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Thesis Summary

Individuals spend an increasing amount of time indoors leading to increased
exposure to indoor air pollutants. It is necessary to clarify the detailed
mechanism of inhalation exposure through airway. Inhalation toxicology studies
and the development of respiratory drug delivery systems require biological
testing by animals. However, the measurements by in wvivo have many
limitations owing to the complicated structure and small size of the nasal
passage. Further, in vivo studies involving mammal surrogate models for
inhalation toxicology studies have severe restrictions owing to ethics and

protection.

In this study, I conducted an in vitro experiment and numerical prediction to
investigate the flow distribution in the realistic geometry of a monkey airway as
a representative surrogate mammal for test animals. in vitro experiment and
numerical prediction models (in silico) were reproduced from CT data of an actual
monkey airway for a 6-month-old male monkey whose scientific name is Macaca
fascicularis and weighs 1.2 kg. Detailed measurements from the Particle Image
Velocimetry (PIV) technique, as well as the numerical simulation through

Computational Fluid Dynamics (CFD), are challenging in the understanding of



respiratory system. The purpose of the study included visualizing flow inside an

upper airway with a complicated geometry.

PIV measurements of the in vitro provide an effective alternative to defining the

flow patterns in realistic replicas of airway. PIV measurement was conducted

under the oral and nasal inhalation condition. The numerical simulation was

validated successfully using the observed 2D-PIV results. These results of

measurement display the detailed mechanism of inhalation exposure of the

physical behaviors. This study provides additional contributions in validating

the use of CFD analyses to understand and predict monkey airway flows.

The contents of each chapter are summarized below,

Chapterl introduce the necessary of clarify the detailed mechanism of inhalation

exposure in airway for target monkey instead of the human. And objectives and

organization of the dissertation.

Chapter 2 describes the PIV experiment method and the results of this study.

The results of PIV measurements at the 3D replica silicon model of a monkey

airway then are showed using the 2-dimensional plane. A principles and

applications of the basic PIV system is given in this chapter. The build-up

procedure of the realistic model is described explicitly. The main content are

described in this chapter on flow types, seeding, illumination, imaging, repetitive



correlation analysis, post-processing and result interpretation, with reference to

experimental situations.

In Chapter 3, numerical methodology and turbulence model in use to the target
airway monkey model is describes. For the grid independence study, the
adequacy of grid resolution is tested by verifying fluid result with scalar
velocities of PIV experimental result. In this chapter, four levels of grid resolution
is adopted (4 million, 6 million, 8 million and 10 million total mesh cells with 10
prism layers). Hence the monkey airway geometry in case of 10 million total

meshes is sufficient for predicting accuracy in this study.

In chapter 4, CFD prediction of airflow pattern in monkey airway model is
compared with PIV experimental results using the monkey airway which has 10
million total mesh (in chapter 3). This analyses performed in this study use the
Abe- Nagano - Kondoh model (LR-ANK) of low Reynolds number k-¢. The airflow
field under isothermal condition is visualized using velocity vector map and
profile. This chapter aims to provide data with insight into the characteristic of

flow patterns.

Chapter 5 describes conclusion, recommendations and future work for all content

1n this dissertation.
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Chapter 1. Introduction

CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

The respiratory system is constantly being exposed to the various gases, harmful or not,
contained in the ambient air, making its study an essential starting point in terms of human
health and risk assessment due to inhalation. Due to the fact that the nose is a common site
for particle deposition (Andersen I et al., 1982; Brain JD et al., 1979; Hounam RF et al.,
1977; Lippman M., 1970; Proctor DF et al., 1987; Swift DL., 1981), and the absorption site
of many gases and vapors (Aharonson EF et al., 1974; Brain JD et al., 1979; Morgan MS
et al., 1977; Stott WT et al., 1984), this organ has the wide potential to be harmed by inhaled
irritants — e.g ozone, formaldehyde, and sulfur dioxide (Buckley LA et al., 1984; Harkema
JR., 1987; Monticello TM et al., 1987; Walker D., 1983). The protective function of the
respiratory system makes it also vulnerable to several health risks, deriving in concerns for
life quality management. In this instance, it becomes crucial to clearly define the detailed
mechanisms of inhalation exposure through the airways for a deep understanding of

phenomena like particle transport, deposition and mass transfer. Inhalation toxicology studies
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and the development of respiratory drug delivery systems require biological animal testing.

In order to estimate human inhalation from animal inhalation in a toxicology study, an

acceptable extrapolation formula is required to indicate the relationship between animal and

human body sizes and inhalation mechanisms. Fundamental information such as the analysis

of the flow field created inside the airways is needed for further studies. Thus, previous

studies have analyzed human models as well as other mammals models, such as rats, mice,

dogs, and monkeys, to predict convective mass transfer characteristics for upper respiratory

tracts and other fluid initiated parameters (Inthavong et al., 2014; Ito et al., 2016; Wen et al.,

2008). Typically, rats, rabbits, and dogs have much more complex turbinate structures than

primate mammals such as monkeys and humans (Carey et al., 2007). Based on monkey and

human anatomical and physiological information, monkeys have been used as surrogate

mammals for humans in inhalation toxicology studies due to the strong similarities between

both respiratory tract structures at a gross and microscopic level (Corley et al., 2012; Hislop

etal., 1984; Kepler et al., 1998; Martonen et al., 2001; Monticello et al., 1989).

However, the only previous attempt to investigate fluid flow in rhesus monkeys was done by

Morgan et al. (1991) who observed flow patterns through dye-water transport in hollow

acrylic molds of the rhesus monkey’s nasal airways. Though the dye-water studies can

provide qualitative information about the flow characteristics, they provide limited details of

velocity data.
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In this study, therefore, a monkey airway model that maintains most of the geometrical

characteristics of respiratory structures from CT data of an actual monkey airway (6-month-

old male, weight of 1.2 kg) has been developed. Then, an in vitro experiment to investigate

the flow distribution in the realistic monkey airway geometry as a representative surrogate

mammal for animal testing was conducted. The results of flow patterns in a realistic

respiratory tract model using the Particle Image Velocimetry (PIV) technique, a 3-

dimensional printer, and refraction control technique are hereby described.

The numerical simulation through Computational Fluid Dynamics (CFD) has been validated

using the PIV experimental results. In addition, the visualization of flow inside the upper

airways with a complicated geometry has been included. The experimental and numerical

analyses have been conducted under oral and nasal inhalation conditions. The numerical

simulation was validated successfully using the observed 2D-PIV results. These results of

measurements show the detailed mechanisms of flow patterns. This study provides additional

contributions in validating the use of CFD analysis to understand and predict monkey airway

flows.

1.2 OBJECTIVES

The main objective of this dissertation aims to visualize results of Particle Image Velocimetry

and numerical simulations in a realistic monkey airway model using various flow rates.



Chapter 1. Introduction

First target — Particle Image Velocimetry (PIV) for measuring airflow patterns of a monkey’s

upper airway

The great advantage of the PIV technique is that it indicates high resolution of flow velocity

vector information of a whole plane in the flow field at one time and obtains instantaneous

velocity information and patterns (2 or 3-dimensional). It has therefore mainly been used to

study the structure of turbulent flow fields using instantaneous flow field information and

experimentally induced flows, such as water flow in the limited area or around streamlined

objects (air flow around wing profiles and plane models, etc.). In this study, a PIV experiment

has been conducted to investigate the fluid flow patterns of the monkey upper airway by using

transparent, realistic replica model with a working fluid instead of air.

Second target — Computational fluid dynamics (CFD) analysis validated by the PIV

experimental results

Computational fluid dynamics (CFD) is a computerized method to predict airflow by using

numerical methods and algorithms. For the numerical simulation, The Low Reynolds type k-¢

model (Abe-Kondoh-Nagano type) was selected in terms of turbulence to consider viscous sub-

layer on the near wall space. The CFD results were validated by using PIV experimental results.

The calculation in flow field was very challenging due to the complex geometry that has highly

curved and narrow spaces in bifurcation/separation zones as it includes the nasal/oral cavity,

pharynx, larynx until the trachea.
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1.3 ORGANIZATION OF THIS DISSERTATION

Chapter 1 introduces the necessity of clarifying the detailed mechanisms of inhalation

phenomena inside the airways in order to extrapolate monkey model information into human

scale. It also includes the objectives and organization of this dissertation.

In Chapter 2, the PIV experimental method and its results were described. The velocity

distribution of PIV experimental data in the 3D replica silicon model of a monkey airway are

then shown using a 2-dimensional plane. The principles and applications of the basic PIV

system are given in this chapter. The build-up procedure of the realistic model is described

explicitly. The main contents are flow types, seeding, illumination, imaging, repetitive

correlation analysis, post-processing and result interpretation, with reference to experimental

situations.

In Chapter 3, numerical methodology and turbulence model that were used in the target

airway monkey model are described. The adequacy of grid resolution was confirmed through

five levels of grid resolution (4 million, 6 million, 8 million, 10 million and 12 million total

mesh cells with 10 prism layers) to ensure prediction accuracy and efficient calculation time.

Hence, the monkey airway geometry in case of 10 million elements mesh with 10 prism layers

was considered to be sufficient in this study.
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In chapter 4, CFD prediction of airflow patterns in the monkey airway model was compared
with PIV experimental results using the case of the 10 million total mesh with 10 prism layers
described in Chapter 3. The analyses performed in this study used the Abe- Nagano - Kondoh
model (LR-ANK) of low Reynolds number k-¢ type. The airflow field under isothermal
conditions was visualized using velocity vector maps and profiles. This chapter aimed to
provide data with insight into the characteristic flow patterns and the validation using PIV

experimental data.

Chapter 5 concludes by summarizing significant outcomes from each research section between

Chapters 2 to 4. The final part of this chapter highlight the potential contribution of this study

and provide recommendations for further work.
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CHAPTER 2

PARTICLE IMAGE VELOCIMETRY USING 3D
REPLICA MONKEY AIRWAY MODEL

This chapter describes the PIV experiment method and the results of this part of the study. The
results of PIV measurements at the 3D replica silicon model of a monkey airway are then shown
using a 2-dimensional plane. The principles and applications of the basic PIV system are given
in this chapter and the build-up procedure of the realistic model is described explicitly. The
main contents hereby described are flow types, seeding, illumination, imaging, repetitive
correlation analysis, post-processing and result interpretation, with reference to experimental

situations.

2.1 PIV PRINCIPLE

PIV technique has been developed to measure flow field of scalars and vectors in the
experimental fluid from the 1980’s (Adrian 1991). The great advantage of PIV technique are
that it indicate high resolution flow velocity vector information of a whole plane in the flow
field in one time and obtain instantaneous velocity information and 2 or 3-dimensional flow

pattern of velocity information. It has therefore mainly been used to study the structure of
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second image of
particle “P” at time t,
(%2, ¥2)

Vi

First image of
particle “P” at timet;
-/ v
X

Figure 2.1 Diagram of PIV conceptual diagram

turbulent flow fields using instantaneous flow field information (Westerweel, 1996;
Haigermoser, 2008) and the experimentally induced flows, such as water flow in the limited
area or around streamlined objects, air flow around wing profiles and plane models, etc. (Adrian
1991; Stanislas et al. 2000). PIV techniques can be characterized as an optical method of flow
visualization that measures the displacement of tracer particles that in the experimental fluid
due to its non-intrusive character.

Using a high-speed digital camera, the particle moving is captured by capturing scattered light
from the individual particles. The local velocity of a flow field is determined by the micro-

linear distance and direction in which the tracer particles passing through a certain point move

-10-
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during the minute time interval. The displacement of particle in the target region is calculated
by captured successive images. To approximate u velocity of x-component and v velocity of y-
component to the actual flow velocity, the displacement of particle must be sufficiently small.
In other words, the trajectory drawn by the particles must be guaranteed to be linear and
isotropic. PIV conceptual diagram is shown in Figure 2.1. u and v is expressed by following

equation 2.1.

The captured P1V images are analyzed by divided image into a grid of interrogation areas that
is smaller sub-areas. Then, a displacement vector for the tracer particles is detected in each
interrogation area by using the cross-correlation statistical calculation. The process is repeated
on each next interrogation area until reaching the last interrogation area. The single exposure
frame is used to measure the single exposed image pairs between successive frames, by means
of cross-correlation. The objective of the method is to locally find the best match between the
images in a statistical sense (Figure 2.2). The correlation function Ry requires the evaluation of
the following equation 2.2 (Raffel et al, 2007):

K L

R, (x,y)=_z DDV X JHY) oo (2.2)

=K j=—L

-11 -
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where I(i, j) represents the intensity value for the (i, j) pixel. This function statistically measures
the degree of correlation between two samples | and I' for a given shift (x, y). The shift position
where the pixel values align with each other gives the highest cross-correlation value, and this
represents the average displacement of the particles in a given interrogation window. A high
cross-correlation peak is identified when a particle match up with its corresponding shifted
partner, and low cross-correlation peaks may be observed when single particle match up with
surrounding particles. The former correlation is correct correlation, and the latter one is called
random correlation or undesired correlation. If the shift of each particle is stable then the correct
correlation produce a peak value that must be higher than the noise peaks produced by the
random correlations. The height of the main peak relates to the number of particle pair
correlations and hence to the signal to noise ratio. Seeding particles entering or leaving the
interrogation area between the recording of the first and the second image, will not contribute
to the true correlation. They do contribute to the random correlations that make decrease the
signal-to-noise ratio. This phenomenon is called as “loss-0f-pairs” or “signal drop-out”.
Determination of the location of the peak value is the key factor to define displacements

precisely. Ry can be decomposed into the following components

R, =R +R + R+ R HR i (2.3)

Rc is the convolution of mean image intensity, Rp is the pedestal component resulting from each

-12 -
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particle image correlating with itself, and Rr is the fluctuating component resulting from the
correlation between fluctuating image intensity with mean image intensity (Adrian, 1988). The
positive and negative displacement components are Rp* and Rp’, respectively (see Figure 2.3).
The signal used to measure displacement is contained only in the Rpo™ component. Contributions
from all other components of the correlation function may bias the measurements, add random
noise to the measurements, or even cause erroneous measurements. Therefore, it is desirable to
reduce or eliminate as much as possible the other components. In practice, to efficiently
compute the correlation plane, Fourier transform processing is adopted in PIV. A camera image
may be considered a two-dimensional signal field analogous to a one-dimensional time series.
Fast Fourier Transforms (FFT’s) are used to speed up the cross-correlation process. The FFT’s
cross-correlation method resulted in a single peak on the correlation plane that represented the
average displacement of the particles in the window during the time delay between two frames.
Instead of performing a sum over all elements of the sampled region, the operation can be
reduced to a complex conjugate multiplication of each corresponding pair of Fourier

coefficients. The cross-correlation was then obtained by using the FFT’s algorithm in Equation

2.4 and 2.5:
R, (x,y)= féx, Y) B G (X, Y) crvrrrrriimieiinisisss s (2.4)
e D o (TR T (VR (2.5)

-13-
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where F(u,v) and G(u,v) are the Fourier transforms of f(x, y) and g(X, y), * denotes a complex
conjugate and F represents a Fourier transform. The cross-correlation could be computed
become simpler and less computer expensive by taking the inverse Fourier transform of the
product of the FFT’s of each of the interrogation areas. The position of the correlation peak was
then estimated to sub-pixel accuracy by using a Gaussian fit function.

In this part the basic principles of PIV have been introduced. The following section describes

the PIV system and experimental practices used in this study.

Flow direction

Laser v /

Laser
sheet

[lluminated partjcle

A2

Imaging ¢ptics

5

%
e  First light pulse at time ¢,
O Second light pulse at time ¢,

Flow with tracer
particle

Figure 2.2 Description of PIV system

-14 -
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Figure 2.3 Spatial cross correlation function

2.2 3D REPLICA MONKEY AIRWAY MODEL

To perform the PIV measurements, a monkey air way model was made from silicon. The present

silicon model was developed from a 3D replica model of the monkey using computed

tomography (CT) data. Figure 2.4 is shown the CT data. The subject monkey, Macaca

fascicularis, was a 6-month-old male with a weight of 1.2 kg. Micro-CT imaging from the upper

airway of the monkey including nasal and oral cavities and trachea were performed at a

resolution of 200 um. The original CT images were converted into a compatible file format by

using Mimics ®(Materialise NV) to generate and modify 3D surface models of medical images.

A surface model was generated from continuous 2D contour data by translating segmented,

modified, and smoothed contour points into a data series that was loaded into ANSYS

preprocessing software package ICEM-CFD (ANSYS Inc.). Additionally, ICEM-CFD was

used to modify the surface mesh and create a volume mesh of the model with unstructured

-15-
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tetrahedral elements (See figure 2.5). Surface geometries of the monkey respiratory tract were
also exported as an STL file format. The monkey respiratory tract model possessed a length and
inner surface area approximately corresponding to 1.05 x 10-1 m and 2.81 x 10-5 m?,

respectively. Table 2.1 lists the details of the monkey’s geometry.

Table 2.1 Details of the 3D replica monkey model by using the STL data.

Scale-up 1.5 time

Original data data
Total inner surface area (m?) 2.81x107 6.32x107
Total inner volume (m?) 1.27x10° 4.29x10°
Total length (m) 1.05x10? 1.58x10?
Maximum height excluding pipe (m) 4.32x10% 6.48x1072
Maximum width excluding pipe (m) 2.81x1072 4.22x107

Area of  right naris (m?)
/Equivalent diameter (m)

i 2
Areaol leftnaris (m _ 5.46x10°%/2.64x103 1.23x10°5/3.96x10°
/Equivalent diameter (m)

5.48x10%/2.64x10° 1.23%x107°/3.96x10°°

2
Area of mouth (m") _ _ 4.08x10°/7.21x10° 9.18x107°/1.08x10%
/Equivalent diameter (m)

2
Area of trachea (m’) _ _ 2.81x10%/5.98x10° 6.32x10°%/8.97x10°
/Equivalent diameter (m)

2.3 PIV APPARATUS AND EXPERIMENTAL PROCEDURES

2.3.1 Creation of a 3D silicon model

In order to create a 3D silicone model, a 3D respiratory tract model was created with a 3D
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<\

Figure 2.4 CT data of a real monkey airway using Mimics ®(Materialise NV)

Figure 2.5 Computational geometry and mesh of virtual airway
printer (CMET Inc., ATOMm-4000) by using the STL data. First, a negative model that
represented the monkey’s upper airway was constructed from a water-soluble plastic. The
lamination layer in the z-direction corresponded to 15 um and the object resolution
corresponded to 20 x 20 um in the x- and y-direction. Following a precise and suitable surface
treatment of a negative model, the model was placed in a rectangular box, and transparent
silicon material (TSR-833) was poured into the box. Finally, a plastic (a negative model in
silicon material) was dissolved and flushed out by water to create a positive model that
corresponded to a solid containing void space to reproduce the respiratory tract geometry with

a transparent silicone material as shown in figure 2.6.
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a) A negative model with a plastic b) A suitable surface treatment of ¢) A positive model with
using a 3D printer negative model a transparent silicon material

Figure 2.6 A silicone monkey airway model created by a 3D printer

In order to ensure the measurement accuracy of the PIV experiment, a silicone airway model

that was 1.5 times larger than the actual size was created. This CT data was provided by third

parties (Ina-Research Co.) and corresponds to secondary usage of in vivo data acquired in

experiments conducted completely separately from this study.

2.3.2 PIV measurement setup

The P1V is a technique for measuring the velocities of tracer particle ensembles from images of

particles captured at successive times by assuming that the particle movement is the same as

the fluid motion. The instantaneous velocity field that plays an important role in the structure

of turbulent flow fields is measured by using light scattered from tracer particles on an

illuminated plane. In the PIV algorithm, the consecutive images are compared to calculate the

particle displacement of the interested area. The two velocity vectors between pairs of frames

at any point are determined by dividing the distance of displacement by the time delay. The

analysis of the PIV images is conducted by dividing the single frame into an interrogation area
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(IA) consisting of smaller sub-areas. A displacement vector for the tracer particles is detected

in each 1A by using a cross—correlation statistical method. All the fore-mentioned procedures

are repeated in the next interrogation area until all areas of captured frames are completed. In

the PIV measurement in the study, the visualization of the 2D flow field in the monkey upper

airway was conducted by using silver-coated hollow glass spheres with a mean diameter of 10

pum as tracer (seeding) particles. The movement of tracer particles were captured by using a

high-speed camera (Photron, Inc., FASTCAM SA4 model 500K-C1) and recorded on a

complementary metal-oxide semiconductor (CMOS) sensor. The density of the hollow glass

spheres corresponded to 1.4 g/cm3. The field of view in the CMOS camera was focused on the

target region by illuminating a light sheet with a thickness of 3 mm discharged from the

continuous wave (CW) laser. A CW laser (Beamtech Optronics, Diode-pumped solid-state

green laser 2W) with a wavelength of 532 nm was used as the light source. The image data

were analyzed with Dynamic studio 3.31. The frame rate was defined as 500 frames per second

and 2000 frames per second based on the flow rate for the flow velocity at a full size

corresponding to 1024 x 1024 pixels. Initially, the particle displacements were determined by

using an interrogation size corresponding to 128 x 128 pixels. The vector fields were analyzed

by using the cross—correlation method adaptive based on fast Fourier Transform (FFT)

algorithms. The size of the initial interrogation area (I1A) was set as 8 x 8 pixels with a 50%

overlap to satisfy the Nyquist criterion. The adaptive correlation method iteratively calculated

velocity vectors with an initial 1A of a size equal to N times the size of the final 1A and used the
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intermediary results as information for the next 1A of a smaller size until the final 1A size was
reached. The spurious vectors on the vector field were removed by using velocity range, peak
ratio, and local median filters. The vector statistics map was calculated by using 5456 velocity
vector maps of an averaged velocity vector obtained from two consecutive images. Figures 2.7

show the experimental setup with the monkey airway model for the PIV system.

Figure 2.7 The experimental setup for PIV
The silicone material forming a positive model for a monkey upper airway and pure water
possesses a different refractive index (RI). In order to capture particle motion by using a laser
light sheet without refraction, it is necessary to match the refractive index of the silicone
material with the working fluid. Because, if the light passes through different material, the

refraction happen. Then we can’t get the correct image (See figure 2.8).
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Air — lower refractive index

Materials
— higher refractive index

Air — lower refractive index

Figure 2.8 The action of refractions

In order to eliminate the refraction of laser sheet, we used water/sodium iodide mixture as
working fluid. The Refractive index (RI) of the working fluid and silicon material model is
matched with the naked eye. In the experiment, a 61/39 water/sodium iodide mass percentage
mixture was used as a working fluid to match the RI of the flow of the working fluid and the
silicone material constituting the monkey airway model. The refractive index of the Nal
solution changed based on the temperature. With respect to a solubility of the Nal solution
dependent on temperature, the PIV experiment was conducted at a constant temperature. The
RI of the experiment was specified as 1.413. The gridline examination for matching the RI is

shown in table 2.2.
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Table 2.2 Refractive index matching using Grid line.

) Refractive
Water Sodium index of
lodide(g) i Picture Verification of Gridline
(ml) aqueous Nai
(Nal) .

solution
100 0 1.336
42 1.390
62 1.413

A liquid was used as a working fluid as opposed to air, and thus the Reynolds number should
be the same based on the inhalation condition in real airflow in the numerical simulations as
well as in the experimental measurements. Given that model is scaled by a factor of 1.5, the

relationship is defined according to equation 2.6 and equation 2.7 as follows:

Vworking fluid Lreal V

Voring fiia = et (2.6)
Vair I‘silicone model
Lycoremocel V
_ _ iliconemodel " Nal
Qo s =Voorng i X Atcore s =~ 8 Qe 2.7)

real air

where Vworking fivia denotes the representative velocity in the trachea, Quworking fiuia denotes the
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volumetric flow rate, v denotes the kinematic viscosity of the fluid, and L denotes the length
scale (m) of the trachea (Lsilicone modet/Lreai=1.5). Additionally, A denotes the representative area
(m?) of the trachea. The kinematic viscosity of the working fluid corresponds to vworking fluid =
0.712 x 10°® m?/s as determined by using a Cannon-Fenske routine viscometer(See figure 2.9,

table 2.3).

Table 2.3 Kinematic viscosity of Nal solution for PIV.

water 100ml, Nal 63g, refractive index 1.413, 20°C
Dropping time(s
20C PpIng ©) average of time
1 2 3

Nal aq 55.533 55.531 55.535 55.533
H,O 61.225 61.216 61.280 61.240
T(C) Moo (MPa-s) Hpo (kg/m-s)

15 1.140000 0.001140

16 1.110000 0.001110

17 1.083000 0.001083

18 1.056000 0.001056

19 1.030000 0.001030

20 1.005000 0.001005

Hnal 0.00091

pNaI aq(glcm3) pNaI aq(kg/mg)

15.000 1.285 1284.800
19.300 1.282 1282.300
20.100 1.280 1279.587

Vaarag(M2/S) | 0.000000712

-23-



Chapter 2. Particle Image Velocimetry using 3D replica monkey airway model

Viscometer Density meter DMA4500

Figure 2.9 The equipment for measurement of viscosity and density

The density (pworking fluid) corresponds to 1.28 x 102 kg/m?3, and the temperature of the working
fluid and surrounding environment are maintained at 20°C during the experiment. The flow
rate of the working fluid on the trachea was controlled by using a flow control valve placed
behind a high-pressure flowmeter (KOFLOC, model RK1400 with an accuracy of £2%). In
the experiment, the condition of the monkey upper airway model was reproduced for nasal
and oral cavities by connecting a pump to the entrances of the oral and nasal cavities. The
monkey upper airway model was inverted to control the inflow working fluid profile
approaching nasal and/or oral cavities. Working fluid was supplied from the top to bottom,
and the formation of fully developed working fluid profile in supplied tube was confirmed in

the preliminary experiment.

2.4 RESULTS AND DISCUSSIONS

2.4.1 The case of PIV experiment

In order to measure PIV by using a 3D silicon monkey airway model, the case is divided into
two parts under oral and nasal inhalation. With respect to the oral inhalation, the nasal cavity
entrance (i.e., the nostril) was closed and vice versa. The flow rate of the working fluid (Qnai)

ranged from 0.2826 L/min to 1.5544 L/min in accordance with the Reynolds number matching
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of air flow rate, respectively. Table 2.4 shows the experimental cases of PIV measurement based

on the Reynolds number setting.

Table 2.4 Cases of PIV measurements based on Reynolds number matching under seven
types of oral and nasal inhalation conditions.

Reynolds Nominal i
Qair Qworking fluid Vworking fluid Vair ] Recordlng
) i number time i
(L/min)  (L/min) (m/s) (m/s) time (s)
(Re) constant (s)
0.2826 0.0745 2.3725 938 9.12 10.914
6 0.4239 0.1118 3.5587 1407 6.41 10.914
10 0.7066 0.1863 5.9312 2346 3.64 5.547
14 0.9892 0.2608 8.3037 3284 2.60 5.547
18 1.2718 0.3353 10.6762 4222 2.03 2.7285
20 1.4121 0.3725 11.8624 4692 1.84 2.7285
22 1.5544 0.4098 13.0486 5161 1.49 2.7285

The distance between the CMOS camera and illumination section with respect to the laser light
sheet are considered to divide the target X-Y plane into two regions, namely the cavity and
trachea regions as shown in figure 2.9.

In the cavity region, lines L1 and L2 were adopted for the oral inhalation condition and line

L3 and L4 were adopted for the nasal inhalation condition to discuss the velocity profile of

working fluid. In the trachea region, the visualized target region was consistent with respect to

the oral and nasal inhalation conditions. The velocity profiles of the oral and nasal inhalation

conditions were compared on lines L5 and L6 at the trachea region. The distances of the cross

line (from L1 to L6) at the PV measurements were normalized by dividing them
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y L4-a,L4-b
Maxillary\us I L3-a,L3-b ‘

outlet

~ Pipe on
mouth opening

Cavity region Trachea region

Figure 2.9 Visualized target region in 2-dimensional captured picture.

with the diameter of inlet (D). The non-dimensional distance was defined as dependent on the
diameter of the cross line along the Y-axis, respectively. Individual non-dimensional distances

were compared with different diameters of each cross line.

2.4.2 Uncertainty analysis of PIV measurements

In order to examine the PIV results, a preliminary PIV experiment was conducted to locate a
suitable tracer particle by using particles of mean diameter (dp) corresponding to 10 pm and 60
pum under oral inhalation with an airflow rate of 10 L/min. The results indicated that the size of
the tracer particles was of particular importance in the PIV measurement. Generally, the
magnitude of the drag force increased with the frontal area of a sphere that impinges on the
fluid, and it can influence particle movement. The density of the permeable tracer particle (dp
=60 um) was fairly identical to the working fluid density (p = 1.28 x 10 kg/m?). The tracer (d,

= 10 um) with a density of 1.4 x 10% kg/m? displayed a discrepancy of approximately 9%.
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Gravitational settling velocity of the tracer particle (dp = 10 pum) as estimated by Stokes’ Law
corresponded to 7.2 x 10°® m/s. In a centrifugal force field, a centrifugal force deflects the tracer
particle from the actual fluid flow in the flow in the bending tube. In figure 2.10, the branch has
a tangential velocity component and a velocity component and has a radial velocity component
[m/s]. The direction and force of gravity equilibrium do not move. The order of the settling
velocities was considerably smaller than average convective velocity in the cavity and trachea,
and these were negligible. It is also necessary to verify deflection by a centrifugal force acting

on tracer particle as follows:

where v, denotes settling velocity, and u: denotes representative fluid velocity. In the PIV
measurement, the degree of deflections of rotational motion and particle motion (tan 0 4L/min,
tan 0 101/min and tan O 20umin) corresponded to 2.0 x 10°, 4.6 x 107, and 9.2 x 107, respectively.
The values were reasonably small (tan 6 < 0.01), and it was concluded that the tracer particle

(dp = 10 um) perfectly followed the motion of the working fluid.
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Figure 2.10 Particle motion in a centrifugal field

In order to visualize a flow pattern, PIV measurement was conducted using with tracer particles
of mean diameter corresponding to 10 um and 60 um under oral inhalation of 10 L/min. The
normalized scalar velocity in the trachea region is shown as figure 2.11. The tracer (dp = 10 pum)
was coated with silver, and relatively definite visualization images were obtained. In case of
the tracer (dp = 60 um), an unstable distribution was observed because of the negative influence
of the drag force in the fully developed fluid flow. Figure 2.12 shows a comparison of scalar
velocity profiles with two upstream locations (line L5 and L6). The amplitudes of error bars
correspond to the standard deviation of the measurements. On the near top surface, the drag

force had a larger impact on the tracer (with dp = 60 um) than on the tracer (with dp = 10 pum).
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Figure 2.11 A flow pattern of normalized scalar velocity in the trachea region with tracer
particles of mean diameter corresponding to 10 um and 60 pum by PI1V under oral

inhalation of 10 L/min.
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Figure 2.12 Profile with standard deviation on line L5 and L6 under oral inhalation of 10

L/min

The velocity magnitude of tracer particle (d, = 60 um) was smaller than the scalar velocity of
the tracer particle (d, = 10 um). The velocity of the tracer (d, = 60 um) increased on the near
bottom surface because the settling velocity influenced the velocity magnitude of the y-
component. In this study, 10 um tracer particle was adopted with respect to the following PIV

experiments.
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2.4.3 Velocity vector map and profile obtained by P1V technique

In order to classify the flow pattern as a function of Reynolds number, the results of seven fluid
flow rates were compared based on the oral inhalation. The velocity values are calculated as
scalar velocities by using two velocity components. Figure 2.13(A) shows the PIV results of
the seven cases with scalar velocity at line L6 (see figure 2.9). The mean velocities at cross line
L6 were normalized by using the outlet velocity as shown in figure 2.13(B)
(U, /U, U, =u*+v*, 4 velocity magnitude of x-component, v : velocity magnitude of y-
component). The flow through the passageway was not sufficiently developed in cases
involving 4 L/min and 6 L/min of the fluid flow rate. A gradual increase in the value of flow
rate to 22 L/min (Re=5161) led to the flow becoming fully developed in the passageway. In the

trachea region, the 10 L/min (Re=2346) flow rate was located in the transition zone.
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Figure 2.13 Profiles of all conducted experimental result on line L6 (Figure. 2.9)

based on the Reynolds number matching under oral inhalation.
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2.4.3.1 Velocity map cavity region

Oral inhalation condition

In this study, PIV results divided by cavity and trachea regions were compared in the cases

involving fluid flow rates corresponding to 4 L/min, 10 L/min, and 20 L/min. The PIV

measurement results of the velocity vectors and velocity distribution of the oral cavity region

are shown in figures 2.14 and 2.15, respectively. Figure 2.14 shows the velocity vector map

obtained using PIV at cross-section of oral cavity for the flow rates corresponding to (A) 4

L/min, (B) 10 L/min, and (C) 20 L/min. Fig 2.15 shows the two dimensional mean velocity

distribution of oral cavity plotted at the vertical cross section A-A' of the mouth entrance center

for the flow rates corresponding to (A) 4 L/min, (B) 10 L/min, and (C) 20 L/min. The bottom

part of the oral cavity that segued into the trachea presents minute flow fields that appear to be

stagnant. Figure 2.16 shows the velocity distribution with velocity vectors of trachea region

under oral inhalation condition. The flow is characterized by the region of separated flow at the

start of the nasal/oral cavity, pharynx, and larynx and down to trachea. The fluid flow in the

oral cavity for the three cases is indicated by a similar flow structure and complicated flow

patterns. An angle of the inflow boundary leads to the occurrence of recirculating flow in the

vicinity of the mouth opening. In the recirculation zone, back flow and reattachment point is

confirmed (see Fig. 2.17).
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Figure 2.14 The velocity vector map obtained using PIV at cross-section of oral cavity

(A) 4L/min

(B) 10L/min (C) 20L/min

Figure 2.15 The contours of the time averaged velocity distribution obtained using PIV at

cross-section of oral cavity
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Figure 2.16 Contours of time averaged velocity distribution in the trachea with velocity

vectors under oral inhalation condition (Cross-section C-C’ : center of trachea region)
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Figure 2.17 The recirculation zone and reattachment point at cross-section of oral cavity
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Nasal inhalation condition

The PIV measurement results of the velocity vectors and velocity distribution of the nasal cavity

region are shown in figures 2.18 and 2.19, respectively. Figure 2.18 shows contours of time

averaged velocity distribution in the left nasal cavity with velocity vectors at cross-section A-

A’ for the flow rates corresponding to (A) 4 L/min, (B) 10 L/min, and (C) 20 L/min. Figure 2.18

shows contours of time averaged velocity distribution in the right nasal cavity with velocity

vectors at cross-section A-A’ for the flow rates corresponding to (A) 4 L/min, (B) 10 L/min,

and (C) 20 L/min. The velocity distribution under a nasal inhalation condition with velocity

vectors of the vertical cross section are plotted on cross section A-A' (left cavity) and B-B' (right

cavity) by the center of the nostril. The velocity vectors were scaled to a common reference

value to improve the clarity of the results. The PIV results do not indicate the same geometry

in the left and right nasal cavities since the shape of nasal cavity is not symmetric. It was not

possible to confirm the flow patterns of vicinal maxillary sinus because of the deposition of

particles on the wall. However, the flow pattern in the region passing through the oral cavity to

the pharynx was reliably obtained. A similar flow structure at the inlet was confirmed despite a

difference in shape. The protruding part around the inlet changes the flow pattern abruptly. The

velocity is reduced due to the interference of walls with complex shapes. The velocity increases

again after the airflow moves into the pharynx area. Figure 2.20 shows the velocity distribution

with velocity vectors of trachea region under nasal inhalation condition. The PIV results

between oral and nasal inhalation are compared with a scalar velocity distribution of an outlet
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Figure 2.18 Contours of time averaged velocity distribution in the nasal cavity with velocity

vectors at cross-section A-A’of left nasal cavity
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Figure 2.19 Contours of time averaged velocity distribution in the nasal cavity with velocity

vectors at cross-section B-B’of right nasal cavity
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Figure 2.20 Contours of time averaged velocity distribution in the trachea with velocity

vectors under nasal inhalation condition (Cross-section C-C’ : center of trachea region)

-38-



Chapter 2. Particle Image Velocimetry using 3D replica monkey airway model

Reference Vector
0.2
04
0.6

0.8

(B) The right nasal cavity under 4, 10 and 20 L/min

Figure 2.21 Observed flow structures on nasal vestibule in the monkey nasal airway.

part that possesses the same geometry. The flow of nasal inhalation condition also is
characterized by the region of separated flow at the start of the nasal/oral cavity, pharynx, and
larynx and down to trachea. The velocity vector plots exhibited a similar flow structure in oral
and nasal inhalation for all three flow rates. However, flow structural variations exist due to the
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inlet location to access trachea. After the fluid flow passes the converging path of pharynx, the
velocity vector increases, and thus flow separation occurred with abrupt geometrical changes

from the larynx to trachea.

2.4.3.2 Profile of Oral and Nasal cavities

Profile of oral inhalation condition

In order to compare the profile of three flow rate, the mean velocities at each cross line were
normalized by using the outlet velocity (U, /U, U _=u’+v*, u: velocity magnitude of x-
component, v : velocity magnitude of y-component). Figure 2.20 shows the normalized
velocity profiles for the three inspiratory flow rates that are plotted at two cross line locations
for oral inhalation. As shown in Figure 2.22A, the normalized scalar velocity profiles of the
line L1 indicates that the fluid on the upper (vicinal palate) side moves faster while the fluid on
the lower (vicinal tongue) side moves slower. Hence, the deposition is expected to occur at the
lower side of trachea with a weak velocity magnitude as shown in Fig 2.22A. Figure 2.22B
shows the normalized velocity profiles for the three inspiratory flow rates at two cross line
locations in trachea region. The fluid flow corresponding to 4 L/min exhibits a precipitous

inclination of the velocity magnitude at the upper sides.
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Figure 2.22 Profile of normalized scalar velocity in oral cavity and trachea region under oral

inhalation.

Profile of nasal inhalation condition

The velocity magnitude of the line L2 in figure 2.9 corresponds to a developed convex profile.
In the case of line L2, normalized scalar velocities indicate a minute value near the bottom
surface. The normalized velocity profiles for the three inspiratory flow rates are plotted at three
cross line locations for nasal inhalations as shown in figure 2.9. As described above, the nasal

cavity with unequal geometry exhibits different patterns in the flow field. As shown in figure
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2.23A (left nasal cavity), a pronounced concave curve profile appears as indicated by the

protruding portion around the inlet. Figure 2.23C (right nasal cavity) shows unstable profiles

that are due to complex shapes. The flow field profile is well developed in the trachea region in

the cases involving oral inhalation corresponding to 10 L/min and 20 L/min. In a manner similar

to the flow rate corresponding to 4 L/min under an oral inhalation condition, the fluid flows

corresponding to 4 L/min under the nasal inhalation condition are represented by unevenly

developed flow rates as shown in figure 2.23C(trachea region). The fluid flow from the nasal

cavity passes through the top of the larynx at a high velocity. The profiles of flow rates

corresponding to 10 L/min and 20 L/min under nasal inhalation condition reveal that the

velocity magnitude exhibits a discrepancy between the two flows. The highest velocities in the

flow field are achieved at the lower side in the trachea for nasal inhalation. This acceleration is

caused by a unique shape, an angle, and a contracting cross-sectional area from the larynx to

the trachea region. The results indicate that the velocities on the upper side are smaller when

compared to those on the lower side.
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Figure 2.23 Profile of normalized scalar velocity in the nasal cavity and trachea under nasal

inhalation condition
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2.4.4 Conclusion and discussions

2.4.4.1 Conclusion

In this study, a PIV experiment was conducted to investigate the fluid flow pattern of the upper

airway of a monkey by using transparent realistic replica model and visualization techniques,

and the representative results were reported. This realistic monkey upper airway model was

used to investigate flow patterns under three constant inhalation conditions involving the

following flow rates: 4 L/min, 10 L/min, and 20 L/min. The target was divided into the cavity

and trachea regions. The fluid flow passing through the inlet to the trachea was measured to

obtain the characteristic flow mechanisms. The respiratory tract model provided the flow

pattern around the inlet and the end of trachea. The phenomenon of flow in the trachea region

was confirmed with a characterized flow field. An increasing in the flow rate led to a constant

profile of velocity magnitude at the position of upper and lower sides in trachea region. In the

oral inhalation scenario, the particle is expected to be deposited on the bottom surface because

the case of three flow rates (4 L/min, 10 L/min, and 20 L/min) led to recirculation near the inlet

and the end of the oral cavity. It is expected that the results of this chapter will significantly

contribute to a validation study for developing an in silicone model and especially with respect

to the CFD analysis involved.

2.4.4.2 Discussion

The PIV measurement was limited due to the complex geometry and bias error. It was assumed

that the total error in estimating a single displacement vector corresponded to a sum of the bias
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error and the measurement uncertainty. Each displacement vector is related with a certain

degree of over or underestimation error, i.e., bias error, and a specific degree of random error

or measurement uncertainty. Bias errors involve a correlation mapping error and a conversion

error resulting from the conversion of the pixel spacing to dimensional measurements. These

errors were assumed to be negligible in the measurements performed in this study. Measurement

uncertainty was attributed to the collection techniques used for the experimental data. Common

sources included variations and uncertainties in the range of particle diameter, flow rates of the

working fluid, laser reflections, refractive index, air bubbles, and tracer particle attached on the

model surface. The PIV experiment was carefully conducted to reduce experimental error.

In order to determine the kinematic viscosity of working fluid, the efflux time measurement

using a Cannon-Fenske routine viscometer was obtained through the average of eight-times

measurements. It was assumed that the error in the determination of viscosity of working fluid

is related to the efflux time measurement because the efflux time was measured with a

stopwatch through naked eye. The efflux time depended on the temperature range and

fluctuations of ambient conditions. The 10um mean diameter particle as a tracer consisted

typically of a diameter in the order of 2 to 20 um. Thus particle size was balanced to scatter

enough light to accurately visualize all particles within the laser sheet plane with the assumption

that small particle size has weak scattering from a laser sheet. The minimum airway caliber to

relate the captured left and right nasal meatus has over 3mm against the laser light sheet.

Concerning interrogation area (1A), initial 1A starts with 128 x 128 pixels and decreases
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gradually until 8 x 8 pixels. The side length of 8 pixels did not exceed 36% of the minimum
larynx diameter in the captured frame. An average of 10 or more particles per 1A was employed
in order to maximize PIV algorithm accuracy (Keane, R.D et al., 1992). Also, the particle
displacement did not exceed the standard of 25% of the 1A length (in our case 22%). The particle
size was determined according to minimum passage width of the model at the target region by
laser light sheet. The spatial resolution was determined by the maximum spatial separation of
captured particle displacement as well as the first interrogation area that had enough pixel size.
The PIV experiment in this study was carefully conducted to reduce experimental error.

The study involved successfully constructing a rigid and compliant optically transparent model
that contained a reproduced detailed geometry of the monkey’s upper airway region suitable for

flow visualization by PIV experiments.
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CHAPTER 3

PRE-PROCESSING FOR CFD SIMULATION
IN MONKEY AIRWAY MODEL

3.1 INUMERICAL ANALYSIS OF FLOW FIELD

The mathematical equations and numerical models used for the numerical simulations are
described. Computational fluid dynamics (CFD) is a computerized method to predict airflow
by using numerical methods and algorithms. In this method, computers are used to perform the
numerous calculations needed to simulate the interactions of the fluid itself and its surroundings.
CFD is based on the governing equations of fluid dynamics. These equations are mathematical
statements of the conservation laws of physics, consisting of a continuity equation, momentum

equations and an energy equation which are called the comprehensive Navier-Stokes equation.

3.1.1 Numerical methodology

3.1.1.1 Fundamental numerical analysis

Fluid transport phenomena are defined by the continuous equation of (3-1) and the Navier-
Stokes equation of (3-2) for incompressible fluids.

Y _
OX;
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. . . 0U,
i e R (3-2)
ot OX; p o OX | OX; O

Where Ui is the component of the flow velocity (u, v, w), p is the density of the fluid, P is the
pressure, v is the kinematic viscosity, 6 is the temperature (or temperature difference with
absolute zero), g is the gravitational acceleration vector and S represents a coefficient of thermal
expansion. In the case of a continuous incompressible fluid of the formula (3-1), it is derived
from the law of conservation of mass assuming that the density does not change (3-2). The
Navier-Stokes equations represent momentum conservation laws, but this expression is derived
by Newton's second law and considers the effects of buoyancy.

In the case of a non-isothermal flow field, the temperature field can be expressed by the heat

energy transport equation shown in Eq. (3-3).

oJU .0
%+ ! =ia%+8 ................................................................................................. (3-3)
ot OX; oX;  0X

J ]

Where a is the heat diffusion coefficient (=4/Cp-p), and S is the heat source. This heat energy
transport equation represents energy conservation law and is derived based on Fourier's law. In
the same way as the thermal energy transport equation of the formula (3-3), for the scalar such
as moisture and pollutants, the transport phenomenon can be defined by the scalar transportation

equation of (3-4).

ouU
%+_J¢:iD%+
ot  oX. OX. OX.

J J J
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Where ¢ isthe scalar quantity of moisture and contaminants and D is the diffusion coefficient
of the substance. The incompressible fluid and scalar transport phenomena can be understand

using coupled analysis between equation (3-1) and (3-4).
3.1.1.2 Non-dimensionalization for navier-stokes equation

From equation (3-1), equation (3-4) is non-dimensional zed. When the Navier-Stokes equation
shown in Eg. (3-2) is non-dimensionalized. Equation (3-5) can be expressed by the non-
dimensionalization using the representative length Lo (the size of the inflow interface) and the

representative velocity Ug (inflow velocity).

*

Ul - A U
Uiy M P L0 O s | Ar e (3-5)
ot ox,  ox,

*+_. *
boox % Re ox,

Where the subscript * is a dimensionless quantity and can be expressed Ui = Ui/Uo, Xi =xi/Lo,
t* = t/to = t/(Lo/Uo), P*=P/Po=P/U¢? respectively . The Reynolds number and Archimedes
number are defined as parameters that govern the similarity of the flow field and the temperature

field, as shown in equations (3-6) and (3-7).

Re = G (3-6)
1%
N (3-7)
UO

Equation (3-6) and (3-7) is a dimensionless parameter called Reynolds number (Re) and

Archimedes number (Ar). Regarding the relationship between the Re and the Ar in Equation
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(3-5), it can be expected that the flow properties will be the same in each flow field in case of

that the Re is equal to the Ar. In the equation (3-5), the diffusion term decreases as the Re

increases and the instability of the flow increases because the convection term becomes

relatively large. Also, if the Re is large enough, the diffusion term will be negligible decreased

relative to the convection term and the Re at this time is called the Critical Reynolds number.

The heat energy transport equation shown in equation (2-3) can also be dimensionless as shown

in the following equation.

* *

ot OX. OX j*

]

09" UG o (1 1 ae*] .
= +S

Where 6" is expressed 0/To, Pr is a dimensionless number representing the ratio of thermal
diffusion coefficient a(=A/Cp-p) to the diffusion coefficient of molecules v and is called Prandtl

Number.

The following equation can be derived by non-dimensionalization of the transport equation of

scalar, shown in equation (3-4).

* au* * * N
e L I B L T (3-10)
ot OX axj Re Sc axj

i

Where ¢” is ¢/go, Sc is a dimensionless number representing the ratio of the diffusion coefficient

of material D to the diffusion coefficient of molecules v and is called the Schmitt Number.
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When the value of Re x Sc is the same in equation (3-10), the distribution properties of the
scalar quantity are similar. When the Re is sufficiently large, since the effect of the diffusion
term is relatively smaller than the convection term, the distribution properties of the scalar

quantity are similar also as equation (3-5),
3.1.1.3 Reynolds (Ensemble) Averaging

From equation (3-1), the instantaneous values are separated by the average and fluctuation
quantity in the equation (3-3), and then the ensemble average is expressed as shown as the

equation (3-12), (3-13) and (3-14).

—_— V_
ot X, pox ox | 0x, O

oU, — oU, 1 oP a{aﬁi 8U_jj 0 —
+U. . —L = _ u.

90 4 QIO _ 0 00 L O G e (3-14)
ot OX: OX: 8xj OX.

J J

Where Ui, P, @ is the average quantity, ui, 6 represent the quantity variation, The over line
means the ensemble average.

The equation (2-13) is called the Reynolds equation. Also, E on the right side of the
equation (2-13) is the Reynolds stress, and uJ_H on the right side of the equation (2-16) is the

temperature flux. In generally, the definition of Reynolds stress is expressed pxru'j, but here,
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it is represented only as by simplification. The equation (3-14) is expressed by the average

quantity except Reynolds stress and temperature flux from the equation (3-12). Therefore, it is

necessary to complete the equation by modeling these two variables as the average quantity.

The gradient diffusion approximation and the eddy viscosity model for Reynolds stress will be

described later.

3.1.2 Selection of turbulence model

This section describes the standard k-& model of the Reynolds Averaged Navier-Stokes (RANS)

model. The low Reynolds number type k-¢ turbulent model is described.

3.1.2.1 The standard k-¢ model

It is necessary to close the Reynolds stress term in the correlation term related to the fluctuation

velocity with an average quantity. Therefore, Reynolds stress is proportional to the average

velocity gradient. Therefore, we assume that the Reynolds stress is proportional to the mean

velocity gradient and use the Eddy Viscosity Model, shown in equation (3-15).

Reynolds Stress is calculated by calculation of eddy viscosity coefficient v, . The eddy

viscosity coefficient v, is defined using the turbulent kinetic energy k and the dissipation rate

¢ of the turbulent energy in the standard k-¢ type turbulence model. k and ¢ is calculated by
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solving the transport equation. When v, is expressed using k and &, the following expression

is obtained.
k2

V= G s (3-16)
&

Here, C, generally uses the value of C, = 0.09 proposed by Spalding and Launder et al. A
kinematic equation relating to the fluctuation velocity is derived by subtracting the Reynolds
equation of the equation (3-13) from the Navier-Stokes equation of the equation (3-2).
Furthermore, when the equation is multiplied by the fluctuation component ui, the ensemble
average is carried out and when it is sorted out using the turbulent kinetic energy k = ?u'jIZ,

the following equation is obtained.

—+Uj—+u, +—uKk
ot X, box; o ox
— (eu ou ©oau \eu
:—1-i~ujp+vi~ui %‘F—J -V %+—’ A e (3-17)
p OX OX; OX; O OX; 0% )OX;

The equation given by equation (3-17) is the transport equation of exact turbulence energy k.
By simplifying this equation, the transport equation about k is derived as follows. First, the
second term on the right-hand side (k transport by molecular diffusion) and the third term on
the right-hand side (the ratio of k to thermal energy due to molecular viscosity = viscous

dissipation rate) are expressed as follows,
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0 o, 8U ou  au; |au;
v—-U, -V —+— |
OX; 6x ax OX; 0% )OX;

]

o’k . [ ou; au; ey ou, du | [u; au
=V—+tv| — v — | — ||~V ——
OX; OX; ax OX; | 0%, OX; OX; 8x ax

) ——
—v%—v-%-% ......................................................................................................... (3-18)
OX; OX; OX

i i

The second term on the right side of the equation (3-18) is a definition equation of the
dissipation rate € of the turbulent Kinetic energy. The turbulent energy dissipation rate can be
expressed using the turbulence velocity Ut and the turbulence length scale A and is shown in

the following equation.

Where C is a proportional constant. If it is possible to predetermine its spatial distribution with
respect to the length scale, it is unnecessary to solve the transport equation for ¢, and the
equation system defined by v, =k”>-¢ can be closed. A model that calculates only the
transport equation of k is called a one-equation turbulence model.

When the third term on the left side (production of k by Reynolds Stress) is expressed using

the eddy viscosity coefficient v, in the equation (3-15), the following equation is obtained.

ox; 3 " X,

"ax

— U, oUi oU;\au, 2, . au;
—U.U. =v, + k.
OX; O

=v, (au Y J ettt (3-20)
oX;  OX
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Regarding the fourth term on the left side (transport by turbulent diffusion of k) and the first
term on the right side (redistribution between direction components of k due to pressure
fluctuation), approximate the gradient diffusion by rearranging them.

20K
axj

Here, ox uses the value of ox = 1.0 proposed by Spalding and Launder et al. By rearranging the

above equations, the transport equation of the turbulent kinetic energy K is derived.

%+Uja—k:iuv+i)ﬁ]+v{86i +6UjJan—g .......................................... (3-22)
ot OX;  OX; oy ) OX; ox; 0% | OX
o @ 3) (4) (5)

The terms (1)-(5) in Equation (3.22), the turbulent kinetic energy k transport equation, can be

interpreted as the following:

(1) Transient term Rate of increase of k
(2) Convection term Transport of k by convection
(3) Diffusion term Diffusive transport of k by pressure, viscous stresses, and

Reynolds stresses (must be modelled)
(4) Production term Rate of production of k due from the mean flow

(5) Viscous dissipation  Rate of viscous dissipation of k (must be modelled)

Here, o, isa constant (turbulent Schmidt number) of the k equation

In order to derive the transport equation of the dissipation rate €, the equation of motion relating
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to the speed variation is obtained by subtracting the Reynolds equation of the equation (3-13)
from the Navier-Stokes equation of the equation (3-2). Also, after differentiating the equation
with xx, multiplying each term on both sides by 2\/(6ui laxk) and performing an ensemble

average gives the following equation.

Ui .ou . Ui |ou du; du, au,
S VAT R 1R s R

X 0X; ~ OX, OX; |O%X, OX O% OX,

2

oy QU Uy QU | 0 s v 0 fou dp | e, .| O

X X Ox | ox; 1 p oox | ox ox o, OX, 0%,
Here, &m0 0 e (3-23)

OX. OX:

In this case, modeling is performed by approximating each term of the equation (3-23), but the
diffusion of turbulence mainly occurs from velocity fluctuations including large energy, so
using k and ¢ is reasonable to calculate the diffusion scale of turbulence. In addition, this method
is the basic premise of the k-¢ type two-equation model. In this case, modeling is performed by
approximating each term of the equation (3-23). Since diffusion of turbulence is mainly caused
by velocity fluctuations including large energy, it is reasonable to calculate the diffusion scale
of turbulence using k and ¢. By expressing the length scale of turbulence ¢=k*?/ &, the time

kl/Z

scale of turbulence t=k/&, and the speed scale of turbulence u=k", we can use the above

to model the fourth term(diffusion term of € due to velocity fluctuation) on the right side of
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equation (2-25) and the fifth term(diffusion term of & due to pressure fluctuation) on the right

side. The following equation is obtained.

_ Oy v o 0w p 0| rh 2v ou p
ox o op oox Oox X x| 1 p X OX
2 2
_ O [£08l_ 0 )c K080 Ve 081 e (3-24)
oX; t Jox | ox g OX | Ox |o, O

In the equation (3-24), C.-k?/¢ is an isotropic scalar quantity irrespective of the direction of flow,
hence it is called an isotropic diffusion model.

In the equation (3-23), the production terms of ¢ is the first term on the right side and the second
term on the right side. But comparing the production term of the first term on the right side with
the dissipation term of the third term on the right side, the dissipation term is considered to be
sufficiently large in usually. Regarding the production term of the second term on the right side,
when i#]j, it becomes 0 from the process of isotropic dissipation, and in the case of i=j, it
becomes 0 from the continuous equation (3-1) as well. Therefore, the production term of ¢ is
ignored with modeling. Further, the dissipation term indicating dissipation of € is two terms of
the third term on the right side and the seventh term on the right side. These dissipation terms
are modeled as follows, assuming that the production term (Px) of k in the transport equation of

k is balanced with the dissipation term (¢) of k from the process of local equilibrium.
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- 2
- Ou;, au, 2u;
v %_J% —22. oy :f(cgl'Pk—ng‘S)
OX, OX, OX; OX O, k

In summary, the transport equation for ¢ is given by the following equation.

% 0,9 _
¢ @&
Oy ri)fe e £), | M U\ Uil ¢ & (3-26)
OX; o€ ) 0X; k oX; 0% | OX; K
(©) (4) ()

Similar to the transport equation for k, the transport equation for ¢ includes the terms (1)-(5):

(1) Rate of increase of &,

(2) Convectiontermofe .

(3) Diffusion term of ¢,

(4) Rate of production of ¢, and

(5) Rate of destruction of ¢,
Where, C.1=1.44, C»2=1.92, o.= 1.3 have been proposed by Spalding and Launder et al.
By solving the transport equation of the turbulent kinetic energy k indicated by the equation (3-
20) and the transport equation of the dissipation rate ¢, the eddy viscosity coefficient v, is
calculated from the equation (3-22). It is also possible to calculate Reynolds Stress from

equation (3-15). This completes the ensemble-averaged Navier-Stokes equation shown in the
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equation (3-13). The standard k - € model is summarized and shown in Table 2-1.

The standard k - ¢ model described about an isotropic flow field that has Reynolds number large

scale. So it is difficult to estimate the area within the viscous sub-layer near the wall surface,

the strong anisotropic flow field, etc. in case of low Reynolds number. Analysis using the

standard k - € model generally does not analyze the region near the wall surface where the

influence of viscosity is large, the wall boundary condition is set assuming the wall rule showing

the relationship between the wall surface and the first cell. As an example of the adhesion

boundary layer, it is shown that sufficient analysis accuracy is secured by using wall functions

such as log law, power law, etc., which have been proposed in the past. Because the temperature

boundary layer accompanying adhesion, collision, reattachment and heat transfer generated in

the vicinity of the wall surface becomes a problem, there is a problem in performing analysis

using a universal function. The low Reynolds type k-¢ model was developed to improve the

weak point of such a standard k - € model.
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Table 3.1 The fundamental equations of standard k-¢ model (flow field only)

U — oU. P U ouU. —

Piyg M LR, 0T | O G e (3-27)

ol ox,  poox  ox(ox, ox ) oxg !

T e R (3-28)

ox, o | 3
k2
V= G o s (3-29)
&

k — ok

8—+U,- 0 = D, A P (3-30)

ot j

oe — O¢ £

E'ﬁ'Ujgj:Db‘l' (Cél'Pk_CZ 5) ........................................................................ (3'31)
— U,

P = U U, — e e s 3-32

k ij aXJ ( )

b, =2 ({ i)ﬂJ .............................................................................................. (3-33)
OX; oy ) OX;

Y T e (3-34)
OX; o, ) OX;

Here, C,=0.09,0k=1.0,Cx1=1.44,C2=192,0.=1.3
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3.1.2.2 The Low Reynolds type k-&¢ Abe-Kondoh-Nagano Model

In this study, three RANS turbulence models, Low Reynolds k — € by Abe et al., were adopted
to predict airflow in monkey airway. This model have some modifications compare to the
standard k- model origin. The standard type k-¢ model is generally a turbulence model for
analyzing a flow field with a high Reynolds number, but in order to solve the above problem, a
low Reynolds number type k - € model has been developed. The low Reynolds type k-¢ model
includes an damping function f, and the turbulent Reynolds number R; when obtaining the eddy
viscosity coefficient v, . The wall boundary condition is applied as non-slip after the mesh is
divided into sufficiently finely in the region near the wall surface. For the equation of the
dissipation rate &, model functions of fi and f are introduced in the production term and the
dissipation term. The reproducibility of laminar flow field by the turbulence behavior near the
wall, the effect of low Reynolds number and reduction of distortion are studying.

The low Reynolds type k - € model is shown in Table 3.2. D and E are introduced as additional
terms when using f,, f1 and f1 that represent model functions. In the basic equations in Table 3.2,
assuming that fy=f, =f, =0, D = E =0, it becomes a normal standard type k-¢ model as shown

in Table 3.1.
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Table 3.2 The low Reynolds type k - € model (flow field only)

U — ou. P U U, —_—
Mg M 2P O 0 U s (3-35)
ot P ox,  poox ox\ox, ox ) oxg !
—uu; =v, M M) 2y e (3-36)
ox,  ox ) 3
k2
v, =C, fﬂ-? ........................................................................................................... (3-37)
ok — ok -
~+U; Xj:Dk+Pk—(g+D) ................................................................................. (3-38)
o ~ O¢ £
a‘f‘Uja—XJ—:DS-FE (Cgl fl'Pk Cs2 f2 6‘)+E ................................................... (3'39)
— U,
o T 1L PR STRRI 3-40
k i 8XJ- ( )
Y O L (3-41)
X; Oy ) OX;

The above equation for transport of k, along with the equation for transport of &, constitute the

two additional transport equations to be solved in addition to the RANS equations in the low

Reynolds k-¢ turbulence model. Furthermore, f, and f, are new parameters represent for
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damping functions in velocity field turbulence model. Damping functions of this model
introduced the Kolmogorov velocity instead of friction velocity as the velocity scale that can
avoid the singularity problems associated with the friction velocity at the separating and
reattaching points. In equation (3.44) and (3.46), y"is non-dimensional distance from the wall
surface, Ry is turbulent Reynolds number, and U, is Kolmogorov velocity that can be calculated

as follow Table 3-3:

Table 3.3 The Low Reynolds type k-¢ Abe-Kondoh-Nagano Model (flow field only)

f,= {l—exp{—%j} {1+%.exp {(%TH ................................................... (3-44)

oy
2
R = e (3-48)
ve
T L ST (3-49)
v.on
3/4
T] = 3 veeeeeeeeereeseseseeeeeeieee s (3-50)
U, = (VE ) e (3-51)

ZZ7T, Ci=009 0k=14,C1=15,C2=19,0.=14, D=E=0

Here, the expression (3-47) expresses the wall boundary condition of €. Also, 7 given by the
expression (3-50) means the length scale of Kolmogorov.
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3.2 NUMERICAL SETUP AND VALIDATION prediction

3.2.1 Grid design
3.2.1.1 Near-wall treatment

Turbulent flows in enclosed duct and tube are used to influence by the solid surfaces referred

to as "walls™ in this case. Near wall, the tangential velocity fluctuations are damping faster than

the other side due to viscosity effect. In the far away from wall, in contrast, turbulence is

increased by the production of turbulence kinetic energy due to the high gradients in the mean

velocity.

Through the experimental records, the near-wall region is might subdivided into three layers.

The innermost layer is called the viscous sub-layer where the flow is considered laminar, and

the molecular viscosity plays a dominant role. The outer layer is recognized as fully turbulent

layer. There are a buffer layer which is located between the viscous sub-layer and the fully

turbulent layer, and the effects of molecular viscosity and turbulence are equally important. To

numerically resolve a solution in the sub-layer requires a very fine mesh, since the sub-layer is

thin and gradients are large.

The high-Reynolds number models, such as standard k-e model or RNG k-¢ model, are not

solved the viscous sub-layer and buffer layer to reduce the computer burden. Semi-empirical

formulas that are called "wall functions™ are used to link the viscosity-affected region between

the wall and the fully turbulent region. The two approaches to the sub-layer problem are

illustrated in Figure 2.5 (Ansys Fluent, 2009).
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turbulent core

buffer &
sublayer

Wall Function Approach Two-layer zonal approach

Figure 3.1 Near-wall grids

The wall function is based on the assumption that the velocity follows the log law-of-the-wall:

where

C 1/4k 1/2
T (3-53)
U
In case of y*>11.225, the U* is calculated as
U C l/4k 1/2
S (3-54)
T/ Py

Otherwise, y*<11.225, the U* is considered equal to y*, U*=y". E is an empirical constant

that depends on the roughness of the walls, x is the von Karman constant, Uy is the velocity in

the center of the cell adjacent to the wall, y, is the distance between the wall and the cell center,
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kp is the turbulent kinetic energy in the cell center, and tw is wall shear stress.

i :upc:;"‘kg2
U /p

We can define a Reynolds number based on the distance to the wall y* and make the velocity

U™ aty as the usual notation in the turbulent field:

v p
S TSSOSO (3-57)
NP
U = o e (3-58)
Yo

The wall function approach has a disadvantage that it relies on empirical correlations. The two-

layer zonal model is preferred apply to calculate the low-Reynolds flows or flows with complex

near-wall phenomena. Zones distinguished by a wall-distance-based turbulent Reynolds

number:

Regular turbulence models are used in the turbulent core region. The k equation is solved in the

viscosity-affected region and ¢ is computed using a correlation for the turbulent length scale.

The solution of two-layer zonal model is dynamic and adaptive.
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Boundary layer

=== TAy = fly+)
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Figure 3.2 y* value for boundary layer

3.2.1.2 Model construction

The data used to construct the digital model came from micro-CT images analysis of serial

coronal scans from a 1.2-kg, 6-month-old male rhesus monkey. The micro-CT data was

provided by third parties (Ina-Research Co.) and no rhesus monkey was euthanized for the

purpose of this study. The micro-CT imaging from the upper airway of the monkey consisted

of two-dimensional coordinates of airway perimeters for cross sections spaced at intervals of

200 um. In all, 161 sagittal sections, 185 coronal sections and 306 axial sections were used to

span a distance of 105 mm from the tip of the nostril through the trachea. Geometry of the

airway with cross-sectional areas estimated from micro-CT images obtained from rhesus

monkey. The original CT images were converted into a compatible file format by using Mimics

® (Materialise NV) to generate and modify 3D surface models. A surface model was generated

from continuous 2D contour data by translating segmented, modified, and smoothed contour
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points into a data series that was loaded into ANSYS preprocessing software package ICEM-

CFD (ANSYS Inc.). Surface geometries of the monkey respiratory tract were also exported as

an STL file format. The monkey respiratory tract model possessed an inner surface area

approximately 2.81 x 10-5 m2. The information of original monkey’s geometry is shown in

Table 2.1 (chapter 2). In the nose, the area distributions are shown separately for the left and

right cavities. Features of interest include the nostril surface (A), nasal palantine duct (B),

anterior extent of the middle turbinate (C), ventral meatus on the lateral side of the ventral

turbinate (D), oral cavity (E), beginning of the trachea (F), and outlet (G). Five characteristic

structure regions are also indicated as nasal vestibule, central nasal and oral passages, pharynx,

larynx and trachea (figure. 3.3). Plot of cross-sectional area along the main flow direction. Most

of the data is taken from cross sections corresponding to the serial sections used to construct

the model. The locations of the labeled points (1-17) correspond to the locations of the

representative sections shown in Figure 3.4. The minimum cross-sectional area in the monkey

airway occurs at plane 15. This plane is located through way from cavities (nasal and oral) to

trachea where the single airway. In the post-septal airway, a series of minima occur in the

laryngopharyngeal zone in the region of planes 15. The plane area of left and right nasal has

similar and indicate that left and right is red and blue line, respectively. The gray line indicate

the plane area of oral. The green line, also, indicate single airway from larynx to trachea.
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Figure 3.3 Lateral view of the nasal airway composed of 161 sagittal sections, 185 coronal
sections and 306 axial sections that span a distance of 105 mm. Seventeen representative
sections are also shown in frontal view.
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Figure 3.4 Cross-sectional area of nasal and oral passages
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First cell height for prism layer

The triangular surface tessellations were re-meshed (ICEM-CFD) to provide high-quality
surface elements for computational simulations. (See figure 2.5 in chapter 2). Volume meshing
(ANSYS ICEM-CFD v 16.0) of each configuration yielded an unstructured mesh with a core
of tetrahedral elements and ten prism layers adjacent to the wall, for improved boundary layer
resolution. The solutions were performed on medium to high resolution meshes (approx. 4-10
y <1

million tetrahedron elements), with the first prism height typically within . The typical

densities of volume meshes are indicated in figure 3.5.

Figure 3.5 tetrahedral elements and ten prism layers adjacent to the wall
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3.2.2 Inflow boundary profile prescription for numerical simulation of oral and nasal

airflow

The study of how the air through the airway relies particularly on numerical simulation because

the complexity and relative inaccessibility of the anatomy prevent detailed in vivo measurement.

In this study, a blunt velocity profile were applied at the entrance of a pipe inflow tract. This is

of interest to experimentalists as it addresses concerns regarding the required entrance length

for developed flow, and the effect of the flow loop profile (at the entrance to the convergent

pipe inflow) on experimentally resolved airflow patterns. In the PIV measurement, a pipe was

converged on the nostril and mouth to fully develop the inlet air flow. The effect of the inflow

geometry on flow predictions during steady nasal and oral inspiration is important in

computational simulation. The study of different inflow boundary configurations about velocity

profile and the entrance to a convergent pipe inflow is described in D.J. Taylor et al. (2010).

Computational simulations using configurations the convergent pipe highlight the negligible

impact of applying either a blunt or parabolic boundary profile at the entrance of the convergent

inflow tract. This is helpful to experimentalists as it negates the need for flow loops extensive

enough to provide a fully developed (or known) velocity profile at the replica model inflow

(which may be considerable for scaled-up models). The level of sensitivity to inflow

prescription was found to be relatively low for qualitative flow patterns and gross flow measures.

In the model for CFD, a pipe was converged on the nostril and mouth in accordance with

experimental scenarios, as the inlet boundary condition for fully developed air flow.
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3.2.3 Grid independence study

Solving a CFD problem, a continuous solution space is approximated using discrete elements.

These discrete elements form the target mesh. As the number of elements used to approximate

the continuous solution increases, the accuracy of the CFD method used to calculate the actual

solution also increases. But, as the number of elements increases, the computational cost

required to get the solution also increases. The optimization for numerical simulation is needed

to obtain an accurate solution using the least amount of computational resources. Mesh or grid

independence study is carried to determine this optimum point where an accurate solution for

the problem is found at the expense of least computational resources. In other words, given a

level of accuracy (the deviation of the solution calculated from the CFD method, compared to

the actual solution of the Navier-stocks equations) for the solution, the mesh used is good

enough to achieve that accuracy at the expense of minimum possible computational power.

Using an optimum mesh, the accuracy of the results are good enough to capture all the necessary

flow features, their gradients and so forth. In other words, a coarse grid will not capture all the

flow features (not a solution of required accuracy) and a finer mesh will give a solution of a

little higher accuracy than required but at the expense of computational power and time. The

adequacy of grid resolution is tested by verifying fluid result at the flow rate of 4 L/min. Figure

3.6 shows CFD results of the grid independence check with scalar velocities along the A-B

section. Five levels of grid resolution were adopted: 4.0 million, 6 million, 8 million, 10 million

and 12 million total mesh cells. The mean velocity taken at a cross-line at trachea region agrees
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well in the case of 10 million meshes. Hence the monkey airway geometry in case of 10 million

meshes is sufficient for predicting accurately efficient calculation time in this study.
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Figure 3.6 The results of the grid independence check

3.3 CONCLUSION AND DISCUSSIONS

In this chapter 3, the mathematical equations and numerical models used for the numerical

simulations were described. CFD is based on the governing equations of fluid dynamics. The

Navier-Stokes equation was introduced for mathematical statements of the conservation laws

of physics, consisting of a continuity equation, momentum equations. For the numerical

simulation, the Low Reynolds type k-& Abe-Kondoh-Nagano Model was selected as turbulence

model to consider near wall treatment where parabolic profiles are obtained in the viscous sub-

layer. In order to increase the accuracy of computational simulation, y* value for viscous sub-

layer was considered for the prism layers. In the CFD model, a pipe was converged on the
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nostrils and mouth in accordance with experimental scenarios, as the inlet boundary condition
for fully developed inflow profile.

For the grid independence check, volume meshing of each configuration yielded an
unstructured mesh with a core of tetrahedral elements and ten prism layers adjacent to the wall,
for improved boundary layer resolution (Five levels of grid resolution were adopted: 4.0 million,
6 million, 8 million, 10 million and 20 million total mesh cells). The monkey airway geometry
in case of 10 million meshes was considered sufficient for prediction accuracy in this study.

In order to validate the CFD results, the PIV experimental results will be used in chapter 4.
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CHAPTER 4

NUMERICAL PREDICTION
OF MONKEY AIRWAY MODEL

4.1 VALIDATION FOR NUMERICAL SIMULATION USING PIV RESULTS

Particle image velocimetry (PIV) and computational fluid dynamics (CFD) modeling of air
flow through a respiratory tract have been carried out in order to assess the role of physiology.
For the computational simulation regarding the targeted monkey airway model, ICEM—CFD
software was used, and volume meshes were created by using unstructured meshes with
tetrahedral elements (total 10 million elements). Furthermore, 10 prism layers adjacent to the
wall were created for improved boundary layer resolution (described in chapter 3). For the
numerical simulation, the Reynolds number (Re) was matched in terms of similarity rule
between scale experiment and numerical simulation and was determined as shown in equation

(4-1).

Re — I‘real V __ silicone model V

air — WOPKING IUIG %% e e s e e e e e e e

A V,

air working fluid

Table 4.1 and 4.2 lists the cases of numerical simulation based on Reynolds number matching

and numerical and boundary conditions for CFD, respectively.
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Table 4.1 Cases of numerical simulation based on Reynolds number matching

Qair (L/min) Vworking fluid (M/S) Vair (M/s) Reynolds number (Re)
4 0.0745 0.0745 938
10 0.1863 0.1863 2346
20 0.3725 0.3725 4692

Table 4.2 Numerical and boundary condition for CFD

Turbulence model

Low Re type k-& model (Abe—Kondoh—Nagano model)

Mesh design
Algorithm

Scheme

Inflow boundary condition

Outflow boundary
condition

Wall treatment

Others

10 million cell mesh
(Unstructured, Tetrahedral with 10 prism layer)

Steady state with SIMPLE algorithm

Convection term: Second order upwind

Others: second order upwind

Pressure inlet on the convergent pipe on the nostrils and
mouth,

Turbulent intensity TI (%)= 10

Uout = -2.3725 m/s (4 L/min)

Uout =-5.9312 m/s (10 L/min)

Uout = -11.8624 m/s (20 L/min)

\elocity: no slip

Isothermal condition

Velocity obtained by CFD prediction is compared against PIV obtained for same geometry and

boundary condition. In order to validate the CFD results, the case of 4 L/min were compared

based on the nasal and oral inhalation. The velocity values are calculated as scalar velocities by

using two velocity components. The mean velocities at cross line L1-6 were normalized by

using the outlet velocity as shown in figure 4.1 and 4.2 (U ./U,,.,U_ =Ju"+v*, u: velocity

magnitude of x-component, v : velocity magnitude of y-component). The cross line 1-6 has

the different hydraulic diameter because of the complicated geometry. In order to recognize the
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comparison between PIV and CFD results, the vertical axis is, also, normalized by using the

cross line height from bottom to top inside wall of monkey airway. Figure 4.1 shows the

normalized scalar velocity profile in monkey airway by PIV and CFD under nasal inhalation

condition. To compare the profile of flow profile, the cross line in nasal cavity is divided line 3

for left and right and line 4 for left and right as shown figure 4.1(a),(b),(c) and (d).
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Figure 4.1 The normalized scalar velocity in monkey airway by PIV and CFD

under Nasal inhalation Condition (4 L/min)
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Figure 4.2 The normalized scalar velocity in monkey airway by PIV and CFD

under Oral inhalation Condition (4 L/min)

The profile of CFD results was similar to PIV results. However, lines 3 and 4 of the left nasal

cavity had significant differences when comparing to lines 3 and 4 of the right nasal cavity.

Figure 4.2 shows the normalized scalar velocity profile in monkey airway by PIV and CFD

calculations under oral inhalation condition.
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4.2 COMPARISON OF CFD ANALYSIS RESULTS AND PIV EXPERIMENTAL
RESULTS

CFD simulations were conducted to investigate the tracheal flow profile associated with the
two inhaling modes (nasal and oral) and three flow rates. The three flow rates, Qair, were of 4,
10 and 20 L/min, respectively. CFD simulations were also conducted with the low Reynolds
number type k-e models (LR-ANK). Figure 4.3 and 4.4 are normalized velocity magnitude and
PIV plots of these results for nasal and oral inhalation condition, respectively. CFD results can
be compared with corresponding PIV maps. The velocity values were calculated as scalar
velocities using two velocity components (U . /U,,,U  =u?+v*, u: velocity magnitude of x-
component, v : velocity magnitude of y-component). In figure 4.3, the laryngeal jet is
apparent, which transfers more momentum from larynx to the flow down- stream (trachea). The
highest velocities in the flow field (>2Uinit) are achieved at the larynx region, which then pass
to the trachea under nasal and oral inhalation. This acceleration is caused by the inclination,
unique shape, and contracting cross-sectional area of the trachea region. Because of the
laryngeal jet, this high-speed flow enters the trachea at an angle, impinging against and flowing
along the anterior wall of the trachea. This induces a recirculation region in the beginning of
the trachea which extends downstream. The velocity contours show that the basic structure of
the flow field is predicted well by the CFD computation, and that changing the inlet boundary
condition has some effect on the simulated flow structure. The effects of the different inlet

conditions on velocity magnitudes are largely confined to the monkey airway via nasal/oral
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routes.
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Figure 4.3 Scalar Velocity Distributions by PIV and CFD under Nasal inhalation Condition
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Figure 4.4 Normalized Scalar Velocity Distributions by PIV and CFD under Oral inhalation

Condition

The velocity magnitude plots for all three inlet conditions and both inhalation methods were
reasonably similar to the experimental results. All the major separation regions were well
captured in the flow rates of 4, 10 and 20 L/min. The structure of the separated flow in the

trachea was indicated in the CFD contour patterns. The overall flow patterns obtained from PIV
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and CFD in the respiratory tract showed qualitatively good agreement with each other. In nasal

cavity, the significant differences of flow patterns in left and right cavities were observed

because of bilateral asymmetry of the original monkey. The existence of a pipe at the opening

of the mouth, for supplying the air, exerted a certain influence on the flow field formation in

the oral cavity.
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Figure 4.5 Profiles of normalized scalar velocity under Nasal inhalation Condition
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Figure 4.6 Profiles of normalized scalar velocity under Oral inhalation Condition

(Left: 4 L/min, Center: 10 L/min, Right: 20 L/min) (U ./u,,.U_ =Ju+v?)

Figures 4.5 and 4.6 show the scalar velocity profiles measured by CFD, corresponding to the
cross line for PIV results as shown in Figure 2.9(in chapter 2). Considering the profiles obtained
from P1V and CFD, the tiny differences in the flow patterns of the oral cavity were caused by
the differences in inlet boundary conditions. Although significant differences were confirmed
quantitatively, and discrepancies of maximum velocity were approximately 10% in trachea
region under 10 L/min oral inhalation condition. Under 20 L/min oral inhalation condition,
profile patterns were indicated sufficiently different. The PIV and CFD results were in
reasonable qualitative agreement in cavities and trachea region under 4 and 10 L/min. In the
cavities and tracheal region, the velocity profiles and their magnitudes from PIV and CFD

analysis agreed with each other.
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4.3 CONCLUSION AND DISCUSSION

In this chapter, a Computational simulation was conducted to investigate the fluid flow pattern

of the upper airway of a monkey by using Low Re type k-&¢ model (Abe—Kondoh—Nagano

model), and the representative results were reported by CFD results corresponding to PIV

experimental data. For the prediction accuracy, the boundary conditions of CFD were validated

by using PIV experimental results. For the similarity rule between scale experiment and

numerical simulation, the velocity was determined based on the Reynolds number (Re). As the

PIV results were used for validation, the CFD simulation was carefully conducted to ensure that

discrepancies between the experimental and CFD results were minimized. The calculation in

flowfield was very challenging for the complex geometry that has highly curved and narrow

spaces in many regions as it includes the nasal/oral cavity, pharynx, larynx and trachea. The

flow patterns in the nasal cavity were complex due to its geometry. The difference between

instantaneous CFD and averaged PIV results is a potential source of error in the validation

procedure.

In the nasal cavity, the flow showed a complicated structure owing to its repeated collision,

bifurcation/ separation, and reattachment inside the complicated geometry. The peak/maximum

velocity in upper respiratory tract of the monkey was observed at the pharynx/larynx region,

where the flow from left/right nasal cavities and/or oral cavity was confluent. The flow structure

in upper airway was characterized by a region of separated flow at the start of the nasal/oral

cavity, and down to the trachea. The PIV and CFD results show possibilities of contribution
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towards the development of in silico models to replace in vivo and in vitro experiments.
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CHAPTER 5

CONCLUSION, RECOMMENDATION
AND FUTURE WORK

5.1 CONCLUSION

This study involved Particle Image Velocimetry (PIV) experiments and corresponding
Computational Fluid Dynamic (CFD) analysis to investigate air flow patterns in the monkey
upper airway including nasal and oral cavities and trachea region. A monkey was used as a
representative surrogate mammal for laboratory tests. The 3D replica model of the respiratory
tract of a monkey was created to visualize the air flow structure/mechanism in nasal and oral
cavities. In this study, in vitro experiment and numerical prediction was conducted to investigate
the flow distribution in the realistic geometry of a monkey airway. The in vitro experiment and
numerical prediction models (in silico) were reproduced from CT data of an actual monkey
airway of a 6-month-old male monkey with weight of 1.2 kg. Detailed measurements from the
Particle Image Velocimetry (PIV) technique, as well as the numerical simulation through
Computational Fluid Dynamics (CFD) were challenging but crucial in the understanding of

respiratory system. The purpose of the study included visualizing flow inside an upper airway
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with a complicated geometry.

Chapter 2

This study was performed to gain an understanding of the flow structure of the airflows within

a realistic monkey upper airway by performing a PIV experiment under three constant

inhalation conditions involving the following flow rates: 4 L/min, 10 L/min, and 20 L/min.

The main focus of PIV measurement was to gain a quantitative understanding of the fluid flow

structure within a monkey upper airway as well as to provide well defined experimental data

for CFD validation. It was assumed that the total error in estimating a single displacement vector

corresponded to a sum of the bias error and the measurement uncertainty. Although there were

limitations due to the complex geometry and bias error, the study involved successfully

constructing a rigid and compliant optically transparent model that contained a reproduced

detailed geometry of the monkey’s upper airway region suitable for flow visualization and PIV

experiments.

Chapter 3

This chapter introduced the selection of turbulence model and the procedure of numerical setup

that were appropriate for the monkey upper airway model. Grid independence check was

performed using 4, 6, 8, 10 and 12 million total mesh cell with 10 prism layer. The monkey

airway geometry in the case of 10 million meshes was sufficient for prediction accuracy in this
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study. Given a level of accuracy (the deviation of the solution calculated from the CFD method,

compared to the actual solution of the Navier-stocks equations) for the solution, the mesh used

was good enough to achieve that accuracy at the expense of minimum possible computational

power and time. The results of CFD prediction under 4L/min case had good agreement with

PIV experimental results.

Chapter 4

The study depicted the comparison of results between the representative velocity profiles

obtained from PIV and CFD analysis. The prediction accuracy was carefully validated using

PIV results in terms of fluid dynamics. The in silico model has considerable potential to

contribute towards the understanding of inhalation exposure due to the inherent flexibility with

no ethical constraints. For the similarity rule between scale experiment and numerical

simulation, the velocity was determined based on the Reynolds number (Re) under 4, 10 and

20 L/min (Re 900 — 5000). In order to investigate and compare the flow patterns, the scalar

distribution on vertical cross section and the normalized scalar profile of cross line were

analyzed. The flow patterns showed a complicated structure owing to the repeated collision,

bifurcation/ separation, and reattachment of the flow inside the complicated geometry of the

cavity. The flow structure in upper airway was characterized by a region of separated flow at

the start of the nasal/oral cavity, and down to the trachea. Although significant differences were

confirmed quantitatively and discrepancies of maximum velocity were approximately 10% in
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the trachea region under 20 L/min of oral inhalation condition, the PIV and CFD results were

in reasonable qualitative agreement in cavity and trachea region. In the cavities and tracheal

region, the velocity profiles and their magnitudes from the PIV and CFD analysis agreed with

each other.

5.2 RECOMMENDATIONS AND FUTURE WORK

The PIV technique has the great advantage of indicating high resolution flow velocity vector

information of a whole plane in the flow field. It is expected that the results of this study will

significantly contribute to a validation study for developing an in silico model, especially in

terms of CFD analysis.

In this study, the visualization within a monkey upper airway only was conducted to investigate

the characteristic flow structure under steady-state. But the improved model for computational

simulation has great potential to predict particle deposition and mass transfer. Further studies

may also involve running the simulations under transient flow. The unsteady simulations may

reveal the ambiguity of breath cycle, airflow structures which influence particle flow dynamics.

Furthermore, it will be an important step in the extrapolation of respiratory mechanisms from

surrogate animals to humans for various purposes, one of them being toxicological analysis.
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