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Mixing and dispersion in unsteady plumes
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We study longitudinal mixing in a statistically unsteady turbulent plume at Re = 2400 using direct nu-
merical simulation (DNS) by instantaneously increasing the source buoyancy flux by a factor of two.
The focus is on the behaviour of the plume’s integral quantities, including the volume flux, momentum
flux and buoyancy flux, in the vicinity of the resulting front. The front separates regions of relatively
high and low buoyancy flux and propagates in the longitudinal direction with a velocity that is pro-
portional to the local characteristic velocity of the plume. We present results from both steady and
unsteady plumes and discuss the role of longitudinal turbulence transport and shear-flow dispersion
in determining the propagation velocity of the front and its mixing properties in the unsteady case. We
employ a momentum–energy framework [1], in place of the classical mass–momentum formulation
[2], generalising a decomposition of the entrainment coefficient [3] to unsteady problems.
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Fig. 1: Isoregions of the ensemble and azimuthally-averaged buoyancy (red) and threshold of the in-
stantaneous enstrophy (blue) in an unsteady turbulent plume at times t1 . . . t8. The quantities displayed
in the figure are non-dimensionalised using the local characteristic scales of a steady plume.

In an unsteady context the momentum–energy framework exposes features of plumes that are hidden
in the steady state, revealing that properties such as entrainment and the radius of the plume depend
on the dimensionless energy flux, buoyancy flux, and turbulence production independently. We will
discuss the way in which these dimensionless quantities define the hyperbolic nature of the governing
integral equations and the behaviour of the flux balance parameter Γ(z, t) in the vicinity of the front. In
general, for a given density stratification in the ambient, the dimensionless parameters also determine
the way in which a plume responds to perturbations in the source buoyancy flux.

Utilising a dispersion closure developed for jets [4], we propose a model for unsteady plumes that
incorporates shear-flow dispersion, and therefore accounts for the fact that statistical unsteadiness in
plumes forces a departure from the self-similarity that one finds in steady plumes. The model shows
a good agreement with the DNS results, capturing both the position and longitudinal extent of the
front and characteristic features of the plume’s leading-order integral quantities. Motivation for this
work comes from the recent discovery that several existing unsteady plume models are ill-posed [5] in
the absence of an appropriate description of longitudinal mixing. The dispersion closure we present
has the desirable feature of being valid for both unsteady plumes and unsteady jets, not modifying
the classical solutions to the steady-state plume equations and can be used to model the longitudinal
mixing of both the mean kinetic energy and buoyancy.
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