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Abstract

Computational fluid dynamics was used to model air flow
through the upper airways of an adult and a neonate. Geome-
tries of the airways were obtained from CT scans and imported
into ANSYS ICEM [1] for meshing. Meshes with 600,000
nodes for the adult model and 800,000 nodes for the infant
model were generated. Boundary conditions were applied us-
ing flow rates of 32I/min for adult expiration, 22I/min for adult
inspiration, 4.3l/min for neonate expiration and 6.5l/min for
neonate expiration. There was good agreement between mod-
elled velocities in the adult model with experimental particle
image velocimetry measurements. The bulk of the airflow oc-
cured in the inferior and medial passages of the airways in the
adult, and flow vorticity was present only internally along the
solid boundaries. In the neonate model, a flow separation at the
nasal valve caused recirculation and high vorticity in the centre
of the flow. Larger pressure differences were measured across
the neonate airways compared to the adult, due to the higher
airway resistance to flow.

Introduction

The human respiratory system relies on inhalation and exhala-
tion of air through the upper airway, comprised of the mouth and
nasal passages in parallel. The main physiological functions of
these airways are for olfaction and conditioning of the inspired
air, involving warming, humidification and filtration, to protect
the lungs [9]. Inhaled air entering through the nares divides
into different channels, as shown in Figure 1. High speed flow
occurs in the middle and inferior meatuses, while slow speed
flow occurs in the narrow superior olfactory regions [6]. The
anatomy of the neonatal airways is not simply a scaled down
version of the adult airway [5]. The upper airways in infants re-

sembles more of a tube that has less branching compared to the

adult, reflecting the under-development of the anatomy. Since
the infant tongue normally blocks the oral cavity during normal
breathing, most of respiration is entirely nasal [7].

Previous studies have attempted to model airway flow through
the nasal cavity using steady-state CFD. Ishikatval. [4] at-

temped to investigate unsteady flow in the airway during natural
breathing. The work assumed air to be a Newtonian fluid, ho-
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Figure 1: Schematic showing the anatomy of the nasal airway in
one lateral plane and cross sections at A, B and C. IT, MT and
ST correspond to the inferior, middle and superior turbinates
while IM, MM and SM refer to the inferior, middle and superior
meatuses. MS corresponds to the maxillary sinus. The olfactory
region, shown in the superior air passage, is highlighted. Figure
modified from [2].
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Air flow velocity distributions during normal breathing have
also been investigated vitro using PIV [11]. Plastinated mod-

els were reconstructed from CT scans of adult airways and
Reynolds number matched. These experimental results can be
used to verify computational models. Cragtal. [2] used flow

rates of up to 90I/s of three different gases to measure pressures
in vitro to validate CFD models.

The aim of this project is to compare the flow through the upper
airways of the adults and neonates using a CFD approach with
physiologically appropriate boundary conditions. Results ob-
tained computationally can then be compared with PIV results
obtained by Spencet al. [11] which used the same geomet-
ric models and boundary conditions. Previous neonate models
have not had sufficient geometric and spatial resolution for ac-
curate modelling using CFD [7]. The objective is to form robust
models that explain patterns of air flow in adults and neonates.

Turbulence Modelling

The Navier-Stokes equations, combined with the continuity

mogeneous and incompressible. A zero pressure boundary con- equation, produce transient solutions for turbulent flows which

dition was placed at the trachea, while a uniform velocity field

are computationally expensive to compute. The equations can

was specified at the nares. This approach has the drawback of o time-averaged to produce the Reynolds Averaged Navier

over-simplifying the velocity pattern at the nares, which is un-
known. Tayloret al. [12] approached this problem by incorpo-
rating the geometry of the external nose into their model. Solu-
tions were compared between a model where boundary condi-
tions were applied at the nares, and a model which which incor-
porated the external nose geometry, and significant differences
were found between the velocity fields that were produced. This
study emphasised the importance of including the external nose
geometry in the airway models.

Stokes (RANS) equations (1), which are averaged over time
[13]. This process divides the flow variables into a mean, time-
averaged component and a fluctuating component.
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The standardk — w turbulence model was used to close these
equations. This model has been found to be a better predictor of
wall static pressures in the airway geometry over other RANS-
type turbulence models [10].



Methodology

Domain

The airways geometry of the adult was taken from a healthy
44 year old male with the mouth closed using a medical CT
scanner with 0.6mm spaced slices [11]. The neonate model was
taken from a 42 week gestational age infant with 0.75mm slices
using a CT scanner. The infant scan had an oral tube which
did not affect the final geometry. These scans were segmented
and imported into ANSYS ICEM [1]. Modifications to these
geometries were required, including removal of artefacts from
the scan, removal of the feeding tube in the infant, smoothing of
the surfaces and closing of holes. The airway was assumed to
be rigid, and the effects of the mucosal layer were ignored. The
fluid used for computation was an ideal gas with a density of
1.068 kg m3 and a dynamic viscosity of 1.88 10~7 kg m 1

s~1. The temperature of the fluid was set to b&B7Due to the

low velocities that develop throughout the airway relative to the
speed of sound, the fluid can be regarded as incompressible [4].

An expanded rectangular domain was placed around the nose to
specify an atmospheric boundary condition, so that the external
nasal geometry could be taken into account. This appended do-
main was large enough to capture the region of high speed flow
during expiration, but was not so large as to be computationally
expensive. An artificial trachea pipe with a diameter to length
ratio of 1:10 was also placed on the inferior end. The trachea of
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Figure 2: The surface mesh of the adult airway with 600,000
nodes. Not shown are the surface meshes for the external do-
mains used to generate boundary conditions, or the trachea.
Created with ANSYS ICEM [1].

as the incoming air divides into the different passages. During
expiration, a high speed jet of air from the lower airway en-
ters the superior part of the airway and high flow rates of 3-4m
s~ ldevelop through both the superior and middle meatuses. The
highest speeds occured through the nasopharyngeal section and

the neonate model had to be truncated closer to the nasopharynx through the nasal valve, due to the smaller cross-sectional areas

compared to the adult model, which was necessary to close the
oral cavity. These alterations allowed a more realistic boundary
velocity profile to be generated at each end of the airway.

Boundary Conditions and Mesh Generation

Spenceet al. [11] measured flow rates of 32I/min and 22l/min
for peak expiration and inspiration flows, respectively, in the
adult using a flow meter attached to a facemask, and calcu-
lated Reynolds numbers of 2225 and 1530 using PIV. These
flow rates were specified as boundary conditions for the adult
model. Flow rates of 4.3l/min and 6.51/min for peak expiration
and inspiration flows, respectively, in the neonate were calcu-
lated from average values of minute ventilation, respiratory rate
and inspiratory/expiratory time constants [3]. These flow rates
were used to calculate the normal velocity boundary across the
tracheal end of the upper airway. A zero pressure atmospheric
boundary condition was used on the surface of the exterior do-
main surrounding the nose.

The mesh was generated by first creating a coarse triangular sur-
face mesh then a tetrahedral volume mesh. A global scale factor
was reduced to produce finer meshes until the location of the
maximum residuals and relative error of the solution were unaf-
fected by further refinement. The mesh was generated in a sim-
ilar manner for the infant model. It was deduced that 600,000
nodes (adult) and 800,000 nodes (infant) produced the optimal
mesh size that modelled the flow without unnecessary computa-
tional expense. Due to the high flow gradients at no-slip bound-
aries, seven inflation layers were used with a growth ratio of
1.2, based from the size of the surface mesh. The mesh for the
adult airway is shown in Figure 2; the infant mesh represented
the geometry to a similar level of refinement.

Results and Discussion

Figures 3 and 4 show the air speed profiles for the adult and
neonate models. In the adult, relatively high speeds are devel-
oped in the middle meatus during inspiration compared to the
superior or inferior meatuses, in agreement with the experimen-
tal results using the same model [11]. Flow separation occurs

in these sections. In contrast, flow patterns through the neona-
tal airway are different from those of adults. In this model, the
turbinates have not fully grown and the bulk of the flow occurs
through a main central passage. The length scale of the neonate
model is approximately half the adult model. Much more activ-
ity can be seen in the nasal valve region during inspiration and
expiration, where the large cavity suddenly narrows to form the
nasal valve. The highest speeds also occur in the nasal valve,
where the airway diameter is smallest. At the nasopharynx, dif-
ferent flow patterns are generated due to the difference in the
way the trachea was modelled. In the adult, the expired air is
pushed in an anterior direction while the jet is more dispersed
in the neonate model.

Figures 6 and 7 show the non-dimensional vorticity magnitude
profiles through the airway of the adult and neonate, as defined
by equation 2:
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wherew is the dimensional vorticityDy is the hydraulic diam-
eter at the nasopharynx, abdyeis the average air speed in the
nasopharynx. The vorticity is a measure of the local rotation of
the fluid. Vorticity is generated where the velocity gradients are
high, which predominantly occurs at the fluid-solid boundaries
in the adult model. This indicates that there is little rotation in
the flow. However, large magnitudes of vorticities are generated
in the nasal valve area of the neonate, which suggests that the
geometry is causing the air to recirculate in this cavity. This
recirculation acts as a region of large pressure change for air
flowing into the airway during inspiration.

The pressures at the nasopharynx during the breathing cycle are
shown in Figure 5. This was measured as an average pressure
over a cross-sectional slice through the nasopharynx. The pres-
sures developed by the adult agree well with data obtained by
Croce et al. [2]. The neonate model experienced greater pres-
sure differences between the atmosphere and the nasopharynx
than the adult. The airway resistance can be quantified by the
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Figure 3: Air speed profile through a sagittal slice of the adult
airway, during (a) inspiration and (b) expiration, in m's
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Figure 4: Air speed profile through a sagittal slice of the neonate
airway, during (a) inspiration and (b) expiration, in m's
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Figure 5: Pressure at the nasopharynx during the phases of
breathing, for the adult and neonate models. Note that positive
flow represents expiration. The pressures are measured relative
to zero atmospheric pressure.

Darcy friction factor [8], given by equation 3:
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wherep, Dy andUaye are the pressure, hydraulic diameter and
average air speed at the nasopharymis the air density and

L is the airway length from the nasal valve to the nasophar-
ynx. This yields friction factors, averaged over the breath cy-
cle, of f = 0.0028 for the adult model antl= 0.0145 for the
neonate model. The resistance through the neonate airway is
much higher than the adult airway resistance. In addition to this,
the Reynolds number is much higher for the adult. Reynolds
numbers for the adult of 1760 for inspiration and 2620 for ex-
piration agree well with those determined by Speetal. [11]

for the adult model. For the neonate model, Reynolds numbers
of 1070 for inspiration and 670 for expiration were calculated.

There are some limitations to these models. Physiological fea-
tures, such as the mucosal lining of the airways and compliance
of the walls, were ignored. Wall compliance may act to reduce
the local pressure and result in a decrease in the pressure dif-
ference across the airway which was not considered. The flow
rate boundary conditions calculated for the neonate model were
oversimplified and cannot be verified against existing data. It
is possible that in the neonate model, the turbinates had fur-
ther developed but the precise geometry was not captured dur-
ing the segmentation process. Furthermore, the analyses per-
formed consider natural breathing with the mouth closed, and
so does not consider adults who breath predominantly through
their nose. To account for natural variability between humans,
different flow rates need to be investigated, and more than one
geometry for the adult and neonate airway should be modelled.

Conclusions

The air flow characteristics in the nasal passages of an adult
and a neonate were investigated using CFD models. Laminar
flow patterns were observed in the adult model, while flow rota-
tion in the nasal valve region of the neonate model caused large
pressure drops across the airway. Higher airway resistance to
flow was calculated in the neonate model. The flow patterns
and velocity data from this study show good agreements with
previous results obtained experimentally and numerically with
similar CFD models for the adult airways. It has been difficult
to compare the results for the neonate model due to the lack of
data available. Further work is necessary to validate the neonate
model and to compare the velocities using different flow rates.
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