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ABSTRACT 

Srinivasan. Raghavan. M.S.. Department of Industrial and Manufacturing Engineering. 
College of Engineering and A.rchitecture. ~orth D:1ko1a State t · nin:rsity. \farch ~() 1 l. 
CFD Heat Transfer Simulation of the Human l 1pper R.espiratory Tr:1ct for Oromsal 
Breathing Condition. Major Professor: Dr. .Kamhiz Farahmand. 

In this thesis. a three dimensional heat transfer model of heated airflrm thruugh the 

upper human respiratory tract consisting of nas:11. or:11. trache:1 and the first t\\o 

generations ofhronchi is de,elopcd using computational fluid d)namics simulation 

software. Various studies ha\e heen carried out in the literature imestigating the heat and 

mass transfer characteristics in the upper human respiratory tract. and the study focuses on 

assessing the injury taking place in the upper human respirat()ry tract and iJrntifying acute 

tissue damage hased on le\el of exposure. The model considered is for the simultaneuus 

oronasal breathing during the inspiration phase ,,ith high, olumetric flow rate of 9(J 

liters minute and a surrounding air temperature of 1 ()() degrees centigrade. The stud) of the 

heat and mass transfer. aerosol deposition and flo\\ characteristics in the upper human 

respiratory tract using computational fluid mechanics simulation requires access to a t,,o 

dimensional or three dimensional model for the human respiratory tract. Depicting an 

exact model is a complex task since it im oh cs the prolonged use of imaging de, ices on 

the human hody. Hence a three dimensional geometric representation of the human upper 

respiratory tract is de\ clr1pcd consisting of nasal ca\ ity. oral ca\ ity. nasopharynx. pharynx. 

oropharynx. trachea and first t\\ o generations of the hronchi. The respiratory tract ic, 

modeled circular in cross-section and\ arying diameter for\ arious rortions as identi ficd in 

this stud\. The dimensions are referenced from the literature herein. Based on the 

dimensions. a simrlified ]D model representing the human upper respiratory tract is 
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generated. This model will be useful in studying the flow characteristics anJ cou!J assist in 

treamcnt of injuries to the human respiratory tract as well as help optimize Jrug Jcli\ cry 

mechanism and dosages. Also a methodology is proposed to measure the characteristic 

dimension of the human nasal and oral ca\ ity at the inlct'outlct points \\ hich arc classi 1icJ 

as internal measurements. 
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CHAPTER 1. INTRODUCTION 

1.1. Problem Definition 

Industrial safety has top priority when designing a facility e\·en thc1ugh safety 

issues are dealt with in every aspect of the design. construction. and operation. mishaps Jo 

happen unexpectedly. Of these the injury due to inhalation of hot gas is commonly 

encountered posing a threat to human life when dealing with fire and comhustihlc material. 

Various papers have been published in the literature studying the heat and rnass transfer 

characteristics in the human respiratory tract. .\1ost of thl'se studies focus on the 

temperature and water \'apor exchange through thl' respiratory tract. I !owe\ er studies 

related to evaluation of bum injury insidl' the Human Respiratory Tract (I IRl) is also 

studied and \'ery limited literature a\ailahlc. The 2D anal:,sis of the hurn injury e\aluation 

has also been perfom1ed. These evaluations help in detem1ining the degree of injury and 

the possible type of remedy prm ided. 

1.2. The Human Respiratory Tract (IIRT) 

The human respiratory tract consists of the nasal and oral ca\ ity. pharynx. larynx. 

trachea. bronchi (only first tHo generations of the bronchi) and lungs (not included in this 

study) as shown in Figure 1. The human respiratory system as a \\hole consists of the 

respiratory tracts and the respiratory muscles that help in the air movement and heat 

exchange in and out of the human body. The primary function of the human respiratory 

system is to deliwr or supply oxygen to the tissues and the heart. Besides oxygen supply 

and olfaction (sense of smell 1. there is another important function that takes place in the 

human respiratory tract which consists of cleaning. filtering. heating cooling and 



humidifying the inhakd air. The upper respiratory tract consisting of the nasal e,1,·ity. 

pharynx and larynx contributes to the inhalation process. 
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I igure 1. I he I luman Respiratory ·1 ract 

Various Studies ha,e imestigated the heat and mass transfer in the human 

respiratPry tract. The inspired air is heated to normal hody temperatures and the expired 

air is cookJ to regain the heat hack in the hody. ·1 hcsc measurements of the heat and 

,,ater transport ,,ere carried out hy the use of thermocouples. \1athcmatical models 

depicting the heat and ,,ater transpo11 phase hy \kCutchan ct al.. ·hu ct al. and ·1 sai cl al. 

,,ere used for numerical simulation and to determine the heat transfer characteristics of the 



reg10n. Recent trends include. generating a three dimension;.il model of the respir;.itory 

tract into CFO software such as Ansys CE\. The model generation is h;.ised on the 

magnetic resonance imaging (MRJ) or computed axial tomography (C/\T) sc;.in of the 

respiratory tract obtained from a healthy\ olunteer. \1ost models use the :\a\ in-Stokes 

equation for the CFD simulation. The simulation perfom1ed in the ;.ih(l\e c;.iscs amly/ed 

the heat transfer at room temperature. L\ et al. performed a 21) simula1ion to analyze the 

injury taking place in the respiratory tract during inhalation of hot air. The study olthe heal 

and mass transfer. aerosol deposition and Oow characteritics in the upper human 

respiratory tract using computational Ouid mechanics simulation requires access lo ;.i 21) or 

30 model for the human respiratory tract. An exact modcl is a complcx task lo ohtain since 

it im·olYes use of imaging de\ices on human body. llencc a simplied -"D geometry 

representing the upper human respiratory tract is de\eloped here consisting of nasal ca\ity. 

oral caYity. nasopharynx. pharynx. oropharynx. trachea and first two generations of the 

bronchi. 

A study of the heat transfer mechanism of the human respiratory tract would hclp 

asses any heat. smoke and fire related injury affecting the human respiratory tract. Thc 

design of respirator systems used by people working in extreme en\ ironments like fire 

fighters exposed to forest fire. chemical and biological exposure or hazardous material 

exposure can be better impro\ed by comprehcnsiYe study of the thermal profile. This can 

help in better occupational health and safet: in case of firefighter· sand em erg enc: 

responders. These emergency responders are exposed to extreme tempcratun:s and do ha\ e 

protection equipment. like a respirator for oxygen supply. bu! s!ill the inhaled air i" healed 

because of the extreme temperature in the surrounding atmosphere. L \' ct al. e\ aluatcd the 
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bum injury due to inhalation of hot gas. The C\ aluation was hased on a two dimensional 

model of heat transfer normal respiration characteristics were taken into acC()unt (nasal 

breathing. cycle duration 3 seconds and respiration frequency 20 hrl'aths,minute ). In 

emergency situations there is bound to be chaos and confusion in addition to the physical 

load. the increased heart rate and respiration rate dictate a high possihility of oronasal 

breathing ( simultaneous breathing ,·ia oral and nasal ca\ ity) taking place expectedly when 

under physical stress. A 3D heat transfer study is perfom1ed here to identif~· the 

temperature obtained at the surface of the tissue during the inspiration phasl'. Various 

works are aYailable in the literatures that study the temperature profile in the respiratory 

tract which includes the nasal and the oral respiratory tract separate I y. 
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CHAPTER 2. LITERA TlJRE REVIEW 

Lv et al. analyzed the degree of burn in the respiratory tract. hut their model had 

some limitations l) was a 2 dimensional model: and 2) it analyzed only the n;.isal tract. 

Other·s haw also imcstigated cases under normal breathing conditions hut lacked in 

providing a 30 heat transfer study specifically for oronasal breathing. This cannot he the 

case in every situation. for instance. during a fire hazard it is more likely that then.: is 

oronasal breathing so it would be appropriate to analyze hoth respiratory trach 

simultaneously with alternate breathing pattern such as hypcn cnti bted conditions than 

normal breathing so as to satisfy the oronasal breathing pattern. 

To study the characteristics like particle deposition. burn injury. heat and mass 

transfer in the upper human respiratory tract (1 !RT I\ arious models were dneloped. These 

models were based on the images obtained from computed tomography (CT) scans. \1RI 

and or acoustic rhinomanometry (AR). These procedures arc compkx. and access to these 

images is limited. The cost irn oh ed with obtaining and using these types of data is also 

too high. Hence simplified airway geometry of the HRT consisting of nasal airway. oral 

airv,ay. pharynx. larynx. trachea and first two generations of the bronchi is UC\ eloped 

ha5ed on the data a\ ailahle from the literature herein. 

Simplified model of the respiratory tract were used to study the desired phenomena 

in the HRT. Erthruggen et al. used an anatomically based three dimensional model 

consisting of trachea up to the segmental bronchi to simulate flow and particle transport. 

The model is based on the morphometric data a\ ailahle in the literature. Cicmci ct al. used 

a simple model of a straight tuhe that depicts the human ldrynx and the trachea to study the 



dispersion of the drugs spray droplet using CFD simulation. Cirgic ct al. used an idealized 

mouth and throat geometry to study the aerosol deposition and flow characteristics. The 

geometric model created here was with reference from CT scans. MRI and direct 

obsen·ations. Luo et al. used a simple airway model to study the llm\ characteristics. a 

simple geometric model representing the trachea and the first two generations of the 

bronchi. The dimensions of the model are based on data a\ ailablc and these arc used b\ the 

authors here to deYelop the geometry. Yu et al. used the parameters from the Wichcl"s 

lung model. The geometry consisted of the first two generations of the bronchi applied for 

the simulation. Zhang et al. studied the heat and mass transfer characteristics in the human 

oral caYity. pharynx. larynx. trachea and up to the third gcncration of thc bronchi. Xi and 

Longest used simplified geometry for the oral ca\ ity. pharynx. larynx and trachcal rcgion. 

using CT scans and a, ail able data to de, clop a realistic model of the oral airway with 

nasopharynx. 

2.1. ~athematical \fodel and :\umerical Simulation in the Respiratory Tract 

The literature reYiew is di\idcd into two sections. The section one sub di,idcd into 

tv.;o subsections where first part focuses on the analysis of the heat and mass transfcr 

characteristics using mathematical model and numerical simulations. The second part 

discusses the use of Computational Fluid Dynamics (CFD J and other fluid dynamics 

software used for the study of the heat and mass transfer characteristics in the If uman 

Respiratory Tract (HRT ). The second section focuses on the A.nthropomctric data 

measurements for the HRT. A. methodology is proposed in chapter 6 for dctcrmining the 

dimensions of the preliminary portion in the HRT for hoth the nasal and the oral ca\ity. 
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2.1.1. Literature Review on Mathematical Models Generated 

DaYiskas et al. ( 1990) ha\e deriYed a time dependent model hased on the single 

differential equation with an anal~tical solution to predict the heat and mass transfer in the 

human respiratory tract. The modeling of the airflow within the human oral ca\ ity was 

assumed to be laminar in nature. This model was run in the software FCJRTRA.'\ and then 

the results \Vere compared \\·ith the data recorded from the experiment which imol\l's the 

measurement of the parameters in the human oral ca\ity. The authors concluded with the 

fact that the air equilibrates with the wall hefore it reaches hody conditions. the respirator~ 

conditions affect the conditioning of the inspired air and the walls of the upper airways 

being unsaturated. 

Enkhbaatar and Traber (2004) haw emphasized on the pathophysiological aspects 

of lung injuries as the injury rate due to the hum c,mc;ed by inhalation of smoke ic; high. 

The authors ha\e explained the factors affecting the mechanism \\hich is due to the in.iuD 

in the human lungs attributed to inhalation of nitric oxide. 

F arahtnand and Kaufman ( 200 I ) measured the response time of fine thermocouple 

in air. The conditions for the experimental purposes were similar to that of the human 

respiratoD· system. This method also takes into account the mass transfer characteristics 

like measuring the relati\e humidity. Also Farahmand and Kaufman (2006) ha\c 

denloped a method to measure the response time of wet hulb thermocouples (v,irc 

diameter 0.005 cm) in air simulating the human respiratoD conditions. An experimental 

setup was put up to measure the :esponse time of the thermocouple arrangement. During 

the theoretical analysis of the thermowuple temperature responses \\ere considered as step 

change. The analysis of the experiment found that there were nn significant difference in 
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the response times considering the two different conduits used for the expniment. Thus a 

method for repeatable and reliable measures of the response time of the thermocouples is 

concluded aboYe. 

Kaufman and f arahmand et al. ( 2006) haw dcmonstrall'd a method of measuring 

the heat and mass transfer characteristics of the human oral ca,ity. This was done hy 

measuring the multiple airstream and surface temperatures simultaneously with the help of 

a thermocouple arrangement (7 numbers of thennocouplc ). The n:lati,e humidit:, in this 

case was computed psychometrically. The airfl(m was modeled in the pipe !low and this 

data was compared with the data obtained from the data obtained from the oral temperature 

measurements. This was done by correlating the :\usselt"s number to Reynolds number. 

The experiment concludes that the .'\u measured in the pipe differs from that of the oral 

cavity which questions the basic assumption regarding the shape of the conduit. 

Saide] et al. ( 1983) de, eloped a mathematical model describing the heat and mass 

transfer characteristics in both radial and axial directions of a c:, linder which represents an 

trachea. The mass and energy balance equations here arc expressed as a function of radial. 

axial positions and time. The above model used a alteration-direction algorithm to soh c 

the two finite diff crencc equations. 

Hanna and Scherer ct al. ( 1986) ha\ e proposed a new mathematical model to study 

the heat and \\ater exchange in the human respiratory tract. This model is de\ eloped as a 

function of distance into the airways. The model is Jeri\ ed by applying mass. momentum 

and energy into the selected cross section. The modcl was soh ed numerically using the 

data a\·ailable from the literature. Fc1urth order predictcir-corrector numerical solution was 
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used to solve the equation. Chilton-Colburn j factor was used to analy1.e the mass tr:msfrr 

characteristics. 

Hanna and Scherer et al. ( 1986) ha\C demonstrated a different way to study the 

mass transfer coeflicicnts in the upper respiratory tract (nasal) hy using the acrylic cast 

model of the same using the naphthalene suhlimation technique. The experimental results 

were found to be satisfactory with the physiological measurements and data a\ ailahlc from 

the measurements take from the in-\itro systems of similar 1low geometry. 

Ingenito et al. ( 1986) ha\ e conducted a finite difference analysis hased on a 

numerical control model using the integral fomrnlation of the first la,\ of them10dynamics. 

The derivation of the model was based on the data a, ail able from the literature. These 

equations were then sohed hy using a first order explicit iinitc difference scheme in hoth 

time and space. The data from the predicted and experimental \alues were compared and 

they have obsened a positi\C corelation with the inspiration as well as the expiration 

temperatures. 

Tsu et al. ( 1988) de\ eloped a one dimensional mathematical model describing thl'. 

dynamic heat and gas exchange process taking place in the human airway. The 

de\ elopment of the mathematical model takes into account the three factors. exchange of 

soluble gas between respired air and airnay mucosa. mucous layer which expands and 

contract based on inspiration or expiration and the secretion of 1luid from the tissue to the 

mucus. The mathematical modeling here analyzes the t\\O approaches. one consisting of a 

detailed continuity and energy balance equation and the other hy use of control \ olumc 

analysis. Based on the ad,antages the control \ olume analysis prO\ ides. this was used for 

the modeling purposes. The dewlopment nf mathematical model \-\as performed 
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considering a section respiratory tract and this can he applied to any part of the respirawry 

tract. The control Yolume description of the airway is di\'iding into three regions 

consisting of airway lumen. a mucous layer and an underlying non perfused tissue la:, er. :\ 

total of 17 equations based on the control ,olume analysis were deri\ed and soh cd hy 

using LSODE. a time integration software package which sohes differential equations. 

The boundary layer conditions v-.-ere also defined. These results obtained were compared 

v-;ith the data mailable in the literature. Two different papers for nasal and oral data were 

referred. The predicted temperature profiles generated from the dau were found to h:ning 

good correlation for both nasal and oral. 

McCutchan and Taylor ( 1951 ) studied temperature. humidity and enthalpy of the 

inspired and expired air. The goal here was to study the characteristic in high temperatures. 

high humidity and to extrapolate the data which c:m help detect critical temperatures that 

exceed human tolerance. 

~1cFadden et al. ( 1985) ha\'e conducted an experiment to study the them1al profik 

of the heat transfer in the human intrathoracic airways. This experiment consisted of 

inserting a thennocouple arrangement designed and calibrated into the human nasal ca\ ity. 

The distance of the nasal probe and the nose surface was constantly recorded. The subjech 

were made to perform eucapnic hyperwntilation and the temperature within the airway'> 

which was recorded continuously. The data obtained \,as analyzed using paired t-tests and 

one factor A~O\.:\. The results were studied and was concluded that there is continous 

change in temperature both during inspiration as well as expiration phase. This was in 

agreement to the work pre\ iously a\ ailahle in the literature. 
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Naftali et aL (1998) conducted a 2 dimensional computational model study of 

transport phenomenon considering the trans\ erse cross section of the human nose. The 

Navier-Stokes equations for the laminar and incompressible air flow arc taken into 

account. The initial and boundary conditions are also defined here. These equations arc 

non-linear which are soh ed by using the finite clement method. The local ratl'.s of water 

Yapor and heat from the nasal tissue are defined here. The l'.Xpl'.rimcnts arc pcrforn1l'.d on 

criteria such as normal breathing. breathing during exercise. :ihnon11al n:isal Gl\ itics and 

extreme environments. It was concluded that in all the ahO\ e cases inhakd air was warn1cd 

and humidified to suit the hody conditions. 

Varene et al. ( 1986) compared the heat and mass transfer characteristics in the 

human mouth and nose breathing. This comparison was concluded hy the foct.~ that cxpircJ 

air is not saturated with water. latent heat constitutes the larger part of heat transfer. 

countercurrent heat rcccnery is imperfect and that there exists no large difference between 

oral and nasal breathing considering the heat and mass transfer phenomena. 

Keck et al. (2000) measured the temperature during the respiration phase of :'>O 

n1lunteers. These Yalues based on the experiment\\ ere correlated with that obtained \\ ith a 

rhinomanometry. The increases in temperatures based on the geometry of the nasal ca\ it:, 

were studied. It \\as concluded here that the increase in the nasal temperature can he 

compared to the logarithmic model cun e of air temperature pa.<,sing through a heated 

CYiinder. 

~iinimaa et al. ( 1 Y8]) determined the oronasal distribution of the respiratory 

airflow experimentally h: collecting data from ~(J \ olunteer~; in normal and excited 

conditions. A.t rest. the majority of the subjects breathed nasally hut as degree of exercise 
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increased the oronasal breathing commences and the olume of air intake increases in the 

oral and reduces at the nasal cavity. 

Webb et al. ( 1951) studied the thermal changes taking place in the human nasal 

tract by measuring the temperatures with the use of thermocouples. The cold environment 

was taken into account if it damages the pulmonary airways but the results pro ed that 

even if in cold environment the inspired air is heated up and then delivered to the 

pulmonary airways. 

Lv et al. (2006) derived a transient 2 D model to study the heat and mass transfer 

characteristics, and this was further used to predict the impact of inhaled hot gas during 

early stages of fire. The model was developed based on the Pennes bioheat transfer 

equation. The Boundary conditions are specified for the same. The equations developed 

were solved by using a predictor-corrector numerical method. The values for the tissue and 

air properties are taken from available literature. The analysis part here invol es the use of 

the individual's physiological and environmental variables. The burn evaluation is then 

performed based on the Henrique's model. The 2D model, a long right circular cylinder as 

shown in Figure 2 is used by the authors in their study. 

••kt'- I 
UI ntt0• - . 

-~­T 

- - - - - - · T.. -- - - Alra-. 

Figure 2. Simplified geometry used by Lv et al. (2006) 
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2.1.2. CFD imulation in the HRT 

Ertbru.ggen at al. (2005) studied the gas flow and particle deposition in a model 

based on the morphmetric data available in the literature. The model used here is shown in 

Figure 3 consists of the tracheal and the bronchial region. The expansion caused in the 

walls of the airway during breathing was neglected in this model. The Reynolds number 

2500 was based on the diameter of the tube. 

Figure 3. Model of Trachea used by Ertbruggen at al. (2005) 

Gemci et al. (2002) used both, computational fluid dynamics simulation and 

experimentally by using phase doppler interferometry to tudy the inhalation of airflow 

containing dispersed drug spray droplets. The cross-section used here was of a straight 

tube of circular cross-section depicting the larynx and the trachea Gemci et al. (2008) have 

also performed a CFD analysis of airflow in the upper 17 generations of the human 

respiratory tract. The authors performed the computational model on the 1 7 generations of 

the human lung a ailable in literature as shown in Figure 4. The governing equations used 

here were the avier-Stokes and the continuity equations with appropriate boundary 
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conditions. Turbulence model and large eddy simulation was also taken into account. Air 

was assumed to be incompressible. The pressure drops ob erved along the flow agr e with 

that in the existing literature. Secondary swirling flows re ulting from the airway 

curvature was also observed. 

Figure 4. The 17- generation Bronchial tree used by Gemci et al. (2002) 

Inthavong et al. (2006) performed a numerical study of the spray particle deposition 

in the human nasal cavity. The authors here consider d simulated conditions with added 

insertion angle for the drugs into the nasal cavity and the injected particle velocity to 

capture its flow properties along the nasal ca ity. The geometry simulated here is shown in 

the Figure 5. The model used also pro ides the length of the nasal ca ity. imilar kind of 
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geometry was used by Zhang et al. (2008) Lindemann et al. (2004) and Pie set al. (2004) 

for performing the numerical simulation. 

reclroulation 

0.0 0.2 0.4 0.6 0.8 

normalised distance from nasal inlet centre 

X 

Figure 5. asal cavity geometry used by lnthavong et al. (2006) 

Lindemann et al. (2004) ha e studied the temperature distribution along the nasal 

ca ity during the inspiration phase. The 3 dimensional model of the human nasal ca ity 

shown in Figure 6 was developed based on the CT scan of a healthy adult volunteer. Mesh 

optimization algorithms were used to optimize the quality of the mesh. avier- tokes 

equation for 3 dimensional and incompressible fluid flows and viscous fluids were 

emplo ed. The intranasal temperatures were also practically measured by the use of 

thermocouples. The results in both cases were compared and found to be satisfactory. 
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Figure 6. Nasal ca ity geometry along with the mesh created by Lindemann et al. 

(2004) 

Luo et al. (2004) performed a large eddy simulation model (LE ) using a simple 

airway model for the trachea and the bronchi as shown in Figure 7. The dimensions for the 

trachea and the bronchi were determined from that available in literature. 

Figure 7. Portion of the Respiratory Tract used by Luo et al. (2004) 
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Numerical methods for laminar k-e and L models were used for th abo e 

simulation purpose. The simulation results were compared with the existing k-e m dels for 

verification. The authors concluded that LE is capable of modeling tran itional/turbulent 

flows in the upper human respiratory tract. 

Martonen et al. (2002) have developed a 3 D numerical simulation of the human 

upper respiratory tract. The extrathoracic airways (head and throat) were also considered. 

The simulations were based on the 1: I scale of the medical school model used for 

instructional purposes. This reconstructed by FX mesh build continued by flow 

simulations. The go erning equations are based on the avier- tokes equations. 

Inspiration and expiration was assumed to be ia the nasal cavity. This analysis studied 

the air flow during inspiration, expiration and the pressure differences during the 

respiration cycle. This simulation performed was based on the three dimensional model 

developed by Martonen et al. (2001) shown in Figure 8. 

Figure 8. Three dimensional model of upper HRT de eloped by Martonen et al. (2001) 
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Pless ct al. (2004) han· simulatL:d the tlo\\ of the air in the human respiratory tract 

to study the characteristics during the npiration phase. :\ three dimensional model \\as 

de\'eloped hased on the CT scan of a male , oluntccr. Thl'. numerical simulation \\ as hascd 

on the Nm ier-Stokcs c4uation for >-D incomprcssihlc and, iscous fluids. The authors 

cone I uded the paper hy demonstrating a c Jose rclationsh i p hct \\ ccn the heat nchange 

during expiration and the airllo\\ pattern. This empha.sizcs the foct that nasal air 

conditioning takes place in hoth inspiration and expiration. 

Srini\'asan ct al. (2011) conducted a three dimensional heat transfer simulation 

using a lTD software to study the temperature prnt1lc through the upper human respirator:, 

tract consisting of nasal. oral. trachea and the first t\\o generations of hronchi. I he model 

dc\clopcd is for the simultaneous oronasal hrcathing during the inspiration phase\\ ith high 

\olumctric flow rate of 90 liters minute and the inspired air temperature hcing 100 degrees 

Centigrade. The geometric model depicting the upper human respirator:, tract is generated 

hascd on the data a,ailahlc (literature cited). The rl·sults of the simulation gi,e the 

temperature distrihution along the center of the respirator:, tract and the surface tissue of 

the respiratory tract. 

Tang ct al. ( 2004) in their stud:, outline the\ arious simulation approaches for the 

breathing conditions other parameters as shown in I ahlc 1. Simulation approaches. (Jang 

d al. 2004 ). The author here C<lncludcs that the drug deli, cry mechanism in the c;n it:, is 

influenced large]:, h:, the air!l(l\\ characteristics and numerical simulation heinl:' a good 

tool to stud, the characteristics of the airtlcl\\. 
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Table I. imulation approaches. (Tang et al. 2004) 

Breathing Behavior and Related Main flow Simulation 
conditions Symptoms locations features approaches 

Periodic flow 

Normal: Inspiration 
Laminar flow, 

inusoidal 
-quiet Expiration 

Gap flow, 
velocity profiles, 

I small 
-resting Flow rate of 

deformation at 
single phase 

-sleeping 125-200 ml/s the junction of 
approach 

band C 

-asthma Constriction single phase 
-nasal polyp flow, approach, 
-heavy a. nasal obstruction multiphase 
vibrissae ca ity flow, extra approach, 
-foreign- b. larynx muscus flow turbulent model , 
body c. trachea high flow rate frees surface 
-sneezmg d. bronchi turbulent flow model , Fluid-
Flow rate of deformation at tructure 

Abnormal: 200-625 ml/s the junction of interaction (F I) 
-excertion a to d approach 

2 -sickness excessive 
liquid film flow 

-physical dry/secretion 
exercise -morbid of the mucosa! 

model , specific 

surface surface 
boundary model, 

permeation 
porous media 

flow 
model 

high flow rate 
-cough 

a-d 
with F I approach 

-snore 
e. mouth 

deformations acoustic 
-yawn and ibrations approach 

inc or d-e 
Drug 

3 
deli ery: Therapy 
-inhaler spray 

aerosol flow 
-coll unarium droplet flow 
Air a. nasal multiphase 

free surface 
pollutions: ilicosis ca ity 

flow 
approach, I 

-dust air: Asbestosis b. larynx 
permeation 

approach 
inorganic chronic c. trachea 

flow 
porous media 

4 dust, organic obstructi e d. bronchi 
biological 

model 
dust, pulmonary reaction 
synthetic diseases 
material dust COPD 
-chemical gas 

19 



Wang et al. (2009) studied the respiratory airflow in the human upp r airway 

considering the human upper respiratory tract except the oral tract and up to three 

generations of bronchi in the lower respiratory tract. The model shown in Figure was 

based on the CT scan of a healthy volunteer reconstruct d in Ansys data available in 

literature which was used in the study. Analysis was ba ed on the turbulent model 

available in the CFO. 

N sopbu.,,.nx 1-1' 

Figure 9. Three dimensional model of upper HRT used b Wang et al. (2009) 
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Wen et al. (2008) also perform a numerical simulation by using FD to study the 

airflow dynamics in the human nasal cavity. The nasal cavity geometry u ed here is similar 

to that used by Inthavong (2006). The geometry was obtained through a T scan of a 

volunteer. 

Xi and Longest et al . (2007) used simplified models shown in Figure IO of the 

respiratory tract to study the aerosol transport and deposition. The objective here is to 

study the effect of the geometry simplifications on the aerosol deposition along the 

respiratory tract. The simulations were performed by using a low Reynolds number (LRN) 

k-e turbulence model. 

(b) Elfiptic model 

larynx 

) 
(c) Circular model 

.... 1P }o:-: 
~ ~ 

ta,)onx • Dorsal ..,_ 

(d) Constant-diameter model 

I I -
Figure 10. implified model used by Xi and Longest (2007) 
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Yu et al. (1998) studied the particle flow depo ition in the human upp r r piratory 

tract up to the first two generations in the bronchi in the lower respiratory tract. A medical 

school teaching model was used to re build the geometry using the FD oft.ware. Velocity 

profiles for three patterns was analyzed i.e. nasal oral and simultaneous na aJ and oral 

along the human respiratory tract under normal room conditions. 

Yung- ung et al. (1999) study the effects of the drug deposition influenced by the 

respiration rate and the particle diameter via the oral cavity. An airway replica consisting 

of the oral cavity, pharynx larynx trachea and three generations of bronchi shown in 

Figure 11 is developed with data available from the dental cast of a volunteer, for human 

oral cavity and remaining referred from literature. 

C 

T.---+ D 

Alrln 
-30Umln 

Figure 11. Upper respiratory tract model , Yung- ung et al. (1999) 
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Zang et al. (2008) studied the airflow in the human nasal re piratory tra t. A thr e 

dimensional model was made and was analyzed based on the Navier- tokes and the 

continuity equation for airflow using finite element method under steady state in piratory 

condition. The model generated in Ansys was based on T scan of the thirty volunteers. 

The airflow characteristics and pressure distribution at arious points were studied . It was 

concluded that the airflow in the nasal tract have different distribution models i.e. path of 

the air flowing varies with subject. This is based on the geometry of the nasal tract which 

varies with individuals. 

Zhang and Kleinstreuer et al. (2003) used the geometric model show in Figure 12 

to study the heat and mass transfer in the human upper respiratory tract. 

Soft Palate 

Pharynx I z 

Glottis - y z 
Larynx 

X 

Trachea 
(GO) 

0 O To 4-G Arway 

Figure 12. Upper respiratory tract model Zhang and Kleinstreuer (2003) 

23 



The model was analyzed for both laminar and locally turbul nt flow conditions. 

The model dimensions were imported from the lit rature to develop the oral tract and th 

first four generations of the bronchi . 

2.2. Anthropometric Detail of the HRT 

Liu et al . (2009) de eloped a geometric model of the human nasal ca ity using T 

scan images. This was done in collaboration with a hospital s tolaryngology department 

and a subject size of 30 volunteers was used in the study. The model created here was then 

compared with that available in the literature and a atisfactory model for the nasal ca ity 

was obtained. The CT scan a ailable was first converted into 20 coronal cross-sectional 

slices as shown in Figure 13 and with this as a reference a new 30 geometry was 

de eloped. The model completely focuses on the nasal cavity until the posterior region just 

above the nasopharynx. 

Anterior 
region 

middle region Posterior 
region 

Anterior maxillary 
spine 

Choana 

Figure 13. asal cavity geometry b Liu et al . (2009) 
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Cheng et al. (1996) emphasize the fact that the deposition along the r piratory tract 

is influenced by the three major factors: physical physiological and morphological . To 

study the aerosol deposition in the human nasal and oral ca ity the authors here measured 

in vivo nasal cavity dimensions using both MRI and AR. heng at al. (1997) ha e outlined 

some of the measurements of the oral region extending up to the mid trachea as shown in 

Figure 14. 

Oral Distance 

0 0A GA o .. 1Jt 

.. 0 

CUI .... 
o..a I 1Jt 

CD 

i g. 
el 
0 
!1i 
~ 
i 

L1 
i.... 

Figure 14. Model generated by heng et al. (1996) 

Cheng et al . (1997) measured the characteristics of the oral cavity until the trachea. 

These characteristics were then related to the dimensionless parameters to study the 

uJtrafine particulate deposition. Adult- asal- ral-Tracheal head airway cast was used in 

the stud to generate the model. 

Robinson et al . (2009) reconstructed a 30 model using dimensions of oral ca ity 

and the throat model using casting procedures summarized in Figure 15. The authors here 
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implemented the casting method instead of the MRJ citing that accurate geometry is not 

obtained due to the movement of the vocal folds during breathing. These alues are us din 

determining the oral ca ity measurement tool in chapter 8. 

18.9 

31 6 

. ' 
87 

Figure 15. Oral ca ity dimensions determined b Robinson et al. (2009) 
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Grgic et al. (2004) studied the aerosol deposition and flo measurements u ing a 

human mouth and throat replica shown in Figure 16. The mouth piece angle and dimension 

were selected from that available in the literature for straight tubes as summarized in able 

2. Oral dimensions used by Grgic et al. (2004). The extrathoracic model generat d here 

was generated using the information available from T scans, MRI scans and observation 

of subjects during breathing. The model generated here consisted of the oral ca it , 

oropharynx, larynx and the trachea. Also rgic et al. (2004) study the inter-subject and 

intra-subject in realistic mouth-throat geometries including mouth, oropharynx, larynx and 

trachea. The models used for these purposes were obtained using MRI cans of e en 

geometries. 

Table 2. Oral dimensions used by Grgic et al. (2004) 

Model Idealized Sia Sib S2 S4 S5a S5b 
Dinlet (cm) 1.7 1.3 1.3 2.3 2.3 2.3 2.3 
Volume 
(cm3

) 

Length 
(cm) 
Dmean 

(cm) 

73.8 50.0 33.8 99.3 82.6 96.9 
117. 

3 

21.1 19.1 18.5 19.7 18.9 18.4 18.9 

2.1 1.8 1.5 2.5 2.4 2.6 2.8 

Figure 16. Model of oral airwa used b Grgic et al. (2004) 
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Hilberg et al. (1989) studied the nasal ca ity geometry using acou tic reflection 

(AR). These results were compared with the geometry obtained from the cans. 

Terheyden et al. (2000) validated the results obtained from the AR from 30 reconstructed 

images from the CT scans. The results obtained were reas nably accurate for diagnostic 

use up to the turbinate head region. 

Xi et al. (2008) used the CT scans of a olunte r to construct the realistic model for 

the respiratory tract. The authors here al o considered the variations in the cro s- ection fi r 

various portions of the respiratory tract and the mesh generation also considered different 

mesh types. The anthropometric data here were based on that obtained fr m the T cans. 

ampson et al. described the optical coherence tomography ( T) in lieu of the Tor 

MRI scans. The airway dimensions have been verified against that obtained from X-ray or 

CT scan. 

Mohebbi et al. (2008) have conducted an experiment to measure the volume and 

oralal cross-sectional area at different points along the tract shown in Figure 17. AR was 

u ed for this particular test. Gomes et al. (2008) al o u ed the AR to study the nasal ca ity 

dimensions. Malkoc et al. (2005) used the concept of lateral cephalometric radiograph m 

determining the airway characteristics. This test provided only the 20 images of the 

nasopharynx. 

Tang et al. (2004) and Ertbruggen et al. (2005) use the T cans to study the nasal 

ca ity characteristics and the airway dynamics respecti ely. Tang et al. (2004) also 

suggests some of the possible simulation techniques depending upon the type of flow. 
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Figure 17. Dimensions determined by Mohebbi st al. (2008) 
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CHAPTER3.METHOD0LOGY 

3.1. Methodology 

Previous studies of the heat tran fer characteristics a ailabl in the literature are 

mostly limited to only normal room condition . This cannot be the cas every time, 

adverse conditions do exist and human being are exposed to varying en ir nmental 

conditions almost routinely. Thi study is targeting challenges that human beings face 

while working in harsh environments the effects on the respiratory ystem and how it can 

be protected. In a fire or chemical emergency people are usually expo ed to gases and 

smoke at arious temperatures. The effect of hot gas/ moke on the internal tissue along the 

respiratory tract is unknown. Even a firefighter using a respirator for oxygen intake from a 

tank is exposed to various environmental temperatures. These environmental temperature 

will influence the temperature of the oxygen tank which in turn affects the people working 

in the particular environment. For example, if we consider a scenario of forest fire then it is 

bound to be that the temperatures of the oxygen tanks will be high in equilibrium with the 

surrounding environment. The making of a respirator unit or a treatment therapy can be 

well defined. 

L et al. (2006) analyzed the degree of bum in the respiratory tract but their model 

had some limitations I) It was a 2 D model , 2 It analyzed only the nasal tract, and 3) It 

assumed normal conditions and others al o ha e in estigated similar scenarios but ignored 

the oronasal breathing in thee eat of a haz.ard . In reality, during a fue haz.ard it is more 

like) that there is oronasal breathing in the human respiratory tract so it would be logical 

to analyze both the trac imultaneousl with alternate breathing pattern such as 
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hyperventilated conditions, than normal breathing so as to atisfy the oronasal breathing 

pattern. 

The methodology selected here consi ts of the defining the structur of the human 

respiratory tracts and explaining the model assumptions. For the analysis purpo e, the 

portion of the human upper respiratory tract ( RT) consisting of nasal ca ity oral ca ity 

pharynx and the larynx will be taken into consideration. The major part of the filtration and 

heat exchange takes place in the upper respiratory tract hence this portion is mor prone to 

serious damage cau ed by bums. Understanding a more realistic pattern of flow of air 

during oronasal respiration will allow to study and recommend a more suitable tr atment 

ore en prevention methods when exposure causes internal burn injury to the upper 

respiratory tract. The next step will lead to the modeling of the selected geometry, 20 or a 

30 model based on the selected parameters. This equation can be further ol ed by 

numerical method . The degree of burn in the respiratory tract can be analyzed as done 

pre iously by using Henrique' s model. Physiological status and environmental status can 

al o be analyzed. Various software are a ailable which can be used for the modeling and 

erification purposes based on the feasibility of the study. 

The methodology propo ed here consi ts of performing a 3-0 heat transfer analysis 

for oronasal breathing using the geometry shown in Figure 18. This geometry simplifies 

the model due to the complex structure of the human nasal oral and the respiratory tract. 

The model will be c lindricaJ in cross section and consisting of the nasal ca ity, oral 

ca ity pharynx, larynx trachea and the first two generations of the Bronchi. 

The temperature profile of the air flow in the respiratory tract was studied for nasal, 

oral and oronasal breathing but is limited to the normal atmospheric conditions. This 
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analysis can be further extended by considering e tr me condition . imulating a 

hazardous situation such as of fire or smoke where individuaJ(s) may be exp ed to heated 

or superheated gas or smoke or even steam. This simuJation will aJJow the evaJuation of 

burn injury under such elevated or extreme condition. The work done based on literature 

available is to study the airflow dynamics in the r piratory tract but th e aluation of burn 

injury is limited to the nasaJ ca ity as performed by L et aJ. (2006). The propo ed 

approach consists of simuJating the simultaneous flow of fluid through the human nasal 

and oraJ cavity, known as oronasaJ breathing, to evaluate the burn injury in ad er e 

conditions such as fire or moke hazard. Hence the thermaJ profile of the or nasaJ 

breathing during extreme conditions has to be studied to suit the characteri tics· geometry 

of respiratory tract generated here is based dimensions obtained from literature. 

3.2. Other ignificance 

Injury caused due to accidents related to fire or smoke can be hazardous in nature. 

The degree of treatment aJso varies depending on the damage cau ed on the human 

respiratory tract. The burn impact or injury due to inhaJation of hot gas is commonJy 

encountered (Enkhbaatar and Traber, 2004) hence the treatment to the injury also has to be 

de eloped effecti ely. Various therapies like fluid resus itation formula, nutritional 

support regimes etc are a ailable and are based on the degree of injury for combined burn 

and smoke inhalation was performed b L et al. (2 06). This anaJysis was 20 and if thi s 

is extended into a 3D heat transfer study the results would be helpful in de eloping 

engineering solutions or pre enti e measure aJong with effective treatment therapies. 

This stud of the respiratory profile ma be further extended up to the design of artificiaJ 

respiratory s stem. Various parameters such as temperature of fluid , pres ure and 

32 



measurements based on the anthropometric data can be used to de ign artifi iaJ portable 

respiratory systems which may have built inc oling system to reduce the temperature of 

inhaled gas in the case of civil or forest fire fighters. The results could bring an in ight on 

the type and extent of injury expected in the e typ s of exposures. 

Particle deposition model which would be useful in optimizing drug deli ery 

mechanism to the affected areas of the re piratory track would be de eloped based on the 

burn impact determined through the FD mode. Burn injuries will most definitely effect 

both nasal and oral track and an understanding of the type of burn injury and the extent of 

it will allow healthcare professionals to make a more informed decision when it come to 

drug dosage and duration of treatment. 

3.3. umption and Limitation 

The human upper respiratory tract consisting of the nasal , oral pharynx larynx, 

trachea and the first two generations of the bronchi is highly complex and asymmetric in 

nature. The tissue structure around the human re piratory tract is also complicated to depict 

in a 3 D model. The surface of the tissues internally is highly variable. As highlighted the 

complexity of the procedure and high costs in ol ed in developing a highly complex 

model which is be ond the scope of this project. Thus, a simplified model having a smooth 

internal surface and cylindrical cross-section with different diameters for each of the 

identified portions in the human upper re piratory tract is used for simulation. 

The tissue structure within the human upper respiratory tract also differs wide! m 

this model it is assumed to be of circular cross-section along the circumference of the 

human upper respiratory tract model. The alue of the thickness of tissue is referred to that 
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used by Lv et al. (2006). The body temperature here i as urned to b con tant throughout 

the human upper respiratory tract. 

This study will basically analyze the results based on the simulation p rfi nned for 

the inhalation of hot air. The temperature obtained at the surface of the human upper 

respiratory tract will be used for the analysis and Henrique s model will be u ed to 

detennine if this temperature damages the tis ue. 

3.4. A Three Dimeo ional Model of the pper HR 

The Human Respiratory ystem consisting of the nasal tract, oral tract, pharynx, 

larynx, trachea and bronchi is highly complex in structure and asymmetric in nature. The 

tissue structure within the respiratory tract also adds to the complexity. Thi tructure has 

high variability among indi iduals in tenns of measurable dimensions uch as height, 

width, diameter and thickne s. As observed in the literature various number of attempts 

have been made by use of models depicting the human respiratory tract. The three 

dimensional replica of the HRT were constructed b taking measurements from the actual 

HRT by use of scanning and imaging de ices. Procedures such as omputed Tomograph 

( n scan, Acoustic Rhinornanometric were used. Use of morphometric data was also a 

part of 3D reconstruction of the HRT. The models built for the purpose of FD simulation 

was often referred to that of the morphometric data or data obtained fr m scanning and 

imaging when a ailable. Due to the complexity and high cost of obtaining actual data, 

model generated using data a ailable is one feasible option. 

implified models which could be standardized for the purpose of FD simulation 

were de eloped and used in this stud . The model de eloped here is based on the data 
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available in literature cited herein, as measurement of real time data i a comple pr ce 

and costly. Based on the measurement in the literatur the thre dim n ional ge metry of 

the upper HRT is developed. The proposed method her is to utilize the thre dim n ional 

model representing the upper HRT to simulate and study ariou flow chara teri tic 

leading to the estimation of the duration of expo ure and temperature cau ing fir t degree 

second degree or third degree burn injurie in ide the upper r spiratory tract when inhaling 

hot gas or smoke. Figure 18 shows the structure of the HR consisting of the na al cavity 

oral cavity nasopharynx, pharynx larynx trachea and fir t two generation of the br nchi. 

The geometry has varying diameter for na al , oral na opharynx pharynx larynx tracheal 

and bronchi region . The horizontal tract for simulation purpose is bent at an angle 90°. 

Figure 18. Geometry of the upper HRT for 3D analy is 
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Wen et al. and Inthavong et al. report d that the length of th n al tract the 

horizontal portion having a length LI to be in the range of l 00 - 110 mm. iu et al. 

reported the horizontal length of the middle region L12 to be on an average f 5.1 mm. It 

is assumed here that value for LI to be l 05 - 110 mm and the portion na opharynx L3 

being 35 mm. Cheng et al. reported the alue of the hape factor for th irregular er 

section of the nasal ca ity to be 2.79. The mean minimum cro -section area r p rted her 

is 2.1 square cm having a mean hape factor of 2.5. ing this value for calculating the 

conduit diameter repre enting the na al ca ity is 16.35 mm extending down to the 

nasopharynx region L3 ee appendix 1. 

The dimen ion for the oral cavity, pharynx and larynx are referenced fr m rgic 

et al . Zhang et al. John tone et al. Robinson et al. and heng et al. or the oral cavity 

length and diameter the idealized length for the oral to larynx distance and of mean 

diameter of 21 mm from Grgic et al. is taken into account. The length for the arious 

portions of the oral ca ity such as L2 L4 and 5 are gi en in John tone et al.where 2 = 

73.6 :::: 74 mm L4 = 43.5 mm and LS = 41.9 mm. 

The dimensions for the trachea are referred from Weibel ' s lung m del Wang et al. 

and Johnstone et al. used a trachea length L6) of 120 mm having a diameter of 18 mm. 

The Tracheal distance and diameter is taken from Weibel ' s lung model a tracheal length 

of 120 mm and a diameter of20 mm. The upper two generation which follows the trachea 

is referred to as generation I ha ing a diameter of 12.2 mm and a length of 4 7 .6 mm from 

Hlastlala and Berger. The two Bronchi first two generations) are assumed to be at an angle 

of 45°. The left and right bronchi ha e arying lengths and diameters. or the purpose of 

imulation it is as urned to be constant. umming up the above alues it is determined that 
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the maximum horizontal distance is 110 mm and the ertical distance i appr imatel 24 

mm until the end of trachea see appendix 2. 

The above defined dimensions were taken int account while de l ping them del 

in Pro-E. A constant diameter for the nasal ca ity until the nasopharyn r gi n w taken 

into account. The portion from the nasopharynx t larynx has a ariable diam ter fa 

tapering cross section towards the end of larynx. The rat ca ity to follow a tap ring 

crossection so as to merge with the oropharynx who e er ectional diamet r arie . he 

cross section for the fir t two generation of the br nchi varies from the tracheal r gi n to 

the end of it. The irregularitie in the surface m othne in the internal portion of th 

respiratory tract are due to the arying ge metrie at point . These are c n idered with 

respect to the actual geometry who e internal urface is completely irr gular. he oral 

ca ity is merged into the tract as a straight pipe. 

The dimen ion considered here for the human respiratory tract are ba ed n the 

anthropometric measurements a ailable in the literature. There are three a pect which 

need to be addressed. 

1. The change in the internal dirnen ions of the HRT during excited breathing 

condition 

When a normal cycle of respiration take place the human body is in a relaxed 

position without much stress to the dy. The nasal respiration takes place usually 

with mouth being closed. When the re piration rate increases the or nasal breathing 

commence and a change in the expansion of the respiratory tract can be observed 

as the increase in olume of intake/exit air. 

2. Increas crease in Tidal olume 
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Increase in the respiration rate al o increa es the tidal olurne ther i an 

expansion in the HRT. The tidal olume i the olume of air in pir d ore pir d 

during normal breathing. Highly excited condition of the human b dy during 

physical exercise also have high impact on the tidal volume. Thi n t nly impac 

the frequency but al o the cross-sectional hape of the HR . 

3. Expansion/ ontraction of the HRT based on b dy posture. 

The Human ti ue is highly flexible· it contracts and expand ba ed n the am unt 

of pre ure applied in the human Body. The pressure exerted by b dy po tur al 

leads to the expan ion or contraction of the internal organ including the IIR . or 

example when a person is lying backward then there is expan i n in the human 

body and while bending inwards there is a contraction of the mu cle . 

The above factors are complicated to addre which adds to the complexit m 

defining the geometry of the respiratory tract. The model created here repre enting an ideal 

HRT up to the first two generations of the bronchi are based on the dimensions cited. We 

assume here that there is a variation due to the shape of the HR . he length and diameter 

for HRT were referred from the literature cited and the Pro- model generated showed 

some variation in dimension when performing a sweep function where the diameter f 

one cross ection changes for example there is a ariation in diameter when the length of 

the Trachea at the tart i of21 mm and gradually reduces to 20 mm as designed in the 30 

drafting software. 

Thus a simplified model ha ing a smooth internal surface and cylindrical cros -

ection with differ nt diameters for each of the identified portions in the human upper 

re piratory tract is us d for simulation. The alue of the thickness of tissue is referred to 
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that used by Lv et al. (2006). The body temperature here i assumed to be con tant 

throughout human upper respiratory tract. 
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CHAPTER 4. FD IM LATIO 

The studies carried out to study the heat and mass transfer characteri tics in the 

human respiratory tract at present has witnessed increase in usage of omputational luid 

Dynamics softwar . nee the e measurements of the heat and water tran p rt were carried 

out by the use of thermocouples mathematical models depicting the heat and water 

transport phase was de eloped by some authors and the e models were u ed for the 

purpose of numerical simulation and to stud the heat transfer chara teri tic . Recent 

trends used to generate the three dimensional model of the respiratory tra t using any 3D 

modeling software and import into software s sp cifically for FD like An ys r luent. 

The HR T model generation was based on the MRI r T can of the re piratory tract 

obtained from a healthy olunteer. The FD simulations studying the heat and mass 

transfer in the HRT have been previously performed using different geometric m dels. 

Idealized geometry and T scan images ha e been used in past for performing simulation. 

Computational Fluid D namics FD) oftware enables us to tud the fluid flow 

characteristics, and performs calculations using the numerical formulas/equations based on 

the laws of ph sics. The FD simulation i based on the a ier- tokes equation for three 

dimensional incompressible flow . The FD software used here for simulation is by using 

the software Ans s CFX 12. The solution methodology used by Ansys FX is inite 

Volume technique. The procedure to use the FD software generall consi of four 

major steps· first the geometry is created using a three dimensional modeling oftware, 

after de eloping the model is imported into the FD software that constitute the second 

step where parameters are defined followed b the third step of simulation run. The fourth 

step consists of the post processing of the results. Three dimensional m del de eloped 
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using 3D modeling software is shown in Figure 18. Geometry of the upper HRT for 30 

analysis and this is imported into the Ansys CFX. Figure 19 shows the imported geometr 

with mesh constructed for the simulation run. The mesh generation process here is 

determined by the value of the Reynolds number and the Reynolds number used here i 

4130 (See Appendix 1) based on the diameter of the trachea and k-e turbulence model is 

used for turbulent flow of low Reynolds number. 

O.rr.;D 

0.010 O.OlJ 

Figure 19. Mesh generation 
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4.1. Boundary onditioo 

The 3-D model for the Human Re piratory Tra t de elop d in thi 

on the data available in the literature. Due to the complex tructure of the r pirat r tract 

the tract is modeled as a circular conduit ha ing arying diameter D and arying length L. 

The volume of air intake in the respiratory tract will b in the cas of an ex it d c ndition 

where oronasal breathing take place in emergenc situation . he olurne fair intake in 

this case will be subject to oronasal breathing during heavy exerci e. Wheatley t al. 

(1991) have determined the airflow characteristics during heavy e erci e and ha e tated 

that o er 80% of normal ubjects breathe oronasally. The minute entilation (V .) before 

the e ercise was 10. 7 +/- 1.01 I/min. The switch from nasal to or nasal breathing t ok 

place at a minute Ventilation of 22.3 +/- 3.5 I/min and the final value btained was 75.7 +/-

5.01 I/min. MaJarbet et aJ. (1994) in their study ob erved that the switch from nasal to 

oronasaJ was made at the ventilation rate 35 I/min and the maximum ob erved alue of 

entilation rate was 90 I/min. The minute entilation or total entilation (V ) i the pr duct 

of tidal olume T) and frequenc of breathing (f). Mathematically expres ed as V = VT 

X f. Where VT= tidal olurne, which i the olurne of air exhaJed during one respiratory 

C cle. 

The fluid in the human respiratory tract is as urned to be hot air ha ing a 

temperature of I 00 degree centigrade. Density of air 1.165 kg/m3
• The bod temperature 

is 3 7 degrees centigrade. The fluid flow is a turbulent flow ha ing a high Re nolds 

number. Varene et al. 1986 have conducted a study that the temperature during 

inspiration (T1) and during expiration (TE) differs for oral and nasal ca ity oral ca ity 

ha ing the higher temperature rate than the nasal cavity. But this was concluded b the fact 
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that no large differences exists from an energ tic point of iew b tween n I and ral 

cavity as the difference in heat e change were found to be ery le and the t tal p wer 

loss was only 7 % lower during the nasal breathing than during mouth breathing. 

4.2. imulation Run tup 

The Input for imulation: 

Input Parameters: Ansys et-up for simulation ( ing the uick set up m de 

Problem type: ingle pha e 

Working Fluid: Air 

Temperature of working Fluid: 100° = 373° K 

Wall temperature is maintained at Bod Temperature: 37° = 3 I 0° K 

Analysis type: teady tate 

Reference Pressure: I A TM 

Heat Transfer: Thermal Energy 

Turbulence model : k-e 

Defining Boundaries: asa1 Inlet, Oral Inlet utlet 1 and utlet 2. 

Density of Air at l 00° = 0.946 kg/m3 

The flow rate i.e. the max entilation of about 90 liters/minute is con idered for 

simulation purpo e. Becquemjn et al. (1999 reported an a erage alue for percentage for 

oral breathing during oronasal breathing to be 50.13 %. ::::: 50 %. Hence we ha e the flow 

rate for asa1 inlet and oral inlet to be 45 lite minute. The airway conduit was assumed to 

be a smooth wall o as to ha ea no slip condition imposed on airwa walls. 
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4.3. ceoario on idered for imulation 

The simulation is performed for the following cenarios. Thi i don in ord r to 

study the impact created at the two temperature level . Further ind pendent imulation is 

also run for nasal breathing and oral breathing. 

• Oronasal breathing with inlet air temperature of 3 73 ° K ( I 00° ) 

• Oronasal breathing with inlet air temperature of 423 ° K ( 150° 

• asal only breathing with inlet air temperature of 3 73 ° K (100° ) 

• Oral only breathing with inlet air temperature of 3 73 ° K ( I 0° 

4.4. imulation e ult and Di cu ion 

The results from the simulation are obtained for temperature di tribution along the 

flow for the nasal ca ity oral ca ity and Trachea. Ve) city contour temperature cont ur 

pressure contour and streamlines path along the human respiratory tract i ob erved for the 

two different mesh configurations. The inlet air temperature decreases gradually as it 

passes through the bronchi and to the lung . Thi phenomenon is ob erved due to the fact 

that bod absorbs much of the heat from the inlet air if the inlet air temperature is higher 

bod temperature. As it is assumed that the body temperature is constant throughout and 

less than the inlet air temperature, it is expected that there will be a decrease in the air 

temperature as it reaches the bronchi . 

A cross- ectional iew showing the temperature ariation inside the re piratory 

tract up to the tracheal region is shown in Figure 20. The temperature ariations can be 

observed here at the inlet the temperature is the air temperature (surrounding temperature) 

and the air temperature increases or decreases as it flows through the tract. 
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Figure 20. Temperature (K) ariation in ide the tract (A cro s-sectional iew 

This i due to the heat exchange etween the inlet air and the re piratory tract. 

Temperature profiles for the portion of nasal ca ity oral ca ity and the tracheal region 

along the centre as the path along which temperature ariation shown is identified as A for 

nasal ca ity B for oral ca ity and for tracheal region in igure 21. 
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Temperature variation along path A 

Temperature variation along path 8 

Temperature variation along path C 

Figure 21. Temperature profile along the nasal oral and tracheal region. 

Figure 22 and Figure 23 gi es the ariation in the temperature along the center path 

of the nasal cavity up to a di tance of 100 mm in horizontal direction i.e. the path A in 

Figure 21. Th ariations in the temperature can b seen for the two differ nt me h 

configurations. A decrease in the temperature is observed right from the inJet point. 
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Figure 22. asal temperatur profile fi r me h c nfiguration 1 

Mesh Configuration 2 
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Figur 23. asa1 temperature profile for mesh configuration 2 

Figure 24 and Figure 25 gi es the ariation in the temperature along the center path 

of the oral ca ity in horizontal direction i.e. the part Bin Figure 21. The ariations in the 
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temperature can be seen for the two differ nt me h configurati n . A deer a in th fl w 

of the temperature is observed. 
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Figur 25. ral temperature profile me h configuration 2 
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Figure 26 and igure 27 gi es the ariation in the t mperature al ng th enter path 

of the trachea up to a distance of 200 mm in ertical dir ction i.e. the part m igur 21. 

The variations in the temperature can be een for the two different me h c nfigurati n . A 

decrease in the flow of the temperature i ob erved a the flow reache cl to the 

bronchial region. 
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Figure 26. Tracheal temperature pr fil for me h configuration l 

Mesh Configuration 2 
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Figure 27. Tracheal temperature profile for me h configuration 2 
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The velocity contours ar shown in igur 28 and igure 2 fi r th tw differ nt 

meshes showing the velocity ariations along the human r pirat ry tract. lt i b erved 

that the intersection point for the nasal and oral tract fi rm the high el it r gi n. 

igure 28. Velocity plot for me h c n:figurati n 1 

• T 
Figure 29. Velocity plot for mesh configuration 2 
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Figure 30 and Figure 31 gi es th temp ratur pl t fi r th tw m h 

configurations, it can be inferred from the plot that the nt r temperatur i high at th 

inlet in the range of 373 degree K gradually deer asing through it fl w a ob er ed in 

Figures 22 - 27. The temperature due to the flow al ng the wall urfac being in range f 

315 K for the two me hes. This i due to the r on that the b dy temperatur i k pt 

constant throughout an assumption. 
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Figur 30. Temperature (K) plot for me h configuration l 

Figure 32 and igure 33 gi e the pre ure plots for the two mesh configuration. It is 

ob erved that the inlet portion forms the high pre sure area The tracheal region maintains 

a a erage pre ure throughout the trachea 
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Figure 31. Temperatur (K) plot fi r me h configurati n 2 

Figure 34 and Figure 35 gives the treamline plots respecti ely for the human 

respiratory tract. The mo ement of air through the human respirat ry tract can b 

observed. 

4.5. al and ral Br athio 

FD irnulations are al o performed to ee how nasal and oral breathing during the 

inspiration phas affects the HRT. For this case the me b configuration ha ing total 

number of elements of 3003027 is used and the flow rate of 45 min for nasal and oral 

onl breathing conditions are used as input. The re ults of the e simulations are plotted 

down. 
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Figure 33. Pres ur (Pa) plot for me h configuration 2 
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Figure 34. treamline plot for me h configuration 1 

Figure 35. treamline plot for me h configuration 2 
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The velocity plot for both nasal and oral ca it i h wn in igur 3 nd •igur 

37, the velocity at the inlet for both na al and oral ca ity i approximat ly am wh n 

compared to that of oronasal breathing hown in Figur 28 and Figure 29. 

a al breathing 
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igure 36. Velocity pr files for nasal breathing 
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Oral breathing 

1.324e-004 
[m s"-1) 

O 0.050 

0.025 0.075 

Figure 37. Velocity profiles for oral breathing 
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Figure 38 and Figure 39 shows the temp ratur profil fi r then al it p rti n 

from the inlet up to a distance of I 00 mm. 
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Figure 38. Temperature profile along nasal ca ity during nasal reathin 

Oral breathing - Along nasal cavity 
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igure 39. Temperature profile along nasal ca ity during oral breathing 
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For the oral breathing a increase in temperatur i ob rv d al ng th n al a ity. 

This can be justified by the fact that the inhaled air through nasal a ity au 

in temperature inside the human respiratory tract. igur 40 and · igur 41 h w the 

temperature profile for the oral cavity portion Bas identified in igur 21. • r n al 

breathing a increase in the temp rature i ob erved fr m th inlet up t a di tanc f I 

mm. 
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Figure 40. Temperature profile along oral ca ity during nasal breathing 
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Figure 41 . Temperature profile along oral cavit during oral breathing 
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This can be justified by the fact that th inhaled air thr ugh rat ca ity au an 

increase in temperature inside the human re piratory tra t. r th r I br athin a 

decrease in temperature is obser ed along the oral ca it . Figure 42 and i ur 43 h w 

the temperature profile for th nasal ca ity p rti n as identifi d in igur 21. • r b th 

breathing conditions, a decrease in the temperatur b erv d fr m th inlet up t a 

distance of 100 mm. 
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Figure 42. emperature pr file al ng trach a during nasal breathing 
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Figur 43. Temperature profile along trachea during oral breathing 
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4.6. Higher Temp ratur lnl t of 423 K. 

A CFD simulation is al o performed here to tud the effect f higher ir 

temperature of 150 degrees elsius or 423 K. or thi case th me h c nfigurati n ha m 

total number of elements of 3003027 is us d and th fl w rate of 45 /min for n al and 

oral only breathing conditions are used as input. Th re ult f the e 

plotted down. The re ults gi en in this ection gi e the t mp rature pr file f th inlet air 

which is at a higher air temperature of 423 K than that f 3 73 K. • igure 44 h w th 

velocity plot for the inlet temperature of 423 K. Th temperatur pr file h wn in the 

Figure 45 Figure 46 and Figure 47 that repre ent th nasal oral and th tracheal regi n 

have the same characteri tic to that ob erved fi r the temperatur f 3 73 K sh wn in 

Figures 22 - 27 respecti el . 

Figure 44. Velocity profile for inlet temperature of 423 K 
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Figure 45. Temperature profile along nasal ca ity for inlet temperatur f 423 K 
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Figure 46. Temperature profile aJong oraJ ca ity for inJet temperature of 423 K 
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Figure 47. Temperature profile al ng trachea for inlet temp ratur f 423 K 

4.7. Compari on Between Orona al Br atbin , a al Br athing and ral Br athing 

Figure 48 compare the temp rature pr file along the three differ nt type 

identified a oronasal breathing nasal breathing and oral breathing conditi n in thr r w 

from left to right re pecti ely. The profile for the n al ca ity during th r nasal 

breathing and na al breathing follow a imilar trend. Th inlet temperatur h re i 373 

and at a di lance of I 00 mm it drop to 366 K. r ral breathing the temp rature pr fit 

has an upward tr nd and increase in temperature du to the inhaled air that hea up the 

body leading to an increase in body temperature same for the nasal pr file during oral 

breathing. The profile for the oral ca ity during or nasal and oral breathing folio a 

similar pattern where the inlet temperature is 373 K and the temperature btained at a 

distance of I O mm is about 364 K. The tra heal temperature pr file for the three different 

breathing c nditions has a imilar trend. The temperature at the inlet point of the path 

being about 365 K - 368 K and decreasing up to 350 - 355 K for a di tance of 20 mm as 

defined in the model . 
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4.8. ompari on of th Model 

For comparison purpo e of Human Re pirat ry ract HR m d Id I ped and 

shown in Figur 18, the re ult of th imulation tud d n by Lind mann t al. 2 4 r 

the nasal tract is u ed. The compari on i limited t then al a ity du t la k f d ta fi r 

the other portion in the re pirator tract. The input param ter u d by ind mann t al. 

(2004) are: the na al ca ity (constant temperatur f 4 degre nting th human 

body temperature. The simulation were p rforrn d in ft ar lu nt and the R k- £ 

turbulence mod I was used . A flow rate f 2.6 ml and an initial air t mper tur 

degrees elsius were considered. Th am paramete are di tat din th implifi d m d 1 

generated for this study. The body temperature fthe ITR m d 1 i in the rang f37 

degrees elsius. The air i considered a an ideal g and a fl w rat f 2. ml i impo d 

at the nasal inlet. The imulation i perfi rrned in An y · X J 2 with the k- £ turbulence 

model and the Reynold number of 4130. igure 49 pr ide the el city c nt ur fi r th 

nasal ca ity inlet. High elocity is b erved at the inlet. 

·-
Figure 49. elocity cont ur at nasal inlet 
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Figure 50 show th temp rature di tributi n fi r th r ult f th implifi d m d 1 

and that of Lindemann et al. (2004). The t mp ratur t th surfa e f th implifi d m d I 

i in the range of 293 K to 295 K whereas in that f Lind mann t al. (2 4) it ari fr m 

292 K to 307 K, but at the anterior portion where the 

temperature range is observed from 292 K to 298 K. 

cti n i mall I w 

Figure 50. ompari on between current simulation m del and Lindemann et al. 
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Figure 51 shows the logarithmic curve oft mp rature fair p ing thr ugh th 

heated tube with steady wall temperature an experimental findin r rted b ind mann 

et al. (2004). The values of the temp rature range and th length f th n al it ar 

estimated. The highest temp rature in r e i ob rved at th inl t f th tu 
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Figure 51. Temperature profile as reported b Lindemann et al. 2 4) 

Figure 52 shows the temperature profile fi r the nasal ca it in the simplified 

geometry. In thee ent of n rrnal breathjng taking place it is b erved during th 

inspiration phase that the temperature of inhaled air increases as b erved in th a 

cases. A steep increase in the temperature of the inhaled air is ob rved at the int wher 

the air enters the nasal ca ity as resulted from Lindemann but in the simplified m de) the 

increase in temperature is ob erved after a time period eqw alent t the time taken t 

tra el the di tance of approximate) 60 mm. The model used b indemann et al. (2 4 

depicts th actual geometry of the bu.man nasal ca ity were the cro - ectional area right 

from the inlet aries through the nasal ca ity as shown in igure 53 whereas the de eloped 

simplified model for the HRT has a circular cross-section and of a constant diameter for 
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the nasal cavity. More over the simplifi d mod I until the fir t tw enerati n f th 

bronchi was taken into account for this simulation whereas th m d I u d b ind mann 

at al. (2004) considers the portion until the nasopharynx region. 
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Figure 52. Temperature pr file along nasal ca it for the simplified metry 

LIi 

Figure 53. ross-section at inJet a and towards the center (c d , ubramanian et al. 

1997 

The temperature plots shown in Figures 22 - 27 gi e the temperatur ariati ns 

along the nasal ca ity, oral ca ity and th tra heal region. For th nasal and oral ca it the 
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temperature variation shown is starting from the inl t rti n up t di tan fl mm 

inside the ca ity. The temperature ariation for th tra heal a it i fr m th tart f th 

oropharynx region up to a distance of 200 mm clo to th br n hi. Thi t mp r tur 

change is representation of points along th centr f the a it . he temp ratur th 

walls for the two mesh configuration in Figure 30 and Figur 31 h w a t mpcratur 

315 degrees K. Thus it can be inferred that the inhaled air au th w II t mpcratur f 

the respiratory tract to attain a temperature of 315 d gr K h n r nasal br thing tak 

place in the conditions specified. The con tant temperature btained al ng the 

due the assumption where the b dy temp rature i kept con tant. · r th m h lidati n 

two different mesh configuration were simulated. The two m h iz gi e imil 

hence we can conclude that the results are ind pend nt f the grid izc. 

temperature will be temperature obtained at the urfa e f th ti ue leading t a po i le 

injury to the re piratory tra t. 
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CHAPT RS.B V L TI 

Burn injury is one of the most erious injurie cau human d . It 

requires proper medication along with peciali t treatment a team f pr 

nurses. Burn injury is also considered t be more atastr phi in natur and 

treat with prolonged reco ery. 

The injury to the human b d extremitie r kin i gin with the 

burning sensation at a temperature of 44° . The impact the t mp rature make nth 

human tissue is dependent on two factors; the heat transfer rate and th tim durati n 

human tissue is in contact with the high temperature. The time fact r which i th durati n 

of time the tissue is expo ed t high temperature m re pr minently determin the d gree 

of the injury. Burn injuries are categorized in three le el b ed n erit . 

or third-degree burns depend on how badly the skin i damaged. ir t-degr e um whi h i 

con idered the milde t of the three is limited to the top la er f human ti ue internal to th 

body and the skin external to the body. The first-degree bums pr du e redn pain and 

minor swelling and externally the skin is dry and red. Internally the ti ue be me dry 

and red as well with light swelling. ec nd-degre bums are m re eri us and impact the 

kin la ers beneath the top la er of external kin and produce bli ters externally with 

higher degree of pain and redness. Internally the top tissue layer will be er d with 

bubbly blisters and will tum red and black. It will also be quite painful and will take much 

longer to heal. Third-degree bums are the most se er type of bum and in ol e all the 

la ers of the kin and under! ing tis ue external! and internaJI could affect ti ue and 

surrounding muscles. The surfaces will look charred and dry with a waxy white leathery 

brown, or charred look. ince the nerves are damaged or burned there ma be little or no 
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pain or the area may feel numb at fir t. The burn injuri cau ed can du t r diati n 

convection and conduction. 

Inhaled hot air can cau e e temaJ and internal re pirat ry tra t and lung um 

injuries. The burn injury caused in the human r pirat ry tra t du t th inhal ti n f th 

hot gases is caused by heat transfer by conv ction. he majorit f fir -r lat d d ath (70 

percent) are caused by smoke inhaJati n of the toxic g pr du db fir . A tual 

flames and bums only account for about 30 percent f fir -r lated death and injuri . Th 

amount of injury or the damage occurred in ide the human r pirat ry tra ti dependent n 

the duration of the expo ure, temperature of air exp ed t , and finall th porti n f th 

re piratory tract impacted. 

Quantitati e bum e aluation was first prop ed y Henriqu . Th urn e aluati n 

is performed by the u e ofHenrique's bum integrati nm del gi n in equati n I. 

n = J; P exp ( - !:) . dt 

Where 

P = constant that arie with ti ue and local temperature 

6E = acti ation energ 

R = ideal gas constant 

n = dimen ionle s Henrique ' bum integral 

T = Temperature K 

-.1. Fir and ir Injury tatisti 

. I 

According to Lafferti and Goet, bums and fire are considered to be the third 

leading cause of injuries among the human population. The injurie due to fire and burn 

70 



are stated as the second leading caus for death in horn for 11 a gr up and I adin 

cause of injury in case of children and oung aduJts. In 1 98 appr ximat I 3 1 5 

residential fires occurred in the U resulting in 3 250 n n fir fight rd ath , 17 175 

injuries and nearly 4.4 billion in property los . It i al o lated that an e tim t d % 

fires not reported to fire departments. More than half of all fatal r id nti I fir s tarted 

between the hours of 11 pm and 7 am. A quoted b Lafferti and k 

inhalation increases from le s than 10% in pati n with am ant ta! b dy urfa ar a 

(TB A) burn size of 5% to more than 80% in patien with a mean B A bum ize f 5% 

or more. moke inhaJation is present in ne third of patients treated at burn nter . he 

magnitude of smoke inhalation is de astating as the pre ence fan inhalati n injury h a 

greater effect on mortaJity than either patient age or urface area burned . A rdin t th 

ational Fire Protection A ociation survey in I 7 4 75 irefighter uffered urn 

inj urie as a result of performing th ir assigned dutie of which 3 770 al 

inhalation injuries. 

5.2. b rmal Impact 

L et al (2006) has concluded that at the nasal urface the fir t degree um ccurs 

onJy after 230 seconds and for the deeper ti ue it takes more than s nd fi r a fi t 

degree burn to occur. The minimum temperature for the first degr burn to occur is 44° 

31 T' K . The bum e aluation performed here was based on the Henrique's m del where 

the tissue damage is repre ented as an integraJ of a chemical rate pr ce s. 

first-degree and second-degree of bum is said to occur if both conditions 1 and 2 belo 

are satisfied. 
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1. T > 44° (317° K) 

2. n > 0.53 (First degre burn 

3. n > I ( econd degree burn) 

Temperature for degree of bums: 

A first degree burn invol es damage to the epidenni , 

the epidermis and a part of the dermis, whereas the third-degree burn in I d per 

tissue. The temperature range is provided in Table 3. emperature rang fi rd gr f bum 

to occur. Temperature obtained at the skin urface fi r irnulating inl t air t mperatur f 

100° C and 150° i gi en Table 4. Temperature obtained at respirat ry tract urface. 

Table 3. Temperature range for degree of burnt ur 

Degree of Burn emperature Temperatur 

) K) 

First degree 44 317 

Second degree 51 324 

Third degree 71 344 

Table 4. Temperature obtain d at re piratory tract surface 

Temperature Temperature of Temperature btained 

of inlet air inlet air K at re pirat ry tract at re piratory tract 

urface surface (° K 

100 373 42 315 

150 423 47 320 
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5.3. Time for Thermal Injury to ccur in th pp r Human pirato rat 

Lv et al (2006) ha e outlined that the temperatur incr with th di tan e aw y 

from the nose and at the main Bronchial generati n at ab ut l mm wher th 

temperature reaches 90% of the body t mperatur during n rmal breathin n. 

Mucosal temperature is a sumed to be c n tant. r the t mp ratur f 15 ° the 

temperature of tissues at a length of 80 mm and li r a radius f . 5 m will be 4 at 

300 seconds. When surrounding air temperature i 7 ° the temp rature ti ue at 

mm will be 39 ° C. 

From the simulation for the two temperature of l 0° and 15 ° w d t nnin 

the time required for the fir t and second degree u ing alue pr id din able 5. Value 

for Henriques' constant (L et al. (20 6 ). 

Table 5. Values for Henrique 'con tant ( ct al. 

Epidermis 

(K 

Henriques' 
constant 

3.1 X 109 

75000 

Wea er s c n tant 

3.1 X 10 

A first-degree burn is experienced if both 

Mehta' s 

1.43 X I 72 

55 

> 44 ° (3 17° K and > 

0.53 are sati fied. For the inlet air temperature I 0° we ha e the temperature tained at 

the surface < 44° hence we can conclude that no internal burn injury takes place. When 

the inlet air temperature is 150° C we ob erve that the temperature obtained at the surface 
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of the skin is > 44° hence we perform a burn e aluati n to pr di t th tim r uir d r 

first and second-degree burn using equation 1. 

Table 6. Results sol ing equation 1 with re pe t t tim h w th r ul lain d 

from the calculations for two inlet temp ratur . Fir t-d gre burn of 1 5 

seconds after exposure where n > 0.53 and econd-d gree burn ur at 2 

after exposure where n > 1 at the kin urface. Figur 54 gi e th bum int gral alu r 

various time steps. 

Table 6. Re ults ol ing equati n I 

Parameter Inlet I 0° Inlet I 50° 

P (s·l) 3.1E+98 3.1E+98 

~E/R 75000 75000 

T 315 320 

~E/RT I 234.375 

I -234.375 

Exp I 1.63E-102 

Function I 0.0005054 

5.4. Injury 

A Fire smoke is a mixture to ic ub tances and of high temperature. Thi mixture 

of smoke and toxic sub tance when inhaled cause bum injury inside the Human 

Respiratory Tract, and at time becom fatal to human life. ire has been associated with 

3 different types of inhalation injurie that cause damage to the human bod . 
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Inhalation of high temperature g cause burn in id the Human Re pirat ry 

Tract. During inhalation of hot gas the porti n f th upper Human Re pirat ry ract e 

affected to a ast extent protecting the Jun . The inhaled fluid if c nsi 

ubstances included in it al o pro e fatal to human lifi . oxic ub tanc s ar readily 

ab orb d into oxygen and can cau e damage to the human organs including brain. ar n 

Monoxide poi oning can appear symptomJe sup until th point where th ictim fall into 

a coma. Lastl during ituation of fir hazard, smoke inhalation is more likely re ulting 

into burn injury into th Human Respiratory Tract. 6 % to 80% f fatalitie re ulting fr m 

bum injurie can be attributed to moke inhalation. 
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The simulation performed here do s not con id r th 

If the vocal cords are considered then there will be a o al c rd 

cavity at a certain distance from the in1 t of the oral ca ity that 

cal rd in th rat a it 

iti n d in th rat 

tru t th airfl w th 

trachea. The heat Joss to the tissu around the ocal rd will m r du t th 

in contact surface area. The effects of steam were n t c n ider d in th curr nt m d I, i 

these needs to be incorporated then change of ph e ne d to 

transfer characteristics will be applied herein. 

The first-degree of burns in ol e damage t the pidermi urn 

involve the epidermis and a part of the dermis wher the third-cl grce bum in 

deeper tissue. The primary n ed is the uppl of ox gen and at n nnal temperatur . Burn 

injury in the respiratory tract can be fatal. e of re pirat rd ic and 

masks minimize the damage to the human body. Re pirat r de ic pr id additi nal 

protection from breathing got air or particulate poll utan that injure the re pirat ry rg 

Respirator de ices can be classified as face mas r re pirat r with oxygen upplic . 

respirator is designed as an enclosure that that co ers the no and m uth or the entire face 

or head. ome respirators are also as isted with oxygen c I ind . A higher air el it 

said to increase the tissue temperature absurdly hen decreasin the air el city and 

increasing the respiratory rate is helpful for minimizing the thermal injury in re pirat ry 

tract. 
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CHAPTER 6. PROPO D M HODO R 

ANTHROPOME RI DA O TI 

6.1. othropometric Data 

Anthropometric data coll ction is a tool wide) used t day in d i rn and 

development of a product. The use of th Anthrop metric data during the de ign tag 

assists in the optimum use of the product b target p pulati n fi r intend d applicati n. 

ational institute for occupational safet and health 

study of the facial measurements. The safety of the populati n using th 

addressed by the I Hand it is the respon ibility of I Ht en ur that qualit of th 

respirators is maintained and it fits to the target p pulati n. l lence I I c nduct d an 

anthropometric survey of sample population depicting the diver e re irat r use . Th 

manufactures al o followed the guidelines gi en b H. Ano erview f the airwa 

geometry is needed b man for the purpose of tud ing the airflow dynamic in I ed. 

The olume of intake air first comes in contact with the anteri r rtion fth nasal ca ity 

and oral cavity. The e two regions get first affected by the fluid intake. Th g metry f 

the nasal cross section is ery complex and asymmetric in nature. The dimensions arc 

measured using canning and imaging methods for measuring the er - cti n in the 

middle region consi ting of the turbinate and the terior regi n connecting to the 

asopharynx. The Anterior portion as highlighted in igure 55 can measured using the 

available de ice patented 6659963 hown in igure 56. The ral ca ity when 

compared to the nasal ca ity is con enient to measure until the throat r gion. 
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Data collections for the anthropometric measur ments are u uall r lat d t th 

measurements externally and not internal! due to th c mp! xit 

anthropometric data measured for th external bod c mpri 

4000 in number and more. The morphometric studie conduct d li r th int mat 

consisted of approximately I 00 subjects at the maximum. Th r 

internal studies need sophisticated equipmen like T r MRJ an tc wh r th 

external anthropometric measurements n ed b ic m uring in trum n lik calip and 

measuring tape. The usage of the imaging d i e i a complicat d pr cedur 

be done by medical provider . The u of the e equipmen c uld mplicat d tim 

consuming and cost will be staggering for a large population sarnpl ize. The am when 

performed by the use of the measuring d ice for external anthr p metric m ur m n 

will not be as expensi e and complicated as for example the us f imaging d 

The anthropometric data related to the olume of the nasal and ral ca it 

measured using imaging de ices using mall ample iz . A me uring techniqu 

propo ed here in to measure the dimensions of th nasal and oral ca ity with help of 

measuring instrument The instrument could be used fi r measurin th in ide dimensi ns 

n 

of the nasal and oral ca ity. This proce s of co lie tin , anthr metric data fi r the human 

nasal and the oral cavity will pro ide the much needed data t h Ip with the treatment of 

injuries design of the respirator sterns and other re piratory de ice . 

6.2. urr ot 

A number of approach-s are in the literature that stud the characteri tics related to 

heat and mass transfer along the HR d po ition of particles, drug therapy applications 

and injury analysis. Tb e studies do in ol e taking measuremen of the arious portions 
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of the upper (nasal and oral) respiratory tra t. The Human bod d 

of variation between different Human races around the world. Th Anthr p m tri data 

collection for the human respiratory tract can be identifi d in tw di r nt 

in which the measurements for the int mal portion of the HR are tak n int 

for the analysis of the process of heat transfer chara teri tic bum injury and 

fir t 

deposition taking place and in the econd category th facial dim n i n ar n t d d wn t 

half-facepiece respirators. The categorie when anal zed are fr mac mpl t I di r nt 

point of view but when the functionality i taken int account· the facial characteri ti and 

the inlet portion of the nasal and oral ca it are dire ti related t the e ti fun ti nin 

of the human being u ing the re pirator de ice. The urrent meth f gatherin th 

anthropometric data are limited in both the case . or the categ ry 1 the inlet dimen ion 

of the HRT are identified using the pr cess of T can MRJ and Ac ustic 

Rhinomanometry which is a cost! pr ce and can performed n a limited num r f 

subjects. The use of cale, calipers and tape for the categ ry 2 type h b n tensi el 

used. This method has been performed on a number of subjec but it h i limitati ns 

it can measure onl the facial dimen i ns from ou id . 

6 . . Prop d th d lo 

The asal ca ity geometry follow a highly complex and asymmetric hape after a 

length of about 30 mm fr m the nasal inlet. The process of capturing the characteri tics of 

this region is challenging task. The first 30 mm length of the asal ca ity is the anterior 

portion which first come in contact with the flow durin inlet as shown in Figure 55 

(During a hazardous situation if b t air is inhaled then degree of bum injury uffered could 
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be very high). The dimensions can be m asur d if an appropriat me uring d i 

designed for this particular task. The pr dure fi r u ing thi t p ft I whi h n tr t 

into anterior portion of the na al cavity mu t b p rfi rm d under m di al up rvi i n. 

Figure 57 shows a measuring de ic (pat nl numb r 

cavity in the anterior portion of th na al ca ity in b tw nth inl t and th n al 

turbinates. 

Figure 55. Anterior porti n of the asal ca ity 

' 

ur th 

Figure 56. Tool for measuring asal ca ity dimen i n. Patent number 6659963 
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The de ice consists of three differ nt tube of aryin I ngth and diam t r. Th 

tube E has a calibrated scale shown in red color. The tube B and 

mesh A. The wire mesh A expands or contracts when the tube m d in th h riz ntal 

direction i.e. inwards or outwards. The outer tube a as up rt fi r th tw lidin 

tubes within. The portion of the tool that penetrat int anteri r p rti n th n I ca it 

is highlighted in Figure 56. When the portion i in ert d int th ca it and th tu 

moved horizontally until the wire me hob true the liding m hani m th d ta an 

noted down from the calibrated scale. 

Figure 57. Pictorial 1e of the tool (Patent number 6659 63) 
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The dimensions of the Oral ca ity can al o be measur dint mall . m urin, 

instrument similar to a caliper can b used to measur distan e in 2 r 4 r 

This procedure might not need the degr e of medical up rvi i n in th 

asal cavity measurement but it is ad isable to ha e a guidan e fa medical pra titi n r. 

Figure 58 shows an arrangement of the in trurn nt d igned t m ur th ral 

ca ity dimensions. The end portion A is inserted into th mouth while th handle 

manipulated. The ends 'A' are placed against the wall of th oral ca ity and th 

displacement of ends "A" is measured from th calibrated cale . he two hand) 

pivot about the point F to place the two ends "A. again t th wall ti ue in id the r I 

cavity. Point Eis free to move along the curvature f the handle " ' 

.. 

... 

Figure 58. Tool for measuring ral ca ity dimension 
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The instrument shown in the Figure 58 is pr du in f th ral 

ca ity as identified in Robinson et al. (2009) as a guid Jin . Th in! t f th 

the widest and follows a tapering cross- ection has it ad an h riz ntaJI t ward th 

Oropharynx. The outermost width being 30.9 mm and appr 

when measured 54 mm deep within the oral ca it as h wn in i ur 5 . 

D -L hVIT V Ii LET 

Figure 59. op iew of ral ca it (mm 

Figure 60 shows the actual drawing of the pr po ed instrument ith measuremen 

from Robinson et al. 2009 used as a reference for design such that the instrument i 

capable of measuring the widest distance close to the oral ca ity inlet and the lowest width 

which is at a distance of 54 mm from the opening. 
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3 ,9 56 .1 ,0 

Figure 60. Oral ca ity measuring instrument All imen i n in mm 

The methodologie used for th purpo e of th data II cti n can ummariz d 

as the use of MRJ, T cans AR and u of asting. This typ nu ually i 

used on an small number of subjec . The limiting con train includ c t and ubject 

a ailability due to the nature of procedure . A simple appr ach t m ure the 

anthropometric data ma Jack the sophi ticati n f th an.rung and imaging d ice lik 

T scan MR1 and AR but will pro ide the ability to measure large num r ubjec 

leading to more statistically usable data. The usages f the MRJ can and A ha e 

disad antages of being unsafe from ionizing radiation r high co of using th equipment 

and use. 

The ad antages of using this proce s of identifying the internal nasal and ca ity 

dimensions can be attributed to the fact that this proce s can applied to a Jar e ample 

group. The cost in ol ed with the use of the scanning and imaging de ice will al o be 

eliminated b this proce s. xposure to the canning and ima ing de ice also has a 
4 



possibility of causing injury to the human bod hich can be limin t d b th u f 

these tools. The drawback of this method would be that th me uring n 

the medical providers as the measuring de ice is in ert d int th human 

d n b 

similar to the case in measuring the external anthr p metric data. h nthr m tri dat 

obtained here will ha e the measurements of the nasal a it at am imum f 5 mm d 

and 54 mm for oral ca ity whereas the canning and imaging d i e will i t in 

measuring within the human bod . 

A feasible method of measuring the di men i fth I and ral a it n d 

to be developed. A measuring instrument imilar t a caliper can u d t me ur 

distance and or volume within the ca ity. he pr ce f measuring the anthr metri 

data here first starts with defining the landmarks in the human ampl th tip f 

the nasal or oral inlet being one of the landmark in the data coll ction pr e fi II wed 

the data analysis 
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CHAPTER 7. CO CL IO 

7.1. onclu ion 

A heat transfer study along the Human Re piratory r t (I JR th 

temperature distribution and ariation along the urface f th r pirat ry tr t fi r th 

given length during oronasal breathing condition . The t mp ratur 

surface of the tissue walls help in asse ing the internal um injury a d. Thi tud will 

assist in developing safe and effecti e pre enti e measure and treatm nt t th tnJun 

caused in the respiratory tract. De ign of re pirat r d i e and fet fi ature fi r th 

occupations that invol e an exposure toe treme and unfa rabl c nditi n t th human 

health can be well implemented b knowing the le I of injury caus d in th BR . A 

comparison of the difference in the temperature pr file in the HR considering ariati n 

in breathing pattern and the implementation of re pi rat ry de ice t I th inhalin air 

temperature to normal range will be quite effecti e in preventing any injury. An appr ach 

of measuring the nasal and oral ca ity dimen i utl ined a e. Th pr d 

approach is in reference to the Anthropometric data collected fi r th use f th r pirat ry 

de ice design and treatment of the respiratory tract during injury. Th pr c f collecti n 

is challenging if a large sample size has t be used in the Anthr pometric data collecti n 

process both using scannjng/imaging de ice and manuall 

7.2. Futur R arch 

Future studies could include the use of hazardous particle de siti n along the 

respiratory tract during oronasaJ breathing imulating arious ad erse conditi n . xtreme 

temperatures, bot or cold do affe t the human being and to e aluate the extent uch 
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simplified models can be used for FD imulation . 

temperature ariation along the HRT can al o be tudi d. Th 

the drug can also be simulated in order to ob rve the drug d 
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pp -1 

The Calculation of the Reynolds number: 

The Reynolds number is calculated at the inlet for th 

Re = pVD/µ or pQD/µA = VD/fJ 

Where p = density of the fluid (kg/m
3 

V = fluid velocity (mis) 

L = length of tract (m) 

µ = dynamic viscosit (kg/m · ) 

Q = volumetric flow rate (m
3
/ 

D = diameter of the pipe (m) 

A = cross-sectional area (m
2 

u = kinematic iscosity (m
2
/s) 

J and ral it : 

For the dry air at the temp of I 00° (3 73° K we ha e the foll win alu 11 t and 

[1975]) 

p = 0.946 kg/m3 

µ = 21.87 kg/m ·s 

u = 23.13 X 10-o m2/s 

The olurnetric flow rate here i = 0 lite minute 

y r 

1 m.3/s = 1.5850 X 104 gal/min undamentals of beat and mas transfer / rank P. 

lncropera, David P. DeWitt e Yor : J. ile , c2 2. 

90 lite min= 23.775 gal/min = 0.0015 m
3
/s 
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Velocity = 7.144 mis (http://www.l 72 .comlflowrat .htm !urn tri O w rat 

Velocity) 

Nasal Cavity: 

For a D= 0.01635 rn Q = 0.00075 m
3
/s 

Velocity = 3.5722 mis(http://www.l728.com10 wrate.htm V )um tri fl rat Afi 

Velocity) 

Re = VD/{) = (3.5722 X 0.01635)/ 23.13 X 10-6 = 2525. ::: 2525 

Oral Cavity: 

For a D = 0.021 m Q = 0.00075 m
3
/s 

Velocity = 2.1653 mis (http://www.1728.c m/Oowrate.htm V !urn tri 0 

Velocity) 

Re =(2.1653X0.021)/23.13Xl -6= 1965. ::: 1 

Tracheal Region: 

For a D = 0.02 m Q = 0.0015 m
3
/s 

Velocity = 2.3873 mis (http://www. l 728.com/flowrat .htm, V lum tri fl w rat - Ar a X 

Velocity) 

Re = (4.7746 X 0.02)/ 23.13 X 10-6 = 4129.70 ::: 4130 

The Reynolds number here is observed to ary fr m 1 to 413 ii r th thr difli rent 

portions in the conduit. We here perform the D imulation using the R yn I nurn r 

based on for trachea using the k-e tur ulence mod I. 
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File report 

File Information for CFX 

Ca e CFX 

File Path F:\HRT4130_11\HRT_file dpO\ F 

File Date 05 May 2010 

File Time 04:54:52 PM 

File Type CFX5 

File Ver ion 12.0 
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Mesh Information for FX 

Domain ode lemeot 

Default Domain 605856 2546507 
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Domain Physics for CFX 

Domain - D fault Domain ~ 
Type Fluid ~ 
Location I 871 

Material 
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Fluid Definition 
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Turbulence Model 

I Turbulent Wall Functions 

Boundary Physics for CFX 

l Domain ' 
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Momentum 

Mass Flow 
Rate 
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Boundary - Outlet 1 

Type OUTLET 

Location I Outletl 
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-
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-

Flow Regime ubsonic 

Mass And 
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Pressure 
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Pressure 

Pressure Average Over Whole Outlet 
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Type OUTLET 

Location I Outlet2 
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Flow Regime ubsonic 

Mass And 
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Pressure 
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Boundary - Default Domain Default 
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MESH2 

File report 

1
Type 

Location 

1 
Heat Transfer 

Fixed 
Temperature 

Mass And 
Momentum 

Wall 
Roughness 

File Information for CFX 

Case 
1
CFX 

WALL 

Fl00.71, FlOl.71 F102.71 Fl03.71 F73.71 F74.71 
F76.71 F77.71 F78.71 F79.71 F80.71 F81.71, F82.71 
F84.71 F85.71 F86.71 F87.71 F88.71 F90.71 F91.71 
F92.71 F93 .71 F94.71 F95.71 F96.71 , F97.71 F98.71 

F99.71 

etting 

Fixed Temperature 

3 .1000e+o2 [K] 

o lip Wall 

mooth Wall 

File Path F:\HRT4130_33\HRT_files\dp0\CFX\CFX\CFX_010.res I 
File Date 106 May 2010 j 

File Time 04:48:12 AM I 
File Type CFX5 I 

~, ---.---------------------' 
File Version 12.0 j 

Mesh report 

Mesh Information for CFX 

Domain 

Default Domain 711240 3003027 
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Physics report 

Domain Physics for CFX 

Domain - Default Domain 

' Type Fluid 
I 
Location B71 

I Material 

I Air Ideal Gas 

Fluid Definition Material Library 

Morphology Continuous Fluid 

Settings 

I Buoyancy Model on Buoyant 

I Domain Motion Stationary 

1 Reference Pressure l.OOOOe+OO [atm] 

1 Heat Transfer Model Thermal Energy 

Turbulence Model k epsilon 

Turbulent Wall Functions calable 

Boundary Physics for CFX 

Domain 1 

Boundary-

Default 
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Type 

Location 

Flow Direction 

Flow Regime 

Heat Transfer 

tatic 
Temperature 

Mass And 
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INLET 

asallnJet 

Settings 

ubsonic 

Static Temperature 

3. 7300e+02 [K] 

Mas Flow Rate 



' Momentum 

Mass Flow 
Rate 

Turbulence 

2.OOOOe-01 [g s" -1] 

Medium Intensity and Eddy Viscosity Ratio 

Boundary - rallnlet 

Type INLET 

Location Orallnlet 

Flow Direction I 
I • 

Flow Regime 1 

Heat Transfer 

tatic 
Temperature 

Mass And 
Momentum 

Mass Flow 
Rate 

Turbulence 

Type 

Location 

Flow Regime 

Mass And 
Momentum 

Pressure 
Profile Blend 

Relati e 
Pressure 

Pressure 
A eraging 

Settings 

onnal to Boundary ondition 

ubsonic 

tatic Temperature 

3.7300e+02 [K] 

Mass Flow Rate 

2.0000e-01 [g s"-1] 

Medium Intensity and Eddy Vi cosity Ratio 

utlet 1 

OUTLET 

utletl 

Settings 

Subsonic 

A erage tatic Pressure 

5.0000e-02 

O.OOOOe+-00 [Pa] 

A erage O er Whole Outlet 

Boundary - Outlet2 

104 



I 

A AL 

File report 

Type 

Location 

Flow Regime 

Mass And 
Momentum 

Pressure 
Profile Blend 

Relative 
Pressure 

Pressure 
Averaging 

Type 

Location 

Heat Transfer 

Fixed 
Temperature 

Mass And 
Momentum 

Wall 
Roughness 

File Information for CFX 

Ca e CFX 

I 
i 
l 

I 
I 

A erage ta.tic Pressur 

5.0000e-02 

O.OOOOe+OO [Pa] 

Average O er Whole Outlet 

Boundary - D fault omain D fault 

WALL 

Fl00.71 FlOl.71 FI02.71 F103 .71 F73 .71 F74.71, 
F76.71 F77.71 , 78.71 F79.71 F80.71 , F81.71 F82.71 
F84.71 F85.71, F86.71 F87.71 F88.71 , F90.71 , F91.71 , 
F92.71 F93.71 F94.71 95.71 F96.71 97.71 , F98.71 

F99.71 

ettings 

Fixed Temperature 

3 .1 OOOe+-02 [K] 

o lip Wall 

mooth Wall 

105 



File Path j F:\HRT3 asal\HRT _files\dpO\CFX\ FX 011.res 

File Date j 16 July 2010 

File Time 05:36:58 PM 

File Type CFX5 I 
File Ver ion j 12.0 I 

Mesh report 

Mesh Information for CFX 

Domain j odes 'Elemen I 
I Default Domain 1711240 3003027 j 

Physics report 

Domain Physics for CFX 

j Domain - Default Domain 

I Type Fluid 

I Location B 71 

Materials 
I 

1 
Air Ideal Gas 

j Fluid Definition Material Library 

I Morphology Continuous Fluid 

I Settings 

Buoyancy Model on Buoyant 

Domain Motion Stationary 

Reference Pressure l.OOOOe+-00 [atm] 

Heat Transfer Model Thermal Energy 

Turbulence Model k epsilon 

Turbulent Wall Functions calable 
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Boundary Physics for CFX 
.. 

Domain Boundarie 

Boundary - Nasallnlet 

' Type I INLET 
' 

Location I Nasallnlet 

Settings 

Flow Direction Normal to Boundary Condition 

Flow Regime Subsonic 

Heat Transfer Static Temperature 

Static I 3.7300e+02 [K] 
Temperature I 
Mass And I Mass Flow Rate 
Momentum 

Mass Flow 
2.0000e-01 [g s""-1] 

Rate 
I 

Turbulence I Medium Intensity and Eddy Viscosity Ratio 
Default 
Domain Boundary - Outlet 1 

Type I OUTLET 

Location I Outletl 

Settings 

Flow Regime I Subsonic 

I 
Mass And 

I Average Static Pressure 
Momentum 

' Pressure 
5.0000e-02 

Profile Blend 

I Relative 
O.OOOOe+OO [Pa] 

Pressure I 

I Pressure 
Averaging 

Average Over Whole Outlet 

Boundary - Outlet2 I 
I 

I Type OUTLET 
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I Location I Outlet2 

Settings 

Flow Regime Subsonic 

Mass And Average Static Pressure 
Momentum 

I Pressure 5.0000e-02 I 

Profile Blend 

I Relati e 
Pressure l O.OOOOe+OO [Pa] 

Pressure Average Over Whole Outlet 
Averaging 

Boundary - Default Domain Default 

Type I WALL 

Fl00.71, FlOl.71, F102.71, Fl03.71, F73.71, F74.71, 

I 
F76.71, F77.71, F78.71, F79.71, F80.71, F81.71, F82.71, 

Location F83.71 F84.71, F85.71, F86.71, F87.71, F88.71, F90.71, 
I F91.71, F92.71, F93.71, F94.71, F95.71, F96.71, F97.71, 

F98.71, F99.71 

Settings 

Heat Transfer Fixed Temperature 

Fixed I 3 .1000e+02 [K] 
Temperature I 

Mass And I 
I No Slip Wall 

Momentum I 

Wall I Smooth Wall 
Roughness I 

ORAL 

File report 

File Information for CFX 

Case CFX 

File Path F:\HRT30ral\HRT_files\dp0\CFX\CFX\CFX_011.res 
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I File Date j 16 July 2010 

j File Time j 11 :42:44 PM 

J File Type I CFX5 

!File Version 112.0 

Mesh report 

Mesh Information for CFX 

Domain Node Elements 

I Default Domain 711240 j 3003027 

Physics report 

Domain Physics for CFX 

I Domain - Default Domain 

jType Fluid 

I Location B71 

I Materials 

I Air Ideal Gas 

Fluid Definition Material Library I 

Morphology Continuous Fluid I 
Settings 

Buoyancy Model Non Buoyant 

j Domain Motion Stationary 
I Reference Pressure 1.0000e+-00 [atm] 

1 Heat Transfer Model Thermal Energy 

Turbulence Model k epsilon 

I Turbulent Wall Functions Scalable 

Boundary Physics for CFX 

I Domain I Boundaries 
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-
Boundary - Orallnlet 

Type INLET 

Location Orallnlet 

Settings 

I Flow Direction Normal to Boundary Condition 

I Flow Regime Subsonic 

Heat Transfer Static Temperature 

I Static 3.7300e+02 [K] 
Temperature 

Ii 

jMassAnd 
-Momentum 

Mass Flow Rate ,, 

I 

Mass Flow 
2.0000e-01 [g sl\-1] 

Rate 
II 

11 

I Turbulence Medium Intensity and Eddy Viscosity Ratio 

!Default 
Boundary - Outlet 1 11 

Domain jType OUTLET 
I 

I Location Outletl 
I 

Settings 

Flow Regime Subsonic 
ii 

Mass And 
Average Static Pressure 

Momentum 

Pressure 
5.0000e-02 

Profile Blend 

Relative 
O.OOOOe+OO [Pa] 

I Pressure 

Pressure 
Average Over Whole Outlet I Averaging 

Boundary - Outlet2 

Type OUTLET 

Location Outlet2 

Settings 
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Flow Regime 

Mass And 

I Momentum 

Pressure I 
Profile Blend 

Relative 

I Pressure 

Pressure 

I Averaging 

Type I 
I 

Location I 

I 
I 

Heat Transfer I 

Fixed 

I Temperature 

Mass And 

I Momentum 

I 
Wall 
Roughness 

I 

Higher temperature of 423K 

File report 

File Information for CFX 

Case jCFX 

Subsonic 

Average Static Pressure 

5.0000e-02 

0. OOOOe+OO [Pa] 

Average Over Whole Outlet 

Boundary - Default Domain Default 

WALL 

Fl00.71, FlOl.71, F102.71, F103.71, F73.71 , F74.71, 
F76.71, F77.71, F78.71, F79.71, F80.71, F81.71, F82.71, 
F84.71, F85.71, F86.71, F87.71, F88.71, F89.71, F90.71, 
F91.71, F92.71, F93.71, F94.71, F95.71, F96.71, F97.71, 

F98.71, F99.71 

Settings 

Fixed Temperature 

3.1000e+02 [K] 

No Slip Wall 

Smooth Wall 

File Path F:\HRT423K\HRT_fi.les\dp0\CFX\CFX\CFX_Ol 1.res 

1 File Date 17 July 2010 
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I File Time I 08:18:46 PM 

I File Type I CFX5 

!File Version j 12.0 

Mesh report 

Mesh Information for CFX 

Domain ode , Elements 

Default Domain 711240 I 3003027 

Physics report 

Domain Physics for CFX 

Domain - Default Domain 

Type Fluid 

jLocation B71 

Materials 

j Air Ideal Gas 

I Fluid Definition Material Library 

l Morphology Continuous Fluid 

Settings 

I Buoyancy Model Non Buoyant 

I Domain Motion Stationary 

I Reference Pressure 

I Heat Transfer Model 

1. OOOOe+OO [ atm] 
I I 

Turbulence Model 

I Turbulent Wall Functions 

Boundary Physics for CFX 

j Domain 

Default 

Thermal Energy 

k epsilon 

Scalable 

Boundaries 

Boundary - asallnlet 
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' Domain jType INLET 

I Location asallnlet 
I 

I Settings 

I Flow Direction Normal to Boundary Condition 
1 
Flow Regime I ubsonic 

I Heat Transfer Static Temperature 

I Static 
Temperature 

4.2300e+02 [K] 

I Mass And 
Momentum 

Mass Flow Rate 

Mass Flow 
2.0000e-01 [g s"'-1] 

Rate 

I Turbulence Medium Intensity and Eddy Viscosity Ratio 

Boundary - Orallnlet 
I 

Type INLET 

IL . ocation Orallnlet 

Settings 
I 

Flow Direction 
1 

Normal to Boundary Condition 

' Flow Regime Subsonic 
I 

Heat Transfer I Static Temperature 
I 

I Static 
4.2300e+02 [K] 

I , Temperature 

Mass And 
Mass Flow Rate I Momentum 

I I Mass Flow 
Rate I 2.0000e-01 [g s"'-1] 

Turbulence Medium Intensity and Eddy Viscosity Ratio 

Boundary - Outlet 1 

Type OUTLET 

Location Outlet! 

Settings 
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I 

Flow Regime 

Mass And 
Momentum 

Pressure 
Profile Blend 

Relative 
I 
Pressure 

I 

Pressure 
Averaging 

Type 

Location 

1 
Flow Regime 

Mass And 
Momentum 

1 
Pressure 

Profile Blend 

Relative 

1Pressure 
1 
Pressure 
Averaging 

' 

Type 

Location 

: Heat Transfer 

Fixed 
Temperature 

I 

Subsonic 

Average Static Pressure 

5.0000e-02 

0. OOOOe+OO [Pa] 

Average Over Whole Outlet 

Boundary - Outlet2 

OUTLET 

Outlet2 

Settings 

Subsonic 

Average Static Pressure 

5.0000e-02 

O.OOOOe+-00 [Pa] 

Average Over Whole Outlet 

Boundary - Default Domain Default 

WALL 

Fl00.71 FlOl.71 F102.71, F103.71, F73.71, F74.71 
F76.71, F77.71, F78.71, F79.71, F80.71, F81.71, F82.71 
F84.71, F85.71 F86.71, F87.71, F88.71, F90.71, F91.71, 
F92.71 F93.71, F94.71, F95.71, F96.71, F97.71, F98.71 

F99.71 

Settings 

Fixed Temperature 

3 .1000e+02 [K] 
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Mass And 
' Momentum 

Wall 
1Roughness 

HRT comparison 

File report 

File Information for CFX 

Case lcFX I 

No Slip Wall 

Smooth Wall 

File Path F:\HR.Tverification\HRT_files\dp0\CFX\CFX\CFX_Ol2.res 

I File Date 119 July 2010 
! I 

File Time I 04:42:28 PM 
I 

File Type ICFX5 
I 

i File Version j 12.0 

Me h report 

Mesh Information for CFX 

Domain ode Element 

Default Domain 707648 2982411 

Physics report 

Domain Physics for CFX 

Domain - Default Domain 

Type Fluid 

Location B71 
I 

Materials 

, Air Ideal Gas 

Fluid Definition Material Library 

Morphology Continuous Fluid 
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j Settings 

j Buoyancy Model Non Buoyant 

1 Domain Motion Stationary 

j Reference Pressure 1. OOOOe+OO [ atm] 

I Heat Transfer Model Thermal Energy 

1 Turbulence Model k epsilon 

j Turbulent Wall Functions I Scalable 

Boundary Physics for CFX 

Domain 

I 
I 

Default 
' D . omarn 
I 

1
Type 

I Location 

Flow Direction 

Flow Regime 

Heat Transfer 

I Static 
I Temperature 

I Mass And 
!Momentum 

I 
Mass Flow 

Rate 

, Turbulence 
I 

Type 

Location 

Flow Regime 

I 
I 

Boundarie 

Boundary- a allnlet 

INLET 

Nasallnlet 

Settings 

Normal to Boundary Condition 

Subsonic 

Static Temperature 

2.9300e+02 [K] 

Mass Flow Rate 

2.6800e-03 [g SI\-}] 

Medium Intensity and Eddy Viscosity Ratio 

Boundary - Outlet 1 

OUTLET 

Outletl 

Settings 

Subsonic 
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Mass And 
Momentum 

Pressure 
Profile Blend 

Relative 
Pressure 

Pressure 
Averaging 

Type 

Location 

Flow Regime 

Mass And 
Momentum 

Pressure 
Profile Blend 

Relative 
Pressure 

Pressure 
Averaging 

Type 

!Location 

I 
I 

1 Heat Transfer 

jMass And 
Momentum 

I 

,Wall 
Roughness 

l 

I 

I 
I 
I 

I 

Average Static Pressure 

5.0000e-02 

O.OOOOe+OO [Pa] 

Average Over Whole Outlet 

Boundary - Outlet2 

OUTLET 

Outlet2 

Settings 

ubsonic 

Average Static Pressure 

5.0000e-02 

O.OOOOe+OO [Pa] 

Average Over Whole Outlet 

Boundary - Default Domain Default 

WALL 

Fl00.71, FlOl.71, F102.71, F103.71, F73.71, F74.71, 
F76.71, F77.71, F78.71 F79.71, F80.71, F81.71, F82.71 , 
F83.71, F84.71, F85.71, F86.71, F87.71, F88.71, F90.71, 
F91.71, F92.71, F93.71, F94.71, F95.71, F96.71, F97.71, 

F98.71, F99.71 

Settings 

Adiabatic 

No Slip Wall 

Smooth Wall 
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