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Summary We numerically and experimentally studied the propagation of liquid plugs with yield stress in channels in order to understand the
mechanisms relevant to re-opening of occluded airways by mucus plugs. The computational and experimental results show that a yield stress in the
biological range significantly increases the required driving pressure and induced wall shear stress level during the re-opening procedure. These indicate
that the yield stress property of mucus can enhance the chance of the epithelial cell injuries in re-opening of blocked airways.

INTODUCTION

Mucus plugs are formed in the lung under a variety of circumstances including disease states which cause an excess of liquid
there, or reductions of surfactant activity which increases the surface tension. As a result, they block the gas exchange in some
sections of the lung. The reopening process involves propagation and rupture of these plugs. In this paper which is a continuation
of one of our previous studies [1], the re-opening of occluded airways is investigated through simulations and experiments. In the
numerical part, the transient motion of a liquid plug in a liquid coated 2D channel is investigated. Mucus is a non-Newtonian fluid
with a yield stress which we assume is a Bingham fluid in this work. Through a parametric study, we determine the required
driving pressure for initiation of the motion, the motion of the plug under larger driving pressure, the plug shape, the velocity and
stress fields and from them the wall stresses. In the experimental part, aqueous Carbopol 940 (C940) at four concentrations is
used as a mucus simulant with a yield stress and shear thinning properties. A small collapsed airway is simulated in a 2D
polydimethylsiloxane (PDMS) channel. A syringe pump is used to compress atmospheric gas upstream of a Carbopol plug to
drive its motion. A high-speed camera and particle image velocimetry technique are used to acquire images and velocity fields
during the process of plug propagation and rupture. In the experiment, we also measure the critical pressure drop needed for a
plug to rupture and wall stresses which, in a lung, would be transferred to epithelial cells of the airways.

METHODOLOGY OF COMPUTATIONAL FLUID DYNAMICS

We assume mucus as a Bingham fluid. In the Bingham fluid model for von Mises stresses less than a threshold yield stress, the medium
undertakes no deformation similar to rigid solids. For von Mises stresses greater than the yield stress the medium behaves such as a
Newtonian fluid. To ease the numerical simulations we use a regularized method as an approximation for the Bingham fluid model.
Figure 1 shows the initial shape of a plug including two semi-circles attached to two horizontal lines. We assume that the driving
pressure difference across the two menisci is constant and the thickness of the pre-cursor film, Hj, remains unchanged. We scale
the length dimensions by b, velocity by o/p,, pressure and stresses by o/b and time by bu,/c, where b is the half width of the
channel, o is the gas-liquid surface tension, and p, is the plastic viscosity. The governing equations in dimensionless form then
are:
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the plug is mounted on a microscope platform. A CCD camera is connected to a 2x objective lens to capture rupture images at a
speed of 27.96 frames per second. The images are processed in an image software package, from which velocity vectors are
calculated using PIV processing software. All experiments are done in a normal room condition.

RESULTS AND DISCUSSIONS
Computational Fluid Dynamics: We performed our simulations for a small airway of an average adult person where b=1.125 mm
for a trachea of 1.8 cm according to Weibel model [2]. We used the following set of properties for mucus [3], p=1 g/cm®, up=1
poise, 5=80 dyne/cm, 1,=400-800 dyne/cm?. The initial plug length and the precursor film thickness are 1.125mm and 0.2 mm
respectively. Figure 3 shows the time average of the plug speed for different driving pressure and different yield stress. For each
value of the yield stress there is a critical driving pressure for the initiation of the motion. Figure 4a, however, shows that this
driving pressure might not be adequate for the continuation of the motion as the plug speed initially increases but then it decreases
until the plug stops. This is due to evolution of the plug shape to another configuration requiring a larger driving pressure for the
initiation of the motion. We increased the driving pressure nearly 5 times leading to a motion with acceleration depicted in Figure
4b. For this case the trailing meniscus moves faster than the leading one indicating that the plug length becomes shorter during the
motion and would rupture.
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CONCLUSIONS
We studied the transient propgation of yield stress liquid plugs in CFD and experiments in order to understand the involved
processes of reopening of occluded airways by mucus. For plugs with an initial shape as semi-circle there is a critical driving
pressure for initiation of the motion. This driving pressure however leads to evolution of the plug shape rather than the translation
and rupture. Siginificant increase in the driving pressure leads to a motion with accleration where the plug length decreases during
the motion. For this regime the amplitude of the wall shear stress increases significantly owing to the accleration. The critical
driving pressure increases with both initial length and yield stress of the plug.
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