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Abstract—Gas phase mass transfer coefficients for nitric oxide
~NO!, ethanol ~EtOH!, and water vapor (H2O) were determined
for typical conducting airway geometry and tracheal flows (5
31025 and 531024 m3 s21), by solving the steady-state twodimensional diffusion equation. A constant absolute production
rate with first order consumption reactions in pulmonary tissue
was assumed for NO. For EtOH and H2O, constant concentrations were assumed in the blood and tissue, respectively. Results, expressed in terms of the average Sherwood number
(Sh), were correlated with the Peclet (Per ) number, and the
length-to-diameter (L/D) ratio for each airway branch in terms
of a lumped variable, Per (L/D) n . (Sh) increases as the solubility of the gas in tissue and blood increases. In addition, Sh
passes through a minimum value at Per (D/L) n equal to approximately one when axial convection and diffusion have
equal but opposite magnitudes. We conclude that Sh is not a
monotonic function of Per (L/D) n within the entire airway tree
and that it depends on the physical properties of the gas in the
tissue. This conclusion contrasts with previous experimental
and theoretical correlations. © 1999 Biomedical Engineering
Society. @S0090-6964~99!01403-4#

tunately, only limited information is available regarding
the basic gas exchange dynamics of NO in the lungs.
Ingested ethanol ~EtOH! is transported from the
blood, through the surrounding tissue into the airway
lumen,8 and therefore may be modeled as an endogenously produced gas in the pulmonary airways. Ethanol
is unreactive at low concentrations and roughly 50,000
times more soluble in tissue than NO. The concentration
of EtOH in exhaled breath is often used to estimate
blood alcohol concentration, however the accuracy of
this technique is controversial because the interaction of
EtOH with the conducting airways is only partially
characterized.8
Water is a ubiquitous molecule in the lungs. Dry
ambient air is humidified by transport of water vapor
from the thin mucous membrane lining the pulmonary
airways. In addition, the transfer of water ~and heat!
plays an important role in exercise-induced asthma.7 For
all three of these compounds, a complete model of the
gas exchange dynamics requires description of the interphase transport between the airway wall and lumen. Because the lower conducting airways ~bronchioles! and
alveoli are essentially inaccessible to direct experimental
measurement, mathematical modeling provides an avenue of understanding the gas exchange mechanisms of
endogenous gases within the lungs.
Relatively detailed models simulating the pulmonary
gas exchange mechanism for EtOH have been developed
previously. George et al.10 described the simultaneous
exchange of heat, water, and a highly water soluble gas
using a symmetric bifurcating structure through 18 generations for the conducting airways with the respiratory
bronchioles and alveoli lumped together into a single
unit. Bui et al.3 extended this model by including specific radial compartments for the epithelium and smooth
muscle as well as a dynamical description of the bronchial circulation. Important is that Bui et al.’s3 sensitivity
analysis identified the gas phase mass transfer coefficient, k c , as a critical parameter in determining the
shape of the exhalation profile. Both of these models
estimated heat and mass transfer coefficients from em-
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INTRODUCTION
The detection of compounds in the exhaled breath has
important medical and legal applications. Nitric oxide
~NO!, a reactive but sparingly soluble gas, is produced
within the tissue of the airways of the lungs.16 As an
intercellular messenger, NO is involved in the modulation of blood flow, platelet inhibition, neurotransmission,
the regulation of smooth muscle tone, and host
defense.7,16,26 Inhaled, exogenous NO may be an effective treatment of diseases, such as asthma, pulmonary
hypertension, and adult respiratory distress syndrome.7,26
Exhaled NO levels have recently been correlated with
inflammatory diseases such as bronchial asthma.7 UnforAddress correspondence to Steven C. George, MD, PhD, Department of Chemical and Biochemical Engineering and Materials Science,
916 Engineering Tower, University of California at Irvine, Irvine,
CA 92697-2575. Electronic mail: scgeorge@eng.uci.edu
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pirical correlations developed by Ingenito et al.14 and by
Hanna et al.,13 which predict the mass transfer coefficient to be proportional to (Re)n, where Re is the Reynolds number of the flowing gas and ‘‘n’’ is a positive
exponent (0,n,1). This leads to artifacts in the lower
airways, where Re becomes very small, because k c →0
as Re→0. Available literature10,11 indicates that as Re
→0, k c →6D/D, where D is the gas phase diffusivity
and D is the diameter of the airway branch.
The goal of our current study is to develop a twodimensional ~radial and axial! theoretical model that can
be used to determine the gas phase mass transfer coefficient in human conducting airways. The model explores
the above asymptotic relationship, and correlates the
model results for use in more detailed gas exchange
models.
MODEL DEVELOPMENT
Airway Geometry
The human pulmonary airways may be differentiated
into two regions: the ‘‘conducting airways,’’ including
the trachea, bronchi, and nonrespiratory bronchioles, and
the ‘‘respiratory airways,’’ which consist of the respiratory bronchioles and alveoli. Since local heat and mass
transfer coefficients in the upper respiratory tract, including the trachea, have been extensively characterized by
Hanna and Scherer,12,13 only generations 1 and beyond
are considered in this study. Even though breathing is
time dependent, the Womersley parameter ~the ratio of
the time required for propagation of viscous forces to the
time to complete one breath! is small at lung conditions
pertinent to tidal breathing. Thus, steady-state concentration profiles are established rapidly, and the assumption
of quasisteady state is justified.11 Inspiratory temperatures predicted by Hanna and Scherer13 justify the approximation of isothermal conditions ~37 °C!. The gas
phase mass transfer coefficients determined in this study
are valid only in the conducting airways. The conducting
airways consist of a tree-like sequence of branching
tubes, which usually bifurcate by dichotomy. Hence,
starting with the trachea ~generation 0! each parent tube
divides into two daughter tubes. Weibel25 made extensive measurements of conducting airway geometry, and
proposed a model of ‘‘regular dichotomy,’’ which described this geometry as a simplified symmetric bifurcation pattern. This model, illustrated in two dimensions by
the schematic shown in Fig. 1, is used to specify the
conducting airway geometry for this work. The conducting airways are defined as generations 1–17.
Each branch of the conducting airways is modeled as
a constant cross-sectional tube of diameter, D ~radius, R!
and length, L, exhibiting bulk flow in the axial direction
only ~see Fig. 2!. The cylindrical gas space ~lumen! is
surrounded by a thin annular mucous layer which is in
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FIGURE 1. Two-dimensional representation of Weibel’s „Ref.
25… regular dichotomy model for the conducting airways.

turn surrounded by cellular tissue perfused by a network
of capillaries. The gas phase concentration of the diffusing species at each branch inlet (z50) is assumed to be
constant (C 0 in Fig. 2!. This is justified based on the
axial and radial mixing arising from secondary flows
established at the bifurcations between branches.
Weibel’s regular dichotomy model25 is used to specify
the radius, R, and length, L, of each airway branch. The
tissue layer thickness, l t , is adjusted relative to the diameter of the specific airway with an uncertainty of
roughly 20% based on the guidelines provided by
Gastineau et al.6 Table 1 summarizes the values of D, L,
and l t as a function of the airway generation number
used in this study. The mucous layer is assumed to be a
continuous sheet of uniform thickness: l m 5131025 m
~10 mm! in all airways ~uncertainty approximately 20%!,
which is consistent with the value used in previous
studies.3,9,10 Since both l t and l m are small compared to
D, a thin film approximation is valid in the tissue and
mucous layers and the effects of curvature are negligible.
Thus, these regions can be modeled using rectangular
coordinates.

FIGURE 2. Cross-sectional view of a single branch of the
conducting airways indicating key features of model development such as the source of gases, velocity profile, and
definition of the mass transfer coefficient.
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TABLE 1. Conducting airway geometry as a function of generation number „from Ref. 25….
Generation

D
(cm)

L
(cm)

lt
(mm)

L/D

lt / D

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

1.22
0.84
0.56
0.46
0.36
0.28
0.24
0.186
0.154
0.13
0.11
0.096
0.082
0.074
0.066
0.060
0.054

4.76
1.9
0.76
1.27
1.07
0.90
0.76
0.64
0.54
0.46
0.39
0.33
0.27
0.23
0.20
0.17
0.14

100
72.8
54.0
46.4
39.4
34.5
31.0
28.2
25.4
24.1
22.8
21.6
20.7
20.2
19.6
19.2
18.7

3.9
2.3
5.4
2.8
3.1
3.2
3.3
3.5
3.5
3.6
3.6
3.5
3.3
3.1
3.1
2.8
2.6

0.008
0.009
0.01
0.01
0.012
0.013
0.014
0.015
0.017
0.018
0.021
0.023
0.025
0.028
0.030
0.032
0.035

Mass Transfer Coefficient: Definition
The mass transfer rate of an endogenously produced
gas to the airway lumen from surrounding tissue in the
conducting airways can be described by the gas phase
mass transfer coefficient, k c . As shown in Fig. 2, k c is
defined in terms of the diffusive flux at the wall, J w :
J w 5D

]C
]r

U

5k c ~ C ~ R,z ! 2C̄ ~ z !! ,

~1!

~ R,z !

where D is the gas phase diffusivity, C(R,z) is the gas
phase concentration at the airway wall, and C̄ is the
cross-sectional mean concentration over the lumen cross
section:
C̄ ~ z ! 5

2
R2

E

R

0

C ~ r,z ! r dr.

~2!

Determination of k c requires knowledge of the gas phase
concentration distribution, C(r,z).
Velocity Profile
The model presented considers Reynolds numbers less
than 2100, which corresponds to laminar flow for fully
developed flow in tubes. If a plug flow were assumed, a
simpler solution could be deduced in terms of Bessel
functions of order zero. However, a plug flow velocity
profile would only be appropriate in the trachea or for
turbulent flow. For this application a fully developed
laminar velocity profile is more appropriate than a plug

flow profile for radial mass transport, since in the real
case the velocity at the wall of the daughter tube should
be zero ~no slip!.
Based on the above arguments, a fully developed
laminar ~FDL! flow axial velocity distribution is used for
Vz :
V z 52V avg~ 12x 2 ! ,

~3!

where V avg is the arithmetic average axial gas velocity
over the tube cross section and x is dimensionless radial
position, r/R.
In reality, the velocity distribution in each airway
branch will not be fully developed over the entire branch
due to the mechanical mixing at tube bifurcations induced by irregular axial velocity profiles and secondary
flows. Scherer et al.22 proposed accounting for these
mixing effects by using an effective diffusivity in the
form Dd 5D12KRV avg , where K is assumed to be uniform over the entire airway tree and dependent only
upon the direction of axial flow. Scherer also assumed an
ideal plug flow in a five-generation, glass tubing model
of the bronchial airways, and determined K to be 1.08
for inspiration and 0.37 for expiration. Ultman and
Blatman24 determined analogous values of 1.48 and 0.50,
respectively, based on so called ‘‘developing’’ and ‘‘redeveloping’’ dispersion theory, and concluded that Taylor dispersion was the dominant mechanism of mixing.
In general, these relationships are applicable to onedimensional models, which do not include radial diffusion. In our current study, the effective diffusivity is not
incorporated into the steady-state diffusion equation, because radial diffusion is included, and, thus the effect of
Taylor dispersion is included.5
Next, we define Per as the radial Peclet number in the
following fashion:
Per 52V avgR/D;

~4!

Per represents the ratio of axial convective mass flux to
radial diffusion, and may be expressed as Per 5Re Sc,
where Re is the Reynolds number and Sc is the Schmidt
number @0.56, 1.19, and 0.54 for NO, EtOH, and H2O,
respectively, diffusing in air at body temperature, ambient pressure, saturated ~BTPS!#. In general, the Peclet
number Pe represents the ratio of convective mass transport to diffusive mass transport. We could also define the
axial Peclet number, Pez 5LV avg /D, corresponding to
axial convection/axial diffusion. However, in the problem which the current studies addresses, radial diffusion
dominates axial diffusion; hence, the alternate formulation is more appropriate.
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FIGURE 3. Detailed description of the gas exchange mechanism for transport of NO, EtOH, and H2O through tissue and
mucous layers to the airway lumen.
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mucous layer is expressed as G m 5 k m C m , where C m is
the concentration of NO in the mucous.
Mass transfer through the tissue and mucous layers is
modeled by representing these layers as annuli of thicknesses, l t and l m , with diffusivities of Dt and Dm , respectively. Hence the capillaries are modeled as a continuous annular sheet exterior to the tissue layer. At the
boundaries between adjacent phases ~i and j!, partition
coefficients relate the concentrations by l i: j 5C i /C j .
Diffusive flux is assumed to be continuous across each
boundary.
GOVERNING EQUATION
Derivation

Diffusion, Consumption, and Generation in Tissue,
Mucous, and Blood
As depicted in Fig. 2, the gas exchange mechanism in
the conducting airways for endogenous gases includes
diffusion through capillaries, tissue, and mucous, and the
mucous/air interface. NO is generated in the tissue, consumed by substrates in the blood, tissue, and mucous,
and diffuses into the airway lumen. EtOH present in the
blood diffuses from the capillaries through the tissue and
mucous into the airway lumen. No consumption or production of EtOH occurs in either the tissue or mucous.
Within cellular tissue, H2O is maintained at a nearly
constant concentration. Hence, the primary mass transfer
resistance to H2O transport into the lumen is provided by
the thin layer of mucous surrounding the airway wall.
Figure 3 gives a schematic representation for the equivalent gas exchange network.
Several different airway cells serve as the source of
NO, which is produced by the intracellular conversion of
L-arginine to L-citrulline.7,26 Although several chemical
reactions occur in tissue and mucous which consume
NO, most of these reactions are relatively slow at naturally occurring nitric oxide concentrations in vivo.1,17,26
Therefore, it is assumed in this work that at physiological concentrations only the first order reactions are
important.1,7,16,26 NO diffuses through cell membranes to
airway tissue and into either the airway lumen, or into
blood capillaries, where it rapidly binds to
hemoglobin.1,20,26
An effective first order rate constant in the tissue, k t ,
is defined to account for first order reactions, which
allow the NO consumption rate per unit volume in tissue,
G t , to be expressed as G t 5 k t C t , where C t is the concentration of NO in pulmonary tissue. The analogous
first order reaction rate constant for consumption of NO
in the mucous was set to k m 5 k t /10, based on the assumption that reactants consuming NO are at much
lower concentrations in the mucous than in the tissue.
Thus the NO consumption rate per unit volume in the

Neglecting angular diffusion, as well as angular and
radial convection, the steady-state diffusion equation relates the gas phase concentration of the diffusing species,
C, to the radial and axial coordinates, r and z, respectively, as follows:
Vz

S D

]C
] 2C D ]
]C
5D 2 1
r
,
]z
]z
r ]r
]r

~5!

where V z is the axial velocity and D is the gas phase
diffusivity. The left-hand term of Eq. ~5! represents axial
convection, whereas the two terms on the right-hand side
represent axial diffusion and radial diffusion, respectively.
Equation ~5! is subject to the following boundary conditions:
~ 1 ! C ~ r,z50 ! 5C 0 ,

~6!

~ 2 ! C ~ r50,z ! 5finite,

~7!

~ 3 ! C ~ r,z→` ! 5finite,

~8!

~ 4 ! J w 5D

]C
]r

U

5l m:a l t:m k 1 ~ C sat2C ~ r,z !! , ~9!
R,z

where l m:a and l t:m are partition coefficients which
relate the concentrations at the mucus:lumen and
tissue:mucus boundaries, respectively, and k 1 is analogous to a film coefficient for the tissue and mucous
layers. Boundary condition ~1! is based on the assumption of uniform gas phase concentration at each branch
inlet (z50). Here we assume that the presence of secondary flows,29 even at very low Reynolds numbers, will
induce some degree of mixing right at the entrance.
Thus, a uniform concentration is a reasonable first approximation. Boundary condition ~2! requires that the
concentration must be bounded at the tube centerline,
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TABLE 2. Tissue parameters used for all diffusing species.
Parameter

kt
l m:a
l m:a
l m:a
l t:m
l b:t
Rp
Rp
D
D
D
Dt
Dt
Dm
Dm
Dm
lt c
lm c
Rc

Species
NO
NO
EtOH
H2O
Allb
Allb
NO
EtOH
NO
EtOH
H2O
NO
EtOH
NO
EtOH
H2O
NO
NO
NO

Units
s

21

¯
¯
¯
¯
¯
s/cm
s/cm
cm2/s
cm2/s
cm2/s
cm2/s
cm2/s
cm2/s
cm2/s
cm2/s
mm
mm
cm

Central
Value

Lower
Limita

Upper
Limita

0.346
0.0416
2000
20,000
1
1
6000
6000
0.27
0.13
0.29
2.031025
0.5631025
3.031025
1.631025
131025
100
10
0.61

0.0462
0.0333
¯
¯
0.8
0.8
3000
¯
0.20
¯
¯
0.731025
¯
1.531025
¯
¯
80
5
0.49

6.93
0.05
¯
¯
1.2
1.2
9000
¯
0.33
¯
¯
3.331025
¯
4.531025
¯
¯
120
15
0.73

Reference(s)
1, 7, 21
15
9
8
9
9
10, 23
10, 23
2
3
2
2
3
2
9
2
6
3
25

a

Upper and lower limits are for NO gas exchange uncertainty analysis in generation 1.
Used for NO, EtOH, and H2O.
c
Used for NO gas exchange uncertainty analysis in generation 1 only.
b

and boundary condition ~3! simply states that for an
infinitely long tube some finite concentration (C sat) will
be reached within the gas phase.
The fourth boundary condition is a unique feature of
this modeling study, and relates the mass flux as a linear
function of concentration at the lumen wall. The fourth
boundary condition also includes the solubility characteristics of the gas ~valid for NO, EtOH, and H2O). Equation ~9! assumes that a steady-state concentration profile
is established rapidly in the tissue and mucous layers
~i.e., there are no transient effects between the source of
C sat and the lumen wall!, and that the NO production
rate in the tissue surrounding the lumen is constant.
Despite the similarities between Eqs. ~1! and ~9!, they
are independent equations. Equation ~1! relates the diffusive flux, J w , to the gas phase mass transfer coefficient, k c , whereas Eq. ~9! relates the J w to properties of
the mucous, tissue, and capillary bed, including the effective film coefficient, k 1 .
For NO, the bulk concentration in the blood, C a , is
assumed to be approximately zero due to the rapid reaction with hemoglobin in blood capillaries. However, a
finite mass transfer resistance between the tissue and the
blood must be considered10 and is defined by the constant, Rp . Rp ~in s/cm! influences the rate of mass
transfer into the lumen, and can be estimated from the
following equation: Rp 5S/Q̇(s/cm) where S is the surface area ~in cm2! available for diffusion across the capillaries, and Q̇ ~in cm3/s! is the blood flow rate to the
capillaries.10 Estimates of Rp for NO and EtOH are

presented in Table 2. Then, the concentration at the
tissue/lumen boundary ~the airway wall! can be expressed in terms of the mass flux of the diffusing species
at that boundary. Solution of steady-state mass balances
for NO in the tissue and mucous layers thus leads to the
following expression for k 1 :

k 15

l t:m K b b m b t 2l t:m v 2t b m 1 v 2m ~ K b 1 b t !
l t:m ~ l t:m K b b t 2l t:m v 2t 1 b m ~ K b 1 b t !!

, ~10!

where v t 5 Ak t Dt ; v m 5 Ak m Dm ; b t 5 AK 2t 1 v 2t ; b m
5 AK 2m 1 v 2m ; K b 51/(l b:t Rp ); K t 5 v t /sinh(ltAk t /Dt );
K m 5 v m /sinh(lmAk m /Dm ).
For an infinitely long tube, a state is approached at
which there is no mass transfer into the gas phase. At
this state, the gas phase concentration approaches C sat .
Both k 1 and C sat depend upon the physical and chemical
properties ~diffusivity, partition coefficient, thickness,
and reaction rate constant! in the tissue, mucous, and
capillaries. In addition, for the gas exchange of NO, C sat
depends upon the NO production rate per unit volume,
whereas k 1 does not. In general, the production rate of
NO is not known, but C sat is not required to determine
kc .
For EtOH, C sat5C a /l b:t l t:m l m:a , where C a is the
bulk concentration of EtOH in the blood, and k 1 is
analogous to an overall mass transfer coefficient for the
capillaries, tissue, and mucous layers,
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k 15

S

1
Rp l t:m l m l t
1
1
l b:t
Dm
Dt

D

`

.

Dm
.
k 15
l t:m l m

Defining the following dimensionless variables:
~13!

x5r/R, and j 5z/R Per , and substituting Eqs. ~3! and
~4!, the governing equation @Eq. ~5!# is written in dimensionless form as

S D

]u
]u
1 ] 2u 1 ]
5 2 21
x
.
]j Pe r ]j
x ]x
]x

~14!

Transforming the boundary conditions in terms of the
dimensionless variables
~ 1 ! u ~ x, j 50 ! 51,

F S DG

gn
1 gn
a n5 2
11
2 4
Per

~16!

~ 3 ! u ~ x, j 5` ! 5finite,

~17!

]u
~ x51,j ! 1 au ~ x51,j ! 50.
]x

~18!

2

.

~21!

In general, both A n and g n depend only on a and Per .
For the special case of ideal FDL flow ~without axial
diffusion!, computation is simplified considerably, since
the eigenvalues depend only on a and become independent of Per . In theory, this approximation is only valid
for NO gas exchange in the upper airways ~between
generations 1 and 7!. However, boundary layer theory2
predicts that gas phase mass transfer coefficients for generations 1–7 may be influenced by skewed velocity profiles and secondary flows that arise due to the bifurcations between airway branches. Bird et al.2 stated that an
‘‘entrance length’’ on the order of 0.035D Re is required
to build up a parabolic FDL velocity profile. On this
basis, an ideal FDL velocity distribution assumption
would not be valid until at least the eighth generation
~i.e., for Re less than about 50!.

Mass Transfer Coefficient: Calculation

~15!

~ 2 ! u ~ x50,j ! 5finite,

~20!

where h n 5 g n x 2 . g n are the eigenvalues, M is the confluent hypergeometric function, A n the series coefficients,
and a n is defined as

~12!

u 5 ~ C ~ r,z ! 2C sat! / ~ C 0 2C sat! ,

2

n51

Solution

~4!

u 5 ( A n e 2 g n j e 2 h n /2M ~ a n ; 1; h n ! ,

~11!

For H2O, C sat5C tl /l t:m l m:a , where C tl is the concentration of H2O in the tissue ~assumed constant!, and
k 1 is analogous to a film coefficient for the mucous
layer,

~ 12x 2 !
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For each specific generation of the pulmonary airways
an average mass transfer coefficient, k̄ c , is determined
by integrating Eq. ~1! over the length of the branch, L,
and applying the generalized mean value theorem to k c .
This is appropriate because a more detailed gas exchange
model will perform a numerical integration over each
branch. The result is

Since k c is independent of C sat , its dependence upon
properties of the tissue, mucous, and capillary bed are
conveniently described by the dimensionless film coefficient, a,

k̄ c 5

SD

j

* 0L

]u
~ 1,j ! d j
]x

D
,
R * j L ~ u ~ 1,j ! 2 ū ~ j !! d j
0

~22!

L
;
R Per

~23!

where

a 5l m:a l t:m Rk 1 /D.

~19!

Note that a is directly proportional to l m:a . Thus, a
increases monotonically with the solubility of the diffusing species.
The solution of Eq. ~14! is obtained by the classical
method of separation of variables. The general solution
to Eq. ~14! is

j L5

ū ( j ) is the average or bulk gas phase concentration determined from Eqs. ~2! and ~13!, which upon substitution
into Eq. ~20! is expressed as
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ū ~ j ! 52

Eu
1

0

`

5

Sh~ j L ! 5Dk̄ c ~ j L ! /D.

~ x, j ! x dx

( A n e 2 g j e 2 g /2
n51
2
n

`

3

(

m50

Equating J w in Eqs. ~1! and ~9!, solving for k c , substituting the result into Eq. ~25!, and using the appropriate
definitions of the dimensionless variables, the following
expression is derived for Sh~j!:

n

~ a n !mg m
n
~ 2 ! m m!

M ~ 1; m12; g n /2! .

~24!

Results are expressed in terms of the local Sherwood
number, Sh(z), a dimensionless form of k c defined by
Sh~ j ! 5Dk c ~ j ! /D.

Sh~ j ! 5

22 au ~ 1,j !

u ~ 1,j ! 2 ū ~ j !

~27!

.

~25!
By substituting the solutions from Eqs. ~20! and ~24! into
Eq. ~27!, the following expression is obtained for Sh~j!:

Similarly, the average Sherwood number, Sh is defined
as

Sh~ j !
5
2a

~26!

2

( `n51 A n e 2 g n j e 2 g n /2M ~ a n ;1; g n !

F

2

`
( `n51 A n e 2 g n j e 2 g n /2 ( m50

~ a n !mg m
n
~ 2 ! m m!

S

M 1;m12;

D

gn
2M ~ a n ;1; g n !
2

G

~28!

.

Similarly, an expression for Sh is obtained by combining Eqs. ~20!, ~22!, ~24!, and ~26!, and integrating:
2

Sh~ j L !
5
2a

( `n51 A n
2

( `n51 A n

~ 12e 2 g n j L !

g 2n

e

~ 12e 2 g n j L !

F

2 g n /2

g 2n
`
( m50

The above model was used to compute Sh~j! and Sh
for airway geometries ~i.e., L/D) typical of the first 17
generations and flow conditions @tracheal flows of 5
31025 m– 531024 m s21 ~50–500 cm3 s21! corresponding to a tracheal Re between 200 and 2100#. Numerical
calculations were performed with the aid of a
®
MICROSOFT EXCEL Spreadsheet. Since the NO production rate was considered an unknown parameter, detailed
gas phase concentration profiles were not computed.
PARAMETER VALUES AND UNCERTAINTY
ANALYSIS
Inspection of Eq. ~29! reveals that Sh depends only on
a, Per , and (L/R)52(L/D). Since Per and (L/D) depend only upon flow conditions, lumen geometry, and
the gas phase diffusivity, a completely describes the
functional dependence of Sh in terms of properties of the
tissue, mucous, and capillary bed. Those parameters that

e 2 g n /2M ~ a n ; 1; g n !

~ a n !mg m
n

S

D

gn
M 1;m12;
2M ~ a n ;1; g n !
2
~ 2 ! m m!

G

.

~29!

influence a include k t , l m:a , l b:t , l t:m , Rp , D, Dt ,
Dm , l m , l t , and R ~or D!, which will be henceforth
referred to as ‘‘tissue’’ properties. The gas phase diffusivity of NO, EtOH, and water are all well characterized
and will not be considered in the uncertainty analysis.
The effect of flow conditions and lumen geometry will
be considered independently with the lumped parameter
Per (D/L). Thus, our uncertainty analysis will focus on
the variation of Sh on a. This is done by first estimating
upper and lower limits for a based on the uncertainties
of l m:a , l t:m , k t , and other properties of the tissue
layers surrounding the lumen ~see Table 2!.
The effective first order rate constant in the tissue, k t ,
exhibits the widest range of uncertainty due to the broad
range of probable half-lives for NO. Based on Beckman
and Koppenol,1 the half-life of NO in tissue, t 1/2 , is on
the order of 1 s; however, the probable range is between
0.1 and 15 s.7,21,28 t 1/2 was varied over its range of
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TABLE 3. Lower and upper limit „ a LL and a UL… for NO gas exchange uncertainty analysis „for
generation 1 only….
Parameter

a LL

a UL

100%3 @ ( aLL /aCV)21 # a

100%3 @ ( aUL /aCV)21 # a

kt
l m:a
l t:m
l b:t
Rp
D
Dt
Dm
lt
lm
R

0.5231024
1.631024
1.731024
2.131024
2.131024
2.831024
1.431024
1.931024
2.231024
2.131024
1.731024

8.131024
2.531024
2.431024
2.031024
2.031024
2.831024
2.431024
2.131024
1.931024
2.031024
2.531024

275
220
218
0.3
1.8
36
232
26.7
4.8
3.4
217

294
20
18
20.2
20.2
217
15
2.9
26.9
22.6
24

Percent of deviation of a LL and a UL from the central value ( a CV52.0431024 ).

a

probable values, 0.1–15 s, with t 1/252 s selected as a
base value. k t was then calculated from the half-life of
NO in pulmonary tissue from k t 5ln(2)/t1/2 .
The uncertainty analysis on a is only performed for
gas exchange of NO in the first generation. We did not
explore the sensitivity of Sh on a for other compounds,
such as EtOH and water, because their partition coefficients are well characterized, and are inert ~i.e., k t 50)
in the bronchial mucosal tissue.
Table 3 shows values of a determined in the uncertainty analysis for NO gas exchange in generation 1. All
values displayed in Table 3 are for the first generation,
where the central value, a CV , is 2.0431024 . Values
determined at the upper and lower limits of the corresponding tissue parameters are denoted a UL and a LL ,
respectively. As k t is varied between its upper and lower
limits, a varies between 294% and 275%, respectively,
of its central value. For all of the other parameters, the
maximum variation in a is only 36%. Hence, k t determined the upper and lower bounds of a for the uncertainty analysis.
Sh values for EtOH and water gas exchange were
computed for the same generations and range of flow
conditions used for NO gas exchange with all parameters
at their central values ~see Table 2!. Although the functional dependence of Sh upon Per , (L/D) and a is the
same for both EtOH and NO, l m:a is nearly 50,000 times
larger for EtOH. Hence, at any given Per and (L/D) the
corresponding value of a will be much larger for EtOH
than for NO. Therefore, differences in the dependence of
Sh upon Per and (L/D) between NO and EtOH can be
attributed to differences in a. For H2O, l m:a is about 10
times larger than for EtOH.
RESULTS
Local Sherwood Number
For NO gas exchange, Sh(z), was found to approach
an asymptotic value ~for a very long tube! of 6, which is

consistent with the results of George et al.10 and
Grotberg.11 Sh approaches its asymptotic value more rapidly at low Per . Figure 4~a! shows the dependence of Sh
on axial distance-to-radius ratio (z/R) at a tracheal flow
(Q tr) of 231024 m3 s21 ~200 cm3 s21! for NO gas exchange with all parameters at their central values. For the
main bronchi ~generation 1, Per 5397), (z/R)→0, Sh
→`, as shown in Fig. 4~a!. For the human pulmonary
airways, (L/D) ranges between about 1.5 and 4 ~see
Table 1!. In generation 1, Sh does not approach its asymptotic value in the first generation. However, by generation 10, at Per 57.2, Sh rapidly approaches its asymptotic value. For NO this trend continues through
generation 17 ~the limit of bronchioles! for Per 50.13.
Thus, at high Per , Sh is maintained at larger values due
to the effects of axial convection. As Per decreases, axial
convection becomes less important and Sh rapidly approaches its asymptotic value.
For EtOH gas exchange, the trend is qualitatively
similar at high Per . However, the asymptotic value becomes more sensitive to changes in Per . Figure 4~b!
shows the dependence of Sh on z/R at Q tr52
31024 m3 s21 ~200 cm3 s21! for EtOH gas exchange. For
generation 1 (Per 5842), the Sh values are slightly
higher than the corresponding values for NO. For generation 10 at Per 515.4, Sh approaches an asymptotic
value of 6.0, and the Sh values are nearly the same as
the corresponding values for NO near the entry of the
tube. By generation 17, at Per 50.28, Sh approaches an
asymptotic value of 7.1 for large (z/R). Hence, the asymptotic value of Sh increases as Per decreases for
EtOH gas exchange. Note that these results for EtOH at
Q tr5231024 m3 s21 ~200 cm3 s21! are not directly comparable to the corresponding results for NO and H2O,
because the Schmidt number, Sc, is nearly twofold
higher for EtOH than for NO and H2O. As a result,
Per 5Re Sc will be about twice as large at the same flow
rate ~i.e., at the same Re!.
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FIGURE 5. Model prediction of Sh vs Per „ D / L … n for NO,
EtOH, and H2O. The dashed line is the correlation proposed
by Hanna and Scherer „Ref. 13… for inhalation. The center
line is the Graetz–Nusselt solution for constant wall concentration.

6.0 for large (z/R). Hence, like for EtOH, the asymptotic value of Sh increases as Per decreases for H2O gas
exchange. This behavior is the result of axial diffusion,
which enhances the mass transfer coefficient at low Per
for highly soluble gases and will be discussed in greater
detail below.
Average Sherwood Number

FIGURE 4. Model prediction for the local Sh vs z / R at varying flow rates and thus Per . „a… NO gas exchange „ t 1/2
52 s…. „b… EtOH gas exchange. „c… H2O gas exchange. G1:
generation 1; G10; generation 10; G17: generation 17.

For H2O gas exchange, Fig. 4~c! shows the dependence of Sh on z/R at Q tr5231024 m3 s21 ~200
cm3 s21!. For generation 1 (Per 5380), the Sh values are
higher than the corresponding values for NO for (z/R)
,3. Although, for generation 10 at Per 57, Sh approaches an asymptotic value of 5.5 as (z/R)→`, the
Sh values are significantly higher than the corresponding
values for NO near the entry of the tube. By generation
17 at Per 50.13, Sh approaches an asymptotic value of

For each of the three diffusing species considered, Sh
is a function of Per and (L/D) for the model described
above. Sh increases with Per due to the effects of axial
convection and decreases with (L/D) due, in part, to
axial diffusion ~see Fig. 4!. For Per D/L.10, the effects
of axial diffusion become less important. With no axial
diffusion, Sh is a smooth function of the lumped variable
Per D/L. Irregularities in plots of Sh vs Per D/L, with
axial diffusion included, indicated that Sh has a separate
functional dependence on Per and L/D, and therefore
could not be expressed simply as a function of the single
variable Per D/L. However, we can obtain a smooth
functional relationship by expressing Sh in terms of a
lumped variable of the form Per (D/L) n , where n is a
constant (n.1). This modified dependence on D/L is
primarily due to the greater relative effect of axial diffusion for short tubes, which becomes more important as
the solubility of the diffusing species in tissue increases
~see Fig. 4!. The values of n were estimated at 1.06, 1.2,
and 1.5, for NO, EtOH, and water vapor, respectively.
Figure 5 shows the model results for Sh vs Per (D/L) n
~log scale! for NO, EtOH, and H2O. For all three gases,
Sh passes through a minimum at an intermediate value
of Per (D/L), the result of an enhanced mass transfer
coefficient at low Per . The minimum is barely detectable
for NO, but becomes much more exaggerated as the
solubility of the gas increases in the case of EtOH and
H2O. The curves for NO and EtOH lie very close to
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TABLE 4. Parameters for correlation of Sh with Per„ D / L … n .

N

B3

r2

0

0.083

0.052

0.999

0.7
2.9
7.4

0.26
0.2
0.17

0.16
0.14
0.13

0.96
0.97
0.94

b

B0

B1

No axial diffusion
NO
1.0

0.67

¯

6

With axial diffusion
NO
1.06
EtOH
1.2
H2O
1.5

0.82
0.72
0.67

0.32
0.12
0.18

5.5
5.6
5.6

each other at intermediate Per (D/L) n . As Per D/L→0,
Sh approaches an apparent asymptote of 6.2 for NO,
compared to about 8.5 for EtOH and about 13 for H2O.
Since EtOH and water are more soluble in tissue than
NO by roughly four and six orders of magnitude, respectively, these differences are attributed to corresponding
differences in a. For H2O, the Sh values are significantly
larger than those for both NO and EtOH at nearly all
values of Per D/L.
Also shown in Fig. 5 is the correlation of Hanna and
Scherer13 ~computed using the Sc number for NO! which
was based on measurements of local mass transfer coefficients in a cast replica of the upper respiratory tract
which included the nasal cavity through the distal
trachea,12 as well as the classical Graetz–Nusselt solution at a constant wall concentration. Hanna and Scherer’s relationship ~for inhalation! is Sh50.045
Re0.856 Sc1/3. As might be expected, their correlation is in
good agreement with our model results for Per (D/L) n
.100 ~i.e., in the upper airways where Hanna and
Scherer’s correlations are valid!. However, for
Per (D/L) n ,100 their correlation predicts Sh→0 as
Per (D/L) n →0, while our model predicts that Sh tends
towards a finite value ~this value depends on the solubility of the gas! as Per (D/L) n →0. The classical
Graetz–Nusselt solution shows values of Sh which are
generally about 30% lower than our model results. In
addition, this solution is a monotonically decreasing
function of Per (D/L) n because axial diffusion is not considered.
In order to place these results in a more tractable form
for use in gas exchange models, Sh was correlated with
Per and length-to-diameter ratio (L/D) using the method
of least squares for each branch in generations 1–17 ~the
limit of bronchioles! and Q tr in the range 5
31025 m s21 to 531024 m s21 ~50–500 cm3 s21! using
the following form:
Sh5B 0 1B 1 @ 12exp~ 2b/ ~ Per ~ D/L ! n !!#
1

B2

m

Species

B 2 Per ~ D/L ! n
.
11B 3 ~ Per ~ D/L ! n ! m

~30!

The first and third terms on the right-hand side of Eq.
~30! were developed following Eckert and Drake’s solution for flow in tubes,4,18 and the second ~exponential!
term was added to the empirical correlation to account
for the minimum value which Sh passes through at intermediate Per (D/L) n . For high Per (D/L) n this exponential term becomes insignificant, whereas it approaches B 1
as Per (D/L) n →0.
The parameters determined for the correlation of Sh
were tabulated ~Table 4!. These correlations are valid
under the following conditions: 0.06,Re,2300 and
1.36,(L/D),3.92. Using the central value k t
50.347 s21 (t 1/252 s) to account for consumption of NO
in tissue, values of Sh were determined for NO and
correlated. The value for B 0 is approximately equal to
the minimum value of Sh and the sum B 0 1B 1 was
forced to be equal to the value of Sh obtained at the
minimum value of Per (D/L) n @i.e., the apparent asymptotic value of Sh as Per (D/L) n →0.# This apparent asymptotic value was equal to 6.2, 8.5, and 13 for NO,
EtOH, and water, respectively. The remaining parameters
in the correlation were chosen iteratively until a minimum in the sum of squares of the error was achieved.
The correlation coefficients (r 2 ) shown in Table 4 are all
close to 1; hence, the correlations match the model results to within a maximum error of approximately 10%.
A limiting case to consider in our model results oc~e.g., for very high flow
curs for @ Per (D/L) n # @B 21/m
3
and a relatively short tube!. Under these conditions, the
form of the correlation @Eq. ~30!# reduces to
Sh5B 0 1 ~ B 2 /B 3 !@ Per ~ D/L ! n # 12m ,

~31!

which is analogous to the Leveque solution for mass
transfer between a fixed surface and a semi-infinite fluid
flowing over the surface with a linear velocity profile
and no slip at the surface.19 If axial diffusion is neglected, the exponents, (12m) and n, are equal to the
accepted values of 0.33 and 1, respectively, for FDL
flow.18 When axial diffusion is included, 12m ranges
from 0.18 ~for NO! to 0.33 ~for H2O). The ratio B 2 /B 3
is 1.6 when axial diffusion and dispersion are neglected,
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TABLE 5. Variation of Sh for NO gas exchange.

Per

L/D

Generation

Sht 1/252 sa

Sht 1/2→` a

Sht 1/250.01 sa

1000
500
100
50
10
1
0.04

3.90
2.29
1.36
3.54
3.11
3.11
2.61

1
2
3
5
10
14
17

9.56
9.44
8.46
6.99
6.13
6.03
6.19

9.57
9.43
8.44
6.98
6.14
6.03
6.17

9.53
9.40
8.48
7.00
6.13
6.04
6.52

Half-life, t 1/2 , in tissue. t 1/252 s, `, and 0.01 s correspond to
k t 50.347 s21, 0, and 69.3 s21, respectively.

a

compared to 1.6, 1.4, and 1.3 for NO, EtOH, and H2O
when axial diffusion is included, respectively.
In the uncertainty analysis for NO gas exchange, Sh
was determined for values of k t at 0 ~no reaction or
t 1/2→`) and 69 s21 (t 1/250.01 s) for various conditions
and compared with Sh at the central value of k t ~0.347
s21 corresponding to t 1/252 s). These results are displayed in Table 5. At any given Per , the values of Sh for
NO gas exchange are all within 1% of each other, except
at Per 50.04 ~generation 17! where Sh at t 1/250.01 s is
noticeably larger ~6.52! than the corresponding Sh values
at t 1/252 s and t 1/2→`, 6.19 and 6.17, respectively. Because k t is the tissue property which most significantly
influences a for NO gas exchange, it is inferred that Sh
is insensitive to the physical and chemical properties,
and to the geometry of the tissue, mucous, and capillary
bed over the ranges considered in this study. However,
as Per →0, Sh departs slightly from the expected asymptotic value of 6.2. This effect becomes more pronounced
for higher values of a.
DISCUSSION
The effect of bifurcations on flow patterns is complex.
These complex flow patterns, and their effects on radial
mass transfer, have not been accounted for in this or
previous studies, and could significantly impact the results described above. Hence, the model described above
represents only a crude first approximation. Results from
this model, although quantitative in nature, are meant to
provide a possible qualitative understanding of this complex phenomenon. A more detailed description of the
actual flow patterns will be necessary to fully characterize the effect of bifurcations on radial mass transfer.
Nonetheless, the results of the model are quite interesting
and several points deserve further discussion.
If we consider the case where the diffusing species is
transported from the tissue into the lumen as the gas
flows through the branch, the concentration in the lumen
will increase as the axial coordinate, z, increases. Therefore, the axial diffusive flux will be in the negative z

FIGURE 6. Values for a used in model predictions for NO
„central value…, EtOH, and water.

direction ~opposite to the direction of bulk gas flow!.
Hence, axial diffusion will decrease the concentration
near the end of the branch ~increasing the concentration
gradient, thereby enhancing mass transfer! and increase
the concentration near the entrance of the branch ~decreasing the concentration gradient, and hindering mass
transfer!.
The dimensionless parameter, a, represents the ratio
of gas phase mass transfer resistance to mucous/tissue/
capillary mass transfer resistance. a increases with increasing solubility of the diffusing species in the tissue
and mucous layers. The values of a used to compute
Sherwood numbers for gas exchange of NO ~central
value!, EtOH, and H2O are shown in Fig. 6 for each
generation of the conducting airways. For diffusing species, which are sparingly soluble ~e.g., NO!, a is small,
implying that the mucous/tissue/capillary mass transfer
resistance is relatively large. For EtOH, a is much larger,
and for H2O, a very large, owing to the higher solubility
of these two species; hence, the mucous/tissue/capillary
mass transfer resistance is relatively small. Thus, mass
transfer is limited by the mucous, tissue, and/or capillary
bed for NO, and primarily by the gas phase for EtOH
and water. Axial diffusion enhances mass transfer by
increasing the concentration difference between the lumen wall and the bulk gas phase. Axial convection has
the same effect, but transports the diffusing species in
the opposite direction. For a high bulk gas velocity ~large
Per ), axial convection dominates and has the greatest
impact upon Sh, whereas for low bulk gas velocity
~small Per ) axial diffusion dominates. If a is small ~e.g.,
for NO!, the concentration gradient is greatest in the
mucous, tissue, and/or capillary bed. Therefore, the enhancement of mass transfer due to axial diffusion is
small, because gas phase resistance is small. When a is
large, however, the concentration gradient ~and hence
resistance! is greatest in the gas phase, and the enhance-
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FIGURE 7. Values for a for NO gas exchange determined for
values of k t at 0 „no reaction or t 1/2˜`…, 69 s21 „ t 1/2
50.01 s…, and at the central value of k t 50.347 s21 „corresponding to t 1/252 s….

ment of mass transfer due to axial diffusion becomes
more significant.
In the scope of this study, a lies in the range of 6.5
31027 and 1.4931023 ~see Fig. 7! for NO, and Per is
between 0.04 and 1000. At the upper limit of Per , the
effects of axial convection is sufficient to increase Sh
nearly twofold over the asymptotic value of 6.2 at the
highest flow condition, Q tr5531024 m3 s21 ~500
cm3 s21! in the upper airways. However, since a is very
small, the effect of axial diffusion upon Sh is insignificant as Per →0. As a result, Sh appears to approach an
asymptotic value for Sh of 6.2 that is practically independent of a.
For EtOH and H2O, a lies in the range of 0.0355–
416 ~see Fig. 6!, and Per is between 0.04 and 2000. As
is the case for NO, the effects of axial convection is
sufficient to increase Sh significantly over the asymptotic
value at the highest flow rates and in the upper airways.
In contrast to NO, axial diffusion significantly impacts
Sh for EtOH and H2O as Per →0, because a is relatively
large. At the higher flow rates, axial convection dominates and Sh decreases as Per (D/L) n decreases due to
the dependence of axial convection upon gas velocity.
This trend continues until axial diffusion begins to become important. Near Per (D/L) n 51, Sh reaches a minimum ~see Fig. 5!, because the axial diffusion term does
not depend on velocity. Although the convection term
becomes negligible relative to the diffusion term, the
absolute value of the second derivative, ] 2 C/ ] z 2 , continues to be an inverse function of the velocity which
distorts the axial concentration gradient. Therefore, as
Per decreases further, the relative magnitude of axial
diffusion increases, thereby increasing the average radial
concentration gradient, enhancing mass transfer, and thus
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increasing Sh. The overall result is that the Sh vs
Per (D/L) n plot passes through a minimum in the intermediate airways.
The assumption of first order consumption reactions
occurring in the tissue and mucous may not be valid if
NO is exogenously administered. Endogenous production
of NO in tissue generates NO concentrations on the order of 10 ppb. When NO is exogenously administered at
much higher concentrations ~100 ppm!, second order reactions, such as reaction of NO with oxygen or thiols,27
may become significant.
The analysis described in this work is not limited to
the gas exchange of endogenously produced gases in the
pulmonary airways, but could be applied to a wide range
of heat and mass transfer problems involving laminar
flow in tubes. For example, Eq. ~5! could be replaced by
the steady-state heat equation and the analysis could be
repeated for annular layers exhibiting thermal resistance
surrounded by an isothermal heat source, resulting in a
correlation for Nusselt number in terms of Re, L/D, and
the Prandtl number. This analogy between heat and mass
transfer may also provide an avenue for investigating this
phenomenon experimentally.
CONCLUSION
Based on the results of this study, the maximum
variation of Sh from its minimum value is roughly twofold in the conducting airways. Values of Sh predicted
from the model presented in this study can be correlated
in terms of a lumped variable, Per (D/L) n , where n is
determined from model results. For diffusing species
which are sparingly soluble in the tissue and mucous
layers, such as NO, Sh is insensitive to the physical and
chemical properties of the tissue and mucus ~i.e., it is
dependent only upon lumen geometry, gas phase properties, and flow conditions!, and is insensitive to axial
molecular diffusion at low Per . In contrast, for more
soluble species ~e.g., EtOH and H2O), Sh is sensitive to
properties of the tissue and mucous, and is significantly
influenced by molecular axial diffusion as Per →0. For
all three gases Sh passes through a minimum at an intermediate value of Per (D/L) n due to the effects of axial
diffusion. The relative magnitude of axial diffusion increases as the solubility of the gas increases. The correlations developed in this study are useful for estimating
gas phase mass transfer coefficients in the pulmonary
conducting airways for use in more detailed gas exchange models. However, it may be of further interest to
incorporate the solubility of the diffusing species into
these correlations. Additional theoretical and experimental studies are necessary to fully characterize the effects
of mixing and of secondary flows arising at bifurcations
upon Sh.
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NOMENCLATURE
An
C(r,z)
C̄(z)
Ca
Cb
Cm
C m0
C ml
C sat
Ct
C t0
C tl
C0
D
D
Dm
Dt
Dd
G
kc
k̄ c
k1
K
J
l
L
M
n

series coefficients in analytical solution
gas phase concentration of the diffusing species ~mol/cm3!
the average or bulk gas phase concentration
~mol/cm3!
bulk concentration in the blood ~mol/cm3!
concentration in blood at tissue interface
~mol/cm3!
concentration in mucous ~mol/cm3!
concentration in mucous at tissue interface
~mol/cm3!
concentration in mucous at airway wall
~mol/cm3!
saturation concentration approached in gas
phase as z→` (mol/cm3)
concentration in tissue ~mol/cm3!
concentration in tissue at capillary bed
boundary ~mol/cm3!
concentration in tissue at mucous interface
~mol/cm3!
gas phase concentration of the diffusing species at branch inlet, z50 (mol/cm3)
diameter of the airway branch ~cm!
gas phase diffusivity ~cm2/s!
diffusivity in mucous ~cm2/s!
diffusivity in tissue ~cm2/s!
D12KRV avg , effective diffusivity ~cm2/s!
NO consumption rate per unit volume in tissue ~mol/cm2 s!
local gas phase mass transfer coefficient
~cm/s!
average gas phase mass transfer coefficient
~cm/s!
effective film coefficient for the tissue and
mucous layers ~cm/s!
constant relating Dd to D and Per ~1 for
inspiration and 0.33 for expiration!
diffusive flux ~mol/cm2 s!
thickness of tissue or mucous layer ~cm!
length of airway branch ~cm!
Confluent hypergeometric function
constant exponent (n.1) or index for summation ~integer!

Per
Pez
r
R
Re
Rp
Sc
Sh
Sh
t 1/2
Vz
V avg
x
y
z
a
gn
j
k
l

hn
u

2V avgR/D, radial Peclet number
axial Peclet number
radial coordinate ~cm!
radius of the airway branch ~cm!
Reynolds number of the flowing gas
mass transfer resistance of the capillary bed
~s/cm!
Schmidt number
local Sherwood number
average Sherwood number
0.693/k t , half-life of NO in pulmonary tissue
~s!
axial gas velocity ~cm/s!
average axial gas velocity ~cm/s!
r/R, dimensionless radial coordinate
coordinate for thickness of tissue and mucous
layers ~cm!
axial coordinate ~cm!
dimensionless film coefficient
eigenvalue
(z/R Per ), dimensionless axial coordinate
first order reaction rate constant ~s21!
equilibrium partition coefficient
g nx 2
@ C(r,z)2C sat /C 0 2C sat# , dimensionless gas
phase concentration
SUBSCRIPTS

a
b
b:t
m
m:a
t
t:m
w

air ~lumen!
capillary bed
at capillary bed:tissue boundary
mucous
at mucous:air boundary ~i.e., wall of the airway
lumen!
tissue
at tissue:mucous boundary
at wall of the airway lumen
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