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Species heat and mass transfer in a human upper airway model
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Abstract

Steady 3-D airflow and scalar transport of ultrafine particles, dp < 0:1 lm, and fuel vapors within the human upper

airways are simulated and analyzed for laminar as well as locally turbulent flow conditions. Presently, our respiratory

system consists of two major segments of a simplified human cast replica, i.e., a representative oral airway from mouth

to trachea (Generation 0) and a symmetric four-generation upper bronchial tree model (G0–G3). The simulation has

been validated with experimental data in terms of ultrafine particle deposition efficiencies. The present computational

results show the following: (1) At low breathing rates (Qin � 15 l/min), ambient temperature variations (DTmax ¼ 47 �C)
influence the local velocity fields and vapor concentrations; however, the total and segmental deposition fractions of fuel

vapor in the upper airway are essentially unaffected. (2) The inlet flow rate has a significant effect on vapor deposition,

i.e., the higher the flow rate the lower the deposition fraction. (3) The convective heat transfer coefficient averaged over

an individual bifurcation unit can be correlated as Nu ¼ 0:568ðRePrÞ0:495 (600<Re<6000). (4) Two new Sherwood

number correlations capture the convective mass transfer for the oral airway and individual bifurcations.

The methodology outlined and physical insight provided can be also applied to other intake configurations, such as

engine ports and inlets to air-breathing propulsion systems.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Inhalation exposure to ultrafine, i.e., nano-scale,

airborne particles or various toxic gases and fuel vapors

can cause pulmonary and other diseases [1,2]. In con-

trast, nebulized drug aerosols are now being orally ad-

ministrated for special treatments [3]. In general, mass

transfer due to turbulence and/or Brownian motion is

the dominant factor in deposition of ultrafine particles

or vapors in the human upper airways [3]. There are

relatively few studies on the deposition of such species in

the upper human airways, or any other complex intake

conduit, primarily because of the difficulty of ultrafine

particle generation for experimental measurements and

the accurate prediction of its deposition in computa-

tional fluid-particle dynamics (CFPD) simulations. In a
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series of papers, Cheng et al. [4–6] reported their mea-

surements of deposition and mass transfer of ultrafine

particles (3.6 nm< dp < 150 nm) in a human nasal and

oral airway cast; Cohen and her colleagues [7,8] reported

their experimental work on ultrafine particle and iodine

vapor deposition in an upper tracheobronchial airway

cast model. Kimbell et al. [9] and Kepler et al. [10] in

their numerical analysis part used a commercial software

to simulate the gas transport patterns within nasal air-

ways of a rat and a rhesus monkey, respectively. Yu et al.

[11,12] simulated the ultrafine particle diffusion in a

single bifurcation airway model and a human upper

airway model from mouth/nose to the first two genera-

tions of the tracheobronchial tree. However, most ex-

isting numerical simulations were limited to laminar

flow modeling and lacking in detailed validations. Some

simulated results appear to deviate from experimental

studies; for example, the simulated deposition efficiency

in a single bifurcation by Yu et al. [11] seems to be un-

reasonable because it shows a minor effect of particle

size and much higher values for 50 nm particles when

compared to similar experimental measurements [7,13].

More importantly, the flow in the human upper airways
ed.
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Nomenclature

A cross-sectional area

a thermal diffusion coefficient

cg specific heat of the gas

D tube diametereDD diffusion coefficient for vapors in aireDDp diffusion coefficient for ultrafine particles in

air

dp particle diameter

G gravitational acceleration

H enthalpy

hc heat transfer coefficient

hm mass transfer coefficient

k turbulence kinetic energy

Le Lewis number (a=eDD)

Nu Nusselt number (hcD=k)
Pr Prandtl number (m=a)
P mean static pressure

Qin inspiratory flow rate

q00 heat flux

Re Reynolds number (uD=m)
Sc Schmidt number (m=eDD)

Sh Sherwood number (hmD=eDD)

sij strain-rate tensor

T temperature

Tin inlet air temperature

Tref buoyancy reference temperature

u axial velocity

ui mean velocity in tensor notation

uin mean velocity at the inlet

us friction velocity (
ffiffiffiffiffiffiffiffiffiffiffiffiffi
sw=qw

p
)

xi position vector in tensor notation

Y mass fraction

Yin mass fraction at mouth inlet

yþ dimensionless distance from wall, sub-layer

scaled distance (usy=m)

Greek symbols

bT thermal expansion coefficient

e turbulence dissipation rate

k thermal conductivity of the gas phase

km mean free path of air

m kinetic molecular viscosity (l=q)
mT kinetic eddy viscosity (lT=q)
q fluid density

q0 temperature dependent density

sij Reynolds stress tensor

x pseudo-vorticity, dissipation per unit tur-

bulence-kinetic-energy
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under medium and high-level breathing conditions (say,

Qin ¼ 30 and 60 l/min, i.e., Retrachea � 3000 and 6000)

may transit from laminar to turbulent after the con-

striction of the larynx and then relaminarizes in the first

several generations [14]. Hence, there is a need for sys-

tematical studies of mass transfer in the human upper

airways under different breathing conditions in which

turbulent dispersion and Brownian motion are com-

bined.

Accompanied by species mass transfer is usually the

conditioning process of the inspired air, which may af-

fect nano-particle or vapor transport and deposition.

There have been a number of reports published at-

tempting to quantify heat transfer in the human airways.

For example, Johnson et al. [15] obtained a convective

heat transfer coefficient, hc, averaged over three bron-

chial generations for the measured in vivo airway tem-

peratures of several anesthetized, intubated and

mechanically respired mongrel dogs. However, the cor-

relation extrapolated from the canine measurements

should be carefully examined before it is interpreted for

humans. Nuckols [16] carried out a series of convective

heat transfer experiments with a cast replica of human

upper airways extending from the mouth and nose to the

trachea as well as with a mechanical bronchial airway

model representing generations G0–G2 after Weibel
[17]. Considering inspiration only, he expressed his re-

sults in terms of Nusselt numbers averaged over the

entire cast from mouth to trachea and the bronchial

airway model as follows

For the mouth-to-trachea section:

Nu ¼ 0:035ðRePrÞ0:804 ð1Þ

For the bronchial generations:

Nu ¼ 0:0777ðRePrÞ0:726 ð2Þ

Both Johnson et al. [15] and Nuckols [16] did not derive

inspiratory convective heat transfer coefficients for each

individual generation of the upper bronchial airways. In

summary, past mathematical models and numerical

simulations focused only on 1-D and 2-D temperature

distributions in the human airways [18–21, among

others]. Three-dimensional, coupled heat transfer and

airflow in the human respiratory system have not been

investigated.

In this paper, considering a human upper airway

model from mouth to the first four generation of the

tracheobronchial tree, steady 3-D airflow as well as heat

and mass transfer are simulated and analyzed for dif-

ferent inspiratory laminar/turbulent flow rates. Focusing

on highly toxic vapor from JP-8 fuel, as used worldwide
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in military aircrafts, local mass fraction distributions

and wall depositions in the upper airway model are in-

vestigated as well. Finally, the convective heat and mass

transfer coefficients in the human upper airways are

calculated and expressed in terms of dimensionless

groups. The methodology outlined and physical insight

provided can be also applied to other complex intake

configurations, such as engine ports and inlet conduits

of air-breathing propulsion systems.
2. Theory

2.1. Upper airway geometry

The present upper airway model as shown in Fig. 1

consists of two parts: an oral airway model, including

oral cavity, pharynx, larynx and trachea, and a sym-

metric triple bifurcation lung airway model representing

generations G0 (trachea)–G3 after Weibel [17]. The di-

mensions of the oral airway model were adapted from a

human cast as reported by Cheng et al. [4]. The di-

mensions of the four-generation airway model are sim-

ilar to those given by Weibel for adults with a lung

volume of 3500 ml. The airway conduit is assumed to be

smooth and rigid. The effects of cartilaginous rings [22]

which may appear in the upper airways have not been

considered in the present analysis.

2.2. Governing equations

Airflow and heat transfer: In order to capture the air

flow structures in the laminar-to-turbulent flow regimes,

i.e., 300 < Relocal < 104 for the present airway configu-
Fig. 1. 3-D views of the oral airway model and bifurcation airway

bifurcation, III––third bifurcation (the dashed lines indicate the segm
ration and inhalation rates, the low-Reynolds-number

(LRN) k–x model of Wilcox [23] was selected and

adapted which has been demonstrated to be appropriate

for such internal flows [14]. In general, the transport

equations in tensor notation, implying the double-index

summation convention, read [23]:

Continuity equation:

oui
oxi

¼ 0 ð3Þ

Momentum equation:

oui
ot

þ uj
oui
oxj

¼ � 1

q
op
oxi

þ o

oxj
ðm
�

þ mTÞ
oui
oxj

�
þ ouj

oxi

��
þ fj

q

ð4Þ

Turbulent kinetic energy (k) equation:

ok
ot

þ uj
ok
oxj

¼ sij
oui
oxj

� b�kxþ o

oxj
ðm
�

þ rkmTÞ
ok
oxj

�
ð5Þ

Pseudo-vorticity (x) equation:

ox
ot

þ uj
ox
oxj

¼ a
x
k
sij

oui
oxj

� bx2 þ o

oxj
ðm
�

þ rxmTÞ
ox
oxj

�
ð6Þ

where the turbulent viscosity is given as mT ¼ clflk=x,
and the function fl is defined as fl ¼ exp½�3:4=ð1þ RT=
50Þ2� with RT ¼ qk=ðlxÞ. The other coefficients in the

above equations are:

Cl ¼ 0:09; a ¼ 0:555; b ¼ 0:8333; b� ¼ 1;

rk ¼ rx ¼ 0:5: ð7a–fÞ

The Boussinesq model is employed for the calculation of

the buoyancy force, fj ¼ q0g, where the bulk density is
model (generations G0–G3). I––first bifurcation, II––second

ental boundaries).
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not dependent on temperature, pressure or additional

variables. The local density variation is defined as

q0 ¼ q½1� bTðT � TrefÞ� ð8Þ

For the temperature distribution calculations, the energy

equation can be written as [24]

oðqT Þ
ot

þ o

oxj
ðqujT Þ ¼

o

oxj

k
cg

��
þ qmT

rT

�
oT
oxj

�
ð9Þ

where rT is turbulent Prandtl number for temperature

taken as 0.9.

The associated boundary conditions include uniform

velocity and temperature profiles prescribed at the

mouth inlet, and zero pressure at the outlets. Long exit

tube that extends about nine tube diameters from the

end of the trachea was used in the oral airway model to

eliminate the influence of the zero-pressure assumption

at the outlet. However, because the actual length from

the glottis to the first carina in the trachea is about 14

cm, the mean-velocity field, turbulence quantities, tem-

perature and mass fraction distributions in the trachea

with about 11 cm from the glottis, were adjusted as the

inlet conditions of the bifurcating airway segment (i.e.,

generations G0–G3) (see Fig. 1). The inlet tube length of

the bifurcation airway model is about 3 cm.

At the mouth inlet, the values for k and x were as-

signed using the following empirical relation [14,25]:

k ¼ 1:5ðI � uinÞ2 and x ¼ k0:5=ð0:3DÞ ð10Þ

where I is the turbulence intensity usually taken as

0.037. The thermal boundary condition for air at the

air–wall interface is assumed to be at the alveolar con-

dition, and that the airway tissue can provide all the

required heat regardless of the amount extracted by the

inspired air due to its rich blood supply [26], i.e.,

Twall ¼ 310 K. Two ambient conditions were considered

in this paper. One is under ‘‘cold weather’’ condition,

i.e., the inlet air temperature Tin ¼ 263 K, and the other

is for warm weather, i.e., Tin ¼ 310 K, which is equiva-

lent to isothermal flow.

Mass transfer of vapor or ultrafine particles: The

convection mass transfer equation of ultrafine particles

or (JP-8) fuel vapor whose dominant radial transfer

mechanisms are Brownian motion and turbulent dis-

persion can be given as

oY
ot

þ o

oxj
ðujY Þ ¼

o

oxj
eDD�� þ mT

rY

�
oY
oxj

�
ð11Þ

where rY ¼ 0:9 is the turbulence Prandtl number for Y .
JP-8 fuel is a multi-component mixture which consists

mainly of C8–C16 paraffinic hydrocarbons with other

hydrocarbons and additives also present; however, the

diffusivity in air does not vary significantly from

compound to compound [27]. Thus, a conservative

assumption would be to set eDD ¼ 0:05 cm2/s for all
fractions of JP-8 jet fuel at T ¼ 293 K with little loss in

accuracy [27]. The effect of temperature change on dif-

fusivity is expressed by the following semiempirical

correlation [24]:eDDðT Þ=eDDðT ¼ 293 KÞ ¼ ðT=293Þ1:75 ð12Þ

The aerosol diffusion coefficient is calculated as follows

[3,6]:eDDp ¼ ðkBTCslipÞ=ð3pldpÞ ð13Þ

where kB is the Boltzmann constant (1.38� 10�23 JK�1);

and Cslip is the Cunningham slip correction factor:

Cslip ¼ 1þ 2km
dp

1:142

�
þ 0:058 exp

�
� 0:999

dp
2km

��
ð14Þ

Assuming that the airway wall is a perfect sink for

aerosols or vapors upon touch, the boundary condition

on the wall is Yw ¼ 0. This assumption is reasonable for

fast gas-wall reaction kinetics [28], or vapors of high

solubility and reactivity, and also suitable for estimating

the maximum deposition of toxic vapor in the airways.
3. Numerical method

The numerical solutions of the continuity and mo-

mentum equations as well as the k, x, heat and mass

transfer equations were carried out with a user-enhanced

commercial finite-volume based program, i.e., CFX4.4

from AEA Technology [25]. The numerical program

uses a structured, multiblock, body-fitted coordinate

discretization scheme. In the present simulation, the

PISO algorithm with under-relaxation was employed to

solve the flow equations. A higher-order upwind (HUW)

differencing scheme, which is second-order accurate in

space, was used to model the advective terms of the

transport equations. The sets of linearized and discret-

ized equations for all variables were solved using the

Block Stone�s method.

The computational mesh was generated with CFX

Build4. The near-wall region required a very dense mesh.

Specifically, the thickness of the near-wall cells was

chosen to fully contain the viscous sub-layers and to

resolve any geometric features present there. As a re-

quirement of low-Reynolds-number turbulence model-

ing, the first grid point above the wall was given a value

of yþ 6 1, and this criterion is strictly maintained for all

computations. The mesh topology was determined by

refining the mesh until grid independence of the solution

of flow, temperature and mass fraction fields was

achieved. The final mesh contains about 420,000 and

670,000 cells for the oral airway and four-generation

airway model, respectively. The computations were

performed on an SGI Origin 2400 workstation with



Z. Zhang, C. Kleinstreuer / International Journal of Heat and Mass Transfer 46 (2003) 4755–4768 4759
32GB RAM and multiple 450 MHz CPUs. The steady-

state solution of the flow field was assumed to be con-

verged when the dimensionless mass residual, (total

mass residual)/(mass flow rate) < 10�3. The convergence

of other variables was monitored as well. Typical run

time for the fluid flow, energy and mass transfer simu-

lations on eight processors with parallel algorithm was

approximately 24 h for the oral airway model and 8 h

for the four-generation model.
4. Model validation

The present computational fluid-particle dynamics

model has been validated with various experimental

data sets for steady and transient laminar flows in bi-

furcations [29,30] and for laminar, transitional and

turbulent flows in tubes with local obstructions [14,31].

All our previous contributions dealt with fine, i.e.,

micro-size, particles for which a spherical form of

Newton�s second law of motion was employed. The

validation results of mass transfer modeling with tur-

bulent flow are given in Fig. 2. Ultrafine particle depo-

sition fractions in the oral airway model obtained from

the solution of the mass transfer equation (11) are

compared in Fig. 2 with experimental data of Cheng

et al. [5] for an inhalation rate of Qin ¼ 30 l/min. It can

be seen that the simulated results agree well in terms of

values and data trend with the experimental findings,

considering the experimental uncertainties. Smaller

particle diameters indicate higher diffusivities, and hence

enhanced particle deposition by diffusion (Fig. 2).

In summary, the good agreements between experi-

mental observations and theoretical predictions instill

confidence that the present computer simulation model

is sufficiently accurate to analyze laminar-to-turbulent

fluid flow as well as heat and mass transfer in three-

dimensional oral and bifurcating airways.
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Fig. 2. Comparison of simulated ultrafine particle deposition

fractions in the oral airway model with the experimental data of

Cheng et al. [5].
5. Results and discussion

Some selected results from our simulations for dif-

ferent inspiratory flow rates and inlet air temperatures

are given below. The corresponding Reynolds numbers

in the trachea for all simulation cases are listed in Table

1. It should be noted that the web site, listed with the

‘‘corresponding author’’ information contains Figs. 3–7

in color as well as movie clips of airflow, micro-particle

transport and vapor dispersion in a human upper airway

model.

5.1. Airflow structures

Fig. 3a shows mean velocity profiles in the y ¼ 0

plane of the oral airway model with inlet air tempera-

tures of Tin ¼ 263 and 310 K and an inspiratory flow rate

of Qin ¼ 15 l/min, i.e., low-level breathing. The selected

cross-sectional views in Fig. 3b and c display the axial

velocity contours as well as secondary velocity vectors.

Clearly, skewed velocity profiles generated by the cen-

trifugal force can be observed in the curved portion from

the oral cavity to the pharynx/larynx. Moreover, a

central asymmetric jet and a recirculation zone are cre-

ated in the laryngeal region because of the restriction of

the (assumed stationary) vocal folds. The secondary

motion is set up when the flow turns a bend from the

mouth to the pharynx because of the centrifugally in-

duced pressure gradient [31]. In comparing the velocity

profiles with Qin ¼ 15 l/min under the cold weather

condition with those shown for isothermal flow with

Tin ¼ 310 K, considerable thermal effects can be seen

after the glottis. Specifically, strongly buoyant flow near

the wall enhances fluid mixing so that the length of the

recirculating zone as well as the laryngeal jet zone de-

creases. At the same time, secondary flows become very

weak and a high axial velocity zone is generated in the

tube center.

The inspiratory flow rates may influence the flow

fields in the oral airway model. For medium-level

breathing (say, Qin ¼ 30 l/min), the turbulent fluctua-

tions are weak in the oral cavity; but, it becomes

strong after the constriction of soft palate and rises

rapidly after the glottis, eventually decaying more slowly

while approaching an asymptotic level. With further
Table 1

Reynolds numbers in the trachea (Retrachea) for different simu-

lated cases

Inlet air

temperature (K)
263 310

Inspiratory flow

rate (l/min)

15 30 60 15 30 60

Reynolds number

in the trachea

1600 3200 6400 1400 2800 5600



Fig. 3. Velocity distributions in the oral airway model: (a) velocity profiles at side-plane (y ¼ 0 plane); (b) axial velocity contours

(magnitudes in cm/s) and secondary velocity vectors at different cross-sections at Qin ¼ 15 l/min and Tin ¼ 263 K; and (c) axial velocity

contours (magnitudes in cm/s) and secondary velocity vectors at different cross-sections at Qin ¼ 15 l/min and Tin ¼ 310 K.
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redistribution of the kinetic energy of the flow over most

of the cross-section accompanied by the onset of tur-

bulence, the velocity profiles become more blunt from

the left to the right wall, and the maximum velocity zone

moves to the anterior wall at the cross-section six di-

ameters from the glottis [31]. The flow features for the

strong breathing mode (Qin ¼ 60 l/min) resemble those

for Qin ¼ 30 l/min. However, thermal effects tend to be

minor for the high flow rate cases (i.e., Qin ¼ 30 and 60 l/

min), which are not included.

Fig. 4 depicts mid-plane velocity fields in generations

G0–G3 for different inspiratory flow rates with an inlet

air temperature of Tin ¼ 263 K. The air stream with a

slightly asymmetric inlet velocity profile splits at the first

flow divider and a new boundary layer is generated at

the inner wall of the daughter tube. The velocity profiles

are naturally skewed in each daughter tube, and hence,

each daughter tube, or generation, experiences a differ-
ent flow rate. The detailed description of airflow struc-

tures in the tubular bifurcations may be found in our

previous papers [29,30]. Because of the low turbulence

intensity in bifurcating tubes even for relatively high

inlet flow rate cases, the influence of inlet flow rates on

the velocity profiles is not pronounced. The thermal ef-

fects are also minor for all three inhalation flow rates

due to the warming up of the air when passing through

the oral airway.

5.2. Temperature distributions

Fig. 5a and b present the temperature distributions in

the human upper airways in terms of non-dimensional

temperature profiles, i.e., h ¼ ðT � TwallÞ=ðTin � TwallÞ.
Clearly, a higher temperature is observed near flow

separation as well as stagnation and low-velocity zones,

because the convection heat transfer is relatively low in



Fig. 4. Velocity profiles in the bifurcation airway model (z ¼ 0

plane) with Tin ¼ 263 K. The speed contour is for the case of

Qin ¼ 30 l/min and Tin ¼ 263 K.
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these regions and heat cannot be dissipated easily. In the

oral airway, the temperature fields influenced by the free
Fig. 5. Non-dimensional temperature profiles in: (a) the oral airway

plane). Temperature contours are shown for Qin ¼ 30 l/min and Tin ¼
airstreams are complicated in the mouth-to-pharynx and

larynx regions. But in the trachea, the temperature dis-

tribution tends to be more uniform due to the strong

energy mixing, driven by the upstream secondary flows

(Fig. 5a). Moreover, the air warms up more rapidly with

a low inspiratory flow rate (Qin ¼ 15 l/min) since the

low-speed flow implies a high residence time for the air

in the airways with Twall ¼ 310 K. In the bifurcating

airways G0–G3 (Fig. 5b), asymmetric and skewed tem-

perature distributions exist in different tubes caused by

the corresponding velocity fields. Again, the lower the

inhalation flow rate, the faster the air warms up, almost

attaining the body temperature at the outlets of G3.

5.3. Distributions of mass fractions

Focusing on (JP-8) fuel vapors, the mass fraction

contours in the oral airway and airway segment G0–G3

for different inhalation rates are displayed in Figs. 6 and

7. A uniform vapor concentration condition was as-

sumed at the mouth inlet. Similar to the temperature

distribution, areas of low velocities are associated with

low concentrations due to the low convective mass
model (y ¼ 0 plane); and (b) bifurcation airway model (z ¼ 0

263 K.



Fig. 6. Concentration contours of JP-8 fuel vapors in the oral airway model at: (a) Qin ¼ 15 l/min and Tin ¼ 263 K; (b) Qin ¼ 15 l/min

and Tin ¼ 310 K; and (c) Qin ¼ 60 l/min and Tin ¼ 263 K. The left panels exhibit side-plane (y ¼ 0 plane) concentration contours, while

the right panels show the concentration distributions at different cross-sectional planes.
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transfer. The local concentration gradient near the wall

indicates the vapor deposition rate at that site. Thus, the
local deposition rate tends to be high at the oral cavity

and becomes low in the trachea due to the vapor redis-



Fig. 6 (continued)
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tribution over the cross-sections driven by secondary

and reverse flows. The vapor field in the trachea for

Qin ¼ 15 l/min cannot be mixed as rapidly as the heat

where the temperature distributions tend to be uniform

at E–E0 and F –F 0. This may be attributed to the rela-

tively high Lewis number for JP-8 vapor (Le ffi 4).

Comparing Fig. 6a with Fig. 6b, some thermal effects

on concentration distribution can be observed after the

glottis for this low inspiratory flow rate case. Specifi-

cally, the concentration contours at sections E–E0 and

F –F 0 are somewhat different with different inlet air

temperatures and the concentration at the tube center of

cross-section F –F 0 is a little higher for the lower inlet

temperature case. At the medium and high inspiratory

flow rate cases (i.e., Qin ¼ 30 and 60 l/min), the con-

centration in the trachea tends to be more uniform with

the onset of turbulence (see Fig. 6c for Qin ¼ 60 l/min

case). The thermal effects tend to be negligible for me-

dium and high-flow-rate cases (Qin ¼ 30 and 60 l/min).

In the airway segment G0–G3 (Fig. 7), the mass

transfer patterns are also strongly affected by the skewed

and asymmetric velocity profiles, which indicate differ-

ent vapor depositions in different airway tubes.

5.4. Deposition of fuel vapor

Evaluation of injuries from inhalation exposure to

toxic vapors or particles requires detailed knowledge of
the inhaled amount and distribution in human airways.

The inhaled dose of vapors or ultrafine particles is de-

scribed by the deposition fraction (DF), which is defined as

DF ¼ 1�
Xn
i¼1

Z
uiYi dAi

 ! Z
u0Y0 dA0

� ��
ð15Þ

where A is the tube cross-sectional area, and u is the axial
velocity. The subscripts ‘‘0’’ and ‘‘i’’ denote the prop-

erties at the inlet and the ith daughter tube of a selected

generation, respectively. In the oral airway model, the

‘‘i’’ denotes the trachea and n ¼ 1. The deposition

fractions of JP-8 fuel vapor in the upper airways under

different inhalation conditions are shown in Fig. 8a–c. It

can be seen from Fig. 8a that higher vapor deposition

corresponds to larger inlet air temperatures, especially

for the high inhalation flow rate case. This can be at-

tributed to the relatively large diffusion coefficient at

relatively high temperatures (see Eq. (12)). Generally

speaking, the deposition fraction is weakly affected by

the inlet air temperature for both low and high inspi-

ratory flow rates. In other words, the thermal effects

could be negligible when calculating the total or seg-

mental deposition fraction of vapors or ultrafine parti-

cles in the upper airways. The flow rate also shows a

significant effect on the deposition of vapor (cf. Fig. 8b

and c). The higher the flow rate, the lower is the depo-

sition fraction. This may be because of the longer



Fig. 7. Concentration contours of JP-8 fuel vapor in the bi-

furcation airway model (z ¼ 0 plane) at: (a) Qin ¼ 15 l/min and

Tin ¼ 263 K; (b) Qin ¼ 30 l/min and Tin ¼ 263 K; and (c)

Qin ¼ 60 l/min and Tin ¼ 263 K.
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Fig. 8. Deposition fractions of JP-8 fuel vapor in the upper

human airway.
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residence times for vapors with low flow rates and is

consistent with the experimental observations of Li et al.

[8] for deposition of Iodine vapor in a tracheobronchial

cast. The deposition fraction may increase 75–120% in

the oral airways and G0–G3 when switching from ex-

ercise breathing (Qin ¼ 60 l/min) to low-level breathing

(Qin ¼ 15 l/min). The deposition fraction of JP-8 fuel

vapor in the oral airway and G0–G3 under resting
condition can be as high as 36% and 25%, respectively.

Of interest is that the curves of deposition fractions in

the trachea for relatively high inspiratory flow rate cases

are a little steeper than that for the low inspiratory flow

rate case; this indicates the effect of turbulent dispersion

on vapor deposition (Fig. 8a and b).

5.5. Calculation of heat transfer coefficient

The respiratory heat transfer coefficient (hc) is a

phenomenological constant relating the heat flux to the

temperature difference between the ‘‘free’’ airstream and
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the airway walls. The local hc is difficult to determine in

the junction area of bifurcation airways; hence, regional

(i.e., segmental) hc-values are calculated instead of the

local hc. In any segmental unit (e.g., oral airway, first,

second or third bifurcation), the energy balance is

q00Awall ¼
Xn
i¼1

_mmiHi � _mm0H0 ð16Þ

where Awall is the total wall surface area of the airway

unit. The subscripts ‘‘0’’ and ‘‘i’’ denote the properties at
the inlet (parent) and the ith daughter tube of a selected

airway unit, respectively. In the oral airway model, the

‘‘i’’ denotes the trachea and n ¼ 1; _mm is the mass flow

rate determined as

_mm ¼
Z
A
udA ð17Þ

The regional heat transfer coefficient is calculated as

hc ¼ q00=ðTwall � TmÞ ð18Þ

where Tm is the mean temperature of the ‘‘free’’ air-

stream in this region. In this paper, two approaches were

considered to determine the mean temperature. For ex-

ample, averaging the inlet and outlet cross-sectional

mean bulk temperatures yields:

Tm;1 ¼
1

2

R
u0T0 dA0R
u0 dA0

"
þ 1

n

Xn
i¼1

R
uiTi dAiR
ui dAi

#
ð19Þ

This simple approach was usually employed in experi-

mental studies [15,16], where the cross-sectional mean

bulk temperatures were replaced by the average values

of locally measured temperatures at the inlet and outlets.

Another approach to obtain Tm is based on the volu-

metric averaging of the bulk temperatures, i.e.

Tm;2 ¼
1

8 � Q0

Z
8
Vspeed � T dV ð20Þ

where 8 is the volume of the airway unit, and Q0, the

inlet flow rate in this unit, and Vspeed, the airstream speed.

Once the regional heat transfer coefficient is ob-

tained, the region-averaged Nusselt number can be de-

termined as

Nu ¼ ðhcDÞ=k ð21Þ

The diameters in the trachea and the parent tubes were

used to calculate the Nu number for the oral airway and

bifurcation units, respectively.

Fig. 9 shows the regional Nusselt number (Nu) in the

oral airway model versus the product of the Reynolds

(Re) and Prandtl (Pr) numbers as determined in the

trachea based on the two different mean temperatures

for the airstream. As expected, there are only small

differences between the two calculated Nu numbers.

Since Tm;1 is easier to compute for practical applications,
Eq. (19) has been employed, unless otherwise noted.

Compared with the empirical correlation obtained by

Nuckols [16], the results generated by the computer sim-

ulation model almost match (Fig. 9). One cause for the

discrepancy may be due to experimental uncertainties,

e.g., cross-sectional averaging of non-uniform bulk tem-

peratures cannot be obtained in the laboratory. Further-

more, two different oral airway geometries have been used

in the present analysis and Nuckols� experiments [16].

Fig. 10a shows the regional Nu number as a function

of RePr, as determined in the parent tube, for each in-

dividual bifurcation as well as for the entire bifurcation

system of generations G0–G3. Of interest is that the

regional Nu number is only a function of RePr, regard-
less of the specific bifurcation (e.g., the first, second or

third bifurcation). However, the overall Nu-number

distribution, i.e., for the entire three-bifurcation system,

is somewhat higher than those for the individual bifur-

cations due to the non-homogenous flow and tempera-

ture distributions. The segmentally averaged convective

heat transfer coefficient in dimensionless form for each

bifurcation can be expressed as

Nu ¼ 0:568ðRePrÞ0:495 600 < Re < 6000 ð22Þ

where r2 ¼ 0:99, while for the entire triple bifurcation:

Nu ¼ 0:66ðRePrÞ1=2 ð23Þ

Comparison of the present correlation, Eq. (23), for the

human upper bronchial tree with others [15,16] is given

in Fig. 10b. Considering the slightly different model

geometries (e.g., there is no smooth connection from the

parent to the daughter tubes and the shape of the carinal

ridge is sharp in their airway geometry [15,16]), as well

as aforementioned experimental uncertainties, the pre-

sent correlation agrees reasonably well with empirical

data.
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5.6. Calculation of mass transfer coefficient

Calculation of the respiratory mass transfer coeffi-

cient, hm, is helpful in quantitatively predicting the re-

gional uptake of inhaled ultrafine particles or vapors [4].

Similar to the calculation of hc, the mass balance for one

airway unit is

N � Awall ¼
Xn
i¼1

_mmiYi � _mm0Y0 ð24Þ

which yields the wall mass flux of species N , so that

hm ¼ N

qYm � qYwall
ð25Þ

For simplicity, we only used the average values of the

inlet and outlet cross-sectional mass fractions to deter-

mine the regional qYm, i.e.,

qYm ¼ 1

2

R
q0u0Y0 dA0R
q0u0 dA0

"
þ 1

n

Xn
i¼1

R
qiuiYi dAiR
qiui dAi

#
ð26Þ
The Sherwood number (Sh), characteristic of convective
dispersion, can be calculated as

Sh ¼ ðhmDÞ=eDD ð27Þ

Again, the diameters in the trachea and the parent tubes

are employed to determine the Sh number for the oral

airways and bifurcation units, respectively.

Fig. 11a depicts the regional Sherwood number (Sh)
for the oral airway model versus the product of Rey-

nolds (Re) and Schmidt (Sc) numbers, both evaluated in

the trachea, based on different inhalation flow rates and

diffusion coefficients (i.e., particle sizes). The correlation

between Sh number and ReSc can be expressed as

Sh¼ 0:852ðReScÞ0:405 1500< Re< 7000; 1< Sc< 230

ð28Þ

where r2 ¼ 0:99. The convective mass transfer coeffi-

cients for JP-8 fuel vapor in terms of the Sh number has

been also obtained for each individual bifurcation in
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airway generations G0–G3 (Fig. 11b). Affected by the

non-homogeneous airflow structures and mass concen-

tration distributions, the regional Sh numbers are

slightly different for each bifurcation. However, a best-fit

correlation yielded (Fig. 11b):

Sh ¼ 1:727ðReScÞ0:328 600 < Re < 6000; Sc � 3

ð29Þ
where r2 ¼ 0:77.
6. Conclusions

Employing a user-enhanced, experimentally vali-

dated computer simulation model, using the finite-vol-

ume code CFX as the solver [25], steady non-isothermal

inhalation of fuel vapor or nano-size particles in the

upper human airways have been analyzed and new

Nusselt and Sherwood number correlations have been

developed. The CFPD results show the following:

(1) Heat transfer effects in the oral airways are consider-

able at low-level breathing (Qin ¼ 15 l/min), where

changing temperature distributions influence the ve-

locity fields, especially in the trachea. However, the

thermal impact tends to be negligible for medium

to high-level breathing modes (Qin ¼ 30 to 60 l/min);

(2) Although the local vapor concentrations may be af-

fected by non-isothermal flow, the total and segmental

deposition fractions of (JP-8) fuel vapor in the upper

airways are basically not influenced by variations in

ambient temperature, i.e., 2636 Tin 6 310 K, where

the variation of deposition fractions is within 15%.

(3) The flow rate has a significant effect on fuel vapor

deposition, i.e., the higher the flow rate the lower

is the deposition fraction; for example, the deposi-

tion fraction in the present system, i.e., mouth to

Generation G3, changes from 30% to 60% when

switching from high-level to low-level inhalation.

(4) The regional Nusselt number for the bronchial tree

is the same for each bifurcation. However, the over-

all Nu-number distribution, i.e., averaged over the

entire multi-bifurcation system, is somewhat higher

than those for the individual bifurcations due to

non-homogenous flow and temperature effects.

The methodology outlined and physical insight pro-

vided can be also applied to other complex intake

configurations, such as engine ports and inlet ducts of

air-breathing propulsion systems.
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