Analysis of the experimental observation of an effect of a tube constriction on fluid pressures.

Some time ago Jeff Cross described in a geyser list posting a simple experiment which he suggested might help explain how some geyser eruptions are triggered.  He has requested that I provide a brief analysis of the experiment, and this article is in response to that request.

In Jeff’s experiment a narrow U-tube, made out of a flexible, transparent material, is held vertically, and nearly filled with water.  An air bubble, small, but sufficiently large to fill a short length of the tube, is introduced near the base of one of the arms.  This bubble then gradually rises to the top of the water column above, where it escapes.  During this movement the level of the water surface above the bubble is fixed and remains higher than the elevation of the water surface in the arm without the bubble, by an amount equal to the vertical extent of the bubble.

An interesting effect is caused if the tube above the bubble is pinched so that the tube cross-section is reduced over a short segment of its length.  Instead of the water surfaces of both arms remaining fixed, it is found that the level in the arm without the bubble drops while the bubble is passing through the constricted section of the other arm.  There is also a simultaneous movement of water-surface level in the arm with the bubble.

Let us consider the situation where the bubble is sufficiently large to occupy fully, for a short time, the pinched section of the tube while it is passing through the constriction.  We consider five distinct stages in the bubble movement, namely: (1) the bubble rising through the lower unpinched section of tube, (2) the top surface of the bubble rising through the pinched section, (3) the bubble fully occupying the pinched section, (4) the lower surface of the bubble rising through the pinched section, (5) the bubble rising through the upper unpinched section of tube.

We consider some of the five stages in terms of relevant diagrams.  We also ‘idealise’ the situation by assuming that the pinched section of tube throughout its length is itself of uniform cross section A’ in contrast to a uniform cross section A throughout the unpinched section.  We assume also that the volume of the bubble is fixed. (In other words we are simplifying by assuming that the pressure change within the bubble while it is rising is negligibly small in comparison with atmospheric pressure.)  Since the density of air is so much less than the density of water we approximate further by taking the density of the air in the bubble to be zero.  We also ignore the tiny volume of water that at all stages is flowing down the U-tube inner surface past the bubble.

Stages (1), (3), and (5) are quasi-static situations, so we assume that hydrostatic pressures exist throughout the system while the system is progressing through them.  This means that pressure increases downwards at rate rho.g per unit depth within water-filled sections of tube, where rho is the density of water and g is gravitational acceleration.

Stages (1) and (5) are the same as for the experiment being conducted without the restriction being present, so that in both cases the water level on the side with the bubble stands fixed at an elevation higher than the elevation of the water surface in the arm without the bubble by an amount equal to the vertical extent of the bubble.

Suppose that the vertical extent of the bubble in unrestricted sections of the tube is L, and that the length of the restriction is D.  Then, since the volume, V, of the bubble is fixed, 



V = A.L = A.(L’-D) + A’.D,

where L’ is the fixed vertical extent of the bubble during  stage (3).

From this we deduce that


L’ – L = (1 – A’/A).D.

During stage (3) therefore, the upper surface of the water in the U-tube in the arm accommodating the bubble lies fixed at elevation L’ above the upper surface of the water in the other arm of the U-tube, rather than at relative elevation L.

Equating hydrostatic pressures at the bottom of the two sides of the U-tube reveals that during stage (3), in contrast to the situation during stages (1) and (5), the upper surface of the water in the arm with the bubble has risen by ½(L’-L), and the upper surface of the water in the other arm has fallen by the same amount.  This implies that a decrease in hydrostatic pressure of (½)rho.g.(L-L’) has occurred at the bottom of the U-tube and indeed at all locations beneath the water surface in the arm without the bubble, and at all locations beneath the bubble in the other arm.  Thus there is a widespread pressure decrease accompanying the passage of the bubble through the restriction.

I shall not dwell on stages (2) and (4).  Briefly, during these the bubble is changing its vertical extent so that accelerations are occurring and hydrostatic pressures are not being maintained at the instants when the bubble surfaces cross the lower and upper interfaces of the tube constriction.  Overshoots could occur, as a result of inertia, resulting in momentary fluctuations in the free surfaces of the water in the U-tube arms.

The question now arises as to what relevance, if any, this has with respect to triggering geyser eruptions. 

The process is somewhat related to one method I have seen used for artificially triggering geysers.  In the late nineteen-fifties, J. Birnie, then proprietor of the Spa Hotel, Taupo, and his pro tempore tourist guide, W.H. Ross, used to trigger the Waipikirangi geyser with “carbide bombs”.  These were parcels of carbide which were thrown into the geyser vent.  They sank but immediately began evolving volumes of acetylene, a permanent gas which acted somewhat like bubbles of air as in Jeff’s experiment.  Perhaps the gas filled the geyser tube, but, whether this happened or not, if the superincumbent water was driven to overflow, or even just driven upwards into a wider part of the geyser plumbing, the resulting hydrostatic pressure reduction was sufficient to induce an eruption.  (A photograph used as an illustration in the author’s 1959 tourist booklet, Lake Taupo, showing Waipikirangi erupting was acquired in this way.)

It is obvious that using air as a proxy for steam introduces a difference that should be considered:  Steam is not a permanent gas, being generated from the ambient hot water, or condensing into it.  But the physical effect we are considering is pressure reduction during the passage of a bubble, and this certainly could occur irrespective of the nature of the gas. Furthermore, a bubble of steam as it rises is subject to an environment of decreasing pressure and therefore would be encouraged to expand not only directly because of this effect, but also because more boiling would occur if water temperature conditions were favourable, and this would result in the mass (and therefore volume) of steam in the bubble increasing.  What proportions of triggering could be assigned to the bubble/constriction pressure reduction effect vis–a-vis the extra-boiling effect probably varies from instance to instance, but it seems to this writer that the first could certainly play a part given appropriate forms of geyser feeding tube and vent geometry, and could in some cases be the dominant cause.

Ron Keam,

Physics Department,

University of Auckland,

P. Bag 92019,

AUCKLAND,

New Zealand

