the time-resolved PIV technique, temporal series of images are recorded. When processed, these series
of images allowed to obtain chronological velocity vectors fields. It is then possible to determine, from these
chronological velocity fields, the path followed by a particle during a complete breathing cycle.
One of the methods requires a program where a virtual particle is followed during a complete cycle. The velocity
fields are interpolated with a cubic interpolation method. Then, the trajectories are determined and the displacement
of the particle can be estimated.
An illustration of Steady Streaming Displacement is presented at fig. 16, for 4 different positions, for a Reynolds
number of 1000 and a Womersley number of 16.1.

Positions of the points

Vertical displacement function of time

Spatial displacement after 1 cycle

Figure 16. Illustration of the Steady Streaming displacement at 4 different points for Re = 1000, α = 16.1
The particles, which are close to the wall in the parent branch (Point 1), have a tendency to fall down, whereas the
particles at the same height, but located in the middle of the parent tube (Point 2) are going up. Moreover the
particles at point 3 tend to go towards the bifurcation wall whereas the particles just at the carina (Point 4) show a
more perturbed trajectory and tend to stay around the carina. This result is in agreement with the literature (Comer
et al. (2001)), where it is often reported that particle deposition due to inertial impact occurs most commonly in the
carinal region.
5. CONCLUSION
To investigate airflow in the conductive pulmonary airways, an experimental study has been carried out in a 3D
model of three successive generations of lung bifurcations. Time-resolved measurements have been performed
using the Particle Image Velocimetry technique.
Experiments imposing oscillating flow rates around a mean velocity equal to zero have been conducted to
understand and assess the flow fields in successive bifurcations. The time-development of the velocity through
successive bifurcations has been presented for different Reynolds and Womersley numbers.
For high Womersley number, the fluid in the central zone tends to react as a core as the inertial effects are
dominant. Close to the walls, the boundary layer reacts more rapidly to the changes in direction of the flow.
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Moreover, it has been clearly demonstrated that as the frequency of the oscillating phenomenon decreases, the flow
tends to behave more and more like a quasi-steady flow. The comparison for a high Womersley number, for
different Reynolds numbers tends to show that an interaction exists between the oscillating boundary layer and the
conductive one.
A similarity between the velocity profiles at different stations within the bifurcation model has been also
demonstrated, for Re = 1000 at α = 16.1. In this particular case, this similarity tends to show that the structure of
the flow repeats itself from one bifurcation to the other one, despite the presence of strong secondary motions,
which are present in particular during the expiration phase.
In addition, the phenomenon of Steady Streaming Displacement, that concerns the displacement of a fluid element
during a complete period, has been illustrated. It is directly related to the initial position of the particles in the flow
and is also governed by the Reynolds and Womersley numbers. It has been shown that time-resolved PIV can be an
excellent tool for the study of this phenomenon.
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