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The thickness of the liquid lining in these airways is not well-known and in any case
will change with the state of lung inflation; the thickness is thought to be 10 um or
less at maximal inflation (Weibel 1963). Thus, L/2ns = 0.955 and a,/s = 0.96; figure
1 shows that this film will undergo a transition to a stable unduloid.

During expiration, as the diameter and length of the airways decrease, the
thickness of the liquid film will increase provided that there is little movement of
liquid either into or out of neighbouring airways or via the airway epithelium.
Figure 1 indicates that when a/s reaches about 0.8, a liquid bridge will form. Using
the given parameters, we find Re = 0.31 and A* = 1.061 (neglecting the change in s);
this is the case considered in figure 5(c, d). The timescale 7 = 1/ is found from
equation (10) to be 0.0089 s; thus, the results in figure 5 indicate that liquid bridge
formation will occur in approximately 65 ms, much faster than the normal breathing
process. Furthermore, since unduloid formation occurs on a timescale similar to that
of liquid bridge formation, these results suggest that the liquid films in the airways
exhibit equilibrium configurations (as determined by figure 1) during normal
breathing. This conclusion should be valid for both normal and high-frequency
ventilation.

These conclusions should be viewed as tentative, however, since the model
described herein assumes that the surface tension of the airway liquid lining does not
change with changes in interfacial area despite the known presence of pulmonary
surfactant. Surfactant would tend to slow the film instability owing both to the effect
of surface tension gradients at the interface and to a reduction in the surface-tension-
induced pressure gradient within the liquid layer. These effects are currently being
evaluated.

We would like to thank Professor Tony Patera of MIT for his many suggestions
and help on this project and acknowledge the support of the National Heart, Lung
and Blood Institute (HL33009) and the Freeman Foundation.

REFERENCES

Boey, D. B. 1979 Drop formation in a circular liquid jet. Ann. Rev. Fluid Mech. 11, 207.

Carey, G. F. & OpEex, J. T. 1986 Finite Elements: Fluid Mechanics, vol. vi. Prentice-Hall.

Everert, D. H. & Havyngs, J. M. 1972 Model studies of capillary condensation: I. Cylindrical
pore model with zero contact angle. J. Colloid Interface Sci. 38, 125.

Frazer, D. G. & KunosanNoop, B. 1979 A model of the gas trapping mechanism in excised lungs.
Proc. 7th New England Bioengng Conf., vol. 9, p. 482.

Gaveritz, P. A. & Rapke, C. J. 1988 An extended evolution equation for liquid film breakup in
cylindrical capillaries. Chem. Engng Sci. 43, 1457.

GIRAULT, V. & RAVIART, P. A. 1986 Finite Element Approximation of the Navier—Stokes Equations.
Springer.

GoreN, S. L. 1962 The stability of an annular thread of fluid. J. Fluid Mech. 12, 309.

GogrenN, S. L. 1964 The shape of a thread of liquid undergoing break-up. J. Colloid Sci. 19, 81.

GorTLiEB, D. & Orszag, S. A. 1977 Numerical Methods of Spectral Methods: Theory and
Applications. STAM.

Hammoxp, P. 8. 1983 Nonlinear adjustment of a thin annular film of viscous fluid surrounding a
thread of another within a circular cylindrical pipe. J. Fluid Mech. 137, 363.

Ho, L. W. 1989 A Legendre spectral element method for simulation of unsteady incompressible
viscous free-surface flows. Ph.D. thesis, MIT.

Ho, L. W. & PaTera, A. T. 1990a¢ A Legendre spectral element method for stimulation of
unsteady incompressible viscous free-surface flows. Comput. Meth. Appl. Mech. Engng 80,
355-366.

FLM 233



156 M. Johnson, R. D. Kamm, L. W. Ho, A. Shapiro and T. J. Pedley

Ho, L. W. & ParErA, A.T. 19906 Variational formulation of three-dimensional viscous free-
surface flows: natural imposition of surface tension boundary conditions. I'ntl J. Numer. Meth.
Fluids (to appear).

Kamm, R. D. & ScuroTER, R. C. 1989 Isairway closure caused by a liquid film instability ? Respir.
Physiol. 75, 141.

KuEesnor, H. 8. 1989 Profile equations for film flows at moderate Reynolds numbers. AICRE J.
35, 1719.

Mackrem, P. T. 1971 Airway obstruction and collateral ventilation. Physiol. Rev. 51, 368-385.

Mapay, Y. & PaTtera, A. T. 1989 Spectral element methods for the Navier—Stokes equations. In
State-of-the-art Surveys on Computational Mechanics (ed. J. T. Oden & A. K. Norr). ASME.

Patera, A.T. 1984 A spectral element method for fluid dynamics; laminar flow in a channel
expansion. J. Comput. Phys. 54, 468.

RAYLEIGH, LorD 1879 On the capillary phenomena of jets. Appendix I. Proc. R. Soc. Lond. A 29,
71.

RayvLEiGH, Lorp 1902 On the instability of cylindrical fluid surfaces. Scientific Papers, vol. 3,
Pp. 594-596. Cambridge University Press.

Ronquist, E. M. 1988 Optimal spectral element methods for the unsteady three-dimensional
incompressible Navier—Stokes equations, Ph.D. thesis, MIT.

RuscHak, K. J. 1978 Flow of a falling film into a pool. AIChE J. 24, 705.

WeiBeL, E. R. 1963 Morphometry of the Human Lung. Springer.



