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ABSTRACT 
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DEPOSmON OF PARTICLES IN HUMAN NASAL REPLICATE CASTS 

by Sabine HauBermann 

Studies of aerosol deposition in the nasal airways play a significant role in developing our 

understanding of deposition and retention in the respiratory tract. The nose not only 

determines the amount of particles reaching the lungs, but also contributes to systemic 

uptake. Artificial nasal replicate casts were used for quite some time to determine the 

infiuence of particle size and Sow rate on deposition, without validating the results by 

comparing them to the data gained with a human volunteer. To be able to make this 

comparison realistic human breathing patterns need to be simulated, the cast needs to be 

anatomically accurate and nasal deposition needs to be measured on a human volunteer. 

To simulate human breathing patterns, a breathing simulator has been designed and 

constructed. It allows artificial breathing patterns as well as recorded human breathing 

patterns to be implemented. Additionally, two artificial nasal cavities were built utilising 

magnetic resonance imaging (MRI) of different human volunteers. One of the casts was 

made from a human volunteer taking part in nasal deposition and clearance experiments. In 

this study the ability to use both the cast of a human volunteer and his exact breathing 

pattern provided the ground for comparisons between in-vivo and in-vitro experiments. 

Furthermore the influence of different breathing patterns, flow rates and particle sizes has 

been studied. Thirdly, the exact location of particles deposited in the cast was obtained 

under the same experimental conditions as in-vivo. Also the cast was dismantled and 

deposition on each plate was measured independently to determine regional deposition. 

The results show that constant flow (as used in most previous studies) causes significantly 

more deposition than realistic human breathing patterns. The comparison of the nasal cast 

and the human volunteer showed significant higher deposition in the cast for light exercise, 

which is apparently caused by the change of cross-sectional area of the volunteers airways 

with exercise. The main deposition site in the cast is the anterior end of the middle 

turbinate, where particles deposit by impaction. The region of and behind the nasal valve 

shows no higher deposition than other regions of the nose, contrary to what was suggested 

in previous studies. 
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1 INTRODUCTION 

Since the nose filters inhaled air it is an important route for the intake of airborne aerosols 

into the body. Traditionally, more effort has been devoted to the experimental 

determination and modelling of aerosol deposition in the lung rather than the nasal 

passages. However, the majority of humans at rest breathe primarily through the nose 

(Niinimaa et al 1980). Material deposited nasally is of importance since it Gnds its way into 

other parts of the body, via mucosal absorption and clearance into the stomach, as well as 

defining what passes to the lungs. Furthermore the material deposited in the nose can cause 

a number of medical conditions such as cancer (Hady et al 1983; Hildesheim & Levine 

1993; Leopold 1994). 

This thesis is concerned with aerosol particle deposition in a nasal cast. The work is a 

collaborative venture between the University of Southampton and the National 

Radiological Protection Board (NRPB). Scientists at NRPB are studying nasal deposition 

and clearance with hiiman volunteer subjects. (Smith et al 1996, Etherington et al 1998) 

Although aerosol deposition in humans can be measured using radio labelled particles, the 

exact pattern of particle deposition cannot be determined. Even using a gamma-camera 

\vhk& j^ves a th^e (HnxaKKHKU image cbes rK# shov/ the exa# locadon \vkhout 

uncertainties, since gamma rays Irom other sources wiU be detected (cross fire). It is also 

difficult to determine in-vivo the various influences (e.g. breathing pattern, changes in 

anatomy) on the deposition of particles. Researchers have attempted to overcome these 

problems by using artificial nasal cavities (cast). The nasal cast may be used to measure 

deposition regarding the influence of: particle size, level of particle charge, breathing 

pattern and flow rate. 

Previous studies on nasal cast deposition have been limited by their methodology in several 

ways. Firstly, the particles were usually inhaled using a uniform pump that produces 

constant flow rather than cyclic flow patterns or even specific human breathing patterns. 

Secondly, nasal passages have been reproduced based on cadavers rather than living human 

beings. A cadavers anatomy is not only physically different from living humans, but also 

(zxciiHies tlx: possibiHty ()f ccHmpaiiryr the (lata jgainfxi \vidi tlie (xist vvith ttw: ckdzi ol^tlie 

human volunteer the cast was made fi-om. Thirdly, models were integrated and could not be 

dissembled for examination of regional deposition. Various studies used casts made 

according to the anatomy of living human volunteers, but non of them used realistic 

breathing patterns or compared the data with data of the volunteer the cast was made from. 
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TTo cryerc()me liiose prolblems ii tweathing siniulator (elecM]noirKx:hzuik%il hiry?) Iwis txasn 

designed and constructed, to simulate human breathing patterns. It is computer controlled, 

and allows artiScial breathing patterns as well as recorded human breathing patterns to be 

implemented. Additionally, artificial nasal cavities were built utilising magnetic resonance 

imaging (MRI) to simulate the nasal anatomy of diiferent human volunteers. One of the 

casts was made Irom a human volunteer taking part in the NRPB experiments mentioned 

above. Since naso-pharyngeal flow patterns vary widely among different humans it has been 

difficult to make meaningful comparisons between cast data and data from a human being. 

In this study the ability to use both the cast of a human volunteer and his exact breathing 

pattern provided the ground for comparisons between in-vivo and in-vitro experiments. 

Furthermore the influence of different breathing patterns, flow rates and particle sizes could 

be studied. Thirdly, the exact location of particles deposited in the cast could be obtained 

under the same conditions as existed in the in-vivo experiment. Also the cast was 

dismantled and deposition on each plate was measured independently to determine regional 

deposition. 

The thesis starts with some basic background information about nasal anatomy and 

physiology, rhinometry and airflow through the nose. A short overview of aerosol science 

is given, including particle deposition and surface interaction. The chapter also contains a 

literature review of nasal particle deposition. Chapter 3 describes the main objectives of this 

thesis. Chapter 4 is concerned with nasal casts and their construction, particularly with the 

cast used in this work. Chapter 5 describes the design, manufacture and validation of the 

breathing simulator, and chapter 6 is concerned with materials and methods. Chapter 7 

contains the data of total deposition in the casts obtained using different breathing patterns, 

different anatomies and different particle sizes. Chapter 8 looks at the deposition 

distribution within the cast of various particle sizes and breathing patterns, and chapter 9 

compares in-vivo versus in-vitro deposition. Finally, conclusions are drawn from the 

experiments in chapter 10 and future work is suggested in chapter 11. 



2 Tri]]S()itByiT*:vi[,]BLAx:]Kx;it()iiRnD ^uNDlLjnricRAjruRjE RicAfDETpy 

The respiratory tract is exposed to particles and gases flowing in and out with each breath. 

Scxnie ofttwsse uihadeKl naateiials are (diemicaJly arwi tMb]k)gicsLUhf lactrve, vvAJi effects vvtucli 

might be either beneficial or harmful. Since the nose is an important route into the lungs it 

is of great interest to determine the deposition of those materials in the nasal cavity. 

TThie dei]]0E;iti0ii o:f jpaiticles is irdliKaiceKl try size iincl shaqpe o:f jpaiticles eis v/ell as ttw&c 

pJiysical arui clwanoical ]prcqoeities. vAJkx) the \i:k)city aiwi cltanigexs iiidirectiori()f the airfhow 

around the particle greatly influence its deposition behaviour. 

The anatomy and physiology of the nose determine its airflow direction and velocity. To 

find a correlation between anatomy and physiology and particle deposition in the nose, 

:)cientists liaiA: iiot <]rdy rneEusuixxl (lie i/elocxhyr oiF the air eaiteriog; thf; rwose;, bid also 

resistance of the nose to airflow and cross-sectional area of the nasal cavity. The following 

section gives an overview over those topics, an overview of aerosol behaviour and a 

literature review of particle deposition in the nose. 

2.1 NASAL ANATOMY AND PHYSIOLOGY 

During inhalation, air enters the lungs via the nose or mouth; at rest 80 % of humans 

breathe through the nose (Niinimaa et al 1980). Oral or oro-nasal breathing takes place at 

higher ventilation rates (e.g. during exercise), when the nasal airways are constricted, or 

during speech (Proctor 1977). 

The nose has a unique anatomy, which permits various important functions: 

i) It filters hazardous airborne particulates. 

ii) It warms and humidifies inhaled air. 

iii) The olfactory region is located in the nasal cavity (sense of smell). 

iv) The nasal cavity and attached sinuses act as resonating chambers during speech. 



2 . 1 . 1 A N A T O M Y 

The external portion of the nose is called the nares or the nasal vestibule. This is a double 

airway opening onto two nostrils, each of which measures 1.5 - 2 cm in length and 0.5 - 1 

cm in width (ICRP 1994; Kesavanathan et al 1998). 

The nose is divided transversely in two by the septum that extends from the nostrils to the 

naso-pharynx. The nasal vestibule consists of compliant cartilage lined with epithelium 

cells, like the outer skin, and has coarse hairs, which act as a fibrous filter (Swift & 

Kesavanathan 1996). The nasal valve, which has the smallest total cross-sectional area in 

the upper respiratory tract, is situated in close proximity to the junction of the cartilaginous 

vestibule and the rigid bony cavity of the nose (Bridget 1970; Haight & Cole 1983). 

frontal sinus 

nasal bone 

superior concha 

middle concha 

I 
inferior concha 

olfactory bulb 
cribriform plate 

eustachian 
tube 

sphenoid sinus 

hard 
palate soft 

palate 

Figure 2.1: Sagittal cut of a nasal cavity (MSEncartal997) 

Following on from the nasal valve are internal passages which are also divided transversely 

by the nasal septum and which form a large cavity above the mouth. The cribriform bone 
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fbiTDG Ijie rcHof of 11%: cavity, vvtK%%%is tKuxi aiKi SK)A jpalates form ttw: fk)or. Tlie iiasal 

CK)nc]%ie Iboiwas, also calkxi tiulxui&kGS, fbirn lAie lateral Taralk; of liie ruisal cap/ky. 11%: 

fMMSsenceiof die tiutxkKMbes greadly iocftN&ses the sLudzwze are%i cdFttw: loasal caimty, to alxoiA 

140 - 160 cm ,̂ which enhances the cleaning, warming and moistening of inhaled air. The 

conchae bones and the septum are lined with erectile tissue, which regulates the nasal 

lumen. The internal area is mostly lined with ciliated mucosa, apart from the olfactory 

region, which is lined with olfactory epithelium. The olfactory region is the superior portion 

of the main cavity. 

At the nasopharynx, about 8 - 12 cm from the nostrils, the septum disappears and the two 

airways merge into one. From here, there is a transition to squamous airways as far as the 

larynx. 

IThe t)ones ()f lAie fewze cKxotairillie fwaraiHisal sinuses \vlikji zire zur sqpaxxss siwnnoimdiry; thie 

nose on three sides. They are lined with respiratory epithelium and connected to the main 

nasal cavity by small oriGces (Proctor & SwiA 1971). 

:2.1.2 fMHrrsicxLOcnr 

(ZL&AIIAJNCIE CHFTHHIifjCDSi; 

Deposited substances in the airways are cleared by several mechanisms and pathways which 

lead mainly to the GI tract, the lymphatic system and the blood. Clearance of the airways is 

accomplished by particle transport and absorption. Particle transport removes the particles 

by secretions and ciliary action. Absorption refers to transport of material into the blood, 

which involves dissociation of the particles. It is the aim of the NRPB study to examine 

particle transport after particles are deposited by inhalation and therefore insoluble particles 

were used in the in-vivo study. For this reason this section is limited to particle transport in 

the nose and is not concerned with absorption. 

The nose can be divided into two regions with regard to particle transport. These are the 

anterior region, which is cleared by nose-blowing or wiping, and the posterior region, 

which is cleared by mucociliary action. 
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TThe irwciKi, Twiikdi luies tbeiiasaJ (xavity tKdiiDd tlie vtaaiknile, is trarKqpoiled kgfliie ciUBury 

beat. It moves from the posterior nasal region towards the pharynx and is then swallowed. 

Occasional sniffing assists this action (Lippman 1970). Proctor et al (Proctor 1977; Proctor 

& Andersen 1976) found that there is a band between the anterior inactive region and the 

main ciliated passage which has rapid mucociliary clearance forward, other authors 

assumed that mucociliary action is purely towards the pharynx. 

ICRP66 (p 307-308) gives a concise review of mucus movement and draws the conclusion 

that the movement of the mucus layer is not uniform, and therefore not all regions are 

cleared with the same speed. 

Anterjor Rifitenor 

Figure 2.2: Clearance zones of the nose 

The speed of mucociliar transport was measured from quite a few authors usually by 

putting some labelled material onto the mucus and measure the time it need to reach the 

pharynx. The speed of the cilia varies between the subjects, so different authors give 

different speeds: 0.5 - 26.6 mm/min (Proctor & Andersen 1976) and 4.0 - 45 mm/min 

(Bang et al 1967). 

Lippman et al (Lippman 1970) measured nasal retention of inhaled particles (dea 1.3-7.3), 

and found particles were retained in the ciliated region up to 7 hours, even though most 

particles were cleared in the Srst 3 hours. 
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]Fry zuid JBlacJc (IiTf dk IBlacdc 15)73) iilso irK%istu%xi refaitk)!! oiFiidialed jpaiticles aiwd ttwyy 

fbiiod cc»isid€%?U)lG inter zuid ikibm sid)i(5ct AmnkUiUity, also trere Icwig Ikzmi clezusuice lAKis 

retention. 

Sluice Idle ELnterior jpzul: of tlw: laose b; rnainly clearexl try loose 1blo\ving; aiwi iwiFwryr tlw: 

retention time not only depends on the amount of particles removed by nose blowing but 

also on the frequency the subject blows the nose. Hence it is very variable but Lippman and 

Fry and Black both showed that the particles are retained for at least 6 hours. 

N A S A L R E S I S T A N C E 

Several different components cause resistance in the respiratory tract. The airflow in the 

airways causes resistance, as do the expanding lung tissue and the moving chest tissue. The 

latter two resistances are called compliance. The nose has a rather high resistance to airflow 

which is about one half of the total resistance (airway resistance + compliance) and two-

thirds of the airway resistance (Ferris et al 1964). 

The nasal resistance has a static and a dynamic component. Static resistance results from 

the anatomy of the nose. The nasal valve is the passage with greatest resistance arising 

from its smallest cross-sectional area (Bridger 1970; Haight & Cole 1983). The turbinate 

region also contributes significantly to nasal resistance. Both the nasal valve and the 

turbinates are also responsible 5)r part of the dynamic resistance. 

The dynamic aspect of resistance has two time-varying components, which arise from 

morphological ac^ustments resulting from the movement of the alae and changes in erectile 

tissue. The alae are the movable part at the side of the outer nose and their movement 

changes the resistance of the vestibule breath by breath. This variation is only slight during 

ventilation at rest but increases as the breathing volume increases (Cole et al 1985). If the 

alae are widely dilated, the total nasal resistance is approximately halved (Cole 1988). 

Changes in the mucosal tissue, which is erectile and starts at the nasal valve, lead to 

changes in resistance to airflow. In any individual, such resistance to airflow is unequal in 

either side of the nose and varies during the day. In most subjects, resistance varies over 

time, within a day, and independently in either side of the nose. This behaviour is called 

nasal cyclic (Eccles 1978). The word cyclic is somehow misleading, since it implies 

periodicity. Even though about 80 % of humans have these changes, Ar most of them the 

13 



changes do not occur periodically (Cole & Haight 1986). Nasal cyclic is af&cted, though 

not controlled, by ambient air conditions. Airflow distribution differs by 20 - 80%, from 

one side of the nasal cavity to the other, without causing discomfort in the subject. The 

cycle has been found to disappear during exercise, emotionally upset and in elderly people 

(Flanagan & Eccles 1997; Mirza et al 1997). 

Changes in ambient air condition, alterations in posture, and condition of the volunteer (e.g. 

state of health or exercise) can also affect nasal resistance (Proctor 1977). Alterations in 

position and state of the volunteers are especially interesting for this project, since the cast 

is made according to MRI images taken from recumbent volunteers, but the aerosol 

administration is done for volunteers sitting and at light exercise. For example Cole and co-

workers found that the resistance can increase dramatically if the volunteer is recumbent 

(Cole & Haight 1986). It can be also very different for different volunteers, Flanagan et al 

(Flanagan & Eccles 1997) measured 4 volunteers and each of them had a totally different 

cyclic behaviour. According to this study each volunteer is af&cted diGkrently by exercise. 

These aspects of dynamic resistance (ie erectile tissue and moving alae) are each controlled 

by independent autonomic and voluntary neural mechanisms (Cole et al 1985). 

Schreck et al (Schreck et al 1993) assessed nasal resistance by measuring pressure loss 

across a cast. They distinguished between three regions in the cast: (i) the external region, 

starting from the nostrils and including the nasal valve; (ii) the interior region, including the 

complete turbinates, and (iii) the naso-pharynx. The external region gave the greatest 

resistance (~ 43 % pressure drop) whereas the naso-pharynx gave the lowest (~ 25 % 

pressure drop). Further enlargement of one turbinate, which decreased the cross section of 

the passage, caused the resistance to double. They conclude that the resistance of the 

interior nose can exceed that of the external nose in the case of congestion. The turbinates 

of the casts used in the present study appear to be significantly larger than in the cast used 

by Schreck et al and, therefore, the surrounding airways are smaller. The reason is that 

Schreck's cast was made post mortem which leaves the erectile tissue (mentioned in section 

4.1) without blood and therefore the turbinates are much smaller. Thus, it is expected that 

the interior region will exhibit greater resistance, in the present study, than in the work of 

Schreck et al. 

14 



2.2 RmNOMETRY 

The anatomy of the nose and its resistance are thought to be very important to the 

determination of particle deposition and flow behaviour. One way to determine the 

resistance of the nose is rhinomanometry, which measures the pressure loss over the nasal 

cavity in-vivo. Two different methods are employed: anterior and posterior 

rbinomanometry. Posterior rhinomanometiy measures the total nasal passage pressure loss 

by measuring the pharyngeal pressure through a tube held in the closed mouth. Anterior 

rhinomanometry measures the pressure loss of one side of the nose to the nasopharynx by 

measuring pressure through a seal at one nostril. Both anterior and posterior measurements 

are influenced by the airflow through the nose, and therefore the human volunteers have to 

perform certain breathing patterns or the flow has to be measured. The resistance of the 

nasal cavity is then calculated from the pressure loss and the flow. Since anterior 

rtuiKymaiiornfMbnf (ardif iiieaswres luiikiksral resistance, lAie Ibotal resistairce tuis to tx; 

calculated according to Ohm's law: 1/R=l/Ri+1/R2 (Naito & Iwata 1997). 

In recent years the method of acoustic rhinometry has been developed. Contrary to 

rhinomanometry it is a static method, independent of airflow. The advantage of this method 

is that it delivers more detailed data than rhinomanometry. The acoustic reflections of 

sound signals incident on the airway walls are measured and analysed by computer 

software. The results show the cross-sectional area of the airways as a fiinction of distance 

from the entrance of the nostrils. For acoustic rhinometry the sound axis follows roughly 

the geometrical axis (Hilberg et al 1993). The same study shows that it is likely to 

overestimate the posterior part of the epipharynx. In in-vivo measurements the maxilUary 

sinuses are likely to contribute to the acoustically determined areas (Hilberg & Pedersen 

1996). Nasal passage volumes can be calculated from contiguous cross-sectional values. 

2.3 AIRFLOW THROUGH THE NoSE 

Typical average airflow rates in human beings are approximately: 9 L/min at rest, 25 L/min 

during light exercise and up to 50 L/min during heavy exercise (ICRP 1994, p 23). These 

values are average inhalation flow rates. 
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At rest about 80 % of humans breathe through the nose (Niinimaa et al 1980). As a result 

of the high resistance to airflow through the nose, the amount of air available to the body is 

restricted. Therefore oro-nasal or oral breathing is adopted during exercise or if the nasal 

passages are congested. The critical flow rate where breathing switches from nasal to oro-

nasal breathing in most subjects is 30 L/min according to Height et al (Haight & Cole 

1983) or 35 L/min according to Niinimaa et al (Niinimaa et al 1980). These values are 

inhalation peak flow rates. Niinimaa et al also state that it should be noted that the alae start 

to collapse at this velocity, which can restrict the flow of air significantly. Another study 

showed that the switching point from nasal breathing to oro-nasal breathing can be between 

38 L/min and as high as 65 L/min (Malarbet et al 1994) depending on the subject. Malarbet 

suggests that the reason for the different results might be a different experimental setting in 

the other studies, which has more resistance to flow. It is also possible that Malabert et al 

had a higher number of volunteers and therefore had two amongst them who had a late 

switching point from nasal to oro-nasal breathing. 

Immediately after the subject switches from nasal to oro-nasal breathing, ventilation was to 

57 % through the nose decreasing to 40 % under conditions of maximal exercise (Niinimaa 

etall980^ 

To describe airflow through the nose, some comments on fluid dynamics are appropriate. 

For particle behaviour and deposition it is important to know if flow in the nose is laminar 

or turbulent. At laminar flow the pattern of streamlines is smooth, with no streamline 

crossing or looping back on itself Velocity and direction of flow is always the same at a 

certain spot. At turbulent flow the streamlines are chaotic and velocity and direction change 

for the same spot with time. An indicator for this is the Reynolds number. Reynolds 

numbers smaller than 2500 indicate laminar flow and above 4000 turbulent. The numbers in 

between indicate unstable flow. Also the profile of the flow can be an indicator of laminar 

or turbulent flow. Stable laminar flow has a parabolic profile, whereas turbulent flow shows 

a profile looking like a plug, the parable is flattened at the top. 

Particles that are close to the wall are more likely to deposit, therefore it is necessary to 

look at the airflow in the region near the wall. Flow around a solid or along a wall is 

affected by viscous friction, even though it is only a very thin layer near the wall, which is 

affected. This layer is called the boundary layer, the closer the airflow is to the wall the 

slower it becomes till it reaches zero at the wall. The higher the velocity of airflow the 
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geometries, but in general it can be said that particles are more likely to deposit in turbulent 

flow since they experience higher flow velocities closer to the wall. 

The route taken by the air upon entering the nose can be described as follows: the air enters 

the nose flowing vertically up into the nostrils. Between the nostrils and the turbinates is 

the nasal valve, where the airflow has to 6)lIow a bend of 90°, at the same time the airways 

become quite narrow. After the valve the flow becomes extremely turbulent, since the nasal 

passage suddenly opens up from its narrowest part to its widest part. Here the nasal 

passages are divided in three by the turbinates. After the two airways merge into one the air 

has to follow a 90° bend to the throat. 

Some authors report experimental studies of airflow in nasal casts. Homung et al used a 

cast of one &)ssa (one side of the airways) made from a cadaver. Radioactive xenon was 

used to make the flow visible at constant flow rates of 2.5, 7.0 and 20 L/min. The results 

show that the flow towards the ol&ctory region seems to come from the lateral wall rather 

than from the septum. Also a region of turbulent flow in the external nares was found, 

which increases with increasing flow rate. Additionally with increasing flow rates the 

amount of activity going into the olfactory region was increasing (Homung et al 1987). 

Girardin et al (Girardin et al 1983) used a nasal cast made from a cadaver and constant 

flow of 10 L/min to measure the velocity fields in the nose. Laser Doppler anemometry was 

used to measure the flow velocity in their study. From their measurements they concluded 

that the airflow was streamlined by the turbinates with lower peak velocity, the velocity 

was greater near the septum, the nasal valve has directional influence on the inspiratory 

flow and the flow is usually greater in the lower half of the cast. The Reynolds numbers 

they calculated were between 750 and 2400, which indicates laminar flow but the measured 

velocity fields and profiles indicate the flow to be turbulent. It has to be noted that the flow 

they used experimentally was not as high as it would be in a human being at rest and the 

airways are probably too wide, since the cast was taken from a cadaver (because of the 

blood loss from the erectile tissue). Even though the airways were enlarged and airflow was 

too low they were able to detect turbulence, but do not describe the location where 

turbulence occurred. 
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Hahn et al (Hahn et al 1993) used a large scale model (x20 the size of a normal nose) of 

one side of the nose, anatomically correct, produced according to a CAT scan to obtain 

detailed results of the flow patterns in a nose. The velocity of flow was measured with a hot 

film anemometer probe inserted through different holes in the cast. The nasal flow used in 

this study was constant and 20 times higher than in real noses, to reach the same Reynolds 

number. The flow rates corresponded to 66L/min, 33.6 L/min and 10.8 L/min in a real 

laoise, vvtdcji \V2LS thouĵ bt t() (%)rres]}orKi ta zi fonasfui sniffy roexiium isniff arwi 

breathing rate, respectively. Their results suggest that the flow distribution is similar for all 

flow rates. About 50% of the inspired air flows through the combined middle and inferior 

airways and 14% through the ol6ctory region. The local Reynolds number was 6om 250 in 

the olfactory region to 4500 in the inferior airway for a medium sniff flow rate (33.6 

L/min). As found by Girardin et al beAre, they support the idea that turbulent flow 

develops in the nasal cavity at far lower Reynolds numbers (Re) than it would do normally. 

It usually develops around Re = 2000. Their results suggest that the airflow inside the nasal 

cavity model is moderately turbulent at most physiological flow rates. The comparison of 

flow with and without nasal hair showed that the nasal hair might be responsible for a slight 

increase in turbulence in the external nares, whereas it does not seem to affect regions 

further behind. It must be noted that the highest probability of turbulence occurs after the 

nasal valve, because the rapid increase in area is very likely to create vortices, and in the 

turbinate region because of the irregularity of the airways. 

2.4 AEROSOL BEHAVIOUR 

An aerosol consists of small airborne particles, which may be distinguished by size, shape 

and physical, chemical and biological properties. Particle size is important because it largely 

determines the behaviour of the particle in gas suspension. The shape and the physical 

properties (e.g. density) also have a great influence on the behaviour of airborne particles. 

The chemical (e.g. hygroscopic growth) and biological properties can have influence on 

deposition but wiU be neglected here, since the experiments for this work were carried out 

exclusively under controlled laboratory conditions and the particles used in the experiments 

were generated for our purpose and are not hygroscopic. The aerosol used in the in-vivo 
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study consisted of solid monodisperse polystyrene particles and the one used in the in-vitro 

study consisted of liquid monodisperse sebacate oil droplets. The following section 

describes the general behaviour of particles in gas (air), their deposition mechanisms and 

their interaction with the airway wall upon which they are deposited. 

2 . 4 . 1 S I Z E O F A E R O S O L P A R T I C L E S 

Generally, particles bigger than 0.5 pm are better described with the tools of fluid 

dynamics, whereas the behaviour of ultrafine particles (<0.5 jum) is more governed by 

Brownian motion of the surrounding gas. The size range used in this work is limited 

between 1 pim and 10 pm, so the emphasis here is on mechanisms influencing this size 

range. Mechanisms that govern ultraGne particles wiU only be touched upon in this thesis. 

Existing equations for describing particle motion are only valid for spherical particles. 

However, the motion of a particle is influenced not only by its size but also by its shape and 

density. The only naturally occurring spherical particles are droplets of diameter less than 

about 1 mm and some pollens, therefore, it is necessary to introduce an equivalent diameter 

which takes shape and density into account and allows comparison between particles of 

different shapes and materials (Hinds 1982). 

The behaviour of particles larger than 0.5 pm in gas suspension is dominated by 

aerodynamic forces, therefore their characteristic size parameter is the aerodynamic 

equivalent diameter dae- It is defined as the diameter of the unit density sphere, which has 

the same settling velocity as the particle being measured. Reference to the aerodynamic 

diameter is useful for describing the particle's settling and inertial behaviour in the 

respiratory tract (Baron & Willeke 1993a). It is defined as; 

V /7o 

dae = aerodynamic diameter 

dp = physical diameter 

Cc = slip correction factor 

[|im] pp 

[^m] po 

[1] 

Equation 2.1 

density of particle [g/cm^] 

unit density [g/cm^] 
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collisions with molecules in the air. Therefore a slip correction factor Cc is introduced to 

account for this phenomena. For particles above 1 [j,m this correction factor can be 

neglected, because it is approximately 1 (Baron & Willeke 1993a). 

The diameters used in this thesis are always aerodynamic equivalent diameters unless stated 

otherwise. 

2 . 4 . 2 M E C H A N I S M S OF A E R O S O L D E P O S I T I O N 

Five different principal mechanisms determine particle deposition within the respiratory 

traa. Padides vduch Ibq^^ in d&Mnekf than 0.5 pm are pnn%uî  gf>\̂ Tned by 

aerodynamic 6)rces. This includes the deposition process of gravitational settling, re6rred 

to as sedimentation and the process of inertial motion, referred to as inertial impaction. 

Gravitational settling occurs if a particle deposits under the force of gravity. It depends 

on particle density and velocity of the airflow; the latter determines the residence time. It is 

mostly important for particles larger than 1 p,m. It is considered to be of minor interest for 

particle deposition in the nose, due to the small residence time (Lippman 1970). 

Inertial impaction occurs if a particle cannot aĉ ust quickly enough to an abrupt change in 

airflow direction, because of its inertia, and collides with the nearby airway wall. This 

mechanism depends on the aerodynamic diameter and the airflow velocity and is most 

important for particles of diameter dae > 1 pm. It is believed that impaction is the most 

important factor for nasal deposition, as the flow changes direction several times as 

described in section 2.3. For this reason it is discussed later on in more detail. 

For fibres and very large particles Interception contributes to deposition considerably. It 

occurs if a particle follows the airflow and happens to come within one radius of the 

particle to the wall and is so captured because of its finite size. This mechanism does not 

depend on flow velocity. 

Diffusion leads to deposition if the particles are small enough to undergo Browman 

motion, which is true only for sub-micron particles. 
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significant to increase deposition in the human airways (Hashish & Bailey 1991) ((Bailey 

1997). 

One mechanism to cause deposition is space charge, which arises if dense charged aerosols 

are inhaled. A second for this study more important mechanism is due to image forces, the 

charged particle induces image charge on a grounded surface. This becomes important if 

the particle is near to a surface (Bailey et al 1998) and therefore it could be very important 

6)r nasal deposition where the airways become relatively narrow. 

An important factor for the mobility of a particle is the charge-to-mass ratio, which usually 

dexzreases vviOi inc%t%isuig <iroi) size. ITierefbre othwar rnexdhzmisois, IDce ikngwactron arwi 

sedimentation, will be dominant if the particle size is large. This implies that particles must 

be small in order to be influenced in their deposition behaviour by charge, i.e. the charge-

to-mass ratio must be above a certain level (Bailey 1988). This is even more so the case 

since in these experiments no artificial external field is present. Therefore mostly particles 

which are close to the wall will deposit by image charge. Particle density might not be high 

enough for space charge to be significant. 

There is a limit to the amount of charge that can be sustained by a droplet above which it 

becomes unstable and disrupts. This limit is known as the Rayleigh limit, which is given by: 

= 8;;r(go7y ) 3 \ l / 2 Equation 2.2 

qR Rayleigh limit 

0̂ - permittivity 

(Bailey 1988) 

[C] 

KM 

d = diameter of particle 

rN^ 
T = surface tension of the liquid [—] 
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As an example sebacate oil which is used in this work, may be described. The permittivity 

of sebacate oil is 2.2 C/Vm and the surface tension is 27*10'^ N/m. ThereAre the Rayleigh 

limit for 3 |im sebacate droplets is about 27 C. This is not very likely to be reached in the 

experiments described later. 

2 . 4 . 3 INERTTAL I M P A C T I O N 

To describe inertial impaction a few statements about the movement of particles in gas flow 

are appropriate. 

A very useful parameter to describe the state of the airflow is the Reynolds number Re. It 

indicates the ratio of the inertial force of the gas to the friction force of the gas moving over 

a surAce: 

Re = • 
T] 

Equadon2J 

d == (UiiK%]sioii()ftlH;i3tyex% 

T/ = inskddnnsT/elocdty olFgfws [crn/s] 

pgas = density of gas 

^ == vis(X)sH3fofgas 

[g/cm] 

[g/cm s] 

Note that there is a distinction between the flow Reynolds Number Rcf and the particle 

Reynolds Number Rcp. The former defines flow in a tube or channel of a cross-sectional 

diameter d, the latter one describes gas flow around a particle of the diameter d. 

Since the difference between the particle velocity and the velocity of the surrounding gas is 

usually small and the particle size is also small, the particle Reynolds Number has usually a 

very small numerical value ( « 1) (Baron & Willeke 1993b). 

At small Reynolds Numbers (approximately < 2000) the flow is laminar, at higher Reynolds 

Numbers (approximately > 4000) the flow is turbulent. In the intermediate range it is 

critical, the flow is sensitive to the history of the gas motion. This is only true for 

unobstructed ducts. Obstructions or alterations in direction can cause turbulent flow at 

Reynolds numbers much less than those mentioned above (Baron & Willeke 1993b). 

Several forces determine the motion of a particle in the surrounding gas. The drag force is 

opposed to external forces such as gravitational and electric force and balances against 
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pressure and is determined by relative motion between particle and surrounding gas. 

The drag force is deEned as: 

Equadon]^ 

(Ip == jparticle dianKrkar 

Vp = velocity of particle 

[Hm] 

[m/s] 

Ti == TfLsccxshycxfgpas [g/crn s] 

TTbis ecpialionis zUsolkrKywn aa IStolces' lavf. It is assiunedtiuit tiie pKirdcle is spdiericsd acwi 
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Stokes' law is applicable in most cases. For particles, which are small enough to be 

iniluencecllby thw: jEbnowoian gsusiiiotior^ eisdip ccxrreetion factcxr haws ibo tx: uitnocbiceKi into 

the drag force. Since particles of such a size are not considered in this thesis, it will be 

neglected here. 

Inertial impaction can be described by the distance in which the particle will come to a rest, 

the stop distance S. The stop distance is a product of the initial particle velocity v and the 

relaxation time r . It is useful to determine how far a particle moves across the air 

streamlines when flow makes a right angle bend. 

5" = v*r Equation 2.5 

The relaxation time is the time the particle needs to adjust to a new condition of forces. 

r = 
p pd. 

18;? 
Equation 2.6 

dp = particle diameter 

Cc = slip correction factor 

[|xm] 

[1] 

Ti = viscosity of gas [g/cms] 

PP = density of particle [glcm] 
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larger the particle. 

An important indicating factor for inertial deposition is the Stokes Number, Stk. It is the 

ratio of the particle's stop distance, S, to the characteristic dimension of the obstacle, dc. 

= — Equation 2.7 

Using the equations above the Stokes Number is: 

Equation 2.8 

The Stokes Number is the ratio of the particle's inertia to the size of the obstacle. The 

nearer Stk is to zero the better the particles follow the streamlines of the gas flow. When 

the Stokes Number Stk approaches 1, inertia becomes an inqiortant 6ctor. 

If one can neglect buoyancy, in the case of rather compact particles, one can simplify the 

equation and Stk becomes dependent on the dae- Therefore the Equation can reduced to: 

Equation 2.9 

As mentioned earlier, electrostatic charge can enhance the deposition efficiency drastically. 

Wang et al investigated the deposition by inertia and electrostatic forces (Wang et al 1986). 

The results show that deposition is more effectively increased by increasing charge rather 

than the velocity of a particle. Deposition efficiency increases linearly with charge, for low 

Stokes Numbers (Stk <0.5), whereas the increase is less rapid for higher Stokes Numbers. 

Since the airflow experiences two 90° changes in direction within the nose (nasal valve, 

throat) as described in section 2.3, one could try to describe the deposition at these places 
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pipe. The sharper the bend the stronger the effects of secondary flow fields. 

Crane at all (Crane & Evans 1977) gave a simple correlation for the impaction efficiency E 

of particles in a bend for laminar flow, as a function of Stokes Number and bend angle 0 , 

which is independent of the bend radius: 

^ = &A0/2 Equation 2.10 

The effect of turbulence on impaction in a bent pipe was established by McFarland et al 

(McFarland et al 1997). They show that turbulence increases the deposition of particles in a 

bend considerably. Furthermore once the flow is turbulent, the influence of the Reynolds 

number can be neglected, whereas the Stokes Number and the bend angle have dramatic 

influences on deposition. These findings would suggest that the particle properties and the 

bend angle rather than the flow rate determine deposition in a bend. 

2 . 4 . 4 A D H E S I O N O F P A R T I C L E S A M ) B O U N C E 

After a particle meets a surface it either remains on the surface (deposits) or bounces back 

into the air. The reason for discussing particle bounce at this point is that solid particles are 

used in the in-vivo study, which do not cause problems there because of the soft tissue in 

the human nose, but bounce in the artificial nasal cavity. Therefore liquid oil droplets of the 

same aerodynamic diameter were used for the deposition study in the nasal cast. 

Once the particle has been deposited, re-suspension is relatively unlikely since the adhesion 

forces for submicron particles are very strong, and exceed other forces by orders of 

magnitude (Hinds 1982). Re-suspension of particles sometimes occurs by other particles if 

the particle density is relatively high, as it is in an impactor (Hinds et al 1985; John & Sethi 

1993). Adhesion is linearly dependent on diameter and increases with decreasing diameter. 

Thus large particles become detached more readily than small ones. Individual particles 

25 



smaller than 10 pm are not likely to be removed easily, once deposited (Baron & Willeke 

1993a). 

Impact adhesion can be described in terms of an energy balance. Xu et al (Xu et al 1993) 

state that deposition and rebound depend on radius, mass and velocity of the particle which 

approaches the surface and the impact angle. The impact energy is; 

/ 2 Equation 2.11 

To take accoimt of the impact angle the velocity is resolved into a normal component, Vm, 

and a tangential component, Vit. 

Upon impact with the surface the total kinetic energy of the particle is the sum of the initial 

kinetic energy and the adhesive energy gained upon approach to the surface. When the 

particle velocity is reduced to zero, part of this energy is dissipated by various mechanisms 

(e.g. plastic deformation, elastic deformation). The stored elastic energy is recovered and 

converted into kinetic energy again. If the recovered kinetic energy is less that the energy 

required to separate the particle from the surface then the particle remains adhered to the 

surface. On the other hand, if the recovered kinetic energy is greater than the separation 

energy, then the particle wiU rebound away from the surface; it bounces. Whether particles 

bounce not only depends on the type of particle (physical property, shape, size), but also on 

the type of surface. Grease or oil on the surface will generally increase the likelihood of 

adhesion, but after a layer of particles has been deposited, the incoming particles may 

bounce from the top surface of those previously deposited. Paw U et al (Paw U 1983) 

studied particle bounce from different surfaces for several different particles. They 

concluded that the type of particle is more important than the type of surface in governing 

the rebound phenomenon. 

Eeo represents the energy stored in elastic deformation, when deformed over a radius Re. 

When the elastic stress limit of the particle or the impact surface is exceeded an amoimt of 

energy Ep is lost in plastic deformation. 
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Finally the particle leaves the impact sur6ce with a certain rebound velocity and kinetic 

energy, if it can overcome the sum of energies caused by plastic deformation and adhesion. 

In general the angle of rebound is dif&rent 6om the incident angle (John 1995). 

The ability of liquid droplets to deform elastically, and thus to store energy, depends on the 

sur6ce tension, but is generally very low. Since adhesion Ar particles smaller than 10 |im is 

very high, the energy from the elastic deformation is much smaller than the adhesion energy 

and the particle remains on the surface. Therefore almost all the energy will be lost in 

plastic deformation. Consequently one can safely assume that the rebound of liquid 

particles is not signiGcant. 

An experiment conducted by Wang et al (Wang & John 1987) confirms this assumption. 

They compared the deposition of liquid particles on a stainless steel ring versus that of solid 

particles on the same ring, but soaked with vacuum oil. The results for both, the solid and 

the liquid particles fell on the same curve. 

For the experiments described in this thesis it is assumed that the deposition of liquid 

particles on a solid surface does not differ significantly from the deposition of solid particles 

on a wet surface. 

2.5 PARTICLE DEPOSITION IN THE NoSE 

The deposition of particles in the nose relies on the mechanisms that are described in the 

section above. Respiratory deposition occurs in a system o f changing geometry and at a 

flow which changes with time and cycles in direction. This added complexity means that 

predictions of nasal deposition cannot be made from basic theory and one must rely to a 

great extent on empirical data and empirically derived equations. In this section the 

mechanisms of deposition in the nose and previous experiments on deposition in the nose 

are referred to. 
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2.5 .1 iMHALABiLrry 

There is an aspiration efficiency that depends on the size of particles and the velocity of the 

siuTxoimdiiy; air aixl prexlicts theĵ ercxsntayge cdFfwarticlGs thai can eirkar lAie res%)in&tor)r liquet. 

It is called inhalability of particles and decreases with increasing particle size. It depends on 

the size of the aerosol, the velocity of the surrounding air, the inhalation flow rate and 

whether nose or mouth breathing is used. In general the inhalable particle size is larger if 

the surrounding air is moving, but it depends on the velocity and the direction of the 

surrounding air stream. The experiments in this thesis are only performed in a controlled 

laboratory environment, where the surrounding air is stiU, and nose breathing only is used, 

therefore the studies mentioned below are only studies of nasal inhalability conducted in 

still air. 

Breysse et al (Breysse & Swift 1990) showed with a human volunteer experiment, that 

nasal inhalability in still air is less than 100 % for particles larger than 18 juim and ends at a 

sbe ofaAout'W)pa& The u#er^u^^ctT#rabUky depoaWon axons to 

decrease with increasing particle size. The experiments carried out by Hsu and Swift (Hsu 

& Swift 1999) on manikins showed inhalability greater than zero of much larger particles. 

They measured inhalability of around 20 % for particles of 40 pm in diameter and the 

inhalability reduced to zero at around 110 pm. It is also notable that the difference between 

breathing at rest and moderate exercise is not significant here. 

The discrepancy could be due to the use of human volunteers by Breysse et al and manikins 

by Hsu and Swift manikins. Also Breysse et al measured inhalability only up to a particle 

size of 30.5 pm and interpolated ftom there to 0 % inhalation efficiency at 40%. However 

this stiU does not account for the large difference and further experiments should be 

conducted with human volunteers 

2 . 5 . 2 M E C H A N I S M S O F P A R T I C L E D E P O S I T I O N W R M I N THE N O S E 

ISkyt CHoly BuarosKxl tsdiai/kyur, tfut zikx) flow ]pattem acid zuiiaKiTf rocHqplkolojgy iiiQwerKx: tlx: 

total amount of particles depositing and moreover their distribution within the nose. 
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AEROSOL BEHAVIOUR IN THE NOSE 

Of major importance for nasal deposition is inertial impaction for larger particles 

lum), due to izbanges in ajrjlo\v (iinsctioii at the laasail auad zit iWie txaod to ttw; 

throat. While the total area of the airway increases on moving from the nasal valve to the 

turbinate region, the individual channels become narrower. The increase in total area causes 

the flow to slow down, and the decrease in width brings more of the particles to within a 

somaU distance olF the \vall. bcndh tliese rexasons (ib3lisi\ns (iepxasitiori (pKTiKzqpalty lof 

ultrafine particles) is more effective in the turbinate region; this constitutes a second major 

mechanism for nasal deposition. As described in section 2.3 flow is assumed to be turbulent 

throughout the nose, which should enhance deposition by impaction. Interception could 

occur at the coarse hair in the nostrils and in the narrow nasal valve, but its contribution is 

larger with increasing particle size or for fibres. The residence time of particles in the nose 

is too short for sedimentation to be a dominant factor (Swift 1981). If the electrical charge 

and the aerosol concentration are high enough it might enhance deposition in the nose, 

although Fry (Fry 1970) found that particles which are electrically charged during their 

production with the spinning top aerosol generator do not have greater deposition than 

particles which are neutralised with a ^̂ Kr source. The author suggests that the influence of 

impaction is higher than that of electrostatic charge for particles larger than 1 pm. 

However, the charge on the particles in this study was at a level which occurs naturally 

during the production of the particles. It is far lower than that of deliberately charged 

particles. It remains to be investigated whether high charge levels induced by corona 

discharge can enhance deposition. 

INFLUENCE OF AEROSOL CHEMISTRY 

Water-soluble particles deposit in a more complicated way due to hygroscopic particle 

growth within the warm and humid environment of the respiratory tract. For this reason, 

deposition could be different for hygroscopic rather than for non-hygroscopic particles of 

the same initial size. Perron (Perron 1977) describes the deposition behaviour of such 

particles in general, and finds that particles smaller than 1 |j.m reach a plateau of maximum 

growth relatively soon, whereas larger particles grow more slowly. He implies that particles 

larger than 2.2 pim undergo half of their relative size increase after passing the naso-

]}baryry?eal regpbii. Tluarefbre, onhfliie srnalkar Ibygpnasccqik: ixardcdes iire lOceby to (dbaryre 

their deposition behaviour within in the nose. 
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sedimentation and dififusion mechanisms decreases. The air velocity varies during both the 

inhalation and exhalation parts of the breathing cycle (i.e. a constant value cannot be 

assumed which complicates algorithms used to model deposition). 

INFLUENCE OF ANATOMY 

Rasmussen et al (Rasmussen et al 1990) suggest that the airway dimensions alone cannot 

be used to predict deposition. They did not find a correlation between the anterior 

minimum area and deposition, nor one between the shape of the nostrils and deposition. 

Contrary to Rasmussen et al, Kesavanathan et al (Kesavanathan & SwiA 1998) suggest that 

the shape of the nostrils and the minimum area of the nose do influence the deposition 

efficiency DE. A formula was developed which takes the ellipticity of the nostrils E, the 

minimum nasal cross-sectional area Amin, the volumetric flow rate, Q, and the aerodynamic 

diameter, dge, of the particles into account: = The authors 

suggest that as the length/width ratio of the nostrils increases the deposition in the anterior 

part increases. 

Cheng et al (Cheng et al 1996) found that nasal deposition of ultrafine particles increases 

for subjects whose airways have smaller cross-sectional area and larger airway surface. 

LOCATION OF DEPOSITION 

A high percentage of larger particles tend to deposit in the anterior part of the nose (Fry & 

Black 1973). Two main reasons can be given for this: firstly, the coarse hairs in the 

vestibule act as a fibrous filter (Swift & Kesavanathan 1996) and, secondly, at the nasal 

valve the air must pass the narrowest passage in the nose and at the same time take a 90° 

bend, which filters larger particles by impaction. 

Ultrafine particles tend to deposit in the region of the conchae, which subdivide the cavity 

on each side into a series of groove-like passageways and turbinate the airflow. An 

appreciable fraction of ultrafine particles tends to deposit at the nasal hair (Swift & 

Kesavanathan 1996). 

30 



REVIEWS OF NASAL DEPOSITION 

Several studies have been concerned with the total aerosol deposition in the human nose in-

vivo. Mercer et al (Mercer 1975), Lippman (Lippman 1977), Yu et al (Yu et al 1982), 

Schlesinger (Schlesinger 1985), Stahlhofen et al (Stahlhofen et al 1989), and ICRP 

Publication 66 (ICRP 1994) reviewed some of them. These studies provide comprehensive 

data, which enable the determination of deposition in an average subject as a function of 

particle size over a given range. The results suggest that total deposition is at its minimum 

for 0.5 <dae < 1 pm. The deposition of particles smaller than 0.5 fxm increases with 

decreasing particle size, whereas the deposition of particles larger than 1 |j,m increases with 

increasing particle size. However, it should be noted that there is a high inter-subject 

variability. 

MODEL OF NASAL DEPOSITION 

Due to the complex anatomy and the complex flow pattern in the nose, not many models of 

nasal deposition exist. Scott et al (Scott et al 1978) developed a numerical model of 

particle deposition in the human nose. They partitioned the nose into five compartments 

and simplified their geometry. Further they calculated deposition in these compartments 

caused by direct inertial impaction and found that the amount predicted is not as high as the 

amount measured experimentally. Only when taking inertial impaction caused by secondary 

flows after the nasal valve into account, did the calculated deposition agree with that 

measured empirically. Furthermore they state that the vortices behind the nasal valve are 

more efficient in depositing particles then direct impaction in other sites of the nasal 

passage. They also found that small changes in geometry cause large changes in deposition. 

CORRELATION OF RESISTANCE OR AIRFLOW ON DEPOSITION 

Some authors have tried to correlate deposition patterns with the three important factors of 

particle diameter, airflow and anatomy: 

Hounam et al (Hounam et al 1969; Hounam et al 1971) have shown that individual 

deposition patterns, which vary between subjects, correlate better with nasal resistance than 

with flow rate. They found that increasing resistance increases the deposition. However 

Becquemin et al (Becquemin et al 1991) have shown that deposition correlates better with 

inspiratory airflow than with resistance. 
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also contrary to Hounam et al. 

Another study from Kesavaneathan et al (Kesavanathan et al 1998) attempted to make the 

connection between deposition and resistance. They found only a significant dependency 

during unilateral breathing, whereas during breathing through both nostrils the dependency 

isiiot sygoiGfamt. 

All four studies used about the same range of particles and the same range of airGow. The 

difference, which might cause the different results, is; Hounam et al and Kesavanathan et al 

used flow through the nose and out of the mouth with glottis closed, whereas Becquemin et 

al and Rasmussen et al inhaled into the lung then expired through the mouth. The closed 

glottis could alter the flow condition in the nose and therefore the deposition. 

Yu et al (Yu et al 1982) conducted a statistical analysis of the deposition in the nose and 

used the results of previous experiments of several authors for this. They found a 

dependency on flowrate rather than pressure drop, but had high scattering in their data and 

therefore suggested a high biological variability. 

SUMMARY 

The diverse of the results show that it is very difficult to draw conclusions as to which are 

the dominant factors influencing the nasal deposition. Not only the inter-subject variability 

but also the intra-subject variability contribute to this. In most of the studies above, there 

was a high degree of scatter in the data and the conclusions were derived from statistical 

calculations. These conclusions therefore contradict each other very often. To clarify this it 

could be helpful to determine where exactly particles are depositing, and the changes in 

deposition that occur if only one parameter is changed. Thus replicate casts are used in this 

work since they can be dissembled. Also the conditions inside the cast are constant with 

regard to humidity, anatomy, airflow and it is possible to have reproducible results. If 

changes are made they can be made in a controlled way. 
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2.5.3 LITERATURE REVIEW OF PARTICLE DEPOSITION IN NASAL CASTS 

Fewer studies of nasal deposition have been per6rmed in-vitro than in-vivo, and most of 

them have used ukraGne particles. Tvyo diGerent methods of obtaining casts are normally 

used: one technique is to take a cast of the airway passage of a human cadaver and the 

other one is form the nasal passage according to images of the airways. Their advantages 

and disadvantages are described in section 4.1. 

STUDIES USING COARSE PARTICLES 

Itoh et al (Itoh et al 1985) and Kim et al (Kim et al 1985) both used the same post-mortem 

cast, moulded in transparent plastic from one half of a human nasal tract. 

Itoh et al used particle sizes from 0.4 to 4 jam and a constant flow rate of 13 L/min (half of 

the normal flow rate), and investigated the efkct on deposition of diSerent carrier gases 

(He, SFe and air). It appears that deposition increases with increasing gas density, but the 

differences diminish as particle size increases. They also found that the largest aerosol 

deposited selectively at the anterior part of the middle turbinate. The smaller size (1.3 pm) 

also deposited at the anterior part of the middle turbinate as well as shortly behind the nasal 

valve. The submicron particles had a more diSuse deposition pattern, though for them the 

deposition was also highest in the first half of the nose. The reason they give for these 

deposition patterns is: The largest particles are not so greatly infuenced by the vortices 

occurring after the nasal valve and therefore travel directly ahead and impact at the 

beginning of the middle turbinate. In contrast the 1.3 pm particles are affected by these 

vortices and deposit after the nasal valve as well as impacting on the middle turbinate. The 

smallest size particles are not greatly influenced by impaction, but deposit by diffusion and 

are therefore more scattered. 

Kim et al used monodisperse oleic acid particles, of diameter 3 pm and 5 pm, labelled with 

fluorescent dye, to determine deposition patterns at constant flow rates of 15 L/min (at 

rest) and 30 L/min (exercise). Their results also suggest that the majority of particles 

deposit in the anterior part of the nose; for 15 L/min the majority even deposits before 

reaching the first turbinates. For the higher flow rate the distribution of deposition in the 

front and in the turbinate region seems to be more equal. 

Swift et al (Swift 1991) used two casts based on MRI scans of the nasal passage, which 

were hand carved. One cast was from an adult and one from a child (1.5 years) and they 
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used a range of particle size 6om 1 to 10 pim. The flow rate was constant and in the range 

of 7 to 50 L/min. Some parts of the aduh cast were exchangeable to simulate decongested 

and congested airways. Additionally the cross-sectional area of the airways was measured 

by acoustic rhinometiy. 

The results show individual deposition curves for each flow rate which increase with 

increasing particle size. As e]q)ected the deposition increases with increasing flow rate. The 

same data plotted using the inertial parameter da^Q, where da is the aerodynamic diameter 

and Q is the volumetric flow rate show the data on one single, smooth, S-shaped curve. 

The authors therefore conclude that deposition is flow dependent and using the inertial 

parameter is a valid method. This implies that impaction is the dominant factor for 

deposition in the nose. When simulating a congested, a normal and a decongested nose, the 

deposition was highest for the congested state, less for the decongested state and smallest 

for the normal nose. The results which compare the adult and the child cast suggest that the 

total nasal aerosol deposition 5)r an adult and a child is similar 5)r the same state of 

breathing. 

In another study Zwartz and Guilmette (Zwartz & Guilmette 1999) used 5.5 pm particles 

and a cast based on MRI scans and then milled in plates using a computer controlled milling 

machine (cast 2 is a duplicate of it). Particles were drawn through at a constant flow rate at 

20 L/min. The total deposition in the cast is 36 %. Localising the particles with a system to 

detect fluorescence, described in the same paper, shows that almost all the deposition is 

before the nasal valve. The maximum is at the first half of the nostrils, but very little 

deposition in the turbinate region and basically nothing aAerwards. 

STUDIES USING ULTRAFINE PARTICLES 

Strong et al (Strong & Swift 1987) used a cast, which was also used by Itoh et al above. 

They measured the deposition of particles (5 to 150 nm) in the cast and established that the 

deposition of ultrafine particles increases with decreasing particle size. 

Cheng et al and Yamada et al (Cheng et al 1988; Yamada et al 1988) used the same 

equipment and considered a particle size range of 0.005 - 0.2 pm. They compared the flow 

resistance of the cast (which was made from a post-mortem negative cast) with several 

values from the literature and found good dynamic similarity (the pressure drop, in terms of 
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;; = 1 - exp(-40.3 * , where T| is the deposition efSciency, Q is the volumetric 

flow [L/min] and D is the difiusion coefficient [cmVs]. 

Yamada et al also measured expiratory deposition at a Bow rate of 1 L/min. The deposition 

of particles smaller than 0.2 p,m was found to increase with decreasing particle size. 

Gradon et al (Gradon & Yu 1989) studied the deposition behaviour of ultrafine aerosols in 

a surrogate model of the human nose. This was made from epoxy resin and silica and based 

on images from computer tomography. Particle deposition kinetics were simulated using a 

layer of benzoic acid and boric acid, which coated the inner sur&ce of the cast, and a 

glycerol-water solution was used to simulate air Gow though it. The dissolution of the acid 

into the glycerol-water solution was measured and used to calculate the deposition 

eflBciency. The conclusion here was that the deposition eflBciency depends only weakly on 

the flow rate, and that diffiisional deposition becomes significant for particles smaller then 

0.01 pm. Furthermore the flow in the nasal passage is predominantly turbulent. 

Swift et al (Swift et al 1992) used a post-mortem cast (also used by Cheng et al, 1988 and 

Yamada et al, 1988) and three others which were made using MRI scans. One was made 

for a normal child aged 18 months whereas the other two were for normal, non-smoking, 

middle-aged adults. The two adult casts were smaller than the post-mortem cast. Ultrafine 

aerosol deposition of particles, with mean size from 0.006 - 0.2 pm, was measured in aU 

four casts in three different laboratories. The results appear to depend on particle size and 

flow rate rather than the size of the cast and were summarised in the equation: 

T] = l-exp(-bQ''^D'^), where r| is the fraction of particles deposited, Q is the volumetric 

flow [L/min], D is the difiusion coefficient [cm^/s] and b is an empirical value 12.65 + 0.17. 

Martonen et al (Martonen & Zhang 1992) commented on various experiments described 

above. They compared the results of Cheng et al 1988 and Yamada et al 1988 with those of 

Gradon et al 1989 and pointed out that the deposition rate differed by a factor often for the 

same particle size and flow rate. Furthermore, cast deposition data were compared with 

those from human volunteers and some discrepancies were found. They commented on the 

findings as follows: "Human replica casts and anatomically correct surrogate models are 

35 



difBcult to obtain and related deposition data, thereAire, very in^ortant. So an issue to be 

addressed is: to what can the disparities be attributed?^' They suggested possible reasons 

for this but did not perAirm experimental checks. 

Cheng et al (Cheng et al 1993) used four replicate models, two based on MRI scans and 

two from cadavers, where one of each had nasal hair to determine the deposition of 

particles between 0.006 and 0.2 pm. The results show lower deposition than that predicted 

by the equation of Cheng et al (1988) but confirm the equation of Swift et al (1992) written 

above. Furthermore the deposition was found to increase with decreasing flow rate and 

decreasing particle size. Nasal hair increased the deposition only slightly. Also in this case 

the highest deposition occured in the vestibule, before the valve, with a second peak at the 

beginning of the turbinate region and a third at the nasopharyngeal region. 

Cheng et al (Cheng et al 1995) compared casts, Wdch were constructed from MRI scans, 

of children (1.5, 2.5 and 4 years). Deposition was measured with particles from 0.2 to 

4.6 nm and flow rates of 3, 7, and 16 L/min. The results show that the equation previously 

established by Swifr et al (1992) and Cheng et al (1993) also applies here, but with 

coefBcient b expressed as a frmction of age, b(t). 

Cheng et al (Cheng & Swifr 1995) studied the deposition in a post mortem cast (also used 

in Cheng et al, 1988, and Swift et al 1992) and used a particle size range from 0.0036 to 

0.15 jj,m. The flow was constant and ranged from 4 to 30 L/min. The results suggested that 

there is no significant difference in total deposition between uninterrupted flow and 

simulated breath holding. 

Cheng et al 1998, (Cheng et al 1998), compared the deposition of a post mortem nasal 

casts with that in human volunteers for ultrafine particles. They used constant airflow of 

4 L/min and 20 L/min for both studies. The deposition efficiency matched reasonably well 

for particles smaller than 0.01 pm and was slightly higher in the human volunteers for 

particles between 0.01 and 0.1 pm. The human volunteers were different subjects than the 

one the cast was made from 

SUMMARY 

Both in-vivo and in-vitro studies show that for coarse particles deposition increases with 

increasing particle size, whereas the opposite is the case frir ukraJGne particles. Fine 
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particles appear to deposit mostly in the anterior region; only if the flow rate increases does 

particle deposition in the middle passage increase. 

Much eSbrt has been dedicated to 6id a formula which describes the total deposition in a 

nasal cast as a function of flow rate and particle size. Swift's finding of the decongested 

nose having a higher deposition than the normal nose also implies a dependency on flow 

rate, or Stoke's Number rather than pressure drop. The higher deposition could be caused 

by vortices of which there may occur more at this state. The question which was not 

addressed was how representative the results gained with a cast are. Only Cheng at al 

compared the pressure-drop flow dependency in the cast with values of human volunteers 

from the literature and found an agreement. They also compared deposition of ultraflne 

particles in a cast and in human volunteers, but did not have the same volunteer for the in-

vivo study as for the cast. The problem here is again the inter-subject variability. Also most 

of the cast studies were made using constant flow to draw the particles through the cast, 

but the influence of breathing pattern on deposition has not been established. This thesis is 

concerned with this problem, amongst others, as described in the next section. 
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3 OBJECTIVES 

The overall aim of the study is to investigate the regional deposition of aerosols in nasal 

ajr\vag/s. ]Prior Ik) this stiwiŷ  SK)me irngkortaat inspects cxf1:lie swityject twid raceivexl relative:!]/ 

little attention: 

' The comparability of nasal casts and human volunteers 

' The influence of various breathing patterns on deposition 

' The exact location of deposited material in the cast under difkrent particle size and 

flow rate conditions 

® The influence of electrostatic charge on particle deposition in the nasal airway 

These aspects Arm the subject of the study. 

EQUIPMENT DESIGNED AND BUILT FOR THE STUDY 

To determine the exact location of particle deposition and the various influences on it, the 

use of an artiGcial nasal cavity is preferable to a human volunteer. Two nasal models (casts) 

have been built, based on magnetic resonance imaging (MRI) scans of human volunteers. 

One of these volunteers is taking part in an in vivo study being carried out at NRPB to 

determine the total deposition of inhaled particles in the nasal airways and their clearance 

kinetics. The second cast is a duplicate of a cast which is used at the LRRI in Albuquerque 

NM, therefore results will be comparable. Additionally, two sets of nostrils representative 

of different ethnic groups have been built in order to establish the influence of nostril shape. 

A computer controlled breathing simulator has been designed and built in order to deliver 

particles to the nasal cast. It allows previously recorded human breathing patterns to be 

implemented as well as artificial ones. The system has been tested and the results show that 

it produces the desired breathing pattern very accurately. It has proved to be a reliable tool 

for reproducing a wide variety of breathing patterns. 

EXPERIMENTAL WORK 

Naso-pharyngeal breathing patterns vary widely among different human subjects as does 

their nasal anatomy. Experiments have therefore been carried out to measure total 

deposition in the cast, using the same breathing patterns (recorded from the human 
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volunteer at rest and light exercise) and particle size range (1.5, 3 and 6 ^m) as in the m 

vfvo study. 

Further e)q)eriments were carried out to measure total deposition in the cast: 

' with difkrent breathing patterns 6om difkrent human volunteers, as well as 

dif&rent artiScial breathing paMems (sine wave, rectangular wave, constant 8ow), to 

establish their influence on deposition. 

using the two casts with different nostril sets, with the same breathing patterns 

(constant flow and human breathing) and the same particle size (6 |im), to establish the 

influence of anatomy. 

' with diSerent particle sizes, using the same breathing patterns (constant flow and 

human breathing) in the same cast, to establish the influence of particle size. These 

experiments also allowed comparisons to be made with previous studies, since earlier 

studies have generally used constant 8ow rather than realistic breathing patterns. 

Experiments with radio-labelled particles have been carried out in order to establish the 

distribution of deposited particles within the cast, using the same breathing patterns (human 

breathing at rest and light exercise) and particle sizes (1,3 and 6 |im) as in the in vivo 

studies. As well as providing information on the distribution of deposited material, this 

work should contribute to our understanding of the clearance mechanisms in the nose. 

After depositing particles in the cast, it was disassembled and the total activity on individual 

plates measured. The distribution of activity on selected plates were measured by placing 

them in contact with X-ray fikn. 

Further work was carried out to investigate the influence of electrostatic charge on particle 

deposition for at least one particle size. A device was buUt to charge the particles and 

measure the charge. Unfortunately the cast made from Perspex repels the charged particles 

after a few minutes and the experiments could therefore not be carried out. These 

experiments are postponed, since the surface of the cast has to be made conducting. 
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NASAL CASTS AND THEIR CONSTRUCTION 

4.1 NASAL CASTS 

leasts Tvere ijeî dkypfKl to sdmidafe lOie Bwiatoiny lof thwe iiasal airvwiys. THhis aA%)kis 

endangering human subjects and also makes measurements independent of human subjects. 
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copy is, it cannot replicate such important properties as mucus, hairs and cilia. It is a matter 

of choosing the method that comes closest to reality. 

There are various methods of obtaining nasal casts. One technique is to produce a solid 

cast, post mortem, by filling the nasal cavity of a cadaver with any suitable casting material. 

After the material has cured, the surrounding bones and tissue are removed. Subsequently, 

a hollow nasal cast may be moulded 6om the solid cast. An advantage of this method is 

that the anatomy of the nose is duplicated quite accurately. Most of the smallest structures 

can be reproduced, but the casting material does not always 611 the Gne structures. 

However, most of the interior lining is formed from erectile tissue, which collapses post 

mortem and so enlarges the air passages. The consequence is that the post-mortem nasal 

cast is a better match to a decongested nasal cavity (Guilmette et al 1989), than to a normal 

nasal cavity. 

It is also possible to make a solid cast based on in-vivo images produced by MRI scans 

(Magnetic Resonance Imaging), using stereo lithography. With this method the cast is 

cured out of liquid plastic by a laser beam. The laser cures layer by layer according to the 

MRI scans. This method has the disadvantage of having an edge between each layer which 

cannot be smoothed, since the inside of the cast is inaccessible. 

Another method based on MRI scanning was used here. Using MRI scans may not be very 

accurate, with regard to very small structures, since their resolution is only about 1 mm. In 

some areas, the images are unclear and must be interpreted. Such uncertainty is not 

regarded as significant. The main advantage is that the sizes of the airways are much more 

representative of the in-vivo state. As mentioned above the cast behaves differently from 

the human nose, but with the potential to compare deposition in the human volunteer with 

that in the corresponding cast, it might be possible to improve the cast. 
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history of nasal diseases. In-vivo deposition data 6r one of the sutgects (sutject 1) is 

available for comparison with cast deposition. The cast named subject 2 is the duplicate of 

a cast used at Lovelace Respiratory Research Institute (LRRI), Albuquerque, NM and 

made from a subject who also took part in many experiments and whose deposition and 

breathing are also available. For each subject, the nasal cavity was imaged at intervals of 3 

mm̂  from the tip of the nose to the back of the throat. The geometries were digitised and 

then milled into about 70 transparent acrylic plates (2 per scan). The assembled plates 

resemble the nasal cavity. The benefit of using contiguous plates is that the cast can be 

dismantled and the edges arising between the plates can be smoothed by hand. 

Additionally, two sets of nostrils were made which were based on a male Asian and a male 

Afro-American volunteer. The reason for this is that the nostril shape can influence nasal 

deposition (Kesavanathan et al 1998). The sets of nostrils stop before the appearance of the 

frrst turbinate, when the nasal valve has been passed, since the nasal valve appears to play a 

major role in nasal deposition (Haight & Cole 1983). Both nostril-sets can be used to 

replace the nostrils in either of the main casts. 

4.2 CONSTRUCTION OF THE NASAL CAST 

The method used for the construction the nasal casts from MRI scans was established in the 

Lovelace Respiratory Research Institute in Albuquerque NM, USA. Dr. Ray Guilmette of 

this institute kindly offered the facilities (Guilmette & Gagliano 1995). Therefore the casts 

used in this work were made by the author in Albuquerque. 

Following steps were involved to produce the casts 

' Take coronal MRI scans from a human volunteer 

' Digitise the images so the software for the milling machine can read it 

® Import into milling machine software and define the tool-paths for the end-mill 

® Use of CNC milHng-machine to mill out plates and refine them by hand if necessary 

' Assemble plates to cast 
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The coronal images obtained from MRI scans were stored as *.tif files, i.e. they are stored 

in pixels, line by line. These had to be converted into a vector format compatible with the 

"Smart Cam" software which is used to control the milling machine and so produce the 

acryhc cast plates. This could not be done automatically because bones and air appear 

exactly the same on MRI scans and, as mentioned above, some airways are too small to be 

seen clearly. Airways, which were not distinguishable from the background, had to be 

defined in terms of the neighbouring images. Identification of the airway was usually 

straight forward. Only in very few cases was it impossible to identify the geometry and, in 

these cases, it was necessary to refer to anatomical books (e.g. the connection to the 

olfactory bulb, which must exist but could hardly be identified). 

Computer 

— — 

— a -

Microphones 

J 
MRI 
Image 

Sonic Pen 

Figure 4.1: Set-up for digitising the geometries 

For digitisation, the geometries were printed onto paper and redrawn using a sonic pen, as 

shown in Figure 4.1. The co-ordinates of the sonic pen were recorded using two 

microphones and so it was possible to store the vectors from point-to-point. 
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As described above two casts &om di@erent sutqects, who are called subject 1 and 2. Also 

two diOerent sets of nostrils were made, who are called subject 3 and 4. All four casts were 

derived &om men without 6)rmer respiratory diseases, subject 1 and 2 ethnic Caucasian, 

sutgect 3 ethnic A&o-American and subject 4 ethnic Asian. 

Figure 4.2 shows all the perimeters of subject 1 as they were digitised starting from the 

throat (imagel) to the tip of the nose (image 34). Figure 4.3 shows the perimeters of 

subject 2, from the throat to the tip of the nose, image 1-37. As mentioned above, the sets 

of nostrils stop before the first turbinate appears, therefore, the connection plates to cast 1 

and 2 are made before the first turbinate. Additionally connections were made between cast 

1 and nostrils of cast 2 and vice versa. 

Also connections for casts and the two nostril sets were made. They start after geometry 25 

for cast I, and for cast 2 after geometry 27. There&re, connection plates were made 

between geometry 25 of subject 1 and the first geometry of subject 3 or 4, called in both 

cases geometry 28, and geometry 27 of subject 2 with the first geometry of subject 3 or 4 

(geometry 28). The subjects 6)r the nostril sets were not only chosen 5)r their ethnic 

aflSliation but also because the same side of the nose was restricted as in subject 1 and 2. 

Figure 4.4 and Figure 4.5 show the perimeters of the nostril sets 3 and 4 respectively. 
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Figure 4.2: Perimeters of subject 1 
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Figure 4.3: Perimeters of subject 2 
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Figure 4.4: Perimeters of nostril 3 

34 35 36 
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Figure 4.5: Perimeters of subject 4 

With the exception of the 5rst and last plates, the perimeters (deSned as *.dxf files) are 

imported to the "Smart-Cam" software two at a time. Two adjacent perimeters are assigned 

dif&rent z-co-ordinates, separated by a distance of 3 mm, and then connected by a 

numerically de&ied tool-path, as shown in Figure 4.6 (repeating the process until all the 

tool-paths are de&ied). 
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Figure 4.6: Perimeters 3 and 4 (subject 2) connected by a tool-path 

As the first and the last perimeters end abruptly a smoother ending had to be devised. 

These geometries were merged smaller and smaller and each of the smaller geometries set a 

bit deeper. This method led to a curve, 2.6 mm deep for each geometry 1 and 1.2 mm deep 

for each of the last geometries. 

The endmiU could not cut deeper than 1.5 mm, but the MRI scans were 3 mm apart. 

Therefore two plates, each 1.5 mm thick, had to be milled, instead of one 3mm thick. For 

that reason, an intermediate, substitute perimeter was created by cutting the tool-path 

horizontally in half and storing the halves in two separate files, as for example, geometry 3-

4 top and 3-4 bottom (abbreviated and carved at the plates 3-4 TOP and 3-4 BOT). 
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Figure 4.7 shows two simplified 

geometries with the green 

perimeter above the blue one. The 

milling machine can only move in 

the X,- y-and z- co-ordinate 

directions. The cutting head 

cannot be angled and so the plates 

must be milled from two sides, 

which can easily be distinguished 

from the top view. 

If the green tool-path is outside, it 

must be milled from the front, 

whereas, if the blue one is on the 

outside, it must be milled from the 

back. 

Figure 4.7: Schematic perimeters in top and side view. 

Figure 4.8 shows two real perimeters, again with the green on top of the blue. Two actual 

tool-paths are shown in Figure 4.9. The blue tool-path must be milled from the front, and 

the green from the back. 

Figure 4.8: Perimeters in top view Figure 4.9: Tool-paths in top view 
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Endmill 

Toolpaths 
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For positioning after flipping, two holes with known co-ordinates were inserted in the 

plates while milling the front side. Each plate was also identified, on the front side, by 

engraving the plate number and the subject's number. 

Though the end-mill is very fine (0.2 mm 

diameter), there were practical limitations 

regarding its ability to cut the narrower airway 

profiles. 

This is because the cutter could not be angled 

(though angular cuts could be made, by 

simultaneously moving the end-miU in more than 

one co-ordinate direction, as for the larger 

airways). In the turbinate region, the airways are 

sometimes very narrow and fiill-depth end-milling 

would remove too much material, resulting in the 

airways being much wider than required. 

However, the tool-path could be shortened which 

prevented the end-mill from cutting in too deeply 

f ( and removing excessive material. 

Figure 4.10: Schematic narrow airway 

The schematic diagram of Figure 4.10 shows that the tool-path could only extend to the 

adjacent airway perimeter (viewed from above) for restricted geometries such as this. Any 

excess material had to be removed by hand with the end-mill cutter mounted in a dental 

drill. A second type of hand finishing, used on all the plates, was the blending of 

consecutive profiles, two at a time, by edge-smoothing (again using the end-miU cutter in 

the dentist's drill). This procedure, which was performed under a microscope (about x20), 

was necessary since plate thickness varied between about 1.47 and 1.52 mm which led to 

imperfect matching. The square acrylic plates all have an alignment hole in each comer. 

Four brass studs pass through these comer holes and hold the plates together as an aligned 

assembly. After assembling the cast, the nostrils were shaped according to photos of the 

nostrils in vivo. 
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5 DESIGN AND DEVELOPMENT OF THE BREATHING SIMULATOR 

In order to deliver particles to the nasal cast, it was necessary to develop a device which 

"breathed" air and aerosol through the cast. This device was required to be able to simulate 

human breathing patterns at flow rates that are typical for humans. For the purpose of these 

experiments a breathing rate up to 50 L/min was sufficient. This is the flow rate humans 

achieve during light exercise. The reason for this limitation was that nasal airflow only was 

to be simulated and airflow in the nose is restricted as described in section 2.1.2. The 

human breathing pattern used for simulation was recorded from in-vivo experiments in 

which particles were administered to human volunteers who were at rest or performing 

light exercise. The simulator was also required to enable the generation of artificial 

breathing patterns e.g. sinusoidal waves. An example of a human airflow pattern is shown 

below. 
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Figure 5.1: Airflow pattern of a human volunteer 

In order to simulate such breathing an electromechanical device is needed. Several devices 

have been built to simulate human breathing, although most of them can only drive 

50 



predefined patterns such as sinusoidal waveforms. A few of the devices are more 

sophisticated and are able to drive user-defined patterns. 

One device with the tradename "Electronic Lung" (MacArthur & Fleck 1997) was 

developed by Technology Partnership and is described by Brindley et al (Brindley et al 

1994). It is specially designed to draw aerosol fi-om several sources (for instance dry 

powder inhalers) through size measuring devices such as cascade impactors. High-speed 

airflow profiles (for example 4L in 0.2 sec) are required with vaiying rates and 

accelerations to overcome the resistance of the dry powder inhaler and the impactor. This 

device delivers required profiles closely (Bumell et al 1998), but the emphasis appears to be 

on high speed rather than precision. 

Therefore another device was designed and built here to fialfil the requirements of those 

experiments which are described in Objectives on page 38. The different considerations for 

the design are described in the sections below. Afterwards the individual parts of the 

device, its control and its validation are outlined. 
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Figure 5.2: Schematic drawing of experimental set-up 
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