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Abstract

Background: Droplets exhaled during normal breathing and not associated with coughing may pose hazardous
agents to infective diseases dissemination. The objective is to explore the physical mechanism, which may lead to
droplets formation.
Methods: We hypothesize that liquid menisci occlusions, which may form inside small airways, travel along the
airway, may lose mass and finally disintegrate into small droplets. This hypothesis was numerically investigated
applying physiologically plausible values of the phenomenological coefficients and geometrical conformations.
Results: We show that three important dimensionless parameters control the motion and disintegration of
menisci: the dimensionless mucus layer thickness, the dimensionless menisci initial thickness (all scaled by the
airway radius), and the capillary number. Menisci traveling within airways may either remain at equilibrium or
diminish or increase in size. Menisci that diminish in size may collapse into the mucus layer; form a large droplet
that contains most of the menisci mass before disintegration; or form a larger number of small droplets (we show
the forming of three or four droplets in a single occluded airway).
Conclusions: A critical capillary number for menisci at equilibrium could be defined. It was shown that menisci
tend to diminish in size as the capillary number increases above the critical value, and a number of small
droplets may be formed during normal breathing.

Key words: airway occlusion, liquid aerosols, meniscus breakup

Introduction

The process of respiration is frequently accompanied
with the formation of liquid, micron-size aerosols exhaled

from the pulmonary airways.(1–4) These aerosols may spread
infecting diseases, carrying, for instance, influenza viruses, or
anthrax germs. Large aerosol drops precipitate relatively fast
to the ground while small droplets may stay in the atmo-
sphere for a long period of time, be carried by air to large
distances, and eventually be inhaled by other humans.
Therefore, investigating the formation of aerosol microparti-
cles in the respiratory system that is not associated with
coughing may provide an additional key for management of
viral infections dissemination.

Theoretically, aerosol droplets may be formed in small
airways, lined with liquid, following two mechanisms: (1)
condensation of saturated vapor due to changes in thermo-
dynamic balance between gas and liquid phases; (2) disin-

tegration of a liquid body (film, meniscus, jet) to small
fragments due to hydrodynamic instability.

A thermodynamic formation mechanism of aerosol drops
appears to be improbable due to the absence of significant
pressure and thermal gradients in the respiratory system,
which could lead to phase aggregative transitions between
gas and liquid. Also, a thermodynamic approach is unable to
explain the effect of the rheological properties of the liquid
on the size of formed aerosol microparticles. Existence of
such dependence is shown in an experimental assay carried
out by Edwards,(5) according to which viscosity and surface
tension influence droplet size. Therefore, we conjecture that
the formation of bioaerosols is a consequence of hydrody-
namic instability of the liquid lining the airways.

A common flow model of pulmonary airways supposes
that air flows inside a duct lined with a viscous liquid layer
(airway surface liquid, ASL), a variant known as core–annular
flow (CAF). Theoretically, in this case, hydrodynamic
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instability may develop following either a Kelvin-Helmholtz
or a Rayleigh-Taylor (capillary) instability pattern.

The mechanism that governs the Kelvin-Helmholtz insta-
bility for core–annular flow has extensively been studied
theoretically and experimentally. Kataoka,(6) in his experi-
mental study, suggested a correlation that makes it possible
to determine the size of drops ‘‘captured’’ by air flow from
break points of waves formed on the liquid surface due to
the Kelvin-Helmholtz instability. This phenomenon is ob-
served, if both liquid and gas have relatively high Reynolds
numbers: ReL� 102, Reg� 104, respectively. Evrensel(7) the-
oretically studied CAF stability, assuming that the CAF is a
fully developed Poiseuille flow. Solving Orr-Sommerfeld
equations he studied the effect of critical thickness ratios
within the range 0.1< hc=R< 0.6, where hC is the thickness of
the liquid layer lining the tube walls and R is the tube radius.
Critical Reynolds numbers for such cases were within the
range 3000<ReC< 10,000. He also showed that the critical
Reynolds numbers decreased with increasing hc=R. Similar
results were obtained by Clarke.(8) Analyzing these data, we
may conclude that Kelvin-Helmholtz instability is condi-
tioned by high values of Reynolds numbers and is irrelevant,
in connection with the airflow in the small airways inside the
lung for which the Reynolds number is of order unity or less
and characterized by quasi-steady creeping flow.

Thus, a tube occlusion by a liquid meniscus is a result of
the Rayleigh instability or the elastocapillary instability (in
the case of elastic tubes). This phenomenon is described
in detail by refs.(9–23), and many other investigators. Flows
inside deformable channels were addressed by refs.(24–27)

and others in many earlier studies.
In this article we assume that a meniscus is formed inside

an inflexible airway. A schematic of meniscus initial config-
uration is shown in Fig. 1. Capillary instability leads initially
to formation of an unduloid (Fig. 1b,(28)). Further develop-
ment of the unduloid depends on the ratio hc=R. Its critical
value for a rigid tube is hcr& 0.14R.(12) If hc=R exceeds that
critical value, a meniscus is formed (Fig. 1c). For a smaller
ratio the unduloid maintains a steady shape Figure 1b. It is
also shown that, by increasing tube flexibility, the critical
thickness value hc=R is decreased. Accounting for the visco-
elastic properties of the mucos (not addressed in this article)
may also change hcr. For healthy pulmonary airways

h& 0.2R, that is, the probability of menisci formation is high
in the human respiratory system, especially at low lung
volume during expiration.

The fate of menisci formed in the small airways attracted
only limited attention in the past. We hypothesize that such
liquid menisci travel in the pulmonary airways, deform un-
der various phenomenological and kinematical conditions
and may finally disintegrate and form small aerosol droplets.
Somewhat close problems were studied by Bretherton(29)

and Howell,(30) Grotberg and Waters,(31) who concentrated
on the steady motion of interfaces between liquid and gas.
Bretherton(29) addressed a semi-infinite gas bubble using the
Landau-Levich approach to obtain an approximate analytic
solution for the bubble motion along a capillary tube filled
with viscous liquid. Howell(30) investigated the motion of a
liquid meniscus in liquid-lined flexible tube and analyzed the
case of a stabilized meniscus motion assuming that the flow
inside the meniscus is governed by the steady Stokes equa-
tions while Grotberg and Waters(31) added the effect of sur-
factants.

In this paper we focus on the conditions required for
menisci consisting of two gas–liquid interfaces to move un-
steadily and disintegrate forming droplets.

Methods

Model description

The model of occluded pulmonary airways by liquid
menisci is schematically depicted in Figure 2a. The follow-
ing definitions are used henceforth: ma, mm are the dynamic
viscosities of air and liquid (ASL), respectively; ra, rm are the
densities of air and ASL, respectively; U is the mean air ve-
locity; R is the airway radius; h0 stands for the initial thick-
ness of the liquid layer lining the airway walls (ASL); b0 is the
initial meniscus thickness; b is the meniscus thickness at its
center at arbitrary time t; s is the surface tension coefficient at
the mucus–air interface.

FIG. 1. Stages of meniscus formation in lung airways
(Rayleigh instability). (a) Liquid-lined tube. (b) Development
of an unduloid. (c) Meniscus occlusion. (d) Meniscus clear-
ance. [From ref. (23).]

FIG. 2. (a) Schematic presentation of a closed pulmonary
airway. (b) Schematic illustration of the boundary edges and
faces of an axisymmetric slice of the solution domain.
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Our model includes the following assumptions that allow
simplifying the problem and making the problem computa-
tionally more tractable. (1) ASL is homogeneous and New-
tonian. [It is well known that ASL is represented by binary
layer consisting of two liquids, namely, mucus layer and
periciliary (or serous) liquid layer, each of those liquids is
non-Newtonian and possesses thixotropic and elastic prop-
erties.(32) Alas, the rheological constitutive equation for ASL
has not yet been fully explored. Thus, this assumption can be
alleviated when a better rhelogical model is formulated.] (2)
The ASL initial thickness is uniform throughout the capillary
length: h(t¼ 0)¼ h0¼ const. (3) Surfactants are evenly dis-
tributed throughout the interface, including the meniscus
surface and, consequently, Marangoni flow effects are not
considered. (To alleviate this assumption one needs to in-
troduce a conservation equation for surfactant concentration
at the liquid–air interface and an equation relating surface
tension to surfactant concentration. See, for example, Haber
and Zelig(33) for a detailed analysis of Marangoni effects in-
side alveoli. This effect on meniscus propagation and breakup
awaits future exploration.) (4) Initially, the liquid meniscus
possesses a cylindrical shape. (It is shown afterward that this
assumption is a matter of convenience and does not bear any
influence on the final results.) (5) The capillary is rigid and
does not deform during the entire computation process. (It
is shown later that the time required for a meniscus to move
before it disintegrates is much smaller than the breathing
period, the time scale governing airway deformation prior
breakup. During breakup strong pressure gradients may oc-
cur that may cause airway deformation. This phenomenon is
not dealt with in this paper.) (6) As Bond number

Bo¼
qgR2

r
\\1,

it is possible to neglect gravity effects and assume that the
flow inside the tube is axisymmetric. (The Bond number is a
dimensionless number expressing the ratio of body forces—
in this case gravitational—to surface tension.) (7) The flow is
slow and air can be considered incompressible.

Dimensional analysis

A straightforward dimensional analysis yields that the
meniscus thickness b depends upon time and six dimen-
sionless parameters, namely,

b

R
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� �
, (1)

where Rea is the Reynolds number for air flow inside the
lung airway and Ca is the capillary number

Ca¼ lmU

r
:

(The capillary number is a dimensionless number expressing
the ratio of hydrodynamic shear forces to surface tension at a
gas–liquid interface.) Notice that pressure gradient DP is not
an independent parameter, as it is related to the air mean
velocity U.

As the phenomenological properties of ASL of healthy
humans are relatively invariable we disregard changes in the
density and viscosity ratios ma=mm, ra=rm and focus on the
impact of the other parameters on meniscus thickness,

b

R
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� �
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Governing equations

We consider our flow model as a two-phase (air–mucus)
fluid in a VOF (volume of fluid method) formulation. For
two-phase incompressible fluid, VOF appears as a system
of Equations (3)–(8): the incompressible Navier-Stokes
equation,

q
qt

(u)þr � (uu)¼ 1

q
�rpþr � l(ruþruT)

� �
þF
�
þg;

�
(3)

the continuity equation,

r � (u)¼ 0; (4)

and the volume fraction equation,

qc

qt
þr � (cu)¼ 0, (5)

where c is the volume fraction with a value of unity in mucus
and zero in air. The local density and viscosity are defined as:

q¼ cqmþ (1� c)qa (6)

l¼ clmþ (1� c)la (7)

The continuum surface force (CSF) has been employed to
calculate the surface tension force:

Fi¼ rk
qc

qxi
, (8)

where k is the curvature of the mucus-air interface.

Boundary and initial conditions

The boundary and initial conditions governing the fore-
going system of Equations (3)–(8) are (see Fig. 2b),

Edge AB: No slip condition. ux¼ ur¼ 0 at r¼�R.
Edge BC & CD: Fully developed flow. qui

qx
¼ 0. c¼ 0 at

edge CD and c¼ 1 at edge BC.
Edge DE: Axis symmetry.
Edge EF: Uniform flow of Air: ux¼U, ur¼ 0, c¼ 0.
Edge FA: Uniform flow of Mucus (ASL): ux¼Um; ur¼ 0,

c¼ 1.

The Initial Conditions are as follows,

At t¼ 0:
u¼ 0 For Air and Mucus Flows;
c¼ 0 at domains F-G-I-E and H-C-D-J, which contain the

air phase;
c¼ 1 at domain F-C-H-J-I-G-F, which contains the mucus

(ASL) phase.
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Application of steady-flow conditions at the airway up-
stream and downstream location appears to be more suitable
than specification of a pressure gradient. In other words, the
foregoing set of conditions tacitly supposes that the respi-
ratory system maintains a required air flow. However, as
shall be shown later, meniscus travel time until disintegra-
tion is much smaller than the breathing period. Thus, no
large variations in either velocity or pressure gradients is
expected before meniscus breakup. The distance between
airway upstream cross-section and the meniscus was chosen
so that uniform flow entering the airway could develop.

The physical and physiological set
of applied parameters

The numerical computation was applied to airway radii
and air velocity values, which correspond to 12th–13th
generation bronchioles at FRC (based on the dichotomy of
human pulmonary airway model suggested by Weibel(34)

with TLC volume of 6400 mL and FRC volume of 2500 mL).
Thus, the following values for the phenomenological pa-

rameters were assumed,

R¼ 0:3 � 10�3m, qa¼ 1:225 kg=m3, la¼ 1:7894 � 10�5,

Pa � sec, qm � qwater¼ 1000 kg=m3, lm¼ 0:5 Pa � sec:

The latter value of mucus viscosity is based on a posteriori
calculations of reasonable pressure gradients, which are known
to exist in the lung. Assuming a characteristic meniscus width
(b0*R), the pressure gradient for the chosen viscosity and
thickness of mucus lining h& 0.2R, corresponds to an average
pleural pressure of an adult, namely, DP&O(1) cmH2O. Ac-
tually, as a non-Newtonian fluid the mucus viscosity varies
within a wide range: mm* 10�3�101 Pa � s(35,36). At normal
breathing conditions the total air flow rate is 0.5 liters=sec.
Consequently, at the 14th generation bronchioles the mean air
velocity is about Ua& 0.02 m=sec and

Rea¼
qaUaD

la

¼O(1)

Thus, the flow is almost creeping, and we expect that
physiologically plausible variations in the Reynolds number
would play a smaller role than that of the other parameters.
Namely, for fixed values of fluid properties the time evolu-
tion of the meniscus thickness for a range of capillary num-
bers, initial values of the meniscus width and mucus lining
thicknesses will be examined.

b

R
¼ f

tU

R
;

h0

R
, Ca,

b0

R

� �
: (9)

However, note that the numerical solution incorporates
the effects of the nonzero Reynolds number.

The value of h0=R may vary with age or due to illness(37)

and its effect was investigated within the physiological range
h0=R* 0.1–0.3. The range of initial meniscus thickness b0=R
(or volume) is much more difficult to estimate, and little is
known from past observations. Its effect was considered
within a wide range b0=R* 0.5–3.0. The capillary number Ca
depends on the air-mucus surface tension. For healthy hu-
mans s& 0.05 N=m, it varies with age and may be affected

by respiratory diseases.(38) Its influence was investigated
within the interval of s* (0.01–0.1) N=m (or, in this case, for
capillary numbers within the range Ca* 0.1–1.0).

The numerical scheme and its validation

A numerical solution of the system was obtained by using
a commercial CFD software package FLUENT�, which in-
cludes a FVM (finite volume method) scheme, and its pre-
processor GAMBIT�, used for our model grid construction.
Standard quad elements placed in map-type distribution
scheme were found to be most suitable for our axis–symmetric
configuration. The computational domain contained 40,500
uniform cells with aspect ratio 1:2 and spacing of 4=3mm in the
direction of flow. A double precision coupled solver was chosen
due to unsteady and multiphase nature of the problem. (See
also Fig. 3, which illustrates the decreasing error vis-à vis the
increasing number of elements.)

To find air–mucus interface, algorithm GRS (Geometric
Reconstruction Scheme approach) was applied. The program
was run on a PC (Pentium� 4 CPU 3.00 GHz 1 gb of RAM)
and each run that followed the meniscus motion took about
72 h to complete.

Three benchmark problems that contain moving interfaces
were employed to examine suitability of the VOF (‘‘volume
of fluid’’) method of solution:

(A) The Bretherton’s flow system, which includes a semi-
infinite gas bubble moving in a liquid column. It was cho-
sen as a benchmark problem because for the air–benzene
combination its parameter set is similar to that employed
in our problem with Re* 100, Ca* 10�2, Bo* 10�3, and it
is relatively well studied, both theoretically (Bretherton,(29)

Ratulowski and Chang(39)), numerically using a FEM
method (Heil(40)), and experimentally (Marchessault and
Mason(41)).

A comparison was carried out for the following gas and
liquid properties:

Gas (air bubble) phase :

la¼ 1:7894 10�5 Pa � sec;

qa¼ 1:225 kg=m3;

Liquid (benzene) phase:

l¼ 0:000604 Pa � sec; q¼ 875 kg=m3;

r¼ 0:0278 N=m, V¼ 0:02 m=sec;

The theoretical solution for the air bubble speed is
U¼V (1þW) where

W � 1:29 (3lU=r)
2
3 as

lU

r
! 0

and V denotes the average speed of the benzene in the tube.
In our case

lU

r
¼ 4:4129 · 10�4:

U¼ 0:02031 m=sec; and W¼ 0:01555; (see Fig. 3a).
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According to Bretherton, this result is in error of no more
than 10% provided

lU

r
\5 · 10�3:

Based on the present numerical solution by the VOF

method U¼ 0.0204545 m=s and W¼ 1:29(3lU=r)
2
3¼ 0:01563.

Consequently, the numerical solution deviates from
Bretherton’s solution by less than 1%. Comparison of our
numerical results with experimental data yielded a smaller
than 5% error.

(B) Flow of air in a circular tube lined with Newtonian
liquid. This problem should mimic closely Poiseuille flow.
Such a field exists near the entrance in our problem and a
comparison was made between solutions obtained for dif-

ferent number of elements. Figure 3b shows the decreasing
error in air velocity at the airway axis with increasing
number of elements.

(C) The velocity of a meniscus at steady state. A com-
parison was carried out with the solution obtained by Ho-
well(30) and is shown in Figure 7b. The agreement with their
results is excellent.

These tests validate that the VOF method yield accurate
results for moving interfaces in a parameter space utilized in
our problem.

Results and Discussion

Meniscus evolution

The assumed crude initial cylindrical shape of the menis-
cus (Fig. 2a) evolves through two different stages; it rapidly

FIG. 3. (a) Bubble velocity versus capillary number of Bretherton’s problem. Star symbols depict VOF numerical results.
Continuous line refers to Bretherton’s analytical solution. All other symbols refer to experimental results (—Marchessault
& Mason,(41)—Fairbrother @ Stubbs, � aniline, * benzene (horizontal tube), & benzene (with evaporation precautions),
� benzene (vertical tube). (b) The error in maximum air velocity at the airway upstream region vis-à-vis the number of
volume elements used to calculate the velocity distribution.
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deforms into a physically plausible shape, governed mainly
by surface tension forces, then it proceeds to move and
change its shape in a slower pace. During the first stage the
meniscus thickness (at its center) decreases to a value we
shall term, henceforth, b1 and its two upstream and down-
stream faces become concave. (In further calculations, we
shall refer to b1=R (meniscus thickness after reforming to
physical shape) that occurs within t1¼ 0.03 sec at most. This
time interval was chosen empirically for our set of parame-
ters and is the time interval required for a meniscus to
transform from a cylindrical to its physical shape.) During
the second slower stage, the meniscus moves downstream,
its thickness increasing, decreasing, or remaining unaltered,
an outcome strictly depending upon the chosen three pa-
rameter set. For two dimensionless parameters governing
meniscus motion, the dimensionless lining thickness, h0=R,
and the capillary number, Ca, we assumed plausible physi-
ological values as explained in the Methods section where
the latter may possess a broad spectrum of values due to the
liquid non-Newtonian characteristics. The third important
parameter b0=R is not known, to the best of our knowl-
edge, from previous experimental data. We have chosen a
value of the order 1, which seems plausible and was also
assumed in Howell.(30) It also allows a comparison to be
made between our numerical results and those obtained by
Howell.(30)

A detailed study of the pressure and velocity field within
the meniscus may provide a clue why the various scenarios

of meniscus motion occur. Figure 4a and b illustrates the
stream function contour lines and the corresponding pres-
sure distribution for meniscus motion at equilibrium. Notice,
that in Figure 4a a streamline extends beyond the liquid
phase domain because it pertains to liquid and air phases
alike. It shows that air and liquid velocity at the interface are
continuous but their gradients are not. This reflects the fact
that velocities and shear stresses are assumed continuous
across the interface but viscosities of liquid and air differ. It
also illustrates that the velocity vector near the front of the
meniscus is not parallel to the interface, and thus the liquid
phase is not contained within the existing location of the
meniscus. Consequently, liquid is moved into the gas phase
domain as the meniscus as a whole is traveling forward.
Arrows in Figure 4b show typical direction of liquid motion
within the meniscus, in accordance with the stream function
depicted in Figure 4a. Points R, F, and C correspond to rear,
front, and central parts of the meniscus, respectively.

The pressure gradients between the rear end and the
meniscus center, DPRC, and that between the center and the
front surface, DPCF reveal the following. In case the meniscus
is at equilibrium, the foregoing pressure gradients are equal,
and as a result, liquid inflow from the rear part to the center
of the meniscus is balanced by liquid outflow from the center
to the front part. This flow causes the visible forward me-
niscus motion without changing its volume. In the case of
meniscus expansion, DPRC>DPCF, and inflow from the up-
stream part of the liquid lining toward the meniscus is larger

FIG. 4. meniscus at equilibrium (a) stream function contour lines. (b) pressure field.
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than the volume of liquid outflow from the center of the
meniscus toward the downstream part of the liquid lining.
Similarly, in case of volume diminution, the reversed situa-
tion is observed.

Capillary number effects

The capillary number Ca for fixed values of b0=R and h0=R
plays a significant role in determining the particular mech-
anism of meniscus motion, as surface tension s is an im-
portant component establishing the pressure distribution
within the meniscus according to the Young-Laplace’s
equation. Figure 5 portrays the time evolution of meniscus
thickness (measured along the axis of symmetry) for various
values of capillary numbers given that thickness b1¼ 1.4R. It
shows that: the rate of change in meniscus thickness is al-
most a constant; for small Ca numbers the meniscus under-
goes a thickening process; for increasing Ca numbers, the
rate of meniscus thickening decreases, reaching equilibrium
(a zero thickening rate) at the critical value Cacr¼ 0.182;
further increase of the Ca numbers results in increasing rates
of meniscus thinning. Figure 6a–c depicts the three evolution
scenarios of the meniscus shape at various times, when the
initial value of the meniscus and mucus lining thicknesses for

all these cases are b0=R¼ 2 and h0=R¼ 0.2. Notice that after
the quick initial thickness diminution, the value of b1=R for
all cases is reduced to about 1.4, a reference value that scales
better the evolution of the meniscus thickness with time.

Meniscus motion with its volume increasing with time. In
Figure 6a a subcritical value of the capillary number is as-
sumed. The figure illustrates that although the meniscus
thickness increases, the thickness of the liquid layer lining the
airway walls behind the meniscus decreases. Indeed, while
moving, the meniscus ‘‘collects’’ liquid from the airway walls
and gains mass. At time t¼ 0.09 sec its thickness has in-
creased by almost 34% (from base value of b1=R¼ 1.4).

Steady meniscus motion (meniscus at equilibrium). In
Figure 6b a critical capillary number is assumed. It illustrates
the second scenario in which the meniscus is at equilibrium
state, a case also analyzed by Howell.(30) The meniscus, after
the short time of reforming from a cylindrical to a double
concave shape, proceeds to move at a uniform velocity with
its shape unaltered. The critical capillary number Cacr asso-
ciated with the equilibrium state varies with the values of the
other independent dimensionless parameters pertaining to

FIG. 5. Meniscus thickness vs. flow time for various capillary numbers (Ca). An equilibrium state can be observed at
Ca¼ 0.182 defined as the ‘‘critical capillary number: for which the meniscus preserves its shape. Lower capillary numbers
result in meniscus thickening while higher values lead to meniscus thinning and eventually disintegration.
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the initial meniscus volume and the thickness of the fluid
lining the airway.

Meniscus motion with its volume decreasing with time. In
Figure 6c the case of a high capillary number above the
critical is assumed. It depicts that as the meniscus thickness
decreases during its motion the thickness of the liquid layer
lining the capillary walls behind the meniscus increases. In-
deed, while moving, the meniscus ‘‘donates’’ liquid to the
capillary walls and the meniscus loses mass. For instance, at
time t¼ 0.09 sec its thickness would decrease by 50% (from

base value of b1=R¼ 1.4). As this process proceeds it would
finally result in reduction of meniscus volume to a minimal
critical value, it would lose stability and disintegrate. Within
our proposed model of aerosol drops formation this scenario
is the most relevant.

The critical capillary number

The importance of the critical capillary number was
manifested in the previous section, and it is of value to in-
vestigate its dependence upon the two other remaining pa-

FIG. 6. Motion of a meniscus along the airway. (a) The meniscus volume increases with time for below critical capillary
number. (b) The meniscus volume remains unchanged (the equilibrium case) at critical capillary number. (c) The meniscus
volume decreases with time for above critical capillary number.
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rameters, the dimensionless thicknesses of the meniscus b0=R
and mucus lining h0=R shown in Figure 7a and b, respec-
tively.

Figure 7a manifests that the critical capillary number (Cacr)
dependence upon initial meniscus thickness b0=R can be di-
vided into two distinct regions: it is a relatively a weak
function of b0=R within a wide range of large b0=R-values
(0.5� b0=R� 3); it becomes strongly dependent upon b0=R
within a range of small values of initial meniscus thicknesses
(b0=R< 0.5). For large values of b0=R this is probably due to
the fact that the upstream and downstream shape of the
concave surfaces hardly vary with meniscus thickness, and
thus the pressure fields inside the meniscus preserve the

relation DPRC¼DPCF (see Fig. 4b). For small values of b0=R
this is no longer correct and instabilities will occur faster as
the meniscus thickness becomes smaller.

Figure 7b illustrates the dependence of the critical capil-
lary number (Cacr) upon the thickness of the mucus layer
h0=R. An analytical solution for Cacr dependence upon h0=R
was obtained by Howell.(30) For a rigid tube with homoge-
neous liquid lining h0=R¼ const. and b0*R1, the correlation
appears as:

Cacr¼ 1:9395
h0

R

� �3=2

(14)

It should be noted that the computed Cacr values (Fig. 7b)
are highly compatible with the analytical solution,(14) thus
giving additional evidence of validity of our numerical
model.

Also note that if the diameter of the airway decreases
(toward the end of the exhaling period) the likelihood of
meniscus forming in the airway increases. Because the criti-
cal capillary number is proportional to (h0=R),3=2 reduction in
R is associated with a higher critical capillary number. Thus,

FIG. 6c. (Continued.)

FIG. 7. Critical capillary number (Cacr)dependence on; (a)
meniscus initial thickness b1=R, (b) mucus layer thickness
h0=R.
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if disintegration of occlusions are desired a smaller surface
tension is required so that the capillary number is above the
critical value.

Meniscus disintegration and droplet formation

A meniscus that undergoes thickness reduction, associated
with capillary numbers above the critical, may reach a critical
film thickness, become hydrodynamically unstable, and
eventually collapse. Our results show that three possible
modes of meniscus disintegration exist: (1) the process de-
scribed in Figure 1 is effectively reversed (Fig. 8a) and no
droplets are formed; (2) most of the central part of the me-

niscus is blown away (Fig. 8b) to form a single large drop; (3)
the thin film undergoes many surface undulations that break
up to form a number of small droplets (Fig. 8c and d).

Instability of the thin layer comprising the meniscus before
breakup plays a significant role in determining the droplets
size and number. We believe that the number of the most
unstable wavelengths straddling the meniscus surface deter-
mine the size and number of droplets formed. According to
the second mode, the most unstable wavelength is compara-
ble with the meniscus diameter. The third mode exhibits a
different behavior in which the most unstable wavelength is
shorter. A vast volume of literature exist addressing thin film
stability and breakup under various conditions. Yarin,(42)

FIG. 8. Meniscus disintegration modes: (a) The meniscus collapses and no droplets are created; (b) The Meniscus disin-
tegrates and generates a single large drop; (c) The Meniscus disintegrates and generates three droplets; (d) The Meniscus
disintegrates and generates four droplets.
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Grotberg and Waters,(31) Grotberg and Jensen,(16) focused on
the behavior of thin planar films, Weihs,(43) Mehring and
Sirignano,(44) and Kim and Sirignano,(45) among others, in-
vestigated the behavior of planar inviscid thin films and
Kalliadasis(46) addressed nonplanar thin films flow over to-
pography. In this research one must account for the curvature,
the viscosity, and the finite size of the thinning film.

The limited data obtained so far indicate that with in-
creasing surface tension the number of droplets also in-
creases. This result is, however, not comprehensive, and
depends on a wider range of parameters affecting meniscus
thinning and breakup. Further numerical and analytical in-
vestigation on curved, finite thin films is required to fully
understand the effect of the different geometrical and phe-
nomenological coefficients on meniscus disintegration and
droplet formation. In addition, the thinning meniscus may
reach an airway bifurcation before disintegration occurs. In
this case its fate must be reevaluated accounting for the new
airway diameter and meniscus size.

Summary and Conclusions

This article addressed a possible mechanism for droplets
formation inside the lung. Assuming a meniscus is formed in
the airway, a process augmented at low lung volumes (per-

sonal communication with Drs. J.D. Brain and J. Heyder), its
disintegration may be the source of droplet formation. The
meniscus motion inside the airway is predominantly con-
trolled by three dimensionless parameters in healthy humans:
the meniscus initial thickness scaled by the airway radius size,
b0=R; the thickness of the mucus lining the airway scaled by
the airway radius, h0=R, and the capillary number Ca based on
air velocity, mucus viscosity, and airway radius. It has been
shown that gravity and the Reynolds number are of minor
importance in such a slow fluid motion, high mucus viscosity,
and small airway diameter. As the meniscus propagates along
the airway under the lung pressure gradient it may either
grow or diminish in volume or preserve its shape. Figure 5
manifests that while travelling along the airway, menisci
thickness undergo expansion or diminution, which varies al-
most linearly with time. It also illustrates that, for given values

FIG. 8c. (Continued).

FIG. 8d. (Continued).
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of b0=R, h0=R, and small capillary numbers, menisci expand
while large capillary numbers result in menisci diminution. A
critical capillary number Cacr for menisci at equilibrium can be
defined, which determines the border between growing and
diminishing menisci. Figure 7a manifests that for a given
physiological value of mucus thickness the critical capillary
number (Cacr) dependence upon initial meniscus thickness
b0=R can be divided into two distinct regions: it is a relatively
a weak function of b0=R within a wide range of large b0=R-
values (0.5� b0=R� 3). It becomes strongly dependent upon
b0=R within a range of small values of initial meniscus thick-
nesses (b0=R< 0.5). Figure 7b addressed the effect of mucus
layer thickness on the critical capillary number. It revealed
that the Cacr is proportional to (h0=R),3=2 a result also obtained
analytically by Howell.(30) Figure 8a–d portrays the possible
disintegration modes that diminishing menisci may undergo.
The first mode is a simple collapse of the meniscus toward the
mucus layer lining the airways. The second mode results in
the formation of a large droplet, which contains most of the
mass of the disintegrating meniscus. The third mode yields a
number of small droplets (the formation of three or four small
droplets is shown in the article). Prediction of how many
droplets are formed for a given set of parameters awaits fu-
ture exploration.

In summary, we have shown that indeed the physical
mechanism suggested in this article may result in the for-
mation of droplets inside the lungs airway assuming physi-
ologically plausible values for the geometrical and
phenomenological parameters.
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