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FIGURE 4. (Colour online) Data from interaction experiments. (a) Unscaled data showing
the solitary wave profiles from a typical interaction. (b) Examples of the three interaction
types for scaled data used in classifications. From top to bottom, .alead; atrail/ are
.1:27; 3:45/, .1:53; 9:97/, and .1:14; 10:01/, respectively. See the online version of the
paper for movies of these experiments.

differences and residuals are beyond the sensitivity of our experimental capabilities,
which suggests that these conduit solitary waves are approximately solitons, at least
in a physical sense. Hence we term them ‘physical solitons’.

3.4. Experimental observation of the three types of interaction
In figure 3, we plot the results of twenty-seven solitary wave interaction classification
experiments. The three distinct types predicted by numerical simulations of the
conduit equation (2.5) are readily observable in the full physical system, and their
dependence on alead and atrail is in excellent agreement with the phase diagram.
Example images of an unscaled interaction experiment and then scaled data used
for classification are given in figure 4. While it is sometimes difficult to distinguish
between the regimes in the unscaled data, scaling the data recovers the aspect ratio
of the nondimensional coordinate system from the numerical simulations and allows
for proper determination. Typical examples of the three interaction types are shown.
Movies in both unscaled and scaled formats are available with the online version of
the paper at http://dx.doi.org/10.1017/jfm.2014.273.

Regarding the agreement with numerical simulations, up to the 2 % error in
measuring conduit diameters, the data all lie in the appropriate regions of the phase
diagram. While this agreement is compelling on its own, it is also possible to compare
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with the approximate model breakdown criteria identified in Lowman & Hoefer
(2013a). The use of miscible fluids meets the negligible surface tension criterion,
and the contributions due to the outer wall are small because the nondimensional
radius of the outer wall satisfies Rwall � 76 � ��1=2 D 10:3. The Reynolds number
criterion Re D 0:049 � ��1 D 106 for neglecting inertial effects is also satisfied.
Lastly, the breakdown of the multiple scales assumption occurs when the condition,
A� 1=8� � 13:3, is violated for large amplitude solitary waves (Lowman & Hoefer
2013a). We note that two of the trials lie beyond this point, though they still fall in
the appropriate classification region. There exists an independent condition for model
validity based on the introduction of inertial effects for sufficiently large amplitude
solitary waves, measured by an effective solitary wave Reynolds number (Helfrich
& Whitehead 1990), but we find the multiple scales condition to be more restrictive
in our case. Our results suggest remarkably robust concurrence between the reduced,
approximate interfacial equation and the full two-fluid system.

4. Summary and conclusions
The qualitative characterization of large amplitude, pairwise solitary wave

interactions in viscous fluid conduits has been shown to permit geometric classification
according to the three Lax categories for KdV. Unlike the weakly nonlinear regime,
however, the expected interaction type depends on the wave amplitudes, rather than
only their ratio, and the mixed unimodal/bimodal interaction type is a more robust,
readily observable feature than for surface water waves.

The long time, large amplitude validity of the conduit equation (2.5) and its
analytical tractability make this two viscous fluid setting an ideal one for the study
of nonlinear dispersive waves. That nonlinear dispersive waves occur at all in a fully
viscous setting is a nontrivial observation, but that the reduced equation captures the
geometry of interacting solitary waves suggests the interfacial dynamics of viscous
fluid conduits are, as predicted, approximately one-dimensional and dissipationless at
the time scales under consideration. Moreover, the absence of dispersive radiation in
the experiments implies that, while the conduit equation is not completely integrable,
its solitary waves practically interact elastically. These results encourage future
experimental studies on nonlinear coherent structures, such as rarefaction waves,
slowly modulated wavetrains (dispersive shock waves) and their interactions.
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