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Abstract

The condition under which a bathtub vortex is formed, if it does form, and the characteristics of the
formed bathtub vortex generated by tangential jet injection at the bottom of a vertical tube with draining
orifice are investigated. An experiment is conducted via flow visualization for a fixed tube-to-jet diameter
ratio (D/d;) of 12.5. The effects of both the Reynolds number, Re; =V;d; /v, (or of the jet tangential
velocity) and the diametric swirl ratio, Sry =(d /dj)z, (or of the draining orifice diameter) are
investigated. d is the draining orifice diameter; VJ— , average jet velocity; and v, fluid kinematic viscosity.
The parameter space spans the Rej of 2,600 to 40,000 and the Sry of 0.8, 2.0, and 4.0. The result
shows that, as Rej and Sry are varied (or as the tangential jet velocity and the draining orifice diameter
are varied), there exist five flow regimes. At a fixed Sry, these five flow regimes are as follows, in the
order of increasing Rej. Flow Regime 1: when Rej is small, a ‘vertically steady’ bathtub vortex is
formed and it fully stretches, i.e., it fully extends from the free surface at the top all the way down to the
draining orifice at bottom of the tube, resulting in the vortex stretching ratio, defined as the length of the
vortex to the water height ratio (h/H ), of one [h/H =1]. Flow Regime 2: as Re; increases, the vortex
is ‘vertically oscillating’; it periodically alternates between the states of fully stretch and partially stretch,
and stretching and retracting. The vortex stretching ratio fluctuates periodically between fully stretch
(h/H =1) and partially stretch (0 <h/H <1), [0<h/H <=1]. In addition, the water height (or the water
height to orifice diameter ratio) also fluctuates accordingly. Flow Regime 3: a vertically steady, but only
partially-stretched vortex [0<h/H <1], is formed, and the water height becomes steady again. In
addition, small air bubbles are observed to periodically detach from the tip of the vortex and are
convected down and out through the draining orifice at the bottom of the tube. Flow Regime 4: a vertically
steady, but only partially-stretched vortex [0<h/H <1] is formed, like in Flow regime 3. However, there
is no longer air bubble detachment from the tip of the vortex. Flow Regime 5: finally, when Rej is large
enough, there is no formation of a bathtub vortex [h/H =0]. When consider the relations between the
vortex stretching ratio h/H and Rej in flow regimes 2 to 4 at various Sry’s, it is found that the relations

at different Sry’s can be approximated by half-gaussian curves from the cut-off point at the end of flow
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regime 1. However, different Sry’s render different relations. As Sry increases, the cut-off point at the
end of flow regime 1 occurs at higher Rej, each flow regime spans a wider range of Rej, and the
gaussian curve broadens. However, when a new dimensionless number « - defined as a =Re;/Sry, a
combination of Re; and Sry - is introduced in place of the Reynolds number Rej, it is found that all the
h/H —Re; curves at different Sr,’s collapse onto only one h/H —« relation, independent of both Re;
and Sry . The cut-off point at the end of flow regime 1, where the vortex starts to retract from a vertically-
steady fully-stretch position, is found to occur at @ = 6,800; while the 1/e? point, where the vortex

stretching ratio h/H is 0.135 and for some practical purpose the vortex may be considered vanished, is

found to occur at ¢ = 11,600.
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