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results (for longer times where nonlinear effects become important) indicated that 
the timescale for the instability to develop was only weakly dependent on 
wavelength. This is presumably due to  a second interesting finding of Hammond’s, 
namely that the wavelength ultimately dominating the instability process was 
always close to 2na, corresponding to A* = 1.  As A* + 1,  equation (10) indicates that 
a+O, or conversely, that  the timescale for growth of the instability approaches 00. 

Thus, we would expect a variety of timescales during the growth of the instability. 
The initial stages of the instability would be dominated by the least-stable 
wavelength of linear perturbation theory (A* = 1.404 for a thin film) and the 
timescale of r = l/a is predicted for the initial growth stage of a thin film. Then as 
the disturbance grows, the dominant wavelength will approach A* = 1 and the 
timescale will increase. Our results are consistent with this prediction in that in all 
cases (viscous dominated or inertia dominated), when the liquid film underwent a 
transition to an unduloid, the resulting wavelength was always close to A* = 1, 
regardless of the perturbation wavelength ; furthermore, when the film underwent a 
transition to  an unduloid, the timescales were always considerably longer than those 
predicted by the linear perturbation theory. 

Our work also identified a ‘Reynolds number ’ that characterizes the transition 
from viscous- to inertia-dominated regimes (equation (13)). This dimensionless 
parameter is a function not only of film thickness (as suggested by the work of 
Hammond) but also of wavelength ; furthermore this parameter indicates that  the 
flow always becomes viscous dominated as A* approaches 1 .  

Finally, we examined the timescales associated with the formation of unduloids 
and liquid bridges. We found that the timescales characterizing the initial growth of 
the instability (equations (lo)-( 12)) could be used for an accurate prediction of the 
time required for liquid bridge formation and gave useful estimates for the time 
associated with unduloid formation. The success of the thin-film model in 
characterizing the timescales for liquid bridge formation was primarily due to the 
fraction of the formation time in which the film remained thin and one-dimensional, 
as indicated by the pressure and velocity profiles. Only in the very latest stages of 
collapse did nonlinear effects become prominent as the film thickened and approached 
collapse. Thus, while the nonlinear terms modify the detailed dynamics of these 
surface-tension-driven flows, they do not alter the fundamental timescales as 
characterized by linear perturbation theory. 

6.1. Application to the lung 

Airway closure in the lung periphery can be readily demonstrated by a number of 
physiological tests and is thought to be responsible for the phenomenon of ‘gas 
trapping ’ (Macklem 1971). Although widely acknowledged to occur, the mechanisms 
producing airway closure have not yet been clearly elucidated. Previous studies have 
suggested that airway closure might occur as a result of an instability of the liquid 
layer in the small pulmonary airways that thickens as lung volume falls (Frazer & 
Khoshnood 1979; Kamm & Schroter 1989). For this to be true, however, the 
timescale for the formation of a liquid bridge clearly must be comparable with or 
smaller than the breathing period and thus a comparison of timescales would be of 
interest. 

The smallest non-alveolated airways of the human lung (the terminal bronchioles) 
have a diameter (at full lung inflation) of approximately 0.05 cm and a length of 
0.15 cm (Weibel 1963); the liquid lining has been estimated to have a surface tension 
of approximately 0.02 N/m and a viscosity of N s/mz (Kamm &, Schroter 1989). 
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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 pm or 
less at maximal inflation (Weibel 1963). Thus, L/2m = 0.955 and ao/e = 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 l 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 = l/a 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. 
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