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Abstract

Pulmonary surfactant is essential in reducing the surface tension on the liquid film that coats the inner
surface of the airways. Surfactant-deficiency may result in respiratory distress syndrome (RDS), which is
especially common in prematurely born neonates. Surfactant replacement therapy (SRT) is a standard
treatment, in which a liquid plug with exogenous surfactant is instilled in the trachea, which subsequently
propagates by inspiration and spreads the exogenous surfactant to the airways. The efficacy of the
treatment depends on various parameters such as the size of the liquid plug, inspiration frequency and the
physical properties of the exogenous surfactant. We performed unsteady simulations of surfactant-laden
liquid plug propagation using finite-difference/front-tracking method in order to comprehend and improve

the dynamics of the treatment.
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Introduction

Prematurely born neonates may develop respiratory
distress syndrome (RDS), as their lungs are not mature
enough to produce sufficient amounts of surfactants.
Surfactants reduce the surface tension on the thin layer of
liquid that coats the inner surface of the airways and the
alveoli; and therefore, reduce the work required to expand
the lungs with each breath. Surfactant replacement
therapy (SRT) is a standard treatment for premature
neonates suffering from RDS [1, 2]. In SRT, liquid with
exogenous surfactant is instilled in the trachea and form a
liquid plug, which subsequently propagates through the
trachea by inspiration and spreads the exogenous
surfactant to the airways. Liquid may be instilled into the
pulmonary airways in other medical treatments such as
partial liquid ventilation (PLV) [3, 4] and drug delivery
[5, 6].

Liquid plugs may as well be formed internally in the
airways. The inner surface of the airways is covered with
a thin layer of liquid and this layer may become unstable
and form a plaque due to capillary instabilities [7]. In case
of surfactant deficiency, the surface tension forces acting
on the liquid film increases and liquid plug formation
becomes more probable.

Externally induced or internally formed, liquid plugs
propagate in the airways due to airflow. The durability of
the liquid plugs depends on the leading and trailing film
thicknesses. If the leading film thickness is smaller
(greater) than the trailing film thickness, the liquid plug

losses (gains) mass and the liquid plug becomes smaller
(bigger) and eventually ruptures. In SRT, the liquid plug
contains exogenous surfactant and the airways are
surfactant-deficient. As the liquid plug is propagating,
surfactant is absorbed onto the trailing film and thickens
it. In other words, the liquid plug wets the walls of the
airway as it is passing through and it eventually ruptures
and disappears. The ultimate goal of the therapy is to
carry surfactant not only to the upper airways, but also to
the lower airways and the alveoli. The motivation behind
this study is to investigate the conditions for the most
effective delivery of surfactant into the airways and hence
improve the efficacy of the treatment.

Another important aspect in SRT is the mechanical
stresses that act upon the epithelial cells. Pulmonary
epithelial cells might get damaged due to the mechanical
stresses that occur when the liquid plug is moving over
them [8]. Surfactants have been shown to decrease the
magnitude of the stresses, reducing the damage on the
epithelial cells [8]. Another motivation of this study is
hence to investigate the mechanisms of how surfactants
might reduce the damage on the epithelial cells.

It was shown both experimentally [9] and
analytically [10] that if the plug is long enough to neglect
the interactions between the leading and trailing menisci,
the trailing film thickness is the same as the film
thickness that would be deposited by a semi-infinite
bubble. For semi-infinite bubbles, the trailing film
thickness is given by Taylor’s law [11] and is dependent
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on Capillary number, Ca = ulU, /0, where [ is the
fluid viscosity, U, is the bubble speed and O is the

surface tension.

Previously, Fujioka and Grotberg numerically studied
the surfactant-free steady propagation of a liquid plug
[12]. They observed that if the plug length is greater than
the channel width, the trailing film thickness agrees with
Taylor’s law for a semi-infinite bubble. However, if the
plug length is smaller than the channel width, the trailing
film thickness decreases below that predicted by the
theory. They also observed that a capillary wave develops
at the leading meniscus, whose amplitude increases with
Reynolds number and which changes the local
mechanical stresses significantly. The authors also
investigated steady propagation of a surfactant-laden
liquid plug [13] and found that surfactants reduce the
magnitudes of mechanical stresses in the vicinity of the
liquid plug. Thereafter Fujioka et al. studied the
surfactant-free unsteady propagation of a liquid plug [14].
They investigated effects of various physical parameters
on the durability of liquid plugs.

In this study, we performed unsteady surfactant-laden
propagation of liquid plugs in pulmonary airways of a
neonatal. For this purpose, we used the finite-
difference/front-tracking method for computations of
interfacial flows with soluble surfactants, developed by
Muradoglu and Tryggvason [15]. The details of this
method together with the mathematical formulation are
given in the next section.

Mathematical formulation

Consider the axisymmetrical motion of a liquid plug
moving in a circular tube as sketched in Fig. 1. The flow
equations are described in the context of the finite-
difference/front-tracking method. The fluid motion is
assumed to be governed by the incompressible Navier-
Stokes equations and we solve for the flow everywhere,
both inside and outside of the bubble. Following Unverdi
and Tryggvason [16], a single set of governing equations
can be written for the entire computational domain
provided that the jump in the material properties such as
density, viscosity and molecular diffusion coefficient is
correctly accounted for and surface tension is included.

R fint —
Wt [=————— I
Fig.1 Schematic view of liquid plug propagation in an
airway. Gray and white regions represent liquid and air,
respectively. Left, right, upper and lower boundaries are
inlet, outlet, axismmetry and wall, respectively. Dashed
region initially contains surfactant.
The Navier-Stokes equations in the conservative
form are given by

ag%+v-(pﬁﬁ)=—Vp+V-u(Vﬁ+VﬁT)
+[ o(Dycis(x - %, )dA, )
A

where U is the velocity, p is the pressure, and p
and [l are the discontinuous density and velocity fields,
respectively. The effects of surface tension is included as
a body force in the last term on the right hand side, where
O is the surface tension that is a function of the
surfactant concentration I at the interface, K is twice

the mean curvature, and 7 is a unit vector normal to the
interface. The surface tension acts only on the interface as

indicated by the three-dimensional delta function O ,
whose arguments X and X, are the point at which the
equation is evaluated and the point at the interface,
respectively.

The Navier-Stokes equations are supplemented by
the incompressibility condition,

V-i=0. )

We also assume that the material properties remain
constant following a fluid particle,

Dp _.Du _
Dt Dt
where D/Dt is the material derivative. The density and

viscosity vary discontinuously across the interface and are
given by

p=pJA(r.z,t)+ p,(1-1(r,z,1)),
‘LL = ‘Ltgl(r,Zat)-’_ ,u’[(l - I(r,Z,t)),

where the subscripts “g” and “/” denote the properties of
the gas and the liquid phases, respectively, and 1(7,z,t)

0, 3)

“

is the indicator function defined as
1 in gas phase,
I(r,z,t) = {

0 in liquid phase.
Concentration of surfactant on the interface, I, is
defined as

M
r="=, 6
o (©6)

where M . 1s the total mass of surfactant and A s the

(&)

surface area. The surface tension decreases proportional
to the surfactant concentration at the interface according
to the equation of state derived from Langmuir adsorption
[17]

c=0, {1 + B, In(1— FL)} (7

where O is the surface tension of clean interface, I"_

is the maximum packing concentration, and
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B, =RTT_/o, is the elasticity number (R is the

ideal gas constant and 7T is the absolute temperature).
The physicochemical parameter ﬂs is a measure of the
sensitivity of interfacial tension to variations in surfactant
concentration. In the high interfacial surfactant
concentration limit ( '~1T"_ ), Eq. (7) results in

unphysical negative surface tension values. To avoid this,
Eq. (7) is slightly modified as

c=0, {max(e(7 4+ B, In(1- FL)) , )

where € is taken as 0.05 in the present study. The

surfactant concentration I" evolves by [18]

aa—l; +V, -(Tii,)= D VT +38; )

where the gradient operator along the interface is defined
as

V. =V-ii(i-V). (10)
In Eq. (9), ﬁs is the tangential velocity on the

interface, D, is the diffusion coefficient along the

interface and Sy is the source term given by

S.=kC.(T_-T)—k,T, (11)

where k

, and k, are adsorption and desorption

coefficients, respectively and CA_ is the surfactant

concentration in fluid immediately adjacent to the
interface. The bulk surfactant concentration C is
governed by the advection-diffusion equation in the form

aa_fw (Cii)=V -(D,VC), (12)

where the coefficient D is related to the molecular

diffusion coefficient D, and the indicator function [
as
D, =D.(1-1(r,z,t)). (13)
The source term is related to the bulk concentration
by [19]

S =-D,(i-VC|__. ). (14)

The boundary condition at the interface given by Eq.
(14) is first converted into a source term in a conservative
manner by assuming that all the mass transfer between
the interface and the bulk takes place in a thin adsorption
layer adjacent to the interface. In this method, total
amount of mass adsorbed on the interface is distributed
over the adsorption layer and added to the bulk
concentration evolution equation as a negative source
term in a conservative manner. Equation (12) thus
becomes

%_erV.(Cg):v.(DwvcHSC (15)

where Sc is the source term evaluated at the interface

and distributed onto the adsorption layer in a conservative
manner. With this formulation, all the mass of the bulk
surfactant to be adsorbed by the interface has been
already consumed in the adsorption layer before the
interface. Hence, the boundary condition at the interface

simplifies to be 7 -V C|. =0.

interface

The flow equations (Egs. (1) and (2)) are solved fully
coupled with the evolution equations for interfacial
concentration, Eq. (9), and for bulk concentration, Eq.
(15), by the finite-difference/front-tracking method [15].
The momentum and the continuity equations are
discretized by using a first-order time integration method
and a second-order centered difference approximation for
the spatial derivatives. The discretized equations are
solved on a stationary, staggered Eulerian grid by using
the marker-and-cell method [20]. The bulk surfactant
concentration is stored at the same location as the
pressure on the staggered grid. The evolution equation for
the bulk surfactant concentration is solved fully coupled
with the flow equations by using second-order centered
differences for the spatial derivatives and a first-order
Euler method for the time integration. No-slip and no-flux
boundary conditions are applied at the tube wall, while
the symmetry is used at the tube centerline.

A separate Lagrangian grid is used to track the
liquid-gas interface. The Lagrangian grid consists of
linked marker points (the front) that move with the local
flow velocity interpolated from the stationary Eulerian
grid. The piece of the Lagrangian grid between two
marker points is called a front element. The interfacial
surfactant concentration equation, Eq. (9), is solved on
the Lagrangian grid by using second-order centered
differences for the spatial derivatives and a first-order
Euler method for the time integration. The Lagrangian
grid is also used to find the surface tension, which is then
distributed onto Eulerian grid points near the interface by
using Peskin’s cosine distribution function [21], and
added to the momentum equations as body forces as
described by Tryggvason et al. [22].

At each time step, the indicator function is computed
and is used to set the fluid properties in the liquid and gas
phases. To do this, unit magnitude jumps are distributed
in a conservative manner on the Eulerian grid points near
the interface by using Peskin’s cosine distribution
function [21] and are then integrated to compute the
indicator function everywhere. The computation of the
indicator function requires solution of a seperable Poisson
equation and yields a smooth transition of the indicator
function across the interface. Then, the fluid properties
are set as a function of the indicator function. The
indicator function is also used to distribute the surfactant
source term in the adsorption layer as described in [15].
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The Lagrangian grid is restructured at every time step
by deleting the front elements that are smaller than a
prespecified lower limit and by splitting the front
elements that are larger than a prespecified upper limit in
the same way as described by Tryggvason et al. [22] to
keep the front element size nearly uniform and
comparable to the Eulerian grid size. Restructuring the
Lagrangian grid is crucial since it avoids unresolved
wiggles due to small elements and lack of resolution due
to large elements. Note that restructuring the Lagrangian
grid is performed such that the mass conservation is
strictly satisfied for the surfactant at the interface. The
details of the front-tracking method can be found in the
works of Unverdi and Tryggvason [16] and Tryggvason et
al. [22]. Readers are referred to Muradoglu and
Tryggvason [15] for a complete description of the
treatment of the soluble surfactant within the framework
of finite-difference/front-tracking method.

Problem statement

We have used the Weibel model as a representation of
the human lung [23]. In this model, human lung is
assumed to be a symmetric, dichotomous branching tree,
in which the mean length of an airway is proportional to
its diameter and for which the airway volume for each
generation is constant. Taking trachea as the zeroth
generation, the number of airways at generation 7 is

N=2" and the airway  diameter is
d, = d02_n/ 3 where d, is the diameter of the trachea

(0 £n <18). Following Cassidy et al. [9], we assume
that a neonatal lung may be modeled to an adult lung
starting at generation 7 and the rest of the generations
7 <n <18. Typical neonatal tracheal diameter and tidal
volume (TV) is 0.3 cm and 6 ml, respectively [24].
Assuming an inspiration time of 0.7 s for an infant, the
tracheal velocity could be calculated from the tidal
volume divided by the inspiration time and cross-
sectional area to be 121 cm/s. In Table 1, the diameter,
number of airways, tidal volume, mean flow velocity U,
Capillary number (Ca) and Reynolds number
(Re = pUr, /1) are given in generations 0 <n <11
of a neonatal lung. For a neonatal, Re and Ca numbers are
in the range of 0.25<Re<40 and
0.008 <Ca<0.1 for generations 0 <n<11. We
have chosen generation 0,3,6 and 9 as representatives of
various flow regimes in an infant’s lung and performed
our simulations in these generations.

We based our calculations on a commonly used
surfactant in SRT, Survanta, for which the density is

p=940kg / m>, viscosity is 1 =0.042Pa.s , and
surface tension is 0 =0.025N / m [9]. This value of

surface tension is assumed to form on the interface only
when the interfacial surfactant concentration is close to

mean

the maximum packing concentration, I'_ . This is

oo

ensured when the clean interfacial surface tension in Eq.

Table 1: Various parameters in a neonatal lung at
generations 0-11

N d(cm) [ N TV (ml) U (cm/s) Re Ca

0 0.300 | 1 6.000 121.3 40.71 | 0.102
1 0.238 | 2 3.000 96.2 25.65 | 0.081
2 0.189 | 4 1.500 76.4 16.16 | 0.064
3 0.150 | 8 0.750 60.6 10.18 | 0.051
4 0.119 | 16 0.375 48.1 6.41 0.040
5 0.094 | 32 0.188 38.2 4.04 | 0.032
6 0.075 | 64 0.094 30.3 2.54 | 0.025
7 0.060 | 128 | 0.047 24.1 1.60 | 0.020
8 0.047 | 256 | 0.023 19.1 1.01 0.016
9 0.038 | 512 | 0.012 15.2 0.64 | 0.013
10 | 0.030 | 1024 | 0.006 12.0 0.40 | 0.010
11 | 0.024 | 2048 | 0.003 9.5 0.25 | 0.008

(8) is taken as 0, = 0.5N / m. The change in surface

tension with respect to interfacial surfactant coverage is
shown in Fig. 2.

0.5 T T T T

0 | i | |
0 0.2 0.4 T 0.6 0.8 1

Fig.2 Variation of surface tension with respect to interfacial
surfactant coverage.

We consider a long straight channel, which represents
an airway; of length L and radius R as sketched in Fig. 1.
Fully developed velocity profile is specified at the inlet
with an average velocity of U (see Table 1 for values of U
at various generations) given as

i, + (R =i
U — m!/tg ( . ml) 1 (16)
TR

where 7, is the radius of the interface, and, u, . and

u, are the average velocities in the gas and liquid
phases, respectively, whose ratio is given as
L 2
( int )
:-————;ﬁl———ffl4-2.
Lo 1= (i R)2 H,

The velocity profiles in the gas and the liquid phases
at the inlet are then given as

(a7

SIS
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1= ()’
:2171},—42’

1= (/) (18)
u, =2, + 2@, = 2m)(1= (/. )").

int
Pressure is set to zero at the outlet and no-slip
boundary conditions are applied at the wall. The non-

U

dimensional plug length is defined as L; =Lp/R,
where L , 1s defined as the distance between the trailing

and the leading menisci on the channel axis.

Computations are performed for L; =05-4. An

initial surfactant-free run is performed for each L*p at

each generation in order to determine the trailing film
thickness. Thereafter, using the pre-determined trailing
film thickness as an initial condition for the trailing and
leading film thicknesses, surfactant-free computations are
performed. In surfactant-laden cases, surfactant is added
to the system with a concentration of 25 mg/ml, which is
the standard for Survanta in SRT [25]. Surfactant is
instilled in the liquid plug and on the trailing film as
shown in Fig. 1.

The governing non-dimensional parameters are given
as follows

Re:—p’UL; Cazﬂ; Pe, =2;
/'Ll o-s Dc
UL k,C k,L
Pe =—; k=—"=; Bi=-——; (19)
D, k, U
r RTT
Da=—; B = =,
LC, o,

where Re, Ca, Pe., Pe,, k, Bi, Da, and f3,
are the Reynolds number, the capillary number, the Peclet
number based on bulk surfactant diffusivity, the Peclet
number based on interfacial surfactant diffusivity, the
dimensionless adsorption depth, the Biot number, the
Damkohler number and the elasticity number,
respectively. Re and Ca numbers are given in Table
1 for the generations considered. Pe. and Pe, are
taken as 100 and 1000, respectively, following Fujioka
and Grotberg [13]. Non-dimensional adsorption depth is

calculated to be k=2500 with k,=1.7m’/kgs

and k,=1.7x107s™", adsorption and desorption

coefficients for pulmonary surfactant [26, 27]. Biot and
Damkohler  numbers are  calculated to  be

Bi=2.1x10" and Da=8.3x107", respectively,
with the packing interfacial concentration

I =3.1x10"kg/m’ [28]. Elasticity number is
taken as 0.4.

Results and discussion

We have performed simulations at various generations
with various non-dimensional plug lengths. For the
surfactant-free cases, as demonstrated in Fig. 3, in the
upper airways (higher Ca numbers), the trailing film

thickness varies with plug length for L: < 2.0, which

means that for plugs with plug size larger than the
channel width, the trailing film thickness is the same as
would be for a semi-infinite bubble as also observed by
Fujioka and Grotberg [12]. For the lower airways (lower
Ca numbers), trailing film thickness does not change with

L;. It is also observed in Fig. 3 that the discrepancy

between the analytical solution for film thickness for a
semi-infinite bubble given by Taylor’s Law [11] and the
computed film thicknesses decreases as we go from the
upper to the lower airways. The relative error between
theory and the computed film thicknesses are 12.2 %, 5.2
%, 3.6 % and 6.2 % for generations 0, 3, 6 and 9,
respectively. The analytical solution depends on the
capillary number based on plug speed and is given as

h 1.34Ca”
— 23 . (19)

R 14134x25Ca”

0.2

0.18f 7

0.16f 1

0.14f 7

[a g
=

13
K=

0.12f 7

0.1f

0.08[ 7

0.08 : . ’ !
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Fig.3 Trailing film thickness for the surfactant-free cases at
various generations with respect to non-dimensional plug
length. Black, red, blue and magenta represent generation
0,3,6 and 9 respectively. Symbols with dash lines represent

the calculated values and solid lines represent film thickness

values calculated from Taylor’s law [11].

A comparison of trailing film thickness for surfactant-
free and surfactant-laden cases for various generations is
presented in Fig. 4. It is observed in Fig. 4 that surfactant
thickens the trailing film and decreases the size of the
liquid plug. At all generations, the trailing film thickness
in the surfactant-laden case is greater than in the
surfactant-free case. As we go from the upper airways to
the lower airways, the capillary number decreases, which
leads to decreased trailing film thickness, as well as
decreased relative plug speed. This is the reason why plug
in the highest generation, i.e. generation 0, is the one that
propagated most. In most of the surfactant-free cases the
trailing film thickness is almost flat everywhere, except
generation 0. In generation 0, we observe a wake in the
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trailing film thickness whose propagation speed is much
less than the speed of the plug. We ascribe the formation
of this wake to the high Reynolds number (dominant
inertial forces) in this generation, i.e. Re=40. In all the
surfactant-laden cases, we observe an initial thinning
close to the beginning of the airway, followed by a small
wake formation. The reason for this is the non-uniform
interfacial surfactant distribution on the trailing film,
which results in formation of Marangoni stresses. This
non-uniform interfacial surfactant distribution is shown
both in Fig. 5 and 6. As shown in Fig. 5, the wake is
formed in the low interfacial surfactant concentration
(high surface tension) region, since the liquid is pulled
into this region due to the Marangoni stresses in all
generations. We also observe in Fig. 6 that the gradient in
interfacial surfactant concentration is sharper in higher
generations, which leads to an increase in Marangoni
stresses and a more pronounced wake formation. Another
important observation in Fig. 5 and 6 is that the interfacial
surfactant is spread more uniformly on the trailing film at
lower generations. We believe this is because of the
smaller (higher) trailing film thickness in lower (higher)
generations: Most of the bulk surfactant in the liquid plug
is stuck in the distal trailing film for the upper airways,
whereas in the lower airways, due to the decreased
thickness of the trailing film, the bulk surfactant is carried
more distal with the plug and is more uniformly spread in
the trailing film. We demonstrate this phenomenon in Fig.
7 in more detail, where the initial evolutions of interfacial
and bulk surfactant concentrations are presented for
generation 3. It is observed that some part of the
surfactant in the liquid plug is trapped in the trailing
liquid film whereas the remaining part is accumulated at
the leading meniscus of the plug.

1 T T T ‘
0.81 ‘ .
0.61 : } f .
[a
]
< |
0.4 1] i 7
| //
02 LA
;/ > = N —
0 1 . i . L i L .
0 5 10 15 20 , 25 30 35 40 45

7
Fig.4 Trailing film thickness at various generations at

t f = 27. Black, red, blue and magenta represent
generation 0,3,6 and 9 respectively; thick and thin lines
represent surfactant-free and surfactant-laden cases,
respectively.

(d)

Fig.5 Interfacial surfactant concentration (upper side) and

bulk surfactant concentration (lower side) at 7 Y= 27 for
generations (a) 0, (b) 3, (¢) 6 and (d) 9. The axis are not-to-

scale.
0.7 T T T T
—Generation 0
0.6 l —Generation 3| |
0.5 —Generat!on 6| |
NS — Generation 9
N
0.4r . 7
I:s ~\
= o3t 1
0.2r 1
Y
0.1r \‘\\ / il
G L L 1 1 1 .
0 5 10 15 20 25 30 35 40 45

Arc Length (s/R)
Fig.6 Interfacial surfactant concentration on the trailing

*
film and trailing meniscus at ¢ = 27 for various
generations.
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(d)

© N “

Fig.7 Interfacial surfactant concentration (upper side) and

bulk surfactant concentration (lower side) at (a) 7 f= 0,
b t =08, t =1.6,d) t =24 and(e)
' =32 for generation 3.

In all the surfactant-free cases, the variation of plug
length is below 1.0% (approximately steady-state). The
change in plug length in the surfactant-laden cases for
various generations at various initial plug sizes is
presented in Fig. 8. The initial drop in the length of the
plug at generation 0 is mainly due to the high Re number
in this generation, which leads to a wake formation in the
surfactant-free cases. An important observation is that
when the initial plug length is small, the plug becomes
smaller more rapidly in the lower airways compared to
the upper airways. We could conclude that the initially
small plugs have an increased tendency to rupture in the
lower airways.

o= - . . T

0 . .

t
Fig.8 Change in non-dimensional plug length in time. Black,
red, blue and magenta represent generation 0,3,6 and 9
respectively. Initial non-dimensional plug length is 0.5, 1.0,
2.0, for dash-dot, solid and dashed lines, respectively.

We have performed further computations in order to
investigate the effects of the amount of surfactant initially
instilled with the liquid plug. For this purpose we have
increased the initial surfactant concentration from 25
mg/ml to 50 mg/ml and 100 mg/ml. The Damkohler

number accordingly decreased to Da=4.1x107"

and Da=2.1x107, respectively. In order to keep the
adsorption-desorption ratio constant, we also changed the
non-dimensional adsorption depth to k =35000 and
k =10000 , respectively. As demonstrated in Fig. 9,
increasing the initial bulk surfactant concentration leads
to a more rapid decrease in the plug size as the plug
propagates in the airways in all generations. Therefore,
we could conclude that increasing the amount of
surfactant instilled with the liquid plug might lead to an
earlier rupture of the plug. When the objective is to
deliver the liquid plug to the lower airways, increasing
the initial surfactant instilled with the plug may not be
advantageous.

n

% 5 10 15 20 25 30
Fig.9 Change in non-dimensional plug length in time for
various initial bulk surfactant concentrations. Black, red,
blue and magenta represent generation 0,3,6 and 9
respectively. Initial surfactant concentration is 25mg/ml, 50
mg/ml and 100 mg/ml for dashed, solid and dash-dot lines,
respectively.

The mechanical stresses that act upon the epithelial
cells that cover the inner surface of the airways are an
important aspect in SRT. As the plug is propagating, it
leads to high shear stresses and abrupt changes in
pressure over the region it passes through, which might
damage the epithelial cells in this region. In Fig. 10 and
11, non-dimensional pressure and non-dimensional shear
stress are presented, respectively, for both the surfactant-
free and surfactant-laden cases. The pressure and the
shear stress are non-dimensionalized as

P =P/(c/R) and T =7/(0/R). We observe

that in both cases as we go from the upper to the lower
airways, the pressure drop along the liquid plug and the
shear stresses that occur in the plug region decrease. We
also observe that pressure drop along the liquid plug is
slightly smaller in the surfactant-laden case compared to
the surfactant-free case. This might be because of the
slightly increased plug speed in the surfactant-laden case.
Looking at the shear stresses, it is observed that the high
stresses at the leading meniscus of the plug are decreased
for the surfactat-laden cases and that this behavior is more
pronounced in the lower airways compared to the upper
airways. We could conclude that introduction of
surfactants in liquid plug propagation might reduce the
potential damage on epithelial cells, especially in the
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lower airways. It is also important in SRT that when an
instilled plug reaches the lower airways, it still contains
some surfactant so that the reduction in epithelial cells is
reduced.

0 5 10 15 20 25 30 35 40 45
r4

Fig.10 Non-dimensional pressure on the airway wall at

various generations at t =27. Black, red, blue and
magenta represent generation 0,3,6 and 9 respectively; thick
and thin lines represent surfactant-free and with surfactant
cases, respectively.

0 5 10 15 20 25 30 35 40 45
z

Fig.11 Non-dimensional shear stress on the airway wall at

various generations at [ T =27. Black, red, blue and
magenta represent generation 0,3,6 and 9 respectively; thick
and thin lines represent surfactant-free and with surfactant
cases, respectively.

Conclusions

We have performed computations for the surfactant-
free and surfactant-laden propagation of a liquid plug in
pulmonary airways of a neonatal at various generations
using finite-difference/front-tracking method. We found
that for the surfactant-free case, when the liquid plug size
is larger than the channel width, the trailing film thickness
is independent of the liquid plug size and could be
predicted by Taylor’s law. We have observed that the
trailing film thickness increases with the introduction of
surfactants in the liquid plug. The interfacial surfactant
distribution on the trailing film is more uniform in the
lower airways compared to the upper airways. Liquid
plugs with comparably smaller sizes tend to rupture more
easily in the lower airways compared to the upper
airways. We have also observed that increasing the
amount of initially instilled surfactant in the liquid plug
results in a more rapid rupture of the plug. We could

therefore conclude that instead of increasing the initial
surfactant concentration, increasing the plug size might
be a better method to increase the efficacy of the
treatment. We have also observed that surfactants reduce
the shear stresses and potential damage to epithelial cells
especially in the vicinity of the leading meniscus of the

plug.
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