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Computational modeling of airflow in a human nasal cavity
AMEY RAJU PAWADE
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
Nasal obstructions restrict the flow of air through the nasal passage, and a failure
to accurately identify these obstructions can lead to long-term discomfort in the
patients. There is a need to develop new methods to diagnose nasal obstructions
because the current subjective and objective methods do not always strongly cor-
relate, resulting in the medical and surgical procedures being sub-optimal and thus
reducing patient comfort. The advancement in computing and imaging technology
enables the application of novel methods like Computational Fluid Dynamics (CFD)
and 3D imaging to diagnose nasal obstructions.

This project aims to understand the effect of tidal breathing in the nasal cavity and
investigate the possibility of using CFD as a tool in diagnosing nasal obstructions.
In-vitro experiments were performed on the 3D-printed model of the nasal cavity
to evaluate the nasal resistance and pressure distribution inside the nasal passage.
The approach of modeling the nasal cavity flow by a quasi-steady assumption was
analyzed by comparing the steady-state solution with results from tidal breathing
simulation.

The in-vitro pressure distribution and nasal resistance were similar to the results
obtained from tidal breathing CFD simulations. It validates the CFD methodol-
ogy established in this project and indicates that CFD as a tool can be used as an
objective method to diagnose nasal obstructions. Although the nasal resistance is
accurately calculated from the steady-state solution, the flow characteristics during
the exhalation differ significantly compared to tidal breathing simulations. It high-
lights that the quasi-steady assumption is inappropriate to study the detailed flow
structures inside the nasal cavity.

The conclusions derived from this project suggest that the post-processing capabil-
ities of CFD can aid doctors in acquiring valuable insights regarding nasal airflow.
In the future, CFD simulations can help understand the effect of various surgical
procedures by performing virtual surgery on the obstructed cavity of the patient.

Keywords: Nasal cavity, nasal resistance, rhinomanometry, tidal breathing, CFD
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1
Introduction

1.1 Background

One of the common problems observed by Ear, Nose, and Throat (ENT) specialists
is nasal obstruction. The etiology of nasal obstruction can generally be divided into
two categories - inflammatory or structural. Structural nasal obstruction is a result
of septal deviation, nasal polyps, or other anatomical anomalies, while inflammatory
nasal obstruction is a consequence of swelling of nasal mucosa due to infection,
allergic or non-allergic rhinitis [1]. Nasal obstructions cause a huge discomfort to
the respiratory system and can lead to sleeping disorders, snoring, and Obstructive
Sleep Apnea (OSA). Hence, precise diagnosis and treatment of nasal obstruction are
of utmost importance.

Nasal obstruction caused by inflammation can be easily diagnosed with a deconges-
tant spray, however, for structural nasal obstructions, surgeries such as septoplasty
and turbinectomy are most commonly performed in the field of otolaryngology. For
these surgeries, the clinician typically relies on various subjective and objective meth-
ods to assess the nasal obstruction in patients. Rhinomanometry is a commonly used
objective method and is considered today’s gold standard. However, the nasal ob-
struction evaluated using objective measurements does not always correlate strongly
with the patient’s reported feeling of patency [2]. This results in surgical and medical
procedures being sub-optimal which reduces patient satisfaction, long-term health
benefits, and health economics. In the National Swedish Register for Septoplasty,
25% of the patients are not satisfied with the result. Furthermore, some articles
report a failure rate of 20-50% for surgeries related to nasal obstructions [3].

Due to the advances in computer, imaging, and bioengineering technology, clini-
cians can get a measure of nasal obstruction using novel objective methods like 3D
Imaging and Computational Fluid Dynamics (CFD) [4]. CFD is a branch of fluid
mechanics that uses various numerical analysis techniques to solve the partial dif-
ferential Navier-Stokes equations that govern the motion of the fluid. Thus, a 3D
model of a patient’s nasal cavity can be reconstructed for a better understanding
of the anatomy of the patient’s nose, whereas CFD tools can be utilized to ob-
tain information about the flow variables like velocity, pressure, wall shear stress,
turbulence, and flow distribution in various regions of the nasal cavity, something
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1. Introduction

which is not possible using other objective methods like rhinomanometry or anterior
rhinomanometry.

Furthermore, improving on these techniques, the nasal cavity of a patient can be
digitally modified through various modeling tools, thus undergoing a virtual surgery.
The doctor can then use CFD analysis to study the airflow in the modified nasal
cavity and understand the effect of various surgical interventions. It will aid in an
accurate diagnosis and treatment for the patient. This approach can enable better
patient management by providing additional information in diagnosing patients with
nasal obstruction [5].

However, CFD has its pitfalls, as the underlying physics is complex, and the results
generated by CFD are at best as good as the physics embedded in it and at worst
as good as the operator [6]. The results depend on the discretization of the region
of interest, the choice of initial and boundary conditions, and a suitable numerical
method. Consequently, it is essential to validate the CFD results with the results
from the current tools used by the doctors to diagnose nasal obstruction.

The project is a continuation of a previous thesis by Ronnås and Widebrant, who
explored the possibilities of using CFD simulations in the diagnosis and treatment of
nasal obstruction by recreating the rhinomanometry curves [7]. The current study
focuses on understanding the flow dynamics in the nasal cavity during the tidal
breathing condition (inhalation and exhalation during restful breathing). Addition-
ally, CFD results are validated using rhinomanometry and pressure measurement
experiments.

1.2 Literature survey

Cherobin et al. investigated the correlation and agreement between the nasal re-
sistances derived from CFD (RCF D) and rhinomanometry (RRMN). The authors
reported a weak correlation between CFD and rhinomanometry-derived nasal resis-
tance. However, RCF D was calculated by performing a steady-state simulation, and
the value was based on the classical method at a reference pressure of 75 Pa, whereas
RRMN results were based on actual human tidal breathing. The authors suggested
that the correlation can be improved by comparing nasal resistance derived from
unsteady CFD simulation and rhinomanometry [8].

A study from Radulesco et al. involving patients with septal deviation reported that
nasal resistance derived from CFD and rhinomanometry had strong correlations with
patient’s perception of nasal airflow. However, when comparing the unilateral nasal
resistance from CFD and rhinomanometry, a statistically significant difference was
observed [9]. Zhao et al. observed a statistically significant but weak correlation
between CFD and rhinomanometry nasal resistance. To improve the objective meth-
ods for diagnosis of nasal obstruction, they recommend combining several objective
variables like nasal heat loss, nasal trigeminal sensitivity, and nasal resistance for
future studies in this area [10].

2



1. Introduction

Wong and Eccles performed rhinomanometry using the Classical and Broms method
on four model noses to compare the unilateral Nasal Airway Resistance (NAR) [11].
The study concluded that at low resistances, NAR measured by Broms method is
similar to the Classical method at 75 Pa, but is significantly different from mea-
surements obtained using the Classical method at 150 Pa. At high resistances,
similar NAR values were seen for Broms and Classical method at 150 Pa, whereas
for Broms and Classical method at 75 Pa, the measurements showed significant
differences. The authors deduced that the choice of method used to analyze the
pressure-flow curve could alter the perception of the doctor in evaluating the nasal
resistance in patients.

Time-dependent characteristics of flow using large-eddy simulations (LES) was stud-
ied by Lee et al. A significant difference in flow characteristics during the exhala-
tion phase was observed when comparing the steady-state simulations and unsteady
simulations. Based on this observation, the authors highlighted the importance of
inertial effects, caused as a result of the variation in mass flux of air [12]. Several
research papers evaluate the effect of unsteady cyclic airflow in the nasal cavity,
but the nasal resistance calculated using CFD and rhinomanometry have not been
compared in these studies [13, 14].

Moreddu et al. evaluated the nasal resistance using dynamic pressure-flow curves
obtained by performing unsteady CFD simulations and described a methodology
of numerical rhinomanometry. The authors reported a good agreement between
CFD and rhinomanometry-based nasal resistance and encouraged that with in-
creased computing power in the future, CFD as a tool could be significant in surgical
decision-making and prediction of surgical results [15].

1.3 Project aim
As seen in the literature study, there are a few studies concerning the effect of
tidal breathing on the flow field in the nasal cavity. The project aims to better
understand the effect of tidal breathing in the nasal cavity and explore the prospects
of CFD in the diagnosis of nasal obstructions by comparing the tidal breathing
simulations results with in-vitro rhinomanometry experiments. The project aim is
further divided into tasks as specified below.

• To obtain an anatomically accurate representation of the nasal cavity from
Computed Tomography (CT) scan to generate a computational mesh and a
3D model.

• To design and build a rig representing an ‘artificial lung’ for driving the flow
in the nasal cavity, thus mimicking a human tidal breath.

• To validate the CFD results by measuring and comparing the pressure drop
at various probes in the nasal cavity during experiments.

• To compare nasal resistance obtained from in-vitro rhinomanometry experi-
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ments with the CFD-derived nasal resistance.

• To compare the flow-field and CFD-derived nasal resistance from tidal breath-
ing simulation with the transient constant flowrate simulation.

1.4 Delimitations
The main region of interest in this study was the nasal cavity, and thus the final
geometry obtained from the CT scan consisted of the nasal cavity extending from
the nostrils to the larynx. The paranasal sinuses were excluded in the segmentation
process, and the corresponding Ostia were closed to make an air-tight geometry. The
walls of the nasal cavity are assumed to be rigid and no movement is incorporated.

The actual inhalation and exhalation process of a human in resting condition is
periodic, with the exhalation cycle being a bit longer in duration. However, in this
project, the breathing cycle is considered to be an approximate sinusoidal curve. It
ensures that a similar breathing pattern is provided as a boundary condition to the
CFD simulation and the in-vitro experiments.

For a medical study, a comparison involving a large cohort is preferred for statistical
correctness. Due to the cost and time involved in generating the 3D model from
a CT scan, only two nasal cavities are considered for this project to compare the
nasal resistance calculated from the CFD result and the in-vitro rhinomanometry
experiment.

1.5 Ethical considerations
The project could prove important in understanding the airflow inside a nasal cavity
during tidal breathing. The methods and results from the project could be of value
for further research in this area. However, the results presented in the study should
carefully be analyzed considering the limitations as stated earlier.

The CT scan data provided by Sahlgrenska university was used to generate a 3D
model of the nasal cavity for simulations and experiments. These CT scans are
anonymous to protect the privacy of the individual. Moreover, to ensure anonymity,
alterations were made to the facial surface before using it further. The nasal model
provided by Strien et al. [16] in their research paper was also used in this project.
With the permission of the corresponding authors, the data was used to reproduce
a computerized mesh and a 3D model.

4



2
Theory

2.1 Upper respiratory tract of humans
To comprehend the results generated from the CFD simulations, it would be benefi-
cial to become familiar with the medical terminologies used to describe the anatomy
of the nose and related structures.

2.1.1 Anatomical planes

Figure 2.1: Anatomical planes and terminologies. Licensed under CC BY-NC-SA
3.0 US [17].

The accurate location of various organs or structures and the direction of movements
inside the human body are described using the anatomical planes. These are the
hypothetical planes that transect the body in an upright position. The reader must
know these planes and several other terms used in the standard anatomical model.

The three principal planes used, as shown in figure 2.1, are listed below.

• Coronal plane - divides the body in anterior (front) and posterior (back) section

5



2. Theory

• Sagittal plane - divides the body in left and right (lateral) section

• Transverse plane - divides the body in superior (upper) and inferior (lower)
section

2.1.2 Anatomy
Physiologically, the respiratory system of humans extends from the nostrils down
to the lungs. It is the network of organs and tissues that helps us breathe. The
respiratory system includes the airway, lungs, and blood vessels. For this project, we
focus our attention on the upper respiratory tract as we aim to study the possibility
of using CFD techniques to diagnose nasal obstructions. The upper respiratory tract
consists of the nostrils, nasal cavity, paranasal sinuses, pharynx, and larynx.

Figure 2.2: Divisions of the nasal cavity - sagittal view. Reproduced with
permission by Oliver Jones [18].

The nasal cavities are elongated, wedge-shaped spaces with a large inferior base
and a narrow superior apex located above the oral cavity and behind the nose. It
communicates with the external environment via nostrils by providing a passageway
for the inhaled/exhaled air to/from the rest of the respiratory system. As depicted
in figure 2.2, the nasal cavity extends from the nasal vestibule to the nasopharynx
and has three divisions:

• Nasal vestibule - Situated in the anterior portion of the nose where the air
can enter into the respiratory system. The inhaled particles are filtered here
because of the coarse hairs called vibrassae.

• Respiratory region - This region is covered in respiratory epithelium and mu-
cous cells. The respiratory region functions to warm and humidify the inhaled
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2. Theory

air along with filtering and eliminating the debris.

• Olfactory region - Situated at the apex of the nasal cavity. It is lined by
olfactory cells with olfactory receptors.

The nasal septum located at the center of the node divides the cavity into two
airways. Both these airways meet and form a single channel at the posterior end
near the nasopharynx. The nasal cavity consists of several distinct parts - the roof,
floor, medial wall, and lateral wall.

(a) Coronal view. Reproduced with
permission by Oliver Jones [18].

(b) Sagittal view. Licensed under CC
BY-SA 3.0 [19].

Figure 2.3: Turbinates and meatus in nasal cavity.

In the middle portion of the nasal cavity, curled bone structures project out from
the lateral walls. They are called turbinates or conchae (singular - concha), and
the three turbinates are classified as inferior, middle, and superior. The turbinates
are covered with soft tissue and mucosa. Their primary function is to increase the
surface area of the nasal cavity. As more inspired air comes in contact with the
cavity walls, better will be the conditioning or humidification of the air. Due to
the structure of the turbinates, the air path in the cavity curls as we go towards
the posterior end of the cavity. The turbinates work to disrupt the laminar, fast-
moving air to make it turbulent and slow, thus spending a long time in this region
of the nasal cavity. The air path created by the turbinates are called meatus and
are named corresponding to the location of the turbinates as,

• Inferior meatus - between inferior turbinate and floor of the cavity.

• Middle meatus - between inferior and middle turbinate.

• Superior meatus - between middle and superior turbinate.

The nasal cavity is surrounded by the paranasal sinuses - which are air-filled exten-
sions of the nasal cavity. The four paranasal sinuses are frontal, ethmoid, maxillary,
and sphenoid sinus. These sinuses are connected with the cavity on the roof or the
lateral walls via ducts that drain through the Ostia. The geometry used for simu-
lations in this project does not take into account these sinuses. It is because of the
negligible flow in the sinuses compared to the mean flow in the nasal cavity during
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the breathing cycle.

A detailed discussion about the anatomy of upper respiratory tract can be found in
articles by Sobiesk et al. [20] and Jones [21].

2.1.3 Functions
The nose is the first component of the upper respiratory tract that comes into contact
with the surrounding air. It is an olfactory and respiratory organ responsible for
carrying out a diverse range of functions, as listed below.

• Filtering of particles - Minute aerosolized particles from inspired air are trapped
in the nasal mucosa which are cleared by the mucus secreted by columnar ep-
ithelium which lines the nasal cavity. [20]

• Conditioning of inspired air - The inhaled air needs to be warmed and humid-
ified before it reaches the lungs. It is mainly done in the respiratory region,
which is lined with ciliated pseudostratified epithelium. The air exchanges
heat with the blood flowing in the blood vessels by convection, conduction,
and radiation mechanism, thus raising its temperature. The moisture present
in the mucus helps in the humidification of the air [22].

• Olfactory function - It occurs in the olfactory region which is lined with ol-
factory epithelium cells interspersed with neurons containing sensory cilia.
Odorants trapped in the mucus binds with proteins which help to concentrate
and solubilize the particles. These particles are then attached to the recep-
tors on the cilia which transmit a signal to synapse with the neurons of the
olfactory bulb, which eventually relays information to the brain via olfactory
nerves [20, 22].

• To drain and clear the paranasal sinuses and lacrimal ducts.

2.2 Rhinomanometry
Rhinomanometry is an objective method to analyze the obstructions in the nasal
cavity and is quantified by the doctors using Nasal Airway Resistance (NAR). A
pressure-flow curve is an output from the rhinomanometer, see figure 2.4, which
could be analyzed in several ways to obtain the value of nasal airway resistance.

There exist several different types of rhinomanometry - passive, where the air is
forced through the nasal airway by an external force, and active, which relies on
the patient’s breathing. Additionally, the measurements could be taken either an-
teriorly or posteriorly. In posterior rhinomanometry, nasal resistance for the total
cavity is obtained by positioning a probe in the nasopharynx via an air tube. Indi-
vidual nasal resistance for each cavity (i.e., left and right) is obtained from anterior
rhinomanometry. In this method, the probe is placed in the nasal vestibule, and the
corresponding nostril is sealed using surgical tape. Thus, to complete measurement,
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Figure 2.4: Pressure-flow curve as obtained from anterior rhinomanometry.

anterior rhinomanometry needs to be performed twice - once for each nostril. The
nasal resistance for the total cavity is then calculated based on these values. In
this study, active anterior rhinomanometry is performed to evaluate the NAR in the
nasal cavity.

The two most common methods to evaluate NAR from the pressure-flow curve are
the Classical and Broms method. The International Standardization Committee
on Objective Assessment of Nasal Airway (ISOANA) recommended NAR to be
calculated at a reference pressure of 75 or 150 Pa for Classical method [23, 24]. It
also suggested that NAR calculated using Broms method is as good as Classical
method [25].

The nasal airway resistance is calculated as NAR = ∆P/Q, where ∆P is the pres-
sure drop in the nasal cavity and Q is the volume flow rate. For the Classical
method, the value of Q corresponding to a pressure drop of either 75 or 150 Pa -
depending on the choice of reference pressure used to calculate the nasal resistance.
Whereas, in Broms method, the pressure-flow curve is plotted on a polar coordinate
system, and the value of ∆P and Q where the curve intersects a circle corresponding
to ∆P = 200 Pa is noted for computation of nasal resistance.

2.3 Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) is a branch of fluid mechanics in which a
physical phenomenon involving fluid flow or heat transfer is modeled mathemati-
cally and solved using several computational methods. Using these methods, CFD
provides a qualitative prediction of flow parameters based on conservation laws gov-
erning fluid motion [26].
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2.3.1 Governing equations
The equations governing the mechanism of fluid flow are derived by applying the
principles of conservation of mass, momentum, and energy on a control volume (or
an infinitesimal fluid element) defined inside a fluid continuum.

2.3.1.1 Continuity equation

The governing equation resulting from the application of the mass conservation
principle on the control volume or the fluid element is the continuity equation. The
fundamental physical principle of mass conservation states that the mass must re-
main constant over time for a closed system, i.e.,

Rate of increase of mass in
the fluid element = Net rate of flow of mass

into the fluid element.

The conservative, differential form of continuity equation is given as

∂ρ

∂t
+ ∂(ρvi)

∂xi

= 0, (2.1)

where ρ is the fluid density, t is the time, vi is the velocity in i-direction, and xi

denotes the spatial coordinate in i-direction [27].

If the flow is assumed to be incompressible, the density of the fluid remains constant.
Then equation 2.1 is re-written as

∂vi

∂xi

= 0.

2.3.1.2 Momentum equation

The application of the momentum conservation principle on the control volume or
the fluid element gives the Navier-Stokes equation or transport equation for momen-
tum. The momentum conservation principle is derived from Newton’s second law,
and it states that

Rate of increase of
momentum of the fluid

element
= Sum of forces on the fluid

element.

There are two major types of forces acting on the fluid particle - body forces (cen-
trifugal, electromagnetic, and Coriolis force) and surface forces (pressure, viscous,
and gravity force).

The momentum equation is given as [27]

ρ
∂vi

∂t
+ ρ

∂(vivj)
∂xj

= −∂P

∂xi

+ ∂

∂xj

[
2µSij − 2

3µ
∂vk

∂xk

δij

]
+ ρfi, (2.2)

10



2. Theory

where P is the pressure, µ is the dynamic viscosity of the fluid, δij is the kronecker
delta, fi is the body force in i-direction, and

Sij = 1
2

(
∂vi

∂xj

+ ∂vj

∂xi

)
.

Assuming an incompressible flow with constant density and constant dynamic vis-
cosity of fluid, equation 2.2 is re-written as

∂vi

∂t
+ ∂(vivj)

∂xj

= −1
ρ

∂P

∂xi

+ ν
∂2vi

∂xj∂xj

+ fi,

where ν is the kinematic viscosity of the fluid.
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3
Methods

In this chapter, the methodology followed for in-vitro experiments and CFD simu-
lations are discussed. The reasonable choices made during these steps are justified,
and the method to evaluate the nasal airway resistance is presented.

For this project, two different models of the nasal cavity were evaluated - the first (re-
ferred to as model 1) is modeled using anonymous CT-scans provided by Sahlgrenska
hospital and the second (referred to as model 2) was available as a supplementary
material in the research paper [16]. The CFD simulations and in-vitro rhinomanom-
etry experiments are performed on both models of the nasal cavity. However, only
model 2 was used for the in-vitro experiment to evaluate the pressure distribution
in the nasal cavity.

3.1 Generate a 3D model from CT scan

The following tools were used to generate a 3D model from the CT scan data which
has been further used to generate a computational mesh as well as a 3D model.

• 3D Slicer 4.11 - Open source software package

• Blender 2.91 - Open source software package

• Materialise Magics 25.01 - Commercial software package (a trial version avail-
able for student was used)

The nasal cavity model was reconstructed from CT scan slices available as Digital
Imaging and Communications in Medicine (DICOM) files provided by Sahlgrenska
hospital. An anatomically correct 3D model was derived in 3D slicer software by
applying several segmentation techniques and strategies. The following steps were
implemented in this software:

• Import the DICOM files in 3D Slicer.

• Switch to the ‘Volumes’ module and set the display to "CT-Air". It will em-
phasize the air in a CT volume.
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• Switch to the ‘Simple Filters’ module and apply the Laplacian sharpening
image filter. It enhances the image contrast and helps to distinguish the airway
path and the soft tissues in the nasal cavity, see figure 3.1.

• Switch to the ‘Segment Editor’ module. Using the Threshold tool, set the
thresholding interval to -1024 to -229 HU (Hounsfield Units). The software
will highlight the CT volume within the given range of HU units and rebuild
the highlighted section.

• To avoid the reconstruction of redundant areas like paranasal sinuses, any
connection from this region to the nasal cavity airway had to be manually
cut-off. The paint, scissors, and islands tools were utilized for this purpose.

• Generate the 3D model once the nasal cavity has been separated from other
regions. Verify the anatomical correctness of the generated 3D model by visual
inspection.

• Save the 3D model as an Standard Tessellation Language (STL) file, which is
the desired format for mesh generation in OpenFOAM.

(a) Before applying the filter (b) After applying the filter

Figure 3.1: Coronal view of the CT scan.

The STL file from 3D Slicer was imported in Blender for further post-processing.
The geometry was cleaned in Blender to prepare it for 3D printing as well as for
generating a computational mesh. The holes or sharp edges in the model were filled
and smoothed. Additionally, to ensure the anonymity of the patient, changes were
made to the original face obtained from the CT scan using the sculpting tool in
Blender. Changes near the nose and upper lip were avoided since it could alter the
path of the incoming air in the nasal cavity.

Further, the 3D printing toolbox in Blender and Materialise Magics were used to fix
the errors related to the 3D printing of the model. Once the model was completely
checked and free of any errors, a 1 mm wall thickness was added to the model for
3D printing. The nasal cavity was printed in ClearVue using the Stereolithography
(SLA) method. The 3D printed nasal cavities are shown in figure 3.3.
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(a) after segmentation in 3D Slicer (b) after geometry cleaning in Blender

Figure 3.2: 3D model of nasal cavity.

(a) Model 1 (b) Model 2

Figure 3.3: 3D printed nasal cavity.

3.2 Experiments
To gauge the validity of the numerical model, it is important to compare the results
with experimentally obtained data. Hence, in-vitro experiments are carried out in
this project to compare and determine the accuracy of the simulation results.

The flow rate during tidal breathing at rest in humans can be exhibited by the curve
as shown in figure 3.4, and it varies with the physiological condition of an individual.
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Using suitable boundary conditions in CFD simulations, one can yield a similar flow
rate corresponding to the actual breathing cycle of humans. However, to generate
the same for experiments is difficult. Hence, an assumption is made that the tidal
breathing is fairly sinusoidal, and a simplified flow rate curve is used for experiments
and simulations.

Figure 3.4: Tidal breathing flow rate curve observed in humans - averaged over
several breaths. Data corresponds to anonymous patients provided by Sahlgrenska

hospital.

To recreate the tidal breathing cycle (inhalation and exhalation) during the exper-
iments, it is necessary to build an experimental rig that would act as an artificial
lung. The concept of a simple slider-crank linkage was applied to facilitate such a
mechanism of tidal breathing. Figure 3.5 shows the schematic representation of the
experimental setup.

Figure 3.5: Schematic representation of the experimental rig.

A stepper motor operated using a "Geckodrive G230V" motor driver receives an
electrical pulse signal from an oscillator. The frequency of the pulse is set to 500
Hz to have the motor speed as 0.25 revolutions per second, which is equivalent to a
tidal breathing duration of 4 seconds. The motor shaft is connected to a crank, and
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further, it links the coupler of the slider-crank mechanism to a piston situated inside
a pump. The piston will reciprocate to produce an inhalation-exhalation cycle in
the nasal cavity attached to the pump via a silicone hose. The velocity of the piston
will follow a curve defined by

v = −r.sin(θ) + r2.sin(θ).cos(θ)√
l2 − r2.sin2(θ)

,

where, v is the piston velocity, r is the crank length, and l is the coupler length.
Due to the assumption that air is incompressible, the flow rate from the pump will
also follow a similar curve. Thus, the shape of the curve can be changed by varying
either the crank or coupler length or both. In this experimental setup, the crank
length is kept variable. Therefore, the artificial lung can be operated to provide
several breathing cycles with a mean flow rate varying from 10-30 Liters per Minute
(LPM). Several breathing profiles were used for simulations and experiments to
check the variability of the nasal resistance when a different breathing profile is
used. It resembles the actual conditions since it is difficult for humans to reproduce
the same breathing profile for consecutive rhinomanometry measurements. Figure
3.6 shows various flow rate curves used for in-vitro rhinomanometry and pressure
measurement experiments.

Figure 3.6: Tidal breathing flow rate curve - obtained by varying crank length in
the experimental rig.

3.2.1 In-vitro rhinomanometry
The nasal airway resistance was measured in-vitro for both the nasal cavity models
using a rhinomanometer (Rhino-Comp/®M, IBBAB, Billdal, Sweden) acquired from
Sahlgrenska hospital, see figure 3.7. The face mask is used to form a tight seal
between the face and the surroundings to avoid leakages. Considering that the
surface of the 3D printed cavity is hard as opposed to actual human skin, leakages
occurred due to non-conformity between the 3D printed nasal cavity and the face
mask. Hence, modeling clay was used to form an intermediate surface to form a
tight seal and avoid leakages.
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Figure 3.7: Rhinomanometer.

Since an active anterior rhinomanometry was performed, one nostril was blocked
using surgical tape. The device then measures the pressure inside the blocked cav-
ity using a probe that passes through the surgical tape and rests inside the nasal
vestibule. The data over three tidal breaths is recorded and averaged out to produce
a pressure-flow curve similar to the one in figure 2.4. The same steps are repeated
by blocking the other nostril. Combining these two measurements, the nasal airway
resistance is obtained for the total nose.

The values from the pressure-flow curve correspond to the pressure drop between the
cavity and surroundings. The readings are taken based on the following assumption
- the pressure inside the blocked cavity does not vary due to the absence of flow, and
hence the pressure at the nasopharynx can be assumed to be equal to the pressure
measured by the probe at the nasal vestibule.

Figure 3.8: Experimental setup for rhinomanometry measurements.
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3.2.2 In-vitro pressure measurements
This experiment was performed only for model 2. The pressure distribution inside
the nasal cavity was measured at locations where the externally extruding ports are
located as seen in figure 3.3a.

The ports are located symmetrically in right and left cavities. There are a total of
14 ports - three along the nasal cavity floor on each side, four on the lateral walls
of both sides, and two ports in the posterior of the cavity, see figure 3.9 for labeling
of the pressure ports.

Figure 3.9: Location and labeling of pressure probes on the nasal cavity.

A 16-channel digital pressure scanner (PSI-9116, Pressure Systems, Inc.) with a
500-Hz sampling rate was used to acquire pressure values. Pressure transducers
were connected by hoses at the probe locations to gather data. A sampling window
of 100 seconds was kept and the pressure drops at these locations were sampled at a
rate of 500 Hz. Finally, ensemble averaging was performed over the data to obtain
the pressure drop over a single tidal breath. The experimental setup is shown in
figure 3.10.

Figure 3.10: Experimental setup for pressure measurements.
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3.3 CFD simulation
The open-source software OpenFOAM® v2006 was used for the CFD simulations.
In this section, the methodology to perform the simulations is discussed.

3.3.1 Geometric model
To prepare the nasal cavity model for CFD simulations, the surface STL file as
shown in figure 3.2b is further modified to make it water-tight. The nasopharynx is
elongated at the exit to facilitate the fit of the pipe to connect the ‘artificial lung’
for experiments.

The face and the external nose are generally excluded for the CFD simulations,
and the air inflow is directly specified at the nostrils [13, 28, 29]. That reduces
the mesh count in the domain. However, Taylor et al. [30] found that the inflow
geometry truncation affects the downstream flow in the nasal cavity. It is essential
to include the external facial features, as it would allow the natural inspiration of
air into the nasal cavity. Hence, to recreate the normal breathing scenario from the
surroundings, a hemisphere is constructed in front of the face. The external facial
features are included in the computational domain, but it will increase the number
of meshing elements. The final geometries used for CFD simulations are shown in
figure 3.11.

(a) Model 1 - from CT scan (b) Model 2 - from Strien et al.

Figure 3.11: Geometric model for CFD simulation.

3.3.2 Flow physics and solver settings
A transient simulation with time-varying flow rates is performed to mimic the tidal
breathing condition in humans. The flow is assumed to be incompressible due to
the velocities being very low. In OpenFOAM® v2006, particular dictionaries are
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mandatory to completely define the physics of the problem and the methods required
to solve them.

• controlDict is used to specify the case controls for the simulation. This
dictionary includes time-stepping information, write format, and additional
user-defined functions for post-processing.

• The properties of the fluid are specified in transportProperties dictio-
nary, while the choice of turbulence model is given in turbulenceProperties
dictionary.

• The numerical schemes used to solve various terms of the discretized governing
equation are specified in fvSchemes dictionary.

• fvSolution dictionary contains the instructions on how each discretized
equation is solved. The equation solvers, tolerances, and algorithms are con-
trolled from this file.

The average breathing rate in humans is 10-15 breaths per minute. Hence, the
duration of a tidal breath is assumed to be 4 seconds in this project. Two consecutive
tidal breaths were simulated, i.e., a total simulation time of 8 seconds. The results
from the second cycle are considered for post-processing to account for the inertial
effects (hysteresis) associated with the time-varying boundary conditions [12, 31]. A
time-step of 10−5 seconds was defined at the start of the inhalation and exhalation
period. After 200 iterations, the time-step was gradually increased to 10−3 seconds.
A sudden change in the direction of the velocity vectors at the outlet boundary can
cause the solution to diverge. Hence, smaller time-steps were used at the start of
the inhalation and exhalation period. A maximum time-step of 10−3 seconds was
adapted during the simulation.

The working fluid in consideration is air with a density (ρ) of 1.225 kg/m3 and
a dynamic viscosity (µ) of 1.79 × 10−5 Pa.sec. For the transient tidal breathing
simulations, no turbulence model is used and this choice is explained in section
3.3.2.1.

The time-derivative term in the governing equation is discretized using the implicit
second-order backward scheme. The convective terms were resolved using the
linearUpwind scheme, which is second-order bounded in nature. The gradients
were calculated using the second-order leastSquares method. A linear interpo-
lation scheme was employed to interpolate values from cell centers to face centers.
The fvSchemes dictionary is specified in Appendix A.3.

The pressure-velocity coupling is achieved using the PIMPLE (Pressure Implicit
with Splitting of Operators) algorithm. The pressure equation is solved using GAMG
solver while the equations for velocity use smoothSolver. The fvSolution
dictionary can be seen in Appendix A.4.
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3.3.2.1 Justification for not using a turbulence model

Tidal breathing is unsteady and transient, where the flow rate accelerates from zero
to a peak value followed by deceleration back to zero. Thus, the flow fluctuations
in the nasal cavity are induced from the complex geometry features as well as the
temporal unsteadiness due to the continuous accelerating-decelerating nature of tidal
breathing flow [32]. These fluctuations must be captured in the CFD simulations.
Lee et al. [12] and Calmet et al. [14, 32] simulated the respiratory flow in the nasal
passage using the LES method and were able to provide the solution of the flow
field with a considerable accuracy due to a better capability of the LES method in
treating the transient terms of the governing equations. However, LES simulations
are computationally expensive, and they are not suitable for studies involving several
simulations due to time constraints.

Calmet et al. [32] used the LES simulation as a reference case for comparison with
lower resolution models that included larger time-steps, as well as no turbulence
modeling, [32]. The pressure drop values were similar for the simulation without
turbulence model when compared with the LES simulation. Additionally, a compar-
ison of instantaneous and mean flow velocity contours between both models showed
very similar patterns. The authors concluded that the lower resolution models with
no turbulence modeling provide sufficient accuracy when interested in overall trends
like pressure drop and mean velocity fields. Based on the results from this study,
it was decided not to use any turbulence model for the simulations in this project.
Instead of modeling the small-scale turbulent structures, they were allowed to be
resolved based on the mesh resolution and the time-step.

3.3.3 Computational mesh
The next step in CFD methodology after pre-processing the CAD model is to gener-
ate a computational mesh. Meshing is the process in which a complex CAD model
is divided into several smaller elements. The governing equations are solved in each
of these discretized elements to determine the flow variables in the entire domain. A
detailed mesh will help to have a better representation of the CAD model. However,
it would increase the number of elements. It would lead to a significant increase in
computational time for the simulation. Hence, it is necessary to find an appropriate
mesh that can provide an acceptable solution without excessive usage of computa-
tional resources. The computational mesh was generated in the open-source software
OpenFOAM® v2006 using the blockMesh and snappyHexMesh utilities.

3.3.4 Boundary conditions
The three boundaries for the CFD geometry - atmosphere, wall, and throat are
depicted in figure 3.12. During inhalation, the atmosphere boundary acts as an inlet
and the throat boundary is the outlet. These boundaries behave the other way round
during the exhalation period. A total pressure boundary condition is specified at the
atmosphere boundary. At the posterior section, the nasal cavity model is truncated
at the nasopharynx. This section is extended further to avoid re-circulation during
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simulations and also for experimental purposes. The unsteady tidal breathing flow
rate is specified at the throat boundary using the flowrate boundary condition. The
nasal cavity and the face are modeled as a no-slip wall. The summary of boundary
conditions specified in p and U dictionaries for OpenFOAM is given in table 3.1.
The complete U and p dictionaries are given in Appendix A.1 and Appendix A.2
respectively.

(a) Model 1 (b) Model 2

Figure 3.12: Boundaries for the CFD model.

Table 3.1: Boundary conditions for CFD simulations.

Boundary Type Boundary condition
p U

Atmosphere Total pressure totalPressure pressureInletOutletVelocity
Throat Flowrate zeroGradient flowRateOutletVelocity
Wall Wall zeroGradient noSlip

The tidal volume is the amount of air that moves in and out of the lungs during
each respiratory cycle. The average tidal volume for an adult is 500 mL [33]. Figure
3.13 indicates the tidal breathing flow curves used for the simulations. The flow
curve corresponding to a mean flow rate of 15 LPM has a tidal volume of 500 mL,
and this flow curve is used for simulation of both the nasal cavity models. The flow
curve with a mean flow rate of 25 LPM has a higher tidal volume and is used only
for the simulation of nasal cavity model 1.

3.4 Mesh convergence study

3.4.1 Mesh study - model 1
A mesh convergence study was performed to determine a suitable mesh for this
particular nasal cavity model. This study aimed to determine a computational
mesh that would yield a negligible change in the solution with further refinement.
An initial mesh was created such that all the fine details and the surfaces of the nasal
cavity are represented by the mesh without any holes or discontinuities. The base
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Figure 3.13: Tidal breathing curves specified at outlet.

mesh is further refined to create two more meshes for the study. The parameters
used for generating the three meshes are summarized in table 3.2.

Table 3.2: Meshing parameters for mesh study - model 1.

Mesh 1 Mesh 2 Mesh 3
Grid size - ∆min 0.25 mm 0.20 mm 0.175 mm

Number of prism layers 5
Height of 1st prism layer 0.02 mm

Total number of mesh elements 13.12 million 19.84 million 28.71 million

A suitable local or global flow parameter can be selected to perform the study. If the
value of the flow parameter does not change significantly with the refinement of mesh,
then the solution is said to be mesh-independent. A global flow parameter such as
pressure drop across the nasal cavity is not suitable to judge the convergence as it
can miss the regions of local poor mesh. Tracking the flow parameters on multiple
probe locations or a single line ignores the rest of the domain. Hence, the mean
velocity was monitored on multiple line profiles across multiple cross-section planes.
This method ensures sufficient mesh independence as proposed by Inthavong et al.
[34] in their research paper.

A steady-state simulation was performed with a constant flow rate of 30 LPM. The
simulation was allowed to run for 5000 iterations, and the flow parameters were
averaged over the last 2000 iterations to discard the initial transients. The mean
velocity averaged over the 2000 iterations for all three meshes is plotted at several
lines on multiple planes. The results from the mesh convergence study are discussed
in section 4.1.1.
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3.4.2 Mesh study - model 2
A mesh convergence study was performed by Strien et al. for this model of the nasal
cavity in their research paper. Hence, it was decided to use the same parameters
as given in the literature to generate the computational mesh. Since the meshing
software was different, the overall meshing strategy and the number of elements were
not similar to that obtained in [16]. The results from this mesh were compared with
the literature to determine the validity of the mesh. The meshing parameters used
for this nasal cavity model are tabulated in table 3.3. A total of 16.4 million mesh
elements were generated using these parameters.

Table 3.3: Meshing parameters for mesh study - model 2.

Meshing software blockMesh and snappyHexMesh
Grid size - ∆xmin 0.125 mm
Grid size - ∆ymin 0.165 mm
Grid size - ∆zmin 0.185 mm

Number of prism layers 8
Height of 1st prism layer 0.02 mm
Number of elements 16.4 million

A transient simulation for a duration of 0.35 seconds was performed on this mesh.
A constant flow rate of 10, 15, and 30 LPM was used as a boundary condition at
the outlet. It is similar to the simulations done by [16]. For simulating these cases,
no turbulence modeling was done. The results were obtained by averaging the flow
variables from 0.2-0.35 seconds. The results from this study are discussed in section
4.1.2.

3.5 Steady state solution .vs. tidal breathing sim-
ulation

Tidal breathing is a cyclic, oscillatory phenomenon. To accurately capture the
flow features inside a nasal cavity, transient simulation with a time-varying flow
rate boundary condition is needed. However, such simulations are required to run
for a minimum of two breathing cycles [12, 31], and therefore the simulations be-
come computationally expensive and time-consuming. Sometimes, the clinicians do
not require a detailed analysis of the flow inside the nasal passage and are more
interested in the overall trends like pressure drops and mean flow field. In such
situations, simulations with rapid computations are preferred for investigating the
flow through the nasal cavity. Therefore, steady-state simulations are performed,
which are quicker compared to transient tidal breathing simulations. But first and
foremost, it is essential to evaluate whether modeling the nasal cavity flow using
the steady-state assumption is sufficient to describe the airflow and physiological
performance of the nasal cavity.

The presence of inertial effect inside the nasal passage arising due to dynamic vari-
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ation of flow with time indicates that the steady-state assumption is inappropriate.
However, several studies [35, 36] have used steady-state solutions to analyze the
nasal cavity flow. By studying the Womersley number and Strouhal number, they
assumed the cyclic, unsteady flow in the nasal cavity to be quasi-steady. Womersley
number (Wo) correlates the transient inertial forces with viscous forces, and the
Strouhal number (St) is the ratio of inertial forces due to local acceleration of flow
to the inertial forces due to convective acceleration [37]. These non-dimensional
numbers are defined as

Wo = D

2

(
ω

ν

)0.5
and St = ωL

uave

,

where, D is the characteristic length which is taken as the hydraulic diameter of a
cross-section near the nostril, ω is the breathing frequency equal to ω = 2πf = 1.57
s−1 (f corresponds to 15 breaths per minute), ν is the kinematic viscosity of the
fluid, L is the airway length in axial direction, and uave is the average velocity
through the nasal passage.

The Womersley number (Wo) and Strouhal number (St) computed for model 2 of
the nasal cavity were 1.7 and 0.05 respectively. The study by Isabey and Chang
suggests that the quasi-steady assumption is valid for St < 1 and Wo < 4 [38].
Several values of non-dimensional numbers are used as a threshold, Doorly et al.
[35] used Wo = 3 and St = 0.25, Shi et al. [37] used Wo = 4.3 and St = 0.2,
while Wen et al. [36] used Wo = 1.68 and St = 0.01 as a criteria to define the
quasi-steady state for nasal airflow. Thus, based on the Womersley and Strouhal
number obtained in this study, it is reasonable to disregard the hysteresis effect and
the flow could be modeled using a steady-state assumption.

Figure 3.14: Velocity at probe locations in left cavity - transient constant flow
rate simulation.
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Figure 3.15: Velocity at probe locations in right cavity - transient constant flow
rate simulation.

Initially, a steady-state simulation was performed, but a divergence in solution was
observed for the simulations corresponding to the exhalation phase. Hence, it was
decided to carry out a transient simulation with a constant flow rate boundary
condition. The transient simulation was allowed to run long enough to achieve a
steady-state solution. Probes were defined inside the nasal cavity at several locations
to check the convergence of the simulation to a steady state. The velocity at these
locations was monitored over time, and the results for one such simulation are seen in
figures 3.14 and 3.15. Thus, it was concluded that the transient simulation converges
to a steady-state solution in 1 second. The mean flow velocity and mean pressure
were calculated by averaging the data from 0.5-1 second. The results from this
comparison are discussed in section 4.5.

3.6 Evaluating nasal airway resistance
The nasal airway resistance in this project was calculated based on the Broms
method as explained in section 2.2.

3.6.1 CFD derived nasal resistance
Nasal airway resistance can be calculated using the simulation results analogous to
the values obtained by rhinomanometry. CFD simulations were performed for three
cases - both nostrils open, right nostril blocked, and left nostril blocked. It is similar
to rhinomanometry, where each nostril is blocked simultaneously. The flow rate and
the corresponding pressure drop values in the nasal cavity were obtained from the
simulations. These values were used to plot a fitted pressure-flow curve in cartesian
and polar coordinates for each case. Figure 3.16 shows an example of fitted flow-
curve obtained from CFD results. The nasal airway resistance is calculated using
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either of the methods suggested by Broms et al [25].

• From pressure-flow curve in cartesian cordinates - NAR = ∆P/Q, where ∆P
and Q are the values corresponding to the intersection point of the fitted curve
and a circle with radius 200 Pa.

• From pressure-flow curve in polar cordinates - NAR = 1/tan[(θin + θex)/2],
where θin and θex are the angles made by the pressure-flow curve at radius
of 200 Pa in polar coordinates during inhalation and exhalation respectively.
The angles were calculated by making use of the equation defining the fitted
rhinomanometry curve.

(a) In cartesian coordinates (b) In polar coordinates

Figure 3.16: Rhinomanometry curves reproduced from CFD results.

3.6.2 In-vitro rhinomanometry nasal resistance
To obtain the in-vitro rhinomanometry nasal resistance values, the experiment was
performed to note 20 consecutive readings. The final nasal resistance was obtained
by averaging these values. The rhinomanometer provides the nasal resistance value
for an individual - left and right, as well as the total nasal cavity.
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In this chapter, experimental results are compared with the data obtained from CFD
simulations. The pressure distribution inside the nasal cavity is analyzed to validate
the CFD model. The in-vitro and in-silico nasal airway resistance is compared as
well. The flow patterns observed during tidal breathing are also discussed in detail.

4.1 Mesh convergence study

4.1.1 Model 1
The location of the lines and planes along with the mean velocity plots are shown
in figures 4.1-4.4.

Figure 4.1: Line plots of mean velocity - plane 1.

Figure 4.1 shows the plane in the anterior part of the nasal cavity near the nasal
vestibule. The mean velocity for all three meshes appear to be similar. On line 3,
the mean velocity for mesh 2 and 3 near the septum wall seems close to each other.

Figure 4.2 shows the location of plane 2 in the nasal cavity. The mean velocities are
similar on lines 1 and 2 for all meshes (flow in the vicinity of line 1 can be assumed
to be negligible). On line 3, the values on mesh 2 and 3 are alike. However, in the

29



4. Results

Figure 4.2: Line plots of mean velocity - plane 2.

Figure 4.3: Line plots of mean velocity - plane 3.

left cavity, the difference is seen between these two meshes and mesh 1. On the
contrary, there is a notable change in the mean velocity profile on line 4. The values
on mesh 1 are different from that obtained on mesh 2 and 3. The velocities are not
exactly similar for mesh 2 and 3, however, the nature of the mean velocity profile is
alike.

In figure 4.3, mean velocity do not change much on all three meshes. Plane 4 is
positioned near the nasopharynx, as seen in figure 4.4. The mean velocity profile on
this plane shows that we get nearly similar results from mesh 2 and 3, and it differs
from mesh 1, particularly on lines 1 and 2.

It is advantageous to study the mesh convergence on multiple planes as highlighted
above. By doing this, it is ensured that the regions of poor mesh convergence are not
neglected. From the study on this nasal cavity model, it is observed that the velocity
profiles on mesh 1 were dissimilar to the results obtained on the other two meshes.
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Figure 4.4: Line plots of mean velocity - plane 4.

Conversely, the results do not change much when the mesh is refined from mesh 2
to mesh 3. Hence, it can be concluded that it is beneficial to consider mesh 2 for
simulations since the gain in the accuracy of the solution is insignificant compared
to the increased computational time when using mesh 3. The final mesh at several
coronal cross-sections along the nasal cavity are shown in figure 4.5.

Figure 4.5: Computational mesh for model 1 at several coronal slices. In box:
Location of the coronal slices in the nasal cavity.

4.1.2 Model 2
For analyzing the mesh, pressure drop at probe locations were compared to the ex-
perimental and CFD values from Strien et al., see figures 4.6-4.8. A good agreement
in experimental and CFD values was achieved from this study. The pressure distri-
bution obtained using CFD in Strien et al. and the current mesh are very close to
each other for all three flow rates.
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Figure 4.6: Comparison of pressure drop at constant flowrate of 10 LPM.

Figure 4.7: Comparison of pressure drop at constant flowrate of 15 LPM.

Additionally, velocity vectors at time t = 0.2 seconds and the mean velocity contours
were compared for the 30 LPM flow rate case. The corresponding images are shown
in Appendix B. By observing the flow vectors and the contours, the current mesh can
reproduce the dominant features like recirculating regions and mixing flow streams.
Therefore, it can be concluded that the mesh resolution is sufficient, and the results
from Strien et al. can be replicated using this mesh.
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Figure 4.8: Comparison of pressure drop at constant flowrate of 30 LPM.

Figure 4.9: Computational mesh for model 2 at several coronal slices. In box:
Location of the coronal slices in the nasal cavity.

4.2 Comparison between simulation and in-vitro
pressure measurements

Figures 4.10-4.13 shows the pressure distribution at several probe locations in the
right and left cavity of the nasal model. The study is performed for two mean flow
rate cases - 15 LPM and 25 LPM (refer figure 3.13 for flow curve) on nasal cavity
model 2. The location of the probes is discussed in the previous section (figure 3.9).

Case - 25 LPM mean flow rate

There is a good agreement in the pressure drop obtained from the experiments and
the simulation in the right cavity, as seen from figure 4.10. Although the pressure
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Figure 4.10: Comparison of pressure drop between simulation and experiments
in right cavity - for a mean flow rate of 25 LPM.

magnitude does not match exactly, the trend exhibited during the tidal breathing
cycle is the same in both cases. The pressure fluctuations which exist majorly during
the exhalation period are captured in the simulation as well. The fluctuations are
higher at probe F1 and L1, located just before and after the nasal valve region.

Figure 4.11: Comparison of pressure drop between simulation and experiments
in left cavity - for a mean flow rate of 25 LPM.

Figure 4.11 gives the pressure distribution in the left cavity. The simulation results
match well with the experiments, and the trends are reproduced effectively as well.
However, for probe F2, the simulation data is dissimilar from the experimental
results. It was because of leakage near the probe location. During the process
of drilling the holes for the probes, the drill went a bit far, thus creating a hole
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opposite to the probe location. During the experiments, we tried to cover the hole
with surgical tape, but due to the complex geometry of the 3D-printed model, it was
not possible to completely seal it, and the effect of that can be seen in the pressure
measurements at that location.

Case - 15 LPM mean flow rate

As observed from figure 4.12 and figure 4.13, the pressure drop from simulation
agrees with the in-vitro experiments. The curves exhibit a similar trend to the 25
LPM case, except that the values of pressure are lower in magnitude.

Figure 4.12: Comparison of pressure drop between simulation and experiments
in right cavity - for a mean flow rate of 15 LPM.

Figure 4.13: Comparison of pressure drop between simulation and experiments
in left cavity - for a mean flow rate of 15 LPM.
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In this study, the results indicate that the pressure distribution obtained by CFD
simulations are slightly over-estimated. However, it should also be noted that the
pressure drop values from experiments is not ideal, and there could be some pressure
loss arising in the tubes connecting the probe and the device or due to leakages.
Thus, it is inferred that the CFD simulations are capable of generating the solution
of flow field with a reasonable accuracy.

The pressure measurements were also performed by blocking the left and right cav-
ities simultaneously. It corresponds to how the rhinomanometry experiments are
performed. Figure 4.14 and figure 4.15 show the pressure drop comparison in the
blocked cavity for several probes during experiment and simulation. The results
correspond to the 25 LPM mean flow rate case through the nasal cavity.

Figure 4.14: Pressure distribution at probe locations when right cavity is blocked.

Figure 4.15: Pressure distribution at probe locations when left cavity is blocked.
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The highest pressure drop during the inhalation period is observed at probe P2,
located after the nasopharynx bend and close to the outlet. The pressure drop is
similar and does not change significantly for the rest of the probe locations, which
are situated anterior to the nasopharynx bend. This can be due to negligible flow
in the blocked side of the nasal cavity. From these results, it is apparent that
the large pressure drop is due to the sudden change in cross-sectional area along
with the sharp bend at the nasopharynx. Although, the pressure drop during the
exhalation period does not differ significantly from each other as it does during
inhalation. Hence, to calculate the CFD-derived nasal resistance, pressure drop
values before the nasopharynx bend should also be considered and compared with
the rhinomanometry experiments.

4.3 Comparison between simulation and in-vitro
rhinomanometry

In this section the nasal resistance values derived from CFD simulation are compared
with the measurements obtained by in-vitro rhinomanometry.

4.3.1 Model 1

Figure 4.16: Location of plane for rhinomanometry measurement - model 1.

The CFD-derived nasal airway resistance is typically calculated based on the pressure-
flow curves at the outlet of the nasal model. In the rhinomanometry experiment, it
was assumed that the pressure near the nostril in the blocked cavity, where the probe
of the rhinomanometer lies, is equal to the pressure at the nasopharynx. However,
when one nostril is blocked, we have seen that the pressure varies drastically in the
nasopharynx due to the reduction in cross-sectional area and the sudden bend. Due
to this, it is apparent that the pressure-flow curves will differ based on the location
of the plane where the pressure is measured during the simulations. Therefore, in
addition to the outlet, nasal resistance is calculated on two additional planes as
defined in figure 4.16. The advantage of using CFD is that the pressure-flow curve
can be defined at any location inside the nasal cavity.
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Table 4.1: Nasal airway resistance - model 1.

Model Mean
flow rate Method

Location on probe/plane
for pressure drop
measurement

NAR
Left cavity

(Pa/cm3/sec)

NAR
Right cavity
(Pa/cm3/sec)

NAR
Total nose

(Pa/cm3/sec)

Model 1 15 LPM

Experiment Nostril 0.118 0.088 0.052

Simulation
Outlet 0.071 0.057 0.023

Surface 1 0.068 0.054 0.020
Surface 2 0.069 0.055 0.021

Table 4.1 presents the CFD-derived nasal resistance for the left cavity, right cavity,
and total nose. From the experimental results, it is concluded that the nasal cav-
ity model is not experiencing any obstructions. The CFD-derived nasal resistance
obtained at the outlet is similar to the nasal resistance from surfaces 1 and 2. The
results from simulation and experiments do not correlate significantly. However, the
values can be said to be close to each other, considering the lower nasal resistance
in the cavity.

4.3.2 Model 2

Figure 4.17: Location of plane for rhinomanometry measurement - model 2.

Similar to model 1, additional planes are defined to evaluate the pressure-flow curves.
Figure 1 depicts the location of these planes. The mean flow rate curves correspond-
ing to 15 and 25 LPM were used in the simulation.

Table 4.2: Nasal airway resistance - model 2.

Model Mean
flow rate Method

Location on probe/plane
for pressure drop
measurement

NAR
Left cavity

(Pa/cm3/sec)

NAR
Right cavity
(Pa/cm3/sec)

NAR
Total nose

(Pa/cm3/sec)

Model 2 15 LPM

Experiment Nostril 0.350 0.127 0.103

Simulation

Outlet 0.351 0.140 0.094
Surface 1 0.305 0.085 0.042
Surface 2 0.314 0.101 0.054

Model 2 25 LPM Experiment Nostril 0.368 0.146 0.091
Simulation Outlet 0.386 0.152 0.101

38



4. Results

The CFD derived nasal resistance at outlet is similar to the one obtained from the
rhinomanometry experiments for both the flow rate case, as seen in table 4.2. The
resistance values at surfaces 1, 2, and 3 are lower than the nasal resistance at the
outlet. This is similar to what was observed in model 1. Although a statistical
significance could not be established, the CFD-derived nasal resistance observed at
the outlet lies in the 95% reference interval range of the experimental values.

The experimental, as well as the nasal resistance at the outlet for the left cavity,
right cavity, and total nose, are similar for both the flow rate cases. It suggests that
the value of peak and mean flow rate for a breathing profile does not considerably
influence the nasal resistance. Hence, even if the tidal breathing profile of humans
varies during consecutive rhinomanometry measurements, it rarely will affect the
nasal resistance value.

4.4 Tidal breathing
The results from the tidal breathing simulation performed on both the nasal cavity
models are discussed in this section. The images presented in this section corre-
sponds to the tidal breathing simulation performed at a mean flow rate of 15 LPM.

4.4.1 Model 1

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.18: Velocity contour in right cavity during inhalation - model 1.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.19: Velocity contour in right cavity during exhalation - model 1.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.20: Velocity contour in left cavity during inhalation - model 1.
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The airflow in the nasal passage is visualized by plotting the velocity contours at
several coronal slices. Figure 4.18 and figure 4.19 shows the velocity in the right
nasal passage during inhalation and exhalation respectively.

During inhalation, higher velocities are observed near the nostril as well as at the
nasal valve region. The flow is uniform in the inferior portion of the nasal vestibule
while unsteady, disturbed flow can be seen in the superior portion. This is due to
the encounter of incoming air with the notch present in the nasal cavity. In the
respiratory region, the velocity decreases as the cross-sectional area increases, and
the incoming air diffuses into the inferior, middle, and superior meatus. A large
volume of flow exists in the superior part of the respiratory region and close to the
septum wall, whereas a relatively low amount of air passes through the floor of the
nasal cavity. At the posterior of the nasal cavity where the two chambers merge, an
unsteady flow and formation of small vortexes can be observed. This is due to the
mixing of air streams from the right and left nasal cavities.

During exhalation, owing to the small cross-sectional area after the nasopharynx
bend, the air enters the nasal passage in the form of a jet. Similar to the inhalation
period, as the flow splits into individual cavities, a majority of the air flows from
the passage close to the septum wall as well as the meatuses. There is slightly more
flow in the floor of the nasal cavity compared to the inhalation period. Hence, the
velocity in the meatus and near the septum wall decreases minutely. The velocity
increases in the nasal vestibule and near the nostril as air is exhaled from the nose.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.21: Velocity contour in left cavity during exhalation - model 1.
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Figures 4.20 and 4.21 presents the velocity contours in the left cavity during inhala-
tion and exhalation respectively. The left nasal cavity appears to be a bit smaller in
cross-section compared to the right cavity. This is because of the nasal cycle phe-
nomena. The flow is uniform in the nasal passage, and more amount of air is seen
to pass through the nasal cavity floor. However, at the nasal vestibule and the na-
sopharynx region, the overall trends viewed for the left cavity during the inhalation
and exhalation period are similar to the right cavity.

4.4.2 Model 2
The airflow during the inhalation period can be visualized by examining the velocity
contours at several coronal planes in the right cavity as shown in figure 4.22. The flow
is uniform as it enters the nostril, and it continues in the nasal vestibule with small
disturbances. A small vortex starts to develop in the inferior side, probably due to
the geometry variation as the cross-sectional area reduces from the nasal vestibule
to the nasal valve region. After the nasal valve region, the flow is accelerated due
to a reduction in cross-sectional area. There is no significant flow in the olfactory
region during the inhalation period as most of the flow passes along the septum wall,
the middle meatus, and the floor of the nasal cavity.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.22: Velocity contour in right cavity during inhalation - model 2.

In figure 4.23, the velocity contours in the right cavity during the exhalation period
are shown. The path followed by air during exhalation is significantly different
from that observed during the inhalation period. A majority of air seems to pass
through the olfactory region, located at the top of the nasal cavity. Compared to
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.23: Velocity contour in right cavity during exhalation - model 2.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.24: Velocity contour in left cavity during inhalation - model 2.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.25: Velocity contour in left cavity during exhalation - model 2.

the inhalation period, the airflow along the septum wall and middle meatus have
decreased during exhalation. A negligible amount of flow is seen at the floor of the
cavity and in the inferior meatus. The nasal vestibule region has a very disturbing
airflow due to geometric changes and a sudden expansion after the nasal valve region.
The velocities observed during exhalation are higher compared to the inhalation
period. This is due to the high velocity jet coming from the narrow section after
the nasopharynx bend.

Figure 4.24 and 4.25 shows similar velocity contours in the left cavity during inhala-
tion and exhalation period respectively. The cross-sectional area in the left cavity is
significantly smaller as compared to the right side. This is the reason for a notable
difference in nasal resistance observed in both the cavities. Due to a smaller area
and a high resistance to the flow, we see a more uniform airflow in the left cavity.
However, the trends during inhalation and exhalation are similar in both cavities.

4.5 Steady state solution .vs. tidal breathing sim-
ulation

To examine whether the quasi-steady assumption for nasal airflow accurately repli-
cates the results of a tidal breathing simulation, the steady-state solution is com-
pared with the tidal breathing simulation results. The comparison is done for flow
rate corresponding to two instants each during inhalation (t = T1 and t = T2) and
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exhalation period (t = T3 and t = T4) as indicated in figure 4.26. The time instances
for comparison are selected such that they are just before and after the peak flow
during inhalation as well as exhalation.

Figure 4.26: Instances of time selected for comparison with tidal breathing
simulation.

4.5.1 Comparison of mean velocity contours
Figures 4.28-4.29 shows the mean velocity contour at several planes inside the nasal
cavity. The comparison between the tidal breathing simulation result and steady-
state solution is made by observing these contours at certain time instances as
described in figure 4.26.

(a) (b)

Figure 4.27: Mean velocity contour near nostrils.

A notable difference in the velocity contours of steady-state solution and tidal
breathing simulation during the exhalation phase is also observed at a plane near
the nostrils, as seen in figure 4.27. From figure 4.28, the velocity contour during
the inhalation phase appears to be similar as the vortexes and flow structures are
accurately captured in steady-state solution as well. However, a significant differ-
ence can be observed during the exhalation phase even if the flow rate is the same
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in both cases. The flow field in tidal breathing simulation is unsteady, and a sig-
nificant amount of flow exists in inferior turbinate. The velocity contour for the
steady-state solution appears to be smeared out and remarkably different than the
tidal breathing result. The local unsteadiness is not observed and, the flow seems
to be absent in the inferior turbinate as well.

(a) (b)

Figure 4.28: Mean velocity contour at a coronal plane in posterior of the cavity.

Similar observations can be made by analyzing the mean velocity contour in the
right cavity given in figure 4.29. The overall flow features are replicated in the
steady-state solution during inhalation. However, the inertial effect in exhalation
seems to be more prominent, and the effect of this is not captured in the steady-state
solution during exhalation period. The vortexes formed due to mixing if air from
two cavities at the nasopharynx section are not seen in the steady-state solution
during exhalation. These observations are consistent and can be seen by studying
the velocity contours at several other planes in the nasal cavity, additional results
are presented in Appendix C.

(a) (b)

Figure 4.29: Mean velocity contour at a sagittal plane in right cavity.
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4.5.2 Comparison of pressure distribution in the nasal cav-
ity

The differences in steady-state solution and tidal breathing results are further ana-
lyzed by studying the pressure distribution inside the nasal cavity.

(a) (b)

(c) (d)

(e) (f)

Figure 4.30: Comparison of steady-state and tidal breathing pressure drop
during inhalation phase.

Figure 4.30 and figure 4.31 compares the pressure drop at probe locations (depicted
in figure 3.9) during inhalation and exhalation phase respectively. During inhalation,
the pressure drop values from steady-state solution and tidal breathing simulation
are similar. However, at high flow rates (t = 3 seconds) during exhalation, the
pressure drop obtained from the steady-state solution does not match with tidal
breathing results. Thus, it is established again that the steady-state solution during
the exhalation period cannot imitate the tidal breathing simulation results.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.31: Comparison of steady-state and tidal breathing pressure drop
during exhalation phase.

4.5.3 Comparison of nasal resistance
The pressure-flow curve required to calculate the nasal resistance can be constructed
based on the steady-state results. A fitted curve is drawn using the values of pressure
and flow rate obtained from steady-state solutions at several time instances along
the flow curve. The nasal resistance for the steady-state results are then calculated
based on this curve. Figure 4.32 shows the fitted pressure-flow curve which is drawn
based on the steady-state results at several flow rate boundary condition.

Table 4.3 shows how the nasal resistance obtained from steady-state solution com-
pares with the tidal breathing and experimental nasal resistance. It is seen that the
fitted pressure-flow curve can provide similar nasal resistance values compared to
tidal breathing simulation. Thus, it can be concluded that steady-state solutions can
be used to accurately calculate the nasal resistance instead of the computationally
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(a) (b)

Figure 4.32: Pressure-flow curve from steady-state results.

expensive tidal breathing simulations.

Table 4.3: Nasal airway resistance - comparison of tidal breathing and transient
constant flow rate simulation.

Model Mean
flow rate Method

Location on probe/plane
for pressure drop
measurement

NAR
Total nose

(Pa/cm3/sec)

Model 2 15 LPM

Experiment Nostril 0.103

Simulation -
Tidal breathing

Outlet 0.094
Surface 1 0.042
Surface 2 0.054

Simulation -
Transient

constant flow rate

Outlet 0.097
Surface 1 0.042
Surface 2 0.055
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In this project, an effort was made to understand the flow inside a human nasal cavity
model under tidal breathing using the CFD technique. The notable outcomes from
this study are discussed further in this section.

The CFD methodology used in this project provided a sufficiently accurate solution.
The pressure distribution in the nasal cavity obtained during experiments was similar
to the results obtained from CFD simulations. It was inferred that the simulations
can accurately predict the flow characteristics in a complex nasal cavity geometry
during a tidal breathing cycle.

Rhinomanometry is the current objective measurement tool that doctors use for
diagnosing nasal obstructions. The pressure-flow curves obtained from in-vitro rhi-
nomanometry can be replicated using the data obtained from CFD simulation. The
nasal resistances derived from CFD simulations were similar in value to the one mea-
sured during rhinomanometry experiments. Thus, it was concluded that the tidal
breathing simulation results are helpful to calculate the nasal airway resistance with
sufficient accuracy.

The tidal breathing profile is unique for each individual. Hence, for the simulation
of the nasal cavity of a particular patient, a correct flow curve must be specified. In
this project, two flow curves with different mean and peak flow rates were used. The
nasal airway resistances obtained using these flow curves were similar to each other.
Thus, the influence of the absolute flow rate of the breathing profile is negligible on
the nasal resistance of a particular cavity. Hence, as long as the main characteristics
of the breathing profile are preserved, the nasal resistance values would not vary
significantly. So, a breathing profile averaged out from several patient datasets could
be used alternatively if the precise breathing profile of the patient is unavailable.

The possibility of replicating the tidal breathing results with a steady-state solution
was evaluated. It was inferred that the flow field, as well as the pressure distribu-
tion in the nasal cavity during the exhalation period was not accurately calculated
in the steady-state solution. The cyclic nature of the inspiration-expiration process
manifests hysteresis, which the steady-state solution fails to capture. Thus, to pre-
cisely visualize the flow during the breathing cycle, a tidal breathing simulation is
necessary as the inertial effects associated with an unsteady and cyclic flow are crit-
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ical during the exhalation phase. However, the nasal resistance from steady-state
solution was similar to the tidal breathing nasal resistance. For situations where
the clinician is only interested to determine the nasal resistance and not the flow
features inside the nasal cavity, steady-state simulations can be performed, which
would save a lot of computation time.

It is concluded that CFD simulations are capable of predicting the flow characteris-
tics as well as the resistance of the nasal cavity. With the help of the results obtained
by CFD simulation, the airflow path during the inhalation and exhalation period can
be easily visualized at any coronal or sagittal cross-section or any complex location
in the nasal cavity. Furthermore, it was observed that the nature of flow inside the
nasal cavity is not unique. It will vary for each individual depending on the nasal
geometry. Hence, the doctor needs to study the flow inside the nasal passage of the
patient before performing any surgery. The post-processing capabilities of a CFD
simulation can enable the doctor to effortlessly visualize detailed flow parameters at
various stages of the breathing cycle. The current objective methods are not capable
of providing such detailed insights of the flow inside the nasal cavity. Thus it can be
concluded that using CFD as a tool for diagnosing nasal obstructions would provide
a plethora of information to the doctors for planning effective surgical procedures
and increase the success rate of such surgeries.

5.1 Future work

In this project, the pressure distribution in the nasal cavity is compared to validate
the CFD model. Additionally, Particle Image Velocimetry (PIV) experiments could
be performed to compare the instantaneous velocity field from the simulations. It
would help to gain confidence in the CFD methodology that has been established.

A study could also be performed to validate the virtual surgery procedure on the
nasal model. Rhinomanometry can be performed before and after the surgery on the
patient. The surgery performed on the patient could be replicated digitally on the
nasal cavity model. The pre and post-operative (on modified nasal cavity model)
CFD-derived nasal resistance then needs to be compared with the rhinomanometry
measurements.

Once the virtual surgery process is validated, it could prove helpful to clinicians
to diagnose nasal obstructions in patients. Pre-operative CFD analysis could be
performed on the obstructed nasal cavity. It would give vital information to the
clinician regarding the blockage inside the nasal passage. The 3D model of the nasal
cavity can then be modified to imitate the surgery. Simulating the post-operative
model will help the clinician to evaluate the effect of the surgical procedure.

A simplified sinusoidal breathing cycle was used in simulations and experiments
due to time constraints. It is easy to incorporate a breathing cycle similar to that
observed in humans while performing CFD simulations. A simple change in the
boundary condition does the trick. However, the stepper motor needs to be exten-

52



5. Conclusion

sively programmed to mimic such a breathing cycle in experiments. It would be
interesting to compare the in-vitro and in-silico measurements when an actual tidal
breathing cycle is employed in simulations and experiments. Using a patient-specific
breathing flow curve will make the virtual surgery procedure more realistic.

A large sample size of patients is required to establish a statistical significance
between the nasal resistance derived from CFD and rhinomanometry. In the future,
by referring to the methodology developed in this project, several nasal cavity models
can be analyzed to calculate and collect the nasal resistance values. A statistical
study can then be performed to correlate rhinomanometry and CFD-derived nasal
resistance.
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A.1 Boundary condition - velocity

FoamFile
{

ve r s i on 2 . 0 ;
format binary ;
class vo lVec to rF i e ld ;
arch "LSB ; l a b e l =32; s c a l a r=64" ;
l o c a t i o n " 0 " ;
ob j e c t U;

}
// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //

dimensions [ 0 1 −1 0 0 0 0 ] ;

i n t e r n a l F i e l d uniform (0 0 0) ;

boundaryField
{

f a c e
{

type noS l ip ;
}
atmosphere
{

type p r e s s u r e I n l e tOu t l e tVe l o c i t y ;
va lue uniform (0 0 0) ;

}
na s a l c av i t y
{

type noS l ip ;
}

I
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throat
{

type f lowRateOut l e tVe loc i ty ;
volumetricFlowRate
{

type c s vF i l e ;
nHeaderLine 0 ;
refColumn 0 ;
componentColumns (1 ) ;
s epa ra to r " , " ;
mergeSeparators no ;
f i l e " f lowrate15BC . csv " ;

}
va lue uniform (0 0 0) ;

}
wa l l
{

type noS l ip ;
}

}
// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //

A.2 Boundary condition - pressure
FoamFile
{

ve r s i on 2 . 0 ;
format binary ;
class vo l S c a l a rF i e l d ;
arch "LSB ; l a b e l =32; s c a l a r=64" ;
l o c a t i o n " 0 " ;
ob j e c t p ;

}
// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //

dimensions [ 0 2 −2 0 0 0 0 ] ;

i n t e r n a l F i e l d uniform 0 ;

boundaryField
{

f a c e
{

II
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type zeroGradient ;
}
atmosphere
{

type t o t a lP r e s s u r e ;
rho rho ;
p s i none ;
gamma 1 ;
p0 uniform 0 ;
va lue uniform 0 ;

}
na sa l c av i t y
{

type zeroGradient ;
}
throat
{

type zeroGradient ;
}
wa l l
{

type zeroGradient ;
}

}

// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //

A.3 fvSchemes dictionary
FoamFile
{

ve r s i on 2 . 0 ;
format a s c i i ;
class d i c t i ona ry ;
l o c a t i o n " system " ;
ob j e c t fvSchemes ;

}
// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //

ddtSchemes
{

default backward ;
}

III
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gradSchemes
{

default c e l l L im i t ed l e a s tSqua r e s 1 ;
}

divSchemes
{

default none ;
div ( phi ,U) bounded Gauss linearUpwindV grad (U) ;
div ( ( nuEff∗dev2 (T( grad (U) ) ) ) ) Gauss l i n e a r ;

}

lap lac ianSchemes
{

default Gauss l i n e a r co r r e c t ed ;
}

in te rpo la t i onSchemes
{

default l i n e a r ;
}

snGradSchemes
{

default co r r e c t ed ;
}

wa l lD i s t
{

method meshWave ;
}

// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //

A.4 fvSolution dictionary
FoamFile
{

ve r s i on 2 . 0 ;
format a s c i i ;
class d i c t i ona ry ;
l o c a t i o n " system " ;
ob j e c t f vSo lu t i on ;

}

IV
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// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //

s o l v e r s
{

p
{

s o l v e r GAMG;
t o l e r an c e 1e−07;
r e lTo l 0 . 0 1 ;
smoother DICGaussSeidel ;

}

pFinal
{

$p ;
r e lTo l 0 ;

}

U
{

s o l v e r smoothSolver ;
smoother symGaussSeidel ;
t o l e r an c e 1e−06;
r e lTo l 0 . 1 ;

}

UFinal
{

$U ;
r e lTo l 0 ;

}
}

PIMPLE
{

co r r e c tPh i yes ;
nOuterCorrectors 50 ;
nCorrector s 2 ;
nNonOrthogonalCorrectors 2 ;

c on s i s t e n t yes ;
pRefCel l 0 ;
pRefValue 0 ;

r e s i dua lCon t r o l

V
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{
U
{

to l e r an c e 1e−3;
r e lTo l 0 ;

}

p
{

t o l e r an c e 1e−3;
r e lTo l 0 ;

}
}

r e l axa t i onFac t o r s
{

f i e l d s
{

p 0 . 7 ;
pFinal 0 . 9 ;

}

equat ions
{

U 0 . 9 ;
UFinal 0 . 9 5 ;

}
}

// ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ //
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Figure B.1: Transverse plane - velocity vectors at time t = 0.2 seconds.

Figure B.2: Sagittal plane in left cavity - velocity vectors at time t = 0.2 seconds.
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Figure B.3: Sagittal plane in right cavity - velocity vectors at time t = 0.2
seconds.

Figure B.4: Transverse plane - mean velocity contour.
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Figure B.5: Sagittal plane in left cavity - mean velocity contour.

Figure B.6: Sagittal plane in right cavity - mean velocity contour.
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(a) (b)

Figure C.1: Mean velocity contour at a coronal plane in anterior of the cavity.
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(a) (b)

Figure C.2: Mean velocity contour at a coronal plane in respiratory region.

(a) (b)

Figure C.3: Mean velocity contour at a coronal plane in nasopharynx.
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