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ABSTRACT

In many geological and industrial situations the mixing that occurs across the moving interface between a turbulent fluid
layer and a quiescent layer of different density is of fundamental importance. Much of our knowledge of this process has
been obtained from laboratory experiments in mixing boxes where the turbulent motions are generated by the vertical
oscillation of a horizontal grid located in the interior of the stirred layer. We report here some experiments in which the
turbulent layer contains a suspension of small dense particles, with the stirring grid located at the base of the tank in order
to simulate the generation of turbulence by stresses acting at the rough bottom over which it traverses. We compare the data
with experiments using dense, but particle-free, fluid layers in the same geometry. The results are distinctly different, since
the particles responsible for the density difference between the two layers can also migrate through and fall out of the
suspension layer as it changes in thickness. We find that the following equilibrium conditions are attained sequentially as the
frequency of stirring, and hence the intensity of turbulence, is increased. The particles eventually all precipitate; or only
some precipitate while others are held indefinitely in suspension; or all the particles are suspended by the turbulent motions.
Both the last two cases produce a stable self-maintained suspension layer separated from the overlying fluid by a sharp
density interface. The results cannot be explained simply in terms of particies falling away from an entraining interface: the
work done in keeping the particles in suspension must be taken explicitly into account. The relationship between these
experiments, and results previously obtained when the interstitial fluid in the lower sediment layer is less dense than the
upper layer and can rise across the interface to drive convective motions above, is also discussed briefly. Our results will be
applicable to various sediment-laden flows, including crystal-rich magma layers, pyroclastic flows, avalanches, river outflows,

turbidites and the deposition of industrial wastes.

1. Introduction

Gravity currents, or density currents, result
whenever fluid of one density flows under gravity
into fluid of a different density, either as a hori-
zontal intrusion or along a sloping boundary.
When the Reynolds number of the current ex-
ceeds approximately 500, the flow is generally
turbulent and propagates under a balance be-
tween inertial and buoyancy forces. In one of the
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simplest cases of a gravity current, the density
difference is due to thermal differences. Exam-
ples of such currents include sea-breezes and
katabatic winds in the atmosphere and thermal
fronts in the occans and lakes. A significant part
of our knowledge of such gravity currents has
been obtained from laboratory experiments using
fluids with compositional density differences due
to a dissolved component, such as salt or sugar. A
very readable account of gravity currents from a
broad perspective discussing the results of some
of these experiments is contained in [1].

Many naturally occuring flows involve fluids in
which bulk density differences are created by
suspensions containing solid particles; crystals in
convecting magma chambers, fine sand and silt in
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flowing rivers and ash in volcanic eruption
columns are just a few examples. In some situa-
tions the particles are passive and have little, or
no, dynamic influence on the turbulent flow but
are merely transported with it. Examples include
very fine ash particles distributed in the atmo-
sphere and microscopic planktonic particles in
the oceans. At the other extreme, the suspended
particles play a fundamental role in determining
the resulting motion. Examples here include
avalanches, pyroclastic flows and turbidity cur-
rents, which are responsible for the formation of
submarine canyons on continental slopes and the
transport of silt and sand to the deep oceans.
There is still a lot to be understood about the
influence of particles in all these situations.

One technique that has been extensively used
to study turbulent flows, and in particular to
study the entrainment of a fluid of one density by
the turbulent motions in an adjacent fluid of
different density, has been to use a mixing box,
with the turbulence generated mechanically by
the vertical oscillation of a horizontal grid of solid
bars. The technique was initially introduced by
Rouse and Dodu [2], and subsequently exten-
sively used and developed by Turner [3] and also
reviewed by him [4,5]. For a comprehensive re-
view from a different perspective of the use of
mixing boxes to study turbulent flows devoid of
particles the reader is referred to Fernando [6].

In almost all previous experiments the grid of
bars has been positioned in the interior of the
fluid in order to study the effects of turbulent
motions generated by processes far from a solid
boundary. We wished to investigate the effects on
a flowing suspension layer of the turbulent
stresses generated at a rough bottom as the sus-
pension flows over it. We hence needed to intro-
duce two important changes to the standard situ-
ation. First, we lowered the grid to oscillate just
above the bottom of a mixing box of standard size
(25.4 x 25.4 X 45 ¢m high) so that the turbulence
generation took place at the bottom. All the
experiments utilized a square grid made up of 1
cm? bars spaced 5 cm centre to centre. The grid
oscillation had an amplitude of 1.25 ¢cm and a
mean height above the base, z, of 1.9 cm. A
sketch of the system is presented in Fig. 1. Sec-
ond, in the main series of experiments we re-
placed the heavy salt solution with a suspension
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Fig. 1. A sketch of the experimental set-up.

of small silicon carbide particles in water in order
to investigate the effect of such particles on the
behaviour of the system, especially on the turbu-
lent motions. The overall questions we sought to
answer include the following: Is it possible for the
turbulent motions to keep the particles indefi-
nitely in suspension? What are the conditions for
this? What are the conditions under which only
some of the particles can be maintained in sus-
pension? And what will be the resulting depth of
the suspension layer?

We begin by briefly describing, in the next
section, a series of ‘calibration’ experiments with-
out particles. The experiments quantify the rate
at which a turbulent lower layer of relatively
dense aqueous sugar solution deepens as it mixes
with an overlying less dense fresh water layer due
to the oscillation of the grid at the bottom of the
tank. In section 3 we then describe the effects
due to the bulk density excess in the lower layer
being a consequence of a suspension of small
particles rather than dissolved sugar. In section 4
we develop a theoretical model which allows us
to interpret the laboratory observations and an-
swer the questions posed above. A few further
experiments, which help to understand the influ-
ence of the boundary conditions imposed at the
base of the layer by the oscillating grid, are dis-
cussed in section 5. We summarize our results in
the final section, which also contains comments
on their applications to real situations.
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2. Particle-free layers

We first describe briefly the experiments using
density differences produced by dissolving sugar
in the lower layer. All experiments began with a
6.0 cm layer of sugar solution below a 22 cm layer
of pure water. Twenty experiments were carried
out with different combinations of grid-oscillation
frequencies w and initial density differences Ap,.
In each case the depth of the lower layer was
recorded as a function of time as it deepened due
to entrainment of upper layer fluid. Once the
depth exceeded 8 cm both the near-grid effects
and the difference between the layer depth /2 and
the distance z(=h — z) between the mean posi-
tion of the grid and the interface became unim-
portant, and the observations were well fitted by
a power-law relationship of the form

z=Bt’ (D)
where B is a function of w and Ap, and b=
0.151 + 0.008. Most previous investigations have
used dimensional analysis to express the rate of
entrainment at the interface, vy, in terms of the

root-mean-squared horizontal velocity scale just
below the interface in the lower layer, v,, by

vp=dz/dt =v f(Ri) (2)

where f is a function of the Richardson number
Ri=g'h/v} and g’ =gAp/p, is the reduced
gravity. Although g’ varies with time as the lower
layer is diluted, g’h, which is approximately g’z,
is a constant by conservation of solute.

Two separate processes now need to be taken
into account, the decay of the turbulent velocity
with distance from the grid, and the effect of the
resulting v, on the entrainment across the inter-
face. Further dimensional arguments [5] suggest
that

v =Cwd**'z7" (3a)
and
F(Ri) = C,Ri™* (3b)

for some constants C,, C,, « and B, where d is a
representative length specified by the geometry
of the grid and its stroke [7]. Substituting (3) into
(2) and integrating the results, we obtain

z =K(g,h)—ﬁ/[a(2B+1)+1]w(23+1)/[a(2;3+1)+1]
th/[a(23+1)+l] (4)
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Fig. 2. Experimental data for B/ " as a function of (w? / g'h)"

and the line of best fit through the data for experiments with
a layer of aqueous sugar solution.

where K is a constant which incorporates the
previous constants, Comparing (4) with (1), we
see that a(2B+1)+1=b 1=6.62+0.35 and
that another relationship linking « and B8 can be
obtained by comparing the experimentally deter-
mined values of B with K(w?/g’h)??w®. This is
done in Fig. 2, which presents the data for Bo ™°
against (w?/g’h)® on a log-log plot with the best-
fit straight line. From the slope of this line we
deduce that B =1.696 +0.072 and hence that
a =128 + 0.11. These values differ significantly
from those previously obtained with the stirring
grid located well away from the bottom boundary.
A detailed comparison will be deferred for dis-
cussion elsewhere. For this paper it suffices to
have obtained the results for a grid oscillating
near the base in order to compare them with the
experiments with a particle-laden layer. This is
done in the following sections.

3. Maintenance of a suspension layer

We now present the results of experiments in
which the density increase in the lower layer was
due to a suspension of silicon carbide grit, which
has a density p, of 3.217 g cm >, Different batches
of the irregularly shaped grit particles were used,
which have effective diameters ¢ of 5.5, 5.8, 10.8
and 17.6 pm, where the effective diameter is the
diameter of a spherical particle with the same low
Reynolds number settling velocity. A measured
mass M, of particles suspended in water was
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TABLE 1

Effective grain diameters and critical frequencies

Hum) 5.5 5.8 10.8 17.6
w71 0.75 09 1.0 1.2
wy(s7H 26 27 34 4.0

added rapidly under a layer of fresh water, before
stirring was begun by oscillating the grid with
frequency w. The tank and grid geometry were
the same as before. The height of the top of the
sediment layer varied in time, but here we will
concentrate on the measurements of the final
layer properties in the cases where a steady state
was attained.

Above a critical frequency w, (see Table 1)
dependent only on the size of the particles, all
the particles could be held in suspension. For
small M, the depth of the sediment layer contin-
ued to increase up to the free surface, but for
sufficiently large M, the suspension layer thick-
ness reached a final steady value A (=z, +Z2),
which was a function of frequency o (and also
the size of the particles) but independent of the
initial thickness of the layer containing the parti-
cles. In this regime, where the total mass of
particles in suspension is constant, z, is approxi-
mately linearly proportional to w, with the con-
stant of proportionality dependent on the total
mass M,=M.,. The final concentration C, of par-
ticles in the suspension layer is proportional to
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M, divided by the final volume of the suspension
layer. Below a different critical frequency w, (see
Table 1) the intensity of turbulent stirring was
insufficient to maintain any of the particles indef-
initely in suspension, and eventually they all fell
to the floor. The factors determining the equilib-
rium conditions at the bottom boundary will be
discussed further below.

At frequencies between w; and w, some of
the particles fell to the floor while a fraction
remained suspended in a layer, the final thickness
of which was again independent of the initial
thickness. The time required to approach the
asymptotic state depended on the rate at which
mass was lost to the base. During this time the
thickness of the suspension layer either changed
monotonically or decreased below the equilib-
rium value and then increased again as mass was
gradually lost from the layer, over a time which,
in our experiments, was many hours. Quantitative
measurements of the final depth of the suspen-
sion layer above the grid z(=h, —Z) as a func-
tion of frequency are shown in Figs. 3 and 4a for
the whole frequency range covered. (The theory
developed below indicates that we should use
z{z./h,)'/? as the ordinate in these figures, but
the difference between z_ and A, is so small for
most of the data that the plots are changed very
little.) These plots include runs with different
initial masses and different sizes of particles, and
those in which all or only a fraction of the parti-
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Fig. 3. Experimental data for z,/w as a function of M,. Four straight lines of slope —0.275 have been drawn through data
obtained from experiments with different sized particles.
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Fig. 4. All the experimental data for (a) z,, and (b) the expression E(M,)= z {1+ ZU/Zw)_1/3(g*USMw/App)1/3 as a function of
w from experiments with different sized particles. The straight line of best fit in (b) has a slope of 3.85.

cles remained in suspension. Figure 3 is a plot of
z../w versus M_ for different sized particles on
logarithmic scales. In the range o, < w < w, there
is good agreement between experiments with a
fixed particle size, with the constant of propor-
tionality depending on v,. When ncarly all the
particles are in suspension, however, the mea-
sured values of z,/w fall below these lines since
there is virtually no change in M, (which cannot
increase above M,). Figure 4a plots z,, versus w
on linear scales, for comparison with the scaled
data on Fig. 4b. In many experiments the size
distributions of the sedimented particles and
those remaining in suspension were measured

and compared. The distributions did not seem to
be significantly different, showing that differen-
tial settling, with the larger particles falling out
first as w is decreased, is not responsible for the
variation of M, with w.

The linear relationship between z, and w
shown in Fig. 3, with the constant of proportion-
ality being a function of M_, suggests that data
for a particular mean particle size can be col-
lapsed onto the form z MY o w, where the con-
stant of proportionality is a function of the parti-
cle diameter 7 and perhaps some other geometri-
cal factors. The important dynamic effect of vari-
ations in particle size is to change the Stokes free
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fall speed v, through the ambient fluid of density
po (here 1.00 g cm?) and kinematic viscosity v
through

v, =8(p, —po)l*/18p,v (5)

4. Theoretical explanation

We now consider several alternative theoreti-
cal ideas as a guide to the most appropriate
method of scaling the data. First, can the egs. (3)
and (4) and the powers a and B, obtained for
entrainment across a fluid density interface with
exactly the same grid geometry, be carried across
to suspensions? The extra hypothesis required is
that the sediment layer stops growing when the
fall velocity v, just equals the entrainment veloc-
ity v.. This procedure does not produce a satis-
factory collapse of the data, for the following
reasons. Differentiating (4) with respect to time
in order to determine a relationship for dz/d¢ =
v and then substituting (4) into the result to
determine v, as a function of z, we find that
equating v, and v, predicts, with the values of «
and B evaluated above, that z, o ®7®. Further if
v is calculated for all the final layer depths for a
given particle size it varies over a wide range, so
it cannot be balanced by a fixed settling velocity
U,

Next we consider theories which include the
effect of suspended particles on the dynamics of
the whole of a sediment layer. Hopfinger and
Linden [8] have shown that when a stabilizing
buoyancy flux is added at the boundary of a
stirred fluid layer a steady layer depth is attained,
with a sharp interface across which the density
difference increases linearly in time. Thus the
turbulent kinetic energy supplied by the stirring
grid is used to increase the potential energy of
the system; however, since the turbulent velocity
falls to zero at the interface, there can be no
question of entrainment. E and Hopfinger [9]
extended this idea to layers of sedimenting parti-
cles, and Noh and Fernando [10] have proposed a
related but considerably more elaborate numeri-
cal model. These authors noted that in equilib-
rium, when the mass of particles in the layer is
steady, the upward particle flux due to the turbu-
lent transport must be equal and opposite to the
downward flux due to particle settling. Work must
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be done on the particles to keep them in suspen-
sion, and this is equivalent to a stabilizing buoy-
ancy flux which can be related to the settling rate,
although because of the two compensating trans-
ports, the density of the suspension stays constant
and nearly uniform with depth.

The essence of E and Hopfinger’s mechanistic
theory, which is based on conservation of energy,
is contained in the following dimensional argu-
ment. The fluid motions near the oscillating grid
are described by a single parameter wd?, the grid
‘action’, where d is the representative length
scale introduced in (3). The buoyancy flux associ-
ated with particles falling out (and being lifted
and held in suspension) is g*v,C,, where C, is
the dimensionless volume concentration of parti-
cles in the layer and g* =g(p, —py)/p, reflects
the excess density of the particles relative to that
of the fluid, p,. If wd? and g*v,C, are the only
two physically relevant parameters on which the
final depth z,_ depends, it follows on dimensional
grounds that

z.=(wd?)(g*v,C) """ (62)

Substituting the relationship M, = 4p,h.C.,,
where A is the cross-sectional area of the tank,
into (6a) and rearranging the terms, we find that

z,= (wdz)(g*UsMw/App)‘lﬁ(l 4—2/200)1/3
(6b)

Rewriting (6b), we find that the function E(M,)
defined by

E(M,)=z(1+ 2/209)71/3(g”‘USM{,C/App)l/3
(7a)
- wd? (7b)

A plot of all the data, scaled using (5) and (7)
is shown in Fig. 4b, where different symbols have
been used for the four sizes of particles. There is
a very satisfactory collapse of the data into a
straight line (with the best fit d = 1.96 ¢m), which
gives good support to the above theory. The data
of E and Hopfinger [9] from experiments with a
different grid size and stroke, are well fitted by
the same functional form, with a constant d = 2.7
cm. We plan to present a more extensive compar-
ison between our model and previous work [9,10]
elsewhere.
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5. The bottom boundary condition

Our experiments have shown that once the
equilibrium sediment load M_ in the stirred layer
is known, there is good internal consistency be-
tween all the measurements of layer depth as a
function of w, v, and M,, and there is theoretical
support for the choice of the physically most
significant parameters. We still need to consider
how M,, is related to M, when only a fraction of
the particles is held in suspension, and, more
generally, what determines the ‘re-entrainment
rate’ of particles settling on the bottom. To do
this the bottom boundary conditions must be
examined carefully.

Consider an experiment which started with an
initial load M, and has reached the stage where
some particles have settled on the bottom. Sup-
pose that the particles have been deposited be-
cause a given mechanical energy input to the
turbulence above the grid can support only a
certain (maximum) particle concentration C,, and
hence maximum buoyancy flux. If » and hence
the energy input are increased, we see from (7)
that this general relationship is satisfied if there
is an associated increase in M., the mass of
particles in suspension, with z, changing little. In
fact Fig. 4b contains data for a series of runs for
which z_ remains approximately constant (within
the experimental error) and M, is proportional
to w>. These results are similar to those obtained
by E and Hopfinger [9], and are consistent with
their energy argument. They imply that the sedi-
ment load is determined mainly by the properties
of the turbulence near the grid, and the buoyancy
flux through the layer above it.

When M, is increased, however, the equilib-
rium value of z, decreases for a given w, imply-
ing that more particles have been held in suspen-
sion because more are available. This behaviour
is, we suggest, associated with the fact that the
effective turbulent velocity acting on the particles
near the bottom is increased when the settled
layer of particles is deeper. That is, we now need
to consider the detailed geometry of the sediment
bed in relation to the grid, and the variation of
stirring velocity very close to it, in the space
between the mean position of the grid and the
floor. In some experiments with the larger values
of M,, the grid, if brought to rest at the bottom
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of its travel, would be buried in sediment if all
the particles settled out. A small extra deposit of
sediment would be subjected to a large increase
in velocity which would tend to resuspend it.

This interpretation is supported by the results
of experiments in which successive charges of
sediment were added to the tank while stirring
was continued at a fixed frequency (2.38 s~').
For example, starting with 355 g of particles in
suspension, a steady state was attained with 230 g
of particles left in suspension, and hence 125 g on
the floor. Two further additions of 135 g of parti-
cles each were made and the suspension layer
allowed to come to equilibrium at each stage.
Each addition was accompanied by a correspond-
ing decrease in 2z, but no more particles sedi-
mented during either period. In each case, the
values for the final mass in suspension as a func-
tion of w and the other parameters were consis-
tent with (7), as shown by the points marked as a
black diamond in Fig. 4b. This result suggests the
following interpretation of the lower critical fre-
quency w, shown in Table 1: For each stirring
frequency the level of turbulence in the region
below the grid allows a critical amount of sedi-
ment M, to settle, and no more, with M, being
a function of w. At low enough w, depending on
the particle size, all the particles can settle and
not be re-entrained. One further result is worth
reporting: with the largest values of M, used in
our experiment, the relationship between z, /w
and M_ changed dramatically, as shown by the
open squares on the right-hand side of Fig. 3.
The final depths of the suspension layers were
small and the concentrations very high. It seems
likely that in this regime the turbulent velocities
near the grid were being directly affected by the
thickness of the sediment layer on the bottom,
and perhaps also by the associated density gradi-
ents in the fluid layer.

6. Discussion

Our laboratory experiments and associated
theory have yielded an improved understanding
of the conditions necessary for the maintenance
of a suspension layer and its resulting thickness
due to turbulent motions generated by the verti-
cal oscillation of a horizontal grid of square bars.
Our theoretical model leads to the relationship
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(7), which can be used to predict the thickness of
the suspension layer as a function of the oscilla-
tion frequency of the grid. The laboratory results
are in good agreement with this theoretical pre-
diction. While it is now easy to link conceptually
the generation of turbulence at the bottom of a
flowing layer of ash or snow particles, crystals or
silt with that generated by an oscillating grid, a
direct quantitative comparison is unfortunately
not yet possible. We can say, however, that heavy
particles can be held in suspension by interac-
tions between the flow and the rough bottom it
traverses. Further, as the mean flow speed in-
creases the turbulent stresses increase and so
does the turbulent intensity. This should be anal-
ogous to an increase in o in the mixing box and
hence result in increased values of E(M,).

A theoretical investigation of turbidity cur-
rents on a slope has been presented by Parker et
al. [11}, extending the previous work of these
authors [12,13]. The aim of paper [11] was to
evaluate possible conditions under which a turbid
underflow will pick up a sufficient volume of
particles from the bed for the current to maintain
its motion down the slope. The analysis involves
deriving and solving four nonlinear equations for
conservation of fluid, sediment, momentum and
turbulent energy, which were related by an en-
trainment model linking the net amount of sedi-
ment taken into the current with the vigour of the
turbulent motion within the current. While the
approach and aims of Parker et al. are different
from ours, it is interesting to note that in both
studies the energy required to keep particles in
suspension is an important input. Further, our
result that below a critical frequency w, no parti-
cles can be maintained indefinitely in suspension
is mirrored in their ‘sediment-entrainment func-
tion’ E, defined in their eq. (22), which is taken
from data on suspensions flowing in open chan-
nels and is zero for flows whose turbulence level
is sufficiently small. Beyond a critical turbulence
level E| increases.

Sparks et al. {14] have carried out laboratory
experiments on sediment-laden gravity currents
with lighter interstitial fluid flowing initially over
a horizontal base. They discussed the application
of these currents to brackish underflows in river
deltas, turbidity currents and pyroclastic flows.
They have examined the processes of sedimenta-
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tion leading to eventual lift-off in that geometry,
but there is still much to be done before the
detailed mechanisms are fully understood. With
that application in mind too, there will be great
experimental advantages in using grid stirring to
produce the turbulence in the lower layer, as
described in this paper.

We plan also to extend these grid-stirring ex-
periments to explore both the unsteady condi-
tions in which the layer depth is evolving, as well
as those cases where the interstitial fluid support-
ing the particles in the lower layer is less dense
than the upper layer fluid. When the latter sys-
tem is set up with no stirring in the lower layer,
the settling of the dense particles leaves behind a
thin boundary layer of light interstitial fluid which
convects upwards, causing vigorous convective
motions in the upper layer and carrying with it
some of the sediment. A sharp interface forms,
and as Huppert et al. [15] have shown, this de-
scends at a constant velocity which depends on
the densities of the layers, the fluid viscosity and
explicitly on the size distribution of particles.
Note the contrast with experiments using the
stirring grid, where only the mean particle size
was found to be significant. The lower layer re-
mains stagnant with unimpeded sedimentation,
and it is of interest to investigate the effect of
mechanical stirring in this layer on the transports
across the interface. In particular, is it possible to
reach a steady or quasi-steady state when these
two competing processes are producing turbu-
lence on opposite sides of the interface? What
then determines the thickness of the suspension
layer?
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