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Abstract

A partial nasal turbinectomy is a surgical procedure that opens up the nasal
passages to improve breigdp. This researclobtaired quartitative data forthe pressure
drop across the nasal cavituring unsteadystate flow. In addition, @uantitative and
visual analysis of the transition betwekminar and turbulent flow wasonductedThis
experiment impmented a caffollower system to controlhe dynamicflow of water
through 2X scale acrylimodels of an adult nasal cavifye- and posturbinectomy.An
experimental pressure versus flow rate cueenonstrateshat a linearlaminar region
exists folloned bya nonlinear quadratiagegion. Furthermore the surgedecrease the
total pressure dropA hysteresis wa also observeavhich is concurrent with clinical
observationsThesefindings suggest that the assumption of qesteady flow is invalid.
The wnsteadystate flow measurements suggetstat turbulence is minimized because

there is insufficient time for turbulence to develop
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Chapter 1: Introduction

Enhancing the welb ei ng of human kind has been tl
individualsthroughout the course of history. Over the past century the medical field has
made profound progressn regards to understanding the human body and developing
instruments to detect artdeat various maladies. Wle medicinehas been considered
more of a gneral science in the past, it has becarfield consisting of many specialized
experts. These specialists have divided the human body into hundredstiohsand
devoted their lives to trio fully understand eackectionin its entirety.

Inordertompr ove a patientodés breathing it 1is
to recommend that the individual undergo surgery to help open up the airways in the
nasal region. This procedure often involves removing bone and soft tissue in the turbinate
region of thenose. Currently, nasal surgery relies heavily upon professional judgment
and experience rather than scientific evidence. Very little quantitative evidence regarding
the effects of a nasal turbinectomy exists in medigalature Understanding the
presswe-flow characteristics determining if and where flow separation occuasd
characterizing theflow as laminar or turbulent areessential to developing an
understanding of how to perform the ideal tngztomy; a procedure whethe right
amount of bonand soft tissue is removed from specific locations to optimize breathing.

To date there has been a significant amount of medical research that has taken
steps to achieve a quantitative understanding of #salrpassages. A previous study,
corducted by ateam of students at Worcester Polytechnic Instit{d&], performed
experimets on models of a humanose before and after trbinectomywith the
emphasis on measuripgessuralrop and flowrate. Measurements were taken at various
steadystate flow ratesn the pre and postperation modelsOther research has also
been performed which utilizes technologically advanced computational fluid dynamics
(CFD) software.

The validity of CFDis questionable because of \ars limitations of the software:
detailed geometry, grid size dependence, and turbulence modeling are only some of the
limitations. As a result, much of the CHiBsearch does not provide the scientéa

medical community with extensiwguantitativedata; in addition, other studies that have



devdopedexperimental data hawanalyzed the human nosaly using steadystate flow

rates. This gap between computational and experimental data needs to be addressed in
order to have a complete understanding of how surgical procedures affect human nasal
passages.

The aim of this project is to address the gaprt®asuringhe experimental data
required to understand dynamic flow (i.e. breathing). By designing and constructing an
apparatus that will simulate breathing, the team will be able to obtain expeaim
pressure and flow data that can then be used to develop a better understanding of the
effects of nasal surgery on the human nd$ere are three explicit goals that will the
key focus of this projegt

A Modelandmeasurgressure dropersus dynanai flow

A Determinethe transition point of laminar to turbulent flow

A Observelow separationn pre- and posiperation models
The data thais collectedwill help verify computational fluid dynamic calculations and
influence the futuref anidealnasal tubinectomy procedure; acoustic rhinometry is first
used to generate the interior dimensiohshe nasal passages, whialethenused in a
CFD programwhere the doctor can perform virtual surgery and test the flow through the

nose to develop a customizieléal surgical plan for the patient.



Chapter 2. Background

In order to fully appreciate the scope of the problem that this research address
it is necessary to understand several aspects that are pertinent to further research. In the
subsequent sections of thisagiter the following main topics will be explored:
A The anatomy of the human nose
The normal breathing cycle
Basic fluid dynamics; laminar versus turbulent flow

Experimental methods

> > > >

Numerical methods

A A previous study conducted by WPI students
Within each ofthe main topics there Wibe a discussionf how this research is relevant
to the experiment being conducted. The research has been presented in chronological
order toshowthe progression of the research that has been conducted relating to pressure
and fow characteristics of the human nasal cavitiesdétstanding the human nose and
related studiesvill be valuable in degning, testing, and analyzirgdynamic model of
the nasal cavitiestherefore, Wwat emerges from this background research is a better
understanding of the successes and failures of previous research and where further

exploration will be beneficial.

2.1 Nasal anatomy
The human nose, by definition, tise part of the face or facial region in humans

that contains the nostrils and the orgahsmell and functions as a passageway for air in
respiration. The nose is composedeftebraethat protrude from the center of the human
face. The focus of this researchin the nasal cavity that resides behind the nose that is
primarily used durin@t-restrespiration. The nasal cavity is also important because it also
serves as part of the respiratory trid@at warms anfdilters air as it is inhaled, as well as
containng the organs responsible for the sense of smell. This section will describe the
parts of the anatomy of the nose that are essential to this study.

To understand the airflow through the nasal cavitis importantto understand
that there is variability in the surfaces tbe cavity. The nasatavity begins from the
anterior tipof the noseand ends at the posterior (where the nasal cavityhapndt meet).



The nasal cavities have a very complex geometry which is divided by bone and soft
tissue.Figure 2.1 depicts an isometric view of the human nose and\a, wich divides

the human nose vertically through the center of the nasal cavity.

Figure 2.1 Isometric and front view of the nasal turbinatés [

The anterior region of the nose begins at the tip of tse ror the nasal vestibule. The
flow of air begins at this region and the cavity is divided by the cartilaginous septum into
two sections. These two sections are recognizedragnostils.

It is recognized that the nasal valve region of the nasalycaian area that
causes a high percentage of airflow restrictions. There are four nasal valves or flow
limiting segments: the external valve, the septal valve, the internal valve, and the inferior
turbinates 2]. The nasal cavify scrosssectional areagradually decreases upon
connecting with the nasal valvEhe nasal valve (internal valve) leads to the next section
of the nose that has a much different cresstion than that of the rest of the nasal cavity.

In this section of the nasal cavity, the maasal airway, there are three sections of
horizontal otgrowths called turbinates obwchae on each side of the cavity. The three
sections of turbinates are (frotmottom to top) the inferior, middle, and superior
turbinates, as shown Figure2.2.

W +— Superior turbinates

Inferior turbinates

1C



Figure 2.2 Division of three turbinate regions within nasal cayity

The varying crossectional areas of the turbinates are a contributor to the complexity of
the airflow through thenasal cavityln the adult nasal cavityhé average height of the
nasal rooffrom the nasal floor in the regiaf the turbinates is aboub4nm, the width
extends about-B mm andthe depth is approximatelydénm [8].

After the turbinates the two pagges of the nasal cavity reconvene into a single
passageway. This convening occurs at the end of the inferior turbinate, which leads into
the final region of the nasal cavity, the nasopharynx. The airflow in the nasopharynx is
directed towards the pharynwhich is then considered part of the throat. The eross
sectional area of the nasal cavity in the region of the nasopharynx increases from the
turbinates ands generallynot consideredhe cause of airflow restrictionsecause the
cross-sectional area tresitiongradually increass.

The turbinates are responsible for redirecting air into specific nasal passages (like
the superior turbinate, which contains the olfactory nerve) fanctirculating air to
moisturizeand heat iff3]. Patients who have troublereathing through their nose are
sometimes referred totolaryngolic surgeons to have a partial or total turbinectomy,
which is defined as a partial or total removal of onenoreof the turbinates [1].

Unfortunately, many patients can have recurringaheomplications even after
surgery, because it can be difficult for surgeons t@mgdnow much nasal tissue to excise
to minimize breathingobstructios. Until recently, not much research has been done on
the fluid mechanics involved. To solve this pleim, some scientists have tried to create
computerized models of the nasal cavity and to model flow fiddsvhile others have
taken a more physical approach and used models of actual nasal passages (or collected
data from patients) and then measuredftbw fields or pressure differences beéndhe
turbinates [45].

Even though the research on the effects of the various turbinates and
turbinectomies is fairly recent, it has been established that the area above the superior
turbinate (where the olfacor y nerve | i es) nis often vest.
passageo and that only about3. One%udpfound nspi r e
that the excision of the middle turbinate caused little to no problems in patients, and

patients who have kait removed were found to have a significant decrease in nasal
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resistance, thus making it easier for them to breahd he inferior turbinate appears to
have the most effect on airflow, which makes sense since it is the first structure that
inhaled aircomes in contact with and thus provides most of the swirling effbete has

been very little and often times conflicting research that explains the flow characteristics
during expiration but Cook et alfound that the air receivawvirtually no resisance [4].
Oppositely, Keyhani et alconcluded thafithough velocity profiles were smaller the
turbinate still causesome resistance [ T&€ conflicting research suggests that further
analysis of expiration is needed to address this gap in undengtaghd full dynamic

breathing cycle.

2.2 Breathing cycle

In 1964, Fenn et al. published their woi® which provided a quantitative
analysis of the tidal volume versus time in a normal adult breathing cycle through the
nasal cavity. The derivative of tidal wwhe with respect to timeyolumetric flow rate
and pressurehangesare of great importance because any research must follow these
relationships in order to successfully mimic breathifggure 2.3 depicts thee

relationshipgor an adult nosas concluded by Fenn et al.

12



AW

VOLUME FLOW (T;"} TIDAL VOL
Liters

Plag (cm HpO)

Figure 2.3 Tidal volume versus time, volumettilow rate and pressure chart§] [

Liters/sec

0.8

0.6

Digl —_—r

0.2

0.4

-0.4 —

INSPIRATION

EXPIRATION

-0.6

As deduced fronfigure 2.3, the maximum pressure dugirinhalation is approximately

1.7 cm of HO and the maximum total pressure during exhalation is approximhtely

H,O, which supports the idea that there skghtly less resistance to flow during

exhalation.

It is also important to have a general untierding of the range of breathing

parameters. In every individual there is some variability in a breathing cycle.

Table 2.1 shows the typical breathing rates in breaths per minute (ipmyormal

breathing.
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Table 2.1: Normal breathing rates [6]

Typical breathing rates
Low (bpm) High
Adult 12 20
Teenager 16 25
Preschool 20 30
Infants 20 40
Newborns 44

Normal breathing changes from nose to mouth once the ddivirequires more oxygen
than can be provided from the nose alone. This is a result of heavier breathing rates
usually caused by exercise or physical activity.

The understanding of where the airflow is distributed throughout the nasal cavity
will be veryimportant in order to analyze and draw conclusions from further research. In
addition a detailed analysis of the physiology of the human nose allows one to make
educated hypotheses in regards to the way the human nasal cavities might respond to

experimenthconditions (i.e. changes in flow rates, etc.).

2.3 Basic fluid dynamics

The primary objective of this research is to identify flow separation and whether
the flow separation can be characterized as laminar or turbulent. What is flow separation?
When an objecis subjected to fluid flow moving at somelocity, the neslip condition
is assumed and boundary layer develops over the surface of the object. The particles in
contact with the surface of the object have static As one movefurther out from the
surface of the objecthe particles continuously acquire some velocity. Once the edge of
the boundary layer is breached the particles will have the free stream velotiig
initial velocity of the fluid. The boundary layer is a result of fricion betwe t he f |l ui dé
mol ecul es and the objectds rough surface. F
layer experiences a very large adverse pressure gradient. An adverse pressure gradient is

when the fluid particle experiences a very lapssiive,

@ Eq.2.1

pX
This causes the fluid particle tiecelerat@and detach from the surface. This results in the

fluid field forming an eddy or vortex. What is important to establish is that flow
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sepaation does not imply or require turbulence. One can have laminar flow and still have
controlled flow separationWhereas, when one has chaotic flow separation, turbulent
flow can be assumed. Studies have shown that once flow separation is obtained, the
relation between pressure and flow is nonlinear.

Laminar flow can be characterized as fluid particles in smooth layers, or lamina.
Turbulent flow is one in which the fluid particleandomly andrapidly mix due tothe
three dimensional velocity fluctuationwith respect to time. drbulent flow is
undesirablesince it results in a higher resistance to flow; however it also provides rapid
mixing which enhances heat and mass transfer. When characterizing whether the flow is

laminar or turbulent, one must estimahe Reynolds number.

Re:ﬂ Eq.2.2
pon
Here, Q is the volumetric flow ratd is the characteristic diametea n d 3 I's the

kinematic viscosity. The Reynolds number is the ratio of inertial forces to vicious forces.
The Reynolds number must be weighed against the critical Reynolds number to
determine whether thdlow is laminar or turbulent. Thisdepends on the div
configuration and must be determined experimentally. For flow in a pipe the critical
Reynolds number is usually assuntede 2,300. Thysvhen looking at fully developed
flow in a pipe, flowswith a Reynolds number below 2,10@@uld be considered laman
For flows with a Reynolds numbeabove 3,000the flow is generally dominated by
inertial forces producing random eddies, vorticaesqd velocity fluctuations. Therefore,
critical Reynolds number identifies the point of transition between laminar dmadent
flow.

When modeling breathing one must consider the effects of unsteady flow and how
the critical Reynolds number is affected as a result of unsteady flow. Studies have shown
that the critical Reynolds number canrbkatedto the Womersley number

We= % Eq. 2.3

R is the appropriate | ength scale, ¥ is the
Womersley number is the ratio of puiga flow frequency to vicious féects. Studies
have shown thatVomersley numbearapproaching unityare said to be near tlogtical

value. This is the point where the inertial foreesl vicious forces arm balance. The
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low frequency ranges, termed qmeatical, havedominant vicious effects, while the high
frequencyranges termed postritical, have predominantly inertiakffects. Inthe pre

critical range, viscous forces become rapidly dominated by impulse forces (changes in
pressure gradient), resulting in a sharp drop of the critical Reymnaiadbes with
increasing Womersleynumbers. In the postitical range, inertialforces become
increasingly dominant over impulse forces, resulting in flow stabilization. In the |esits
Womersley approaches zero mfinity the critical Reynolds number approaches a
constant vale. In other words pulsatirftpw destabilizes théuid flow.

2.4 Experimental and numerical methods

To fully develop a plan for further experimental researithis necessary to
acquire anunderstanding of previous studies that have been conducted in the field of
otolaryngology. Though there have been many erpmrtal, computational and
theoretical explorations in this field, the following research presented in this section will
clearly explain what conclusions have already been established and which areas still
require more investigation.

In 1993 a study was anductedoy Hahn et althatused a 20X scale model of the
human nose. This study was primarily focused on studyiagasal airflow patterns of
the human noselhe study collectedelocity profiles of seval sections of the human
noseusing a hofiilm anemometer. The 20X scale model that was used was created using
computer axial tomography scans, conventionally known as CAT ,sicagenerate an
anatomically accurate model of a healthy ad:i
of the model allowedor the detailed regions of the nasal cavity to be easily investigated
without disrupting flow patterns with experimental equipméntvide range of teady
flow rates(180, 560, and,,100mL/s) were produced to miminormal and heavy adult
inspiratory andexpiratorybreathingrates through the right side thfe human nasal cavity.

This research supported the notion that airflows in the nasal cavities can be
turbulent, but isarguably laminar throughout most of the nasal cavity. As Hghal.
st at dlows weiieadetermined to be moderately turbulent, but changes in the velocity
profiles between the highest and lowest flow rates suggest that for normal breathing

l aminar fl ow may be pr es e Thegerindingucanhbe o f t he

16



directly related to thigesearch as the teaetermines if and when turbulent flow exists

in the pre and postoperation models. It isxpectedhat the posbperation model would

incur less turbulence than that of the-pperation model because resistance ipssed

to have decreased as a result of the surgery

Pressure characteristics of the lasgale model were also measured in this

experiment. The pressure drop across the nasal cavity was estimated from the average

total shear stress measured at the centran a s a | wa l

t

was

state

longitudinal pressure drop inside the nasal cavity showed good agreement with literature

val ues measur ed 7] Tinis notiomdirectly supfoitsehe hypabhesjs that

pressure characteristics thfe human nasal cavity can be mimicked experimentally and

therefore can be used to support computational fluid dynamic moddlatge 2.2

contains the experimental data that was collected compared to the calculated expected

values. The data was scaled to a 1X scale from the 20X scale model.

Table 2.2 Pressure drop in the human nasal cavity [7]

Pressure drop in the human nasal cavity
Flow Rate | Calculated Measured
(mL/s) &P (cmH,0) | &P (cmH,0)
1,100 4.5 6.0-17
560 2.3 1.5-4.3
180 0.4 0.26-0.74

Another study[4] of a partial middle turbinectomfocused on understanding

changes in nasal airflow and resistance after surgical procedureThis studyis

recognized as the first studg look at the effect of middl¢éurbinectomies (total or

partial) The goal of this 1995 study was to collect quantitative data from 31 patients who

were undergoing functional endoscopic sinus surgery (FESS). The range of ages

included ages 8 to 70 yearkland a ratio of 1.38 majdo female [4]. An anterior

rhinometer was used to measure airflow and pressure atmgss the human nasal

passages and datascollected from both the left and the right nostril for comparison.

This research is significanebauseof a notable decrease in pressure difference

across the noghatwas observed after the surgical procedure. In addition, an increase in

airflow was also observed after the surgdfigure 2.4 depicts the results that were

obtained by the study.
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Figure 2.4 Airflow and resistance compared gf&SS vs. posEESS[4]
The meant standard deviation of nasal airflow (at 150 Pa) before surgery and after
surgery was reported at 248 /s +213mL/s and 510nL/s £427 mL/s, respectivelyThe
median of the airflow data before and after surgery was reported at 145 mL/s and 354
mL/s, respectivelyResistance wastatistically reduced for postp patientsCook et al.
also noted that the noBable changein airflow and resistance did natlverselyaffect
patient®comfort In anotherimportantstatement by Cook et alt wasconcluded that,

i...because of the middle turbinates' modest sur
and vasculartissue, less prominent position in the patterns of nasal airflow, and
anatomic differences compared with that of other mammals, the middle turbinate was of
|l ess functional significance than the inferior tu
This study provides significant evddce that turbinectomies do indeed improve airflow
within the human nasal cavity by reducirggistance up to 50% amttreasingairflow in
the nasal cavitpy almost 300%
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Another important aspect of the study of pressure and flow characteristics of the
human nasal passages is the introduction of numerical simulations. In 1995, Keyhani et al.
[8] looked to develop quantitative methods to describe and measure airflow patterns of
the human nasal cavities. The objective of their research was to develop calimeri
methods so that objective methods to assess nasal surgery would become available.

As part of the study, an anatomically correct finite element mesh of the right
human nasal cavity was constructed from CAT scans of a healthy adult nose. The finite
elemat mesh was then analyzed by numerically solving two governing equations: the
steadystate NavieiStrokes equationwhich models laminar flow,and the mass
conservatiorequation for incompressible steady floso assumed in these calculations
wa s thh wdlls ofithe nasal cavity were assumed to be rigid, and at the interface
between air and the surface of the cavitythsroi p boundary co8dition
The Strouhal mmber, a dimensionless parameter of the ratinsteadyacceleration and
convective accelerationsvas determined to bmuch less than one amndas used to
decide that the quassteady approximation could be considewadid. These equations
were used to determine laminar airflow patterns in the nasal cavity at low breatksg rat
(approximately 12200 mL/swith Reynolds numér equal to 610 dhe nostrils).

Inspiratory and expiratory flows were mimicked experimentally, studied and then
compared to the numerical calculations from the finite element nAsskeyhani et al.
statel, € fhe numerical results agreed with experimental measurements in the physical
mod el to within 20 per cengt. Whkehcomparsdttotbeo mpar i s
results obtained by Hahn et al. there were discrepancies, which were attributed to both
numeical and experimental errors. The source of experimental error was accounted for
by natural convection effects that can occur in low velocity measurements and the
uncertainty associated with the location of thefiiot anemometer. Direpancies in the
effort to matchthe finite element mesh witthe same geometry as the physical modsl
well as the grid dependency of the meshattyjbuted for the source of numerical error.

The study vyielded several conclusions, which helped to describe airflow
characeristics of the human nasal cgvilt was found that nearly 30%f the inspired
volumetric flow passed below the inferior turbinate. During expiration, it was found that

these velocities were noticeably smaller. When compared to the numerical simtitation,
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experimentally measured velocity field results provided validation that datingst
breathing, airflow is laminaig].

Kelly et al. P] conducted another study in 2000 that explored laminar and
turbulent type flows. ParticlarlageVelocimetry (PIV)was used to determine the two
dimensional instantaneous velocities. PIV is an optical method used to measure
instantaneouselocities in fluids. This study, like many other studies, isolated one nostril
so that flows could be analyzed easier without fatence with the other side of the
nasal cavity. A model was constructed from 26 computed tomography scans of a healthy
right adult nasal cavity. Using a pump and valve configuration as showigune 2.5,
water was used as a nigah for flow rates in the nasal cavity modBbth inhalation and
exhalation were separately modeled and tested in this experiment, but this research still
only considered steaetate flows.

Open To
Atmosphere
BTN
To Inlet \\
Of Model o —
=] King’s Instrument
Valve = Flow Meter
From Outlet __ ‘f
Of Model _J_ﬁ"—_‘_'—‘—
W\
\\ /

Vanton Flex-I-Liner
Pump

Figure 2.5 Experimental flow configuration through nasal cavity mo@g|

The studyfocused on obtaining an experimental validatainthe location of laminar

and/or turbulent type flows throughout thasal cavity as a result of vans steadyon

oscillatory flow rats. A major component of this validation wi®wv visualization using

dye, which was injected outside the nostril
maj or proportion of flow passed through the
flow separated pwar d, forming a standin® ltevasdy i n t
concluded thathese findings suggest that some turbulen@xist in the nasal cavity.

Flow rates of 100 mL/s to 300 mL/s were tested in the 2X scale model. It was found that

at 125 mL/s pedominantly laminar flow was observed and only at 208 mL/s was

2C



turbulent flow observed].

In 2003, Ivo Weinhold and Gunter Mlynskilp] published their workwhich
furthered the research in numerical simulation of airflow in the human nose. Weinhold
and Mlynski developed and validated a method for the numerical simulation of the
airflow through the human nose. In their research two anatomically correct resin models
were used in conjunction with CAT scans of two patients. One resin model and one
clinical model represented an unalteredman nasal cavity anthe other models
represented a noseafter pathological alterationsUtilizing FloWorks 2001, a
computational fluid dynamics package, the velocity aresgure fields in these models
werecalculated for aange of volumtic flow rates between 20 mL/s and 1,400 mL1/g| [
through one side of theasal cavity

Figure 2.6 depicts a combination of the results obtaieggerimentallyfrom the
resin model that represented the normadah cavity, its estimated tolerance, and the

corresponding numerical simulation.
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Figure 2.6 Results of the resin model representing normal nasal anaidiny [
It was concluded that the results from the gamational fluid dynamics packageere
within the toleranceof the experimental data. Weinhold and Mlynski stated tfat, h e

guantitative evaluation of the simulated flow pattern in the nasal cavity of the patient with

normal anatomy confirmed theundersthi ng of a nor mdl.l y vent.
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Weinhold and Mlynski also concluded that the development of numerical models
of the human nasal cavity is still a very time consuming araf-prone process. It was
determined that numerical simulations ardl st cost effective enough to become a
commonly used tool for otolaryngologistsQ], The technology is soon approaching a
cost effective equilibrium, but there are enough technical considerations that need to be
addressed to make geometrical reconsoncutomated; which would inherently make it
a more powerful and effective tool. The results olgdifrom this experiment support
that in the near futurecomputational fluid dynamicsoftware can be a substitute for
experimental research. The currentudst of unsteadytate pressure and flow
characteristics of the human nose will be an extension of this resadcwill also fill
gaps in previousresearch; including effects of inhalation aedhalation and the
effectiveness of a partial nasal turbireeny.

In 2004, Neil A. Bailie presented some further research in fible of
computational fluid dynamics (CFD) methods @onjunction with understanding
modeling fluid flow through the human nose. The objective of this research was to
develop accurate numical models using CFD. Bailsatesthat fii t 1 s the inte
accurate models of the fluid flow within the nasal passages will assist rhinoplasty (nasal
s ur g €eli].y\CAD mofels were generated from nas&TCscans of healthy volunteers
using speialized computer software anldenthe CAD models were used to accurately
generate meshes (3 dimensional grids) of the nasaliesayitl]. Using numerical
predictions from the software package, a comparison was made between these predictions
andtheexpei ment al data obtained from the solid n
the numerical simulations showed agreement with the experimental results and with the
results of the previous experimental studies within the literafliije Part of the analys
tried to develop some understanding of the variatioesveen different individuals
These variations were noticeable yet not completely explainable. It is the hope of Bailie
t hat Anumeri cal simul ati on of nasal airfl
techniques will offer a novel, noninvasive method of assessing of nasal airflow and
related phenomena. Alteration of the computer model can be performed to simulate pre
operatively the results of nasal surgery (virtual surgery), which may be of conkderab

cl i ni calll]bFarther fresefaroh rgsides in continuing the validation of CFD
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techniques as well as developing an understanding of how surgeries will affect different
patients

Churchill et al. [12] conducted another 2004 studyhich addressedhe
morphological variation and airflow dynamics of the human nasal cahitg. research
continuel to explore the characistics of nasal flow regimes (i.e. laminar, transient, and
turbulent). In order to test these characteristics water was used to phigsiological
flow rates (adjusted for dynamic similarity). Dyes were also used and injected into the
flow in anatomically accurate acrylic models of the human nasal passages. In this study
the models were derived from direct casting of 10 cadakegare2.7 demonstrates the

nasal airflow experimental sap that was used for this research.

,Dye

reservir

“Model
| H.0
t 1 Out flow
H,0 :
infiow e delivery tube 1 -
Flow - ) —g—
| Mater —

Stopcock
Figure 2.7 Experimental flow configuration through nasal cavity mdde]

The experimentlptted results from steaestate flowsandl ed t o t he concl usi o
projecting turbinates appear t o | 4&Zni nat e f
Importantly, t was noted that within the experiment there was considerable variation in
both theflow regimes and the principle pathwaysbhis study addressedhalationsolely
and didnot provide arunderstandingf presure differences in the models.
In a study conducted in 2006, Horschler et al. investigated how the geometry of
the noseaffects flow during inspiration and expiration. They assumed that intricate
details of the nose, like mucous and hairs, did not affect flow enough to be included in
their calculations. They also assumed that the effects of the superior turbinate were

negligible beca s e it I's often vestigial3.Ther averag
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experimental model had two main components on the surface of the nasal passages:
cartilage spurs (located at the septum) and the turbinates.

There were five physical and numerical medesed: (1) one with no spurs and
no turbinates, (2) lower turbinates only, (3) upper turbinates only, (4) upper and lower
turbinates only, and (5) spurs and both turbinates. The authors flushed the water/glycerol
mix through their transparent nose mogdelhich were contained in a tan&nd aerated
the solution with small hydrogen bubbles in order to measure the flow with a camera and
Digital-Particle Image Velocimetry (DPIV)'he design schematic for this experiment is

) basin with nasal model valve
w’
‘\“-\._H““‘

cylindrical lens ‘

shown inFigure2.8.

CCD camera

MNd:Yag laser

Figure 2.8 Experimental flow configuration through nasal cavity model \BEhV [3]

For inspiration, the authe approximated a flow of 158l/s, andexpiration was 12¥l/s
(with Re of 500 and @0, respectively). The Reynolds numbers were calculated based on
approximate throat diameter. Importantly, the flow was found to be laminar at these
numbers. Inspiration velocity was estimated at 0.4 m/s, and expiration was 0.2 m/s. Later,
the authors usedligher Reynolds numberg90 and 1,000, but found no statistical
difference betweetheresuls for thechange in Reynolds numbdihe pressure gradients
were measured nesimensionally angressuredrops were observedo be independent
of varyingReynobls numbes.

When the experiment wasompleted the authors compared velocity fields in

cross sections of both numerical and physical models and #ouady strong correlation
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When thenumerical and experimental datas comparedit was concluded that @
interior geometry of the nose, with spurs and turbinates, was optimized for inspiration so
that when one breathes in, air is mixed and swirled sufficiently (since one of the main
functions of the turbinates is to humidify and affect the temperatureeahtloming air,
and swirling increases the amount of air that touches the inneresofffttte nasal cavity)
[3]. The inferiorturbinate was the one that was found to have the most impact on flow,
since it was the first turbinate that air was likely to eom contact with. During
expiration, he geometry of the nose whmind tonot have a significant effect on flgw
which was attributed to the increase in cresstional area in the nasal cavity and a lower
resistance

A previous research projeatonduded by students at Worcester Polytechnic
Institute in 200913], began to explore the effect thehanges in physiological flovates
has on human breathin@his studyutilized 2X life-size models of the human nasal
passageway: one pterbinectomy and am postturbinectomy. The objective of the
research was to experimentally explain the effectiveness of a partial nasal turbinectomy.

In order to creat@n effective experimental sefp, water was used to replicate
physiological breathing through the maoslelThe study utilized a differential pressure
transducer to measure the pressure drop across each of the models from the entrance at
the nostrils to the entrance to theddt or nasopharynx. Water flonates were controlled
to correspond to several simtdd physiological br&hing rates. Each of these floates
was tested individually on each of the models to develop an understanding of the effects
of the partial nasal turbinectomy. The results were then plotted to graphically represent
pressurdlow relationship. Theseurves wereghen used to determine if and when the
flow characteristics inhte nose change from lamintr turbulent flow.In addition, a
visual study was conducted using dye injection to observe the transition of flow
characteristics &m laminar to turbulent.

It was shown that the data could then be divided into two sections: one range of
flow-rates less thaBOO cc/sand onerange of flowrates greatethan300 cc/s The flow
rates less than 300 cc/®rdetermined to be best fit wiita linear regrssion, whereas
the larger flowrates folloveda quadratic regressioRigure 2.9 depicts the pressuiftow

curve thatvasdeveloped fronthe experimental data.
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Figure 2.9 Pressure versudtow curve for physiological nasal cavif¥3]

It wasdeducedhat the quadratic relationship suggested turbulent resistance in the nasal
passages. The experimental data was also complimented with visualizations that provided
some gidenceto supportthese conclusions.

This study provided a significant amount of experimental tataa lack of
understanding of whahight occur during dynamic flowatesstill exists The next step in
understanding the effects of a partial nasal hetiiomy isto collect pressure data from a

model that simulates unsteasatebreathing.

2.5 Summary

The information presented in this chapter is a general overview of the necessary
information required to have an understanding of the experiment that witebented in
the subsequent apters. The key points that were outlined in this chapter incthee:
basic physiological anatomy of the human ndke normal breathing cycle, basic fluid
dynamics,and the experimental and numerical models that have pidyibeen used to

analyze the pressure and flow characteristics of the human nose.
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Chapter 3: Project Approach

In this chapter the strategy for this study will be outlined: specifically, the
hypotheses that will be tested and implemented, the assumptions thainstiam and

focus the work, and the specific aims that will justify this approach.

3.1 Hypothesis

Based onan analysis ofprior researchthe aim of this project is to simulate
unsteady flow in the nasal passages and generate a pressure versatefiawe Once
the pressure versus flow rate curve is defined, additional efforts can be focused on
determiningthe pointat whichthe rehtion between pressure and flow rate deviates from
lineaiity. In previous researckhis deviationwas foundto occurin steadyflow at
approximately 300 cc/trough bothnostrils. To establish tis, emphasis will be placed
on looking at the pressure differential across the nasal passagaptimg) the pressure
differential as a function of time. Knowing the theoretical flates that are generdte
during a breathing period, an expressman be formulated that relates the pressure
differential as a function of flow rate. Doing this for the -pamd posturbinectomy
models, the changes in the nmawm pressure dromand the pont at which linearity
transitionscan be established. It is hypothesized that a turbinectomy will reduce the
maxmum value of the pressure differential across the nose iaoteaseghe value in
which nontlinear flow separation beginsThis would imply that it would takea smaller
pressure differerecto generate a particular floate,resulting ineasier breathing.

Apart from the emphasis that is put forth on looking at the onset of flow
separation, additional efforts will be put towards analyzing thetaofsturbulenceand
flow separationsince both can be characterized by -tioear behaviar Visualization
will be the key to differentiating turbulence versus flow separatiordi&ihave shown
that the critical Reynolds number at which turbulence Iseguocurswith higher
frequenciesn steady flow but since the flow is unsteadiow separatiormaybereduced

sincevorticesmaynot have enough time to develop.
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3.2 Assumptions

It is well known that theviscosity of a fluid is dependé on temperature. Ding
normal breathing air is subjected to rer at ures varyBBgCéromhees5s
corresponding viscosities of air at these temperatures are 1:8Kk&0n? and 1.88x10
N*s/m® respectively. For the purpose of this experiment it will be assumedttaa
temperature of air i's constant during breat
lung is exposed tthe higher body temperature. Looking further, it is well known that
humans breathe in aand exhale carbon dioxidé;will be assumed thahe chemical
composition during the course of normal breathing is constant.

It is assumed that the breathing that will be scaled is that of a person who is
breathing about 10 breaths per minute it a tidal volume of 0.5L. This corresponds
to an averag volumetric flow rate of 5 liters peninute. It was assumed thie density

of airis approximatelyl.2 kg/nt and the viscositpf air is1.84x10° N*s/m?.

3.3 Specific aims

The goal is to anstruct a device that will simulate normal breathing within the
nasal passaggs.e. simulate unsteady flowfor the pre and postoperationmodeb. With
a device that simulates the flow field within the ngsadsagesyolumetric flow will be
plotted againspressure drapSince the pressures that arekey interest fd within the
linear portion of the flow versus pressure curve, careful consideration must bestaken
that the pressures that are measurac lraminimal uncertainty. Thisequiresassuring
that there are minimal vibrations, external loads are filtere]l and that the data
acquisitionsystemhas the appropriate resolution. It is critical that pressure versus time
curve is repeatable. With a plot of pressure versus flow rate, an understanding of how a
turbinectomy affects normal breathing can be obtaindd the experimental setup
visualizations mustlsobe easily attainable gshatany flow separation that occurs can be

identified aseitherlaminar or turbulent.

Chapter 4: Design

The following chapter is aimed at developing a thorough understanding of the

design & the experiment. The subsequent sections will walk through the process that was
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used in order to create a breathsigwlationdevice. The selected design follows an
iterative process which involved scaling water flow characteristics to air flow
characteistics and thus setting the boundary conditions for design. Afchow system

was implemented which requires the profile on the cam to rotate about a fixed point
which displaces the piston through the cylinder forcing water through the nose models.
After the explanation of the initial design conceptse thecessary calculations and
relationships willbe presented first to lay the foundation for thetres the design
followed by a detailed description of the designd then thex@erimentation methods

4.1 Design concepts
When looking at previous researcthere were very limited studies which

addressedinsteady flow. Most of the previous experimental research only looked at
steadystate flow. Initially it wasthough that one couldise a pump to generate the
unsteady flow, but aftea feasibility study,cost drove the need for another alternative

When looking for a pump that could generate the required fleewdal challenge
was that the requireffiow would be continuously changing and reversible. Muclthef
difficulty with the pump was not only finding a pump that was reverslale one that
was continuously reversible: that is to say, a pump that could reverse flow without having
to be shut down and manually reversed. In addition, the cost of the pamplsoa
concernAs a result of the limited funding, it would not be economic to spend a majority
of the funds on a pump.

Since it was critical to have a continuous dynamic flow, it was concluded that this
could be achieved through the use of a pistahacylinder driven by a cam. In addition,
the piston and cylinet would prove to be more cedffective than the pump. The only
primary draw back is thatach component of th#evice would have to be designaad

built and certain changes would have ®rade in the scaling factors.

4.2 Water-to-air dynamic scaling

When determining ways to simulate fluid flow through the nasal passages, there
were two dimensionless variables that needed to be scaled, Reynolds Number and
Womersley number. The Reynolds numfee) is defined as the ratio of inertial forces

to viscous forces and is repretshby the following expression;
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Re:ﬂ
pon

This number is also often used to describe the onset aflémde. In fullydeveloped

Eq. 4.1

pipe flow Re;ical IS equal to 2,300, but it can vary by orders of magnitude depending on
the system.
The Womersl ey n uambter rused i) biomeckanica. ¥ @@ r

expressionwhich relates unsteady accelerationvtoious forcesand is defied by the

a—E\/E/ Eq. 4.2
2 g. 4.

In the expressions aboydd i s t he <characteristic diameter

following expression;

frequency, Q is the volumetricflowat e, and 3 i s the kinematic
These dimensionless numbeare essentiato simulating normal breathinipw
rates,similar to the actual flowcharacteristics observed inside the nasal pass8ges.
assuring thathese constants were scaled correctly for this system, the simulated flow
inside thepre- and postoperation models can be assumed to be related.
Starting with he Reynolds number, since the models supplied were twice the size
of a normal nose, this constrained the floate and the kinematic viscosity. When
deciding what mediungair or water) wouldoe used to simulate the flow, it was decided
thatflow visualizaton was critical. In the medical field having visualizations is important
when verifying flow separation or turbulent flow. With this in consideratiater was
chosen as the medium that would be used to simulate the flow. With the kinematic
viscosity ofair being 1.5x10m% s, switching to water reduced
With the following constraints put on D &
be calculatedRecalling flow similarity, Re* will represent the simulated flow, and Re
will represent the actual flomthus, Re*=Re. Substituting for the scaled values and
simplifying:
Q*

D*n*

= & Eq. 4.3
Dn

Simplifying,
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D*n*

*: o
vee D Eq. 4.4
Q*:Q323i

1 15

This asserts that the flow simulated must be 2hWEscale of the actual flow gerasted
within the nasal passages that airflow will be 7.5 times that of the flow of water used
in the experiment.

When designing the devicé& was important to knowvhat the total volumeof
fluid that would be drawn iover the course of one cycleas. The total volume was
relevant since the desigmould require a force to displadke quantity of water The
volumetric flow rate would be gemated by the displacement of the piston and was
related to the cross sectional area of the cylinder by the following equation:

Q= A% Eq. 45

This expression was useful whdeterminingthe dsplacement profile for the piston head,
but what wasalsopertinentin determiningthe size of the cylinder. The average Q could
be expressed by the following equation:

Qe V3w Eq. 4.6
The two is a result that it takes half a period to draw in the total volume V. Utilthieg
principles of similar flow,

2
Q*avg = 1_5Qavg Eqg. 4.7
Looking at the Womersy number and applying similar flow,dan be concluded that

wk = ﬂ Eq. 4.8
60

Thus,

V*W"=£V3 w
15

Ve :1—25v3 7”1 Eq. 49
V= 2V3 60=8V
15
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What is important to recognize is tmelependence on the mediumewvhscaling the total
volume. The total volume is independent of the medium, and is only dependent on the
cube of thescaled diameterAs a result, once the diameter is chosen there is only one
exact volume that will satisfy Womeegland Reynolds. The arage human breathes
0.5 liters of air per breath; this requirehat the device must includegylinder with a
total volume of 4L operating at a frequency ofl.rpm, assuming standard breathing
cycle of 10breaths per minuteFrom these constraint® was concluded that #se
parametersiad asignificantbearing on the size of our cam, the size of the piston head,
the amount of friction involved, and the size of the motor. These faalswshad an
effect on the amount of time that would be reedito construct the dee. Having a cam
with a smalleistrokeand a smaller piston head would reduce the amount of friction in the
device and the amount of power required needed to operate the system.

Looking at theeffects that tlese conclusionsad onthe profile of the camt was
determined thathe cam profile was dependent on dl/dt, but the size of the piston head
was dependent on the cross sectional area. @amgbthe above equationgelded the

following result

A%:ZV”W*

dlt Eq. 4.10
A—=238v3 w*

dt

Looking at the above expression, by increasing the area one reduces the profile of the
cam, but increasdhe size of the piston andisa versaThus it was necessary tthoose
a volume that was smallerah the specified scaled valdgnfortunately, he problem
that would arise is that the Reynoldgmberand Womersdy numbercould not both be
satisfied.

To reanalyze this it will be relevant to redefine the Reynolds number in terms of
the breathing frequely and the total volume.

V*w* _ Vw

D*n* Dn
_Vw,n*, D*

_\FnD

Eq.4.11
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By looking at this expression, if one chooses not to scale the V, V*=V, than one must
rescale the breathing frequency. The problem is that refdoittge Womergy number

the breathing frequency has already been defined; therefore, the problem lies within
finding a breathing frequency that besaintainsan appropriate value on the Reynolds
number and the Womeesli number. Since it was important ttave good pressure

responses, the Reynolds number tpodcedenceThus

ws =10rpm3 152, V. Eq. 4.12
15 1 Vv*
Thereforechos i ng a s mal | e WhaVi¥ crucial is tha a smalschamge in

¥ has a sigriicant effecton the Womersdy number.As a result, theonstructon of the
piston and cylindesystem was constrained by the following boundary conditions;
wr @b.5rpm
2 Eq.4.13
Ve @ v |
Calculating a Worersley number &sed on these calculations, it can be determined that
thediameter of the channel would be multiplied by a faotothe ordeof approximately
1,100. This provides sufficient evidence that the critical Reynolds number will not be

compensatd as a result of the Womersley numberceit is far from unity.

4.3 System design

The initial objective prior to looking at the preand posioperationmodels was
to construct a device thatould simulate unsteady flow (breathingydugh a 2X nose
model. The scaling analysiprovided sets of criteria that would have to be satisfied.

Ideally in order for both Womemst and Reynolds to be satisfied:

wr* =.25pm
Eq. 4.14
V* =48
Thus,
Q*avg @2(4.8L).25pm @]%Qavg Eq. 4.15

The primary principle in generating the appropriate flow rate is expressed in the

following equation:
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Q* = A% Eq.4.16

Since it was @dent to reduce the amount of friction, limitations had to be put on the
maximum cross sectional area that could be used. In addition the values on the cross
sectional area was limited to the available tubing that could be purchased directly, as
apposedd directly manufacturing the cylinder.
Q- @ * w*
o @2AL;

Thus by specifying the cross sectional area we have specified the piston stroke; the period

Eq. 4.17

was already specified via Womesglby the fequency.lt was then difficult to satisfy
both the Reynolds number and Womersley numblee. trade off is that the Womeegl
numberwill be off by 472%as the Reynolds is close to tappropriate scaled valusy
34% (for a detded analysis refer to theppendiy.

w- w*
w
Re- Re*
Re
As a result of the findings in the appendices, the following constraints were concluded:
wF =5.5rpm
A=3.8cm
L=7cm
V* = .08iters

31000 =472

Eq.4.18
31000 =34%

Eq. 4.19

4.4 Component design

The following section details the design of each of the components of the cam
follower system. Each component will be presented with a detailed description and

explanation of its purpose andhfition.

Cam design

When constructing the cathe first step involved generating a profile that defined
the volume intake versus timEigure 2.3 from the background research was used to

generate a scaled breathing function. By dividing each point on the curve by thesdpecifi
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area and themultiplying by a factor of 2/15, a curve was generated that represents the
displacement of the piston head versus time.

Using DynaCam the displacement profile was used as a reference when
constructing the cam profile. Since it was difficab achieve a smooth profile by
specifying every point on the curve, a spline function was used. The spline function
allowed different sections of the curve to be shifted, in order to achieve a curve that
mimicked the theoretical one, while still presegyia cam with a smooth profile. The
DynaCam plots of displacement and velocity versus time are showigune 4.1 and
demonstrate that a curve identical to that of the theoretical tidal volumes and volumetric

flow rates can be gerated.
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Figure 4.1 Displacement and velocity versus time plots from DynaCam

Figure4.2 was the next step in designing the cam. This figure is a representation of the
cam profilewith a follower and rollewvhich must be designed ielation with the cam.
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Figure 4.2 Cam profile with follower and roller

When the cam profile was completed, it was mapped to a CAD file to be manudacture
Aluminum, a readily available material, which Ight and durable was used to
manufacture the canhe CAD file was then mapped to GibbsCAM which provides a
programming language that can be interpreted by computer numerical control (CNC)
milling machnes.The thickness of the cam is 1 cm and approximate diameter is 10 cm.
Themanufacturedam is shown ifrigure4.3.

Figure 4.3 Manufactured aluminum cam attached to axel

Slider d esign
The slider was constructed in order to keep the comgeetid andthe piston
aligned. This was done in order ensure that the piston slid@sdirout ofthe cylinder
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without pushing into the sidewallsdcreating more friction than necessary. Thees is

shown inFigure4.4.

Figure 4.4 Slider and track mechanism with piston and roller

Piston

The piston head was made slightly less than the diameter of the cylindenm.
It was ideal to have a less than tight fi reduce frictionThe seal between the cylinder
wall and the piston headas achieved with a gasket. The friction resulting from the
gasket and cylinder wall & reducedusing genericsilicone grease. There wasl mm
groove cut around the top of the piston head to allowtergasket. It was quickly
determinedhat using a lubricant that wagater solublewas unsuccessful; thisilicone

was used as a lubricant. The piston and cylinder are showigure4.5.
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Figure 4.5 Piston head with rubberring gasketwithin plastic cylinder

Tank
The tank was designed with a clear plastic, Lexan, so as not toraomp

visualization. The size othe tank was designed, keeping in mind two basic needs: it had
to fit the model, and had to be big enoughallow for modifications and placement of

data acquisition and visualization equipmdiite tank is shown iRigure4.6.

Figure 4.6 Clear plasic tank for submersion afiodels
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Assembly

The entire assembly, including each of the system components, is shown in
Figure4.7. As can be seen in the figutege pistorcylinder part of the assembly was
connected to the tank via plumbing pipif)/C piping, and tube clamps.

Figure 4.7 Complete assembly alystem

4.5 Visualization

When designing the setup for visualiion, the basic concept was to inject a dye
into the flow field and record how the dyed particles responded to the flow field. The
biggest problem was that the dye response depended on the point in theectossl
area the dye was injected; carefutthods had to be utilizettiat controlled the stability
of the dye intake. A coat hanger was deformed and taped to the side of the tank, so that
the tip of the injection tube sits at the tip of thasal entrance. Thin plastic tubing was
then taped grallel to the coat hanger arige end from which dyexéed was centered in
the crosssection at the tip of the nose. For a diagram of the visualization setup refer to
Figure4.8.
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Figure 4.8 Visualization seup

4.6 LabVIEW experimentation design

When constructing the experimental setup, careful consideratasngiven to the
placement of theata acquisitionsystemand the resolution of the device. The pressures
that wee expected to bmeasuredwereapproximately from @. Pa to 215 Parhe main
concern was the lower pressures, since it was expected that the lower pressures would be
critical in defining the initial linear potion of the pressure versus flow cuksea result
of the lower pessure constraint, one of the nostrils of the nose models would be plugged.
This decision forces flow through one nostril which will allow a larger pressure
measurement to be taken at the entrance to the nose and this decision also isolates the
right turbinate where the surgery was performed.

The estimated resolution of the dagaquisition was calculated to be

range

2number_0f _hits Eq. 4.20
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The range was concluded to be a M@0 -10 V ranges, and the dasequisition was

found to consist of 16 bits. Thus

resolutiore 20
216 Eq. 4.21

resolutior= 0.3mV
This implies that the data acquisition could recognize changes no small@ramn

The pressure transducer that was usethguhis experiment wasRX138.305V
(for alist of the specifications reféo the Appendi®y. The pressure transducer was found
to generate a ¥ to 6V output£0.3V, based on an 8 excitation. This equates to

v

413Pa

S= 0.0012i

Pa
The expectedneasured pressuregere to be no lower tha@.5 Pa This small value

Eq. 4.22

correspond to anoutput voltage 00.6 mV; thus due to the uncertainty of the device the
actual voltage could b@2 mV or 0.9 mV. Moreefforts could have gone into amplifying
the signal, but since pressure versus flow at very tiny flatesis linear, this region was
not of much concern. Tdrefore it was concluded for the regiornsf concern the
resolution available would suffice.

Following the external hardware settipe LabVIEW virtual instrument (VI)wvas
constructed The main objectives of the VI were to read voltages andithplementa
transfer function to map it to a corresponding pressure. One of thecalaulationsin
the Vlwas to divide the output signal voltage from the pressure transducer by the source
voltage or excitation voltage. This would allow the resultsbéoindependent of the
excitation. The VI was defined sampleanywhere fronil5 to 30 data poing per minute
andthenwrites them toa spreadsheefigure4.9 andFigure4.10 are the user interface
panel and the internal programming structure, respectiffelyan extensive looktahe

VI refer to the Appendix)
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Figure 4.9 LabVIEW front panel of experimentalrtual instrument

42



ow M ram

Operate Tools Window Help

@ [ba]@] 1| [ 130t Application Font

Transducer

oltage Source

B

&)

Elapsed Time
Time has Elapsed ¥
Elapsed Time (g)
Present {s) ¥
Present Text ¥
Start Time Text ¥
Elapsed Time TexiH
error out 4
Get Start Time {5) ¥
F_ Auto Reset

Merrar in (no error)

[ I

Figure 4.10 LabVIEW block diagram of experimentairtual instrument

43



Chapter 5. Methods

In this section the methodology of this experiment will be described in detalil.
There are two crucial elements to this study:

1 Pressure drop measurements

1 Visualization observations
Each of these elements is crucial to verify the hiypses, specifically that the onset of
flow separations characterized by a ndmearrelation wherpressure is plotted versus
flow rate.The pressure drop measurements will help to better understand when the onset
of flow separatioroccurs.Turbulence mwbe determined if chaotic vortices are observed
through visualizationThese will lead to a comprehensive understanding of how flow
behaves in the human nasal cavity, specifically identifying the point at which flow
separation occurs and characterizing flow separation as being laminar or turbulent.

5.1 Visualization

Due to the fact that flow visualization is important to assure credibility of the
results, efforts were put forth to optimize visualization clarity. Efforts consisted of
improving the methodshat were used in the previous MQP setup. The improvements
consisted of lining the back of the tank with white paper, to create a greater contrast when
recording the dye. A high quality digital camcorder was use@cord the flow in the
models. The reading was analyzed and stills from the video were taken to dishé&y
flow field at differenttimesduring a single pulse. In was pertinent to show not only flow
separation during hmalation but also the difference in flow between inspiration and
exhalaton. After the stills were taken, the pictures were enhanced and clarified using
Adobe Photoshop.

To produce the actual visuals, it was decided to use regular-saitdie food
coloring to produce the visual of air swirling around in the nose withouagiag the
nose model. The design setup consisted of filling a syringe with dye, hooking it to a small
tube, and securing the last half of the tube to a coat hanger. This was found to better
stabilize and position the end of the tube. Duringittalationphase, the syringe was

slowly pushed down, since it was pertinent to only release a small amount of dye so that
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diffusion and flow would be easier to discefie dye was injected with the direction of
the flow within the nasal cavityThis was necessary s@s to not add momentum to the
fluid. LabView and pressure data acquisition

When taking the pressure measurements, the nose was submerged completely in
water. The differential pressure transducer was connected to the two ends of the nose via
tubing. The ®tup is shown ifrigure4.8.

What must be recognized is, for the given setup, what are the actual pressures that
are being measured? Look at the unsteady Bernoulli expression.

2

pl+,%\/12+rzlg=p2+r%v22+rzzg+h+rﬁcii—\t/ds Eq.5.1
1

In this expression h is the head loss due to frictidme equations for inhalation and

exhalation are shown in Equation 5.2 and Equation 5.3, respectively.

1,0\ _ 2 dVv 1.,
P-(R+rZVy)=h+rfij-ds- r =V °+r9(z,- ) Eq.5.2
2 Hat 2
2
(7 V)~ (B)=h+r Vi +rpldstrgz,-z) 53
1

Prior to any measurements the pressures were taken when the flow was not pulsating,
zero velocity, thus

P-P=r9(z,- z) Eq. 5.4
Since the height differential is the same throughout any cycle the pressure transducer was

zeroed by adding a constant, thus for inhalation what was being measured was

1., _ > dv 1.,
R-(R+r-Vy)-ra(z,- ) =h+rpjds- r -V, Eq.55
2 ldt 2
And for exhalation
2
(Pl+r%V12)- (P)- rg(z, - 21):h+r%V22 +rﬁcii—\t/ds Eq.56

1

Thusfor inhalation if it was found that thenaximumvalue for the pressure differential
was U where U > 0 then
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2
h- rv?+ n—”(jj\:dsz a
! Eq.5.7

2
h=a+rvp- n—“dvds
Mat

Thus the head loss could be less than that of what is actually measured, due to the
unsteady term. The unsteady term could be positive or negative depemdivhat point

is being observed during the inhalation.

For exhaling, if it is found that themaximumvalue for the pressure differential wials
where b > 0 then

2
hi+ V2 + fY ds= - b
Mat

2
hi=-b- rv; - ﬁ(ii_\t/ds Eq.5.8
1

2

= v + R 09
1

Thus the head o ss h o dur i n degmeatenh arlleastther what ¢s actually

measured. Analysis was done on approximating the acceleration term during peak flow

rates.
2 o ~
AV adv g
r ds®&e—0 S Eg.5.9
Mot ™ Tar 2, |

Here S is thdength of the streamline, which can be approximated by the distance
between the inlet and outlet.

d
¢ dt -

“avg

i€
<
oo

Eqg.5.10

Equation 5.10is a value that averages the acceleration, when integrating aken
streamline.

What is crucial is that the head loss @& aqual to the head loss priméigis due
to the fact that the head loss is depndcn the flow field and the orientation of the
probe.The VI read pressure measurements form the pressuoselticer, 30 readings per

minute, and recorded the values to a excel file, where they were analyzed and interpreted.
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Chapter 6: Results

The completion of the experiment yielded twaportant findings. The findings
are detailed and presented in the following chaptéistware divided into twseparate

parts; experimental datar pressure versus floand visualizatiorobservations

6.1 Pressure and flow data

It is important to recognize that during the data acquisition process, pressure
measurements were taken and recongrsus time. From the DynaCam plots (refer back
to Figure4.1), the flow ratesnvere then mapped to specific time instances within a cycle.
Thus, the pressure measurements can then be directliatedreo volumtic flow rates.
It is also important to note that these values apply to one nostril only.

After performing the necessaryading, the pressure data thaascollected for
the model with water running through the nasalityamnodel wereconverted back ta
1X scale nose breathing air. The results were then split into inhalation and exhalation for
comparison purposegigure6.1 depicts the scaled resufts inhalationwithin the pre

operation nose model.
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Figure 6.1 Inhalation: pessure versufow, pre-nasal turbinectomy
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Figure6.2 depicts the scaled resufts inhalation within the posbperation nose model
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Figure 6.2 Inhalation:pressure versus flowpostnasal turbinectomy




Figure6.3 andFigure6.4 show the results for exhalation in thejmad postoperation nose nuels, respectively.
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Figure 6.3 Exhalation pressureversus flow, prenasal turbinectomy
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Figure 6.4Exhalation pressureversus flow, poshasal turbinectamy
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6.2 Statistical methods

The pressure transducer that was used was very sensitive, so thenechamise
generated in the results. To smooth out the data, clarify any trends, and demonstrate
stationarity of the data, a 26rm simple moving average (SMA) wased §hown in the
equation beloyw The number of terms) chosen for the equation was decided upon by
looking at the average number of data points collected for each cycle.

+ +...+
SMA= P ¥ P P Eq. 6.1
n

An n-term SMArepla@severy term in the series with the average of therms before it

(including that term).
Table 6.1 shows the difference between the maximum and the minimum paaks f

the pre and postoperationmodels.

Table 6.1 Experimental trial comparison

Summary of Data
Model | Trial | MaxPeak | M Peak
1 26.2 15.1
Pre 2 22 19.3
3 24.1 16.0
1 13.1 15.2
Post 2 11.0 16.5
3 16.5 11.7

It is also necessary toomt out that each individudtial had profiles that were very
repeatable. Between trials the waves were only minimally different (raw data can be
found in the Appendix).

To test for statistical significance, an unpairekdt (shown in the following
eguation) was used, where the means of the two groups were subtracted and divided by
the standard deviation.

_Xi- X
S

t Eq. 6.2

The result for the maximum pressure difference wawvaue of 1.86, wh 11
degrees of freedom, and this corresponds tovalye of 0.025 < p < 0.05, which
indicates that the preand the posbperationmodels have a clear difference in maximum
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pressure differencejmilarly the tvalue for the minimum pressure differeneess also

less than 0.05 whicimdicatesthat the minimum pressure differences also statistically
different. This suggests that the surgery does affect the pressure difference within the
nasal cavity during inhalation (i.e. it is easier for the pattenbreathe),as well as
affectingexhalation pressurelt is generally easier for patients to breathe out even before
surgeryand this research shows that surgery minimizes resistance when breathing out

also, which is consistent with previous studies awedlical literature

6.3 Visualizatio n imagery

The pictures below represent thisual results achieved whelye was injectednto
the water during a breathing cycluring inhalation the dye was slowly injected into
the water and it was observed to breakvery easilyduring the first 12 seconds of the
cycle, possiblyindicating turbulence.

Because the nasal models are almost clear, it can be hard for one to visualize the
turbinates and the inngeometryof the nose, spictures were takeaf both the pe- and
postoperation models and supemposed lines indicating the different nasal passages

and turbinate&igure6.5.

Superior
turbinate
Middle
Approx. :
2 turbinate
location
of
removal
Inferior
turbinate
Nostril
Throat

Figure 6.5 Side view of the pr@perationmode| indicatingturbinates, surgical location and flow direction
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The series of pictures of the preind postop nasal models while the breathing cycles were set to breathe in are represeigerein

6.6 andFigure6.7 (full resolution pictures can be seerthe Appendi}.

Figure 6.6 Dye visualization in the prep nasal model. The pictures are numbered to show progression over time of the dye in the nasal cavity.
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Figure 6.7 Dye visualization in the pogip nasal model
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