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Abstract. The use of computational fluid dynamics (CFD) to analyze air flow in respira-
tory tracts, both healthy and diseased, has increased dramatically in recent years. Most of
the analysis are directed towards drug delivery or pollutant transport in the human airway
system and some focus on the pathophysiology of the respiratory problems such as asthma,
obstructive sleep apnea, etc.

Initially CFD analysis of the airway flow was carried out on idealised airway geome-
tries. The advances in the medical imaging techniques have increased the use of realistic
geometry reconstructed from CT or MRI scan tmages. However, most of the published
works on the numerical simulation of airway flow employ a geometry where the nasal re-
gion is excluded. While the use of this geometry gives satisfactory results for drug delivery
applications, this is not the case for other applications.

In this work, we use CFD to investigate the implications of the inclusion of the nasal
cavity on both global flow pattern and local flow features in a patient-specific upper air-
way geometry. The geometry is reconstructed from a series of standard CT scans for
a healthy subject. The flow is considered to be incompressible and the air is modeled
as a Newtonian fluid. The steady Reynolds Averaged Navier-Stokes (RANS) solutions
are obtained using the Artificial-Compressibility (AC) Characteristic-Based-Split (CBS)
scheme and the one-equation Spalart-Allmaras model is used to describe the transport of
the turbulence variable.
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1 INTRODUCTION

The use of computational methods to analyze air flow in the human conducting air-
ways, both healthy and diseased, has increased dramatically in recent years. Most of
the studies are directed towards drug delivery or pollutant transport in human airway
systems and some focus on pathophysiology, such as sleep disorder breathing. Airflow in
a human respiratory tract is very complex. The nature of such flows ranges from lami-
nar to transitional to turbulent flow. The main factors that tremendously influence the
airflow in human respiratory tracts are the geometry and boundary conditions. Many of
the existing CFD analysis of respiratory flow has been carried out on simplified airway
geometries. Recently, however, advances in medical imaging techniques and digital image
processing have made the use of realistic geometry reconstructed from scans feasible for
both extra and intra-thoracic airways.

In the field of particle deposition, the importance of incorporating the oral cavity into
the computational domain has been realized early. Most of the recently reported studies
on this subject have the oral cavity incorporated into the simplified model of human
upper airway. Recent publications by Ma and Lutchen [1], Lin et.al. [2] and Jayaraju
et.al. [3] also incorporate the oral cavity into the realistic geometry that they used. Whilst
incorporating the oral cavity gives satisfactory results for drug delivery applications, other
applications such as normal breathing and sleep disorder studies, require the inclusion of
the more complicated nasal cavity structure.

The inclusion of the nasal cavity into a computational model of flow through a human
upper airway has been restricted by the ability of the imaging technique to capture the
narrow passages in the nasal cavity in detail and the meshing technique to generate a
mesh inside this complex geometry. However, recent growth in the number of published
studies on nasal cavity flow [4, 5, 6, 7, 8, 9] show some advances in medical imaging
techniques, digital image processing and mesh generation methods. However, high quality
CT images are still an issue due to radiation dosage associated with increase in image
resolution. Reconstruction and meshing of the airway geometries even now requires a lot
of effort and time. Only a very limited number of works on human airway flow include
a combination of nasal cavity and trachea. Apart from the work of Lin et.al. [2] that
underlines the importance of inclusion of the oropharynx and larynx in the analysis of
airflow in an airway tree, to the best of authors knowledge there is no published work
that highlights how nasal cavity flow affects the flow pattern in the extra-thoracic region
of the airway.

Laminar flow conditions in human airway can only be attained under sedentary breath-
ing condition or further down the lung where both airway cross sectional area and air
velocity are small enough to facilitate gas exchange in the aveoli. Therefore, we consider
the flow to be turbulent in this study. In general, turbulent flow can be simulated using
three different approaches, namely, direct numerical simulation (DNS), large eddy simula-
tion (LES), and Reynolds averaged Navier-Stokes (RANS). DNS solves the Navier-Stokes
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equations directly where all length scales and time scales are resolved. This approach is
computationally very expensive and therefore its application is at this moment limited to
low-to-moderate Reynolds number flows. In LES, large scale turbulent eddies are resolved
directly while the unresolved small-scale eddies are being represented by simplified mod-
els. Often both DNS and LES studies need specially arranged structured meshes to obtain
a correct solution. This is possible on idealised airway geometries but on patient-specific
geometries, such as the one reported in the present work, needs very large computing re-
sources. RANS models on the other hand still have the advantage of being a fast method
with reasonable accuracy. Although the RANS models do not resolve turbulent eddies,
the dynamics of the turbulent eddies are predicted using semi-empirical models.

Different semi-empirical relations have been proposed to provide a closure for the RANS
equations. Among them the one-equation model proposed by Spalart-Allmaras [10] is ap-
pealing for solving flow in complex geometries. This is due to the fact that this model
is easy to implement, not expensive and naturally lends itself for extending it to more
advanced detached eddy simulation (DES). Several studies have been carried out to val-
idate the use of RANS models in respiratory flow with experimental results. However,
they provide contradictory conclusions. Stapleton et.al. [11] carried out a numerical sim-
ulation of particle deposition in an idealised model of the mouth and throat geometry.
They state that the characteristics of flow in a complex mouth and throat geometry cause
two equation turbulence models to perform poorly. In a recently published article by
Mylavarapu et.al. [12], the validation was carried out on a patient-specific human up-
per airway geometry. Comparing the computed and measured wall static pressure they
found that the standard £ — w model provides the best agreement with the experimental
measurements and outperforms the LES and the Spalart-Allmaras models. This finding
contradicts the popular belief that LES is more accurate and reliable than RANS. Our
previous experience on both model and realistic upper human airways clearly shows that
the Spalart-Allmaras model performs better at least for steady state flows[13, 14, 15].
Therefore, we use this model to investigate the influence of incorporating nasal cavity.

The main aim of this paper is to analyse the effect of inclusion of the nasal cavity on
both the global flow pattern and the local flow features in a patient-specific upper airway.
The rest of the paper is organised as follows. Section 2 briefly discusses the process of
reconstructing the upper airway geometry of a human subject, mesh generation process
followed by a section on RANS equations and the AC-CBS scheme adopted to solve
the flow governing equations. In Section 4, we present and discuss the results obtained.
Finally, section 5 draws some conclusions.

2 GEOMETRY RECONSTRUCTION AND MESH GENERATION

The first step in creating a patient-specific model is to reconstruct a patient-specific
geometry from a series of Magnetic Resonance (MR) or Computed Tomography (CT)
images. The geometry used in this study is reconstructed from a series of pre-existing CT
images of a patient with healthy airways but who suffered from a different problem. It
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Figure 1: Airflow through a human upper airway geometry. The initial mesh. (a) nasopharengeal region
(b) tracheobronchial region.

comprises 390 slices of 512 x 512 pixels with 0.877 x 0.877 mm a spacing of 1.0 mm. The
resolution of this scan is considered quite low for CFD puposes, but it is the normal stan-
dard for diagnosis in the UK. In order to continuously reconstruct geometries, we prefer
to use what is clinically available, rather than using specially arranged high resolution
scans.

Despite large differences in density contrast between air and airway tissue, the segmen-
tation process of the upper airway had to be carried out semi-manually using a commercial
software (Amira). AMIRA outputs a binary 3D array representing the pixels inside the
reconstructed geometry. The surface mesh generation is the most complicated part of the
preprocessing. We employed a standard marching cube algorithm to the tracheobronchial
region and an advanced version of the marching cube method of Chernyaev [16] was ap-
plied to the nasal cavity and nasopharynx. Before applying the advanced version of the
marching cube method, the resolution of the nasal part of the geometry was doubled via
linear interpolation. This resulted in better gradient approximation and control. Figure
1 shows the initial surface mesh generated using the marching cube methods.

For the numerical simulation, extra parts of the mesh at the exit (bronchi) need to be
clipped approximately orthogonal to the centerline of the airways and the clipped planes
need to be triangulated. The so-called ‘stitching’ method [17] is employed to triangulate
the outlet planes. In the nasal cavity part, the nasal inlets were triangulated via a march-
ing cube method to form horizontal planes. The triangular elements at both inlet and
outlet planes should be marked with appropriate boundary codes to impose appropriate
flow boundary conditions. Thus, the resulting surface mesh contains wall triangles and
inlet /outlet triangles. The initial mesh is too fine and contains a significant number of
very short edges in the nasal part while too coarse in the thoracic part. Therefore, the
size of elements in the thoracic part of the initial mesh is made two times smaller dividing
every triangle into four similar triangles. Then coarsening and smoothing procedures are
applied to the whole mesh using a technique described in [18]. In this technique, the

4
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Figure 2: Surface mesh after the coarsening and smoothing (a) nasal cavity part (b) thoracic part.

shortest edge is determined and contracted into a point. If the surface curvature is locally
zero (inlet/outlet planes), the new point to which the edge is contracted is simply its
midpoint. If the surface has a finite curvature (wall surface), the point must be put onto
the wall surface to prevent the surface mesh from shrinking. Here the airway surface is
not described using any analytical surface, such as NURBS, but is defined approximately
by the initial location of the mesh nodes. Thus, instead of the G' interpolation proposed
in [18], an approximate method to determine the new point location is applied, which is
easier but gives satisfactory accuracy.

The volume tetrahedron mesh is generated using the Delaunay triangulation method
described in [19, 20] prior to application of different mesh improvement techniques. De-
tailed explanation of techniques that were used to obtained high quality mesh from a
segmented geometry can be found in [21]. Figure 2 shows the final geometries used for
numerical computation. The final computational mesh for the human upper airway geom-
etry with and without nasal cavity composed of about 2.1 millions tetrahedra and about
1.8 millions tetrahedra, respectively.

3 NUMERICAL SCHEME AND BOUNDARY CONDITIONS
3.1 RANS Equations and AC-CBS Scheme

Even under heavy breathing conditions the flow mach number in human conducting
airway is well inside the lower end of the subsonic regime. Therefore, it is widely accepted
that airflow through a human respiratory system is assumed to be incompressible. Hence,
the Reynolds averaged Navier-Stokes equations, in conservation form, can be written as

Mean continuity

a—xz(m@) =0 (1)

Mean momentum
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where u; are the mean velocity components, p is the mean pressure and p is the density.
The mean laminar shear stress tensor is given as

Tig = Or; Ox; 3 0x *

and the Reynolds stress tensor 7'2-1}, introduced by Boussinesq’s assumption, has the
expression _ _ _
*J v Oxr;  Ox; 30z "

where v is the kinematic viscosity of the fluid, vy is the turbulent eddy viscosity and
d;j is the Kronecker delta. Using Spalart-Allmaras model, the eddy viscosity is a function
of turbulent viscosity © given by vy = f,17 in which
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The transport of turbulent viscosity 7 is governed by
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where S is the magnitude of vorticity. The parameter f,, and the constant c,; are,
respectively, given by
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The constants are ¢, = 0.1355, 0 = 2/3, ¢pp = 0.622, k = 0.41, ¢2 = 0.3, ¢y3 = 2 and
Cy1 = 7.1.
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(a) (b)

Figure 3: Human upper airway geometries used for the numerical simulations: (a) Geometry-I (b)
Geometry-I1

Results presented in this paper were obtained using a class of finite element method
(FEM) known as Characteristic-Based Split (CBS) FEM [13, 14, 22, 23, 24, 25, 15]. The
CBS scheme is very similar to the original Chorin split [26] and also has similarities with
the projection scheme widely employed in incompressible flow calculations. In order to
solve the incompressible Navier-Stokes equation efficiently the Artificial Compressibility
(AC) method is used in conjunction with the CBS FEM.

In AC-CBS scheme the continuity equation, Equation (1), is replaced by the following
equation 1 dp P

where [ is an artificial compressibility parameter.

The scheme then solves Equations (4) and (2) in three steps. In the first step, an
intermediate velocity field is obtained, followed by the second step where pressure field is
computed and, finally, the velocity field is corrected in the third step. The one equation
SA turbulence model is added as a fourth step. The steps of the AC-CBS scheme in its
semi-discrete form can be summarised as

Step 1: intermediate momentum
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Step 4: transport of turbulence variable
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In reality, respiratory flow is driven by the pressure difference generated by the de-
formation of lung tissue. Due to the unavailability of the patient-specific information on
outlet pressure evolution during a breathing cycle, standard boundary conditions are pre-
scribed that have been widely used in published works, i.e. a velocity profile at the inlet
and a constant pressure at the outlet. The inlet velocity profile can be applied directly at
the nares (nostrils) or at inlet of an extension tube attached to the nares. Although pre-
scribing pressure difference is a better approximation to the physical process, the correct
flow rate can only be achieved by iteratively adjusting the pressure difference.

To create a physiologically realistic inlet boundary condition, Doorly and co-workers
(7, 8, 9] included, the external face of the subject in their patient-specific computational
model. In [9], they used this model as a reference to compare two of the most commonly
used inflow boundary conditions, namely, imposing inlet velocity profile directly at the
nares and imposing the inlet velocity profile to the nares using extension tubes. They
found that the use of a tapered extension pipe resulted in a better approximation.

To simplify the geometry reconstruction and mesh generation process we opt out the
use of convergent tube at the nares to impose inlet boundary condition. The parabolic
velocity profiles are applied directly on both nares. The parabolic profile is generated by
solving Poissons equation on the inlet boundary. If in every inlet/outlet we introduce local
co-ordinates such that the z and y axis are in the plane of the inlet and the z co-ordinate

3.2 Boundary Conditions
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Figure 4: Airflow through a human upper airway geometry. Locations of different cross sections where
results will be plotted.

is orthogonal to this plane then the equation for the velocity component normal to the

plane reads as

1

v2un = __azp
1

Tinlet (9)

Tinlet

where V? = 07 + 02 is in-plane Laplace operator, 0.p| ., is the pressure gradient
assumed to be constant across the inlet plane, p is the dynamic viscosity. The integration
is performed by the FE method using the existing triangulation of inlet/outlets. In case
of a circular pipe this method gives the parabolic Poiseuille velocity profile, but gives
a natural generalization of that profile for more complicated inlet shapes. This way of
implementing the inlet /exit boundary conditions clearly reduces the computation required
for extension tubes.

4 NUMERICAL SIMULATIONS

To study the impact of a nasal cavity inclusion on the flow pattern in a human up-
per airway, independent calculations were carried out on geometries with and without
the nasal cavity. Geometry I is defined as the model that includes nasal cavity, phar-
ynx, larynx, trachea and the main airway bifurcation with two generations of bronchi.

9
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Figure 5: Airflow through a human upper airway geometry.Contours of vorticity magnitude and stream-
lines at different cross-sections: (a) Geometry I, (b) Geometry II.

Geometry-II is an exact copy of Geometry-I, but excludes the nasal cavity. This lat-
ter geometry is created by truncating the geometry just below the nasopharynx. The
space occupied by the uvula is one of the geometrical features that needs special atten-
tion in Geometry-II. This space divides the air flow in the oropharynx region into two.
In Geometry-II the distance between the inlet boundary and this separation region is
very close as a consequence directly imposing the velocity profile on the inlet boundary
is causing a convergence problem. To minimize the boundary effect on Geometry-II an
extension tube is attached at the inlet boundary. Both geometries are shown in Figure 3.
Note that the kinematic viscosity of air is considered to be v = 1.69 cm?/s and the flow
rate is ) = 15 L/min.

The first noticeable impact of the inclusion of the nasal cavity is that in Geometry-I,
a 90° change in flow direction causes the flow to recirculate and mix much more than in
Geometry-II. In addition, inclusion of the nasal cavity makes the flow to develop more
secondary flow vortices. This can be clearly seen in Figures 5 and 6. Contours of velocity
and streamlines at different cross-sections for both Geometry-I and Geometry-II are de-
picted in Figure 5. Examination of these plots reveals that the differences in the pattern
of secondary flows between the two geometries is significant up to cross section B-B’.

10



Prihambodo H. Saksono, Raoul van Loon, Igor Sazonov and Perumal Nithiarasu

(a) (b)

Figure 6: Airflow through a human upper airway geometry. Contours of vorticity magnitude and stream-
lines at S-S’ section: (a) Geometry-I, (b) Geometry-II.

11



Prihambodo H. Saksono, Raoul van Loon, Igor Sazonov and Perumal Nithiarasu

However, the differences in sagital flow pattern depicted in Figure 6 are substantial. The
inclusion of the nasal geometry induces the formation of a stronger recirculation region in
the anterior part of the trachea as opposed to the weak posterior one when the nasal ge-
ometry is excluded from computation. The differences in the primary flow pattern bring
serious implications to modelling the airflow without the nasal cavity [14, 27, 28]. In
addition to predicting wrong locations of airway collapse, this can lead to wrong location
of particle deposition, when incomplete geometries are used in particle inhalation studies.
This also means that the location of negative pressure will be predicted in two completely
different locations with and without the nasal cavity.

5 CONCLUSION

In this work, we have presented flow through a complete upper human airway and
compared the results with the airway in absence of the nasal cavity. The AC-CBS scheme
along with a one-equation turbulence model was used to investigate steady state flow.
The following conclusions have been reached from the flow results.

e Incorporating the nasal cavity in the analysis is essential to study the lower part of
the upper airway. The results with and without the nasal cavity are dramatically
different.

e The selection of flow boundary conditions at the inlet should be carried out carefully.
For truly patient-specific studies, spirometry results may be necessary to precisely
investigate the flow results.

e The one-equation turbulence model is easy to use, but although the accuracy of
this model for recirculating flow was demonstrated in the past, its accuracy for
patient-specific geometries has currently not been investigated.

The area of modelling flow through respiratory systems is one of the least researched
areas within the biofluid dynamics community. There are several computational and
physical issues related to flow modelling in airways. The obvious extension of the present
work includes breathing studies, detached eddy simulation and airway collapse studies.
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