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We present an experimental study of the mixing processes in a gravity current flowing on an inclined
plane. The turbulent transport of momentum and density can be described in a very direct and compact
form by a Prandtl mixing length model: the turbulent vertical fluxes of momentum and density are found
to scale quadratically with the vertical mean gradients of velocity and density. The scaling coefficient, the
square of the mixing length, is approximately constant over the mixing zone of the stratified shear layer.
We show how, in different flow configurations, this length can be related to the shear length of the flow
(g/8,u>)'/2. We also study the fluctuations of the momentum and density turbulent fluxes, showing how
they relate to mixing and to the entrainment/detrainment balance. We suggest a quantitative measure
of local entrainment and detrainment derived from observed conditional correlations of density flux and

density or vertical velocity fluctuations.
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1. Introduction

Mixing in stratified shear flows is an important process in
many geophysical situations. Ferrari and Wunsch have detailed
in [1] the kinetic energy budget occurring over the large range of
oceanic scales. Several physical mechanisms, not all completely
understood, allow the energy to be transferred from large-scale
geostrophic motion to the very small scales where irreversible
mixing can take place. Of particular current interest is the
mixing and entrainment of oceanic overflows where gravity
currents take place in particular regions of the oceans (Denmark
Strait flow, Mediterranean outflow). Although they occur in very
localized regions, these currents, through their mixing processes,
contribute strongly to the transport of heat and salinity in
the global ocean via the thermohaline “conveyor belt” [2,3].
The mixing processes occur at scales too small to be captured
by the numerical simulations of this circulation, requiring a
sub-grid parameterization. In situ measurements [4], as well
as experimental studies, are necessary to provide an accurate
description. In order to obtain a valid parameterization from a
laboratory experiment, there is also a need for a model that
extrapolates the parameterization to oceanic conditions.

Ellison and Turner [5] were the first to investigate this
phenomenon experimentally, in the case of a current flowing into
a homogeneous ambient medium, without rotation. They derived a
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model for the bulk properties of the flow, based on measurements
over various quantities. Decades later, Baines [6,7] reproduced the
experiment, with an ambient stratified flow, while, more recently,
Cenedese [8] studied gravity current in a rotating frame.

In a broader context, several studies have been devoted to
the evolution of turbulence in a stratified shear flow. In such
cases, the flow was generally not buoyancy driven. Some of them,
either numerically [9] or experimentally [10,11], were focusing
on general properties of turbulence, such as the influence of
stratification and shear intensity on the growing or decaying
character of turbulence. Others looked at mixing properties
in a similar way as we did [12-14]. We give elsewhere [15] a
comparison of our results with some of these studies. But in all
these cases, for the experimental studies, the types of measure-
ment used were either qualitative (video with dye) or quantitative
but pointwise (conductivity probe or density measured locally on
a fluid sample). And, in general, no velocity measurement was
performed. In order to better understand and model the processes
involved in turbulent mixing induced by gravity currents, it is
essential to measure velocity and density fields over a spatially
extended region, as is now possible by techniques such as particle
image velocimetry and laser-induced fluorescence.

We developed an experimental apparatus in which an exper-
imental gravity current can be created with the ability to vary
the flow conditions such as the degree of stratification or the ini-
tial turbulence level. Among the key quantities for describing tur-
bulent mixing processes are the fluxes of turbulent transport of
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Fig. 1. Sketch of the experimental device.

momentum and density, which can be computed via the correla-
tion terms between fluctuating components of the velocity field
or between one component of velocity and density. One impor-
tant feature of our experiment is the ability to measure simulta-
neously high-resolution velocity and density fields, thus allowing
us to obtain such correlations. In the next section, we present the
experimental set-up. Then, in Section 3, we use our measurement
of the turbulent fluxes to determine eddy diffusivities in our mix-
ing processes. Section 4 recalls and extends the results of an ear-
lier publication [16], where we showed that a mixing length model
provides a better description of how the turbulent fluxes are re-
lated to local mean gradients, compared to the constant eddy dif-
fusivity hypothesis. In Section 5, we use data taken in different
parameter configurations to determine a scaling law for the mea-
sured mixing lengths. Finally, in Section 6, we use the probability
distribution functions (PDFs) of the fluxes to better understand the
location of the entrainment and detrainment processes in the grav-
ity current, before concluding in Section 7.

2. Experimental set-up

The experiment, sketched in Fig. 1, and described in detail
elsewhere [15], consists of a turbulent, uniform-density flow
injected via a pump through a 5 cm high by 45 cm wide nozzle into
a tank filled with unstirred higher-density fluid. The turbulence
level of the injection current can be enhanced by an active grid
device located just before the injection nozzle. The flow, upon
exiting the nozzle, is bounded from above by a transparent plate
inclined at an angle of 10° with respect to horizontal, is unbounded
below, and is confined in a tank about 2 m long, 0.5 m wide,
and 0.5 m high. The components of the spatial position vector
x describing the flow are the mean flow direction x, the cross-
stream direction y, and the downward distance perpendicular
to the plate z. The corresponding velocity u(x) has components
{u, v, w}. We use the notation (u) for a time- and ensemble-
averaged quantity and o' = u — (u) for its fluctuating part.! The
injection fluid, a solution of ethanol and water, is less dense than
the fluid in the tank, water and salt (NaCl). This situation is reversed
compared to oceanic overflows, where a denser fluid flows down
an incline, but, within the Boussinesq approximation, the physical
mechanisms involved are the same. The density difference is
defined as Ap = p — ps, where p is the measured density and
ps is the maximum density, corresponding to the initial salt water
density. The concentrations of ethanol and salt were adjusted (and
the fluid temperatures maintained equal within 0.2 °C) so that the
fluids were index matched, to avoid optical distortions [18]. Each
configuration presented in this study consisted of several runs with
the same conditions, adding up to a total between 500 and 800
velocity fields. All the fluids were freshly prepared for each run.

Instantaneous velocity and density fields were measured in a
9 cm x 9 cm area of a 0.1 cm thick laser sheet in the x-z plane.
Velocity and density were measured simultaneously using particle

1 In our previous publication, [16], - represents ensemble averaging and (-)
denotes spatial averaging. This adjustment in nomenclature is made to be
consistent with that popularly used in the literature, e.g. [17].

image velocimetry (PIV) and planar laser-induced fluorescence
(PLIF), respectively, at a rate of 3 Hz with two 20482 pixels digital
cameras. Fluorescent dye (Rhodamine 6G) was added to the light
fluid, and a calibration of density versus fluorescence intensity was
performed for each position of the field of view.

The lighter exit fluid is stably stratified with respect to the
heavy fluid in the tank and forms a gravity current on the bottom
side of the plate. The competition between the stabilizing effect of
buoyancy and the destabilizing shear is captured in a dimension-
less parameter, the Richardson number, Ri = —(gAp/psH)/(U?),
where g is the acceleration of gravity, U a typical velocity, and H
the height of the injection nozzle. For small Ri, shear dominates
buoyancy, and the flow is unstable to Kelvin—-Helmholtz instabil-
ity [19]. In a standard configuration, used for the results in Sec-
tions 3, 4 and 6, the current is injected at a speed of Uy = 7 cm/s,
with the active grids on, and the initial density difference between
the fluids is Apy = 2.6 g/L. This results in an initial value of Ri =
0.27 and a fully turbulent flow as it exits the nozzle with stream-
wise velocity fluctuations u’ about 25% of (u), corresponding to a

2

Taylor-Reynolds number Re;, = u ‘/g, where v is the fluid

kinematic viscosity and ¢ is the mean dissipation rate measured
directly from velocity field (the spatial resolution of our veloc-
ity measurement is 0.5 mm compared to the dissipation scale of
0.33 mm).

Other configurations (see Section 5) were tested, in which the
injection speed and/or initial density difference were varied, and
in one case the active grids were removed.

In all configurations, there is rapid evolution of mean quantities
over the first 20 cm. In this report, we focus on the region from
21 to 45 cm over which the averages are approximately uniform
along x. Note, however, that the results described here also apply
to the initial region, except with a stronger dependence on the
downstream distance. A detailed description of the downstream
evolution of various quantities associated to the current has been
reported elsewhere [15].

3. Eddy diffusivities

As mentioned in Section 1, correlation products such as (u'w’)
and (p’w’), which we can measure in our experiment, can be
interpreted, respectively, as the vertical®> flux of downstream
momentum and of density due to turbulent fluctuations. We show
in Fig. 2 the vertical profiles of these two quantities computed
locally as an ensemble average over all PIV/PLIF images and over
all experimental runs. As expected, they display a maximum in the
mixing region, close to the initial interface between the current and
the ambient fluid. Close to the plate, the mixing is reduced because
perturbations that advect high concentration regions towards the
plate are very rare, and far from the plate the ambient fluid is also
undisturbed. In addition, the amplitude of the fluxes decreases as
one goes away from the injection nozzle. This reduction reaches a
factor of 1.5 for the momentum flux when the distance is doubled,
and a factor of 3 for the density flux.

In models of oceanic circulation, various closure schemes
are used to parameterize turbulent transport (for a review, see
[20,21]). Some of these models are highly elaborate, closing the
turbulence equations either at first moment level, providing sets
of differential equations relating turbulent fluxes to the mean
motion, or even at second moment level, with equations for
quantities like pressure strain-rate correlations. In more basic
models (zero-equation models), the relation between turbulent
fluxes and mean gradients is considered to be an algebraic one.

2 Note that for simplicity we use the word “vertical” for a direction that, strictly
speaking, makes a 10° angle with the vertical.
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Fig. 2. Vertical profiles of the measured momentum turbulent flux (a) and density
turbulent flux (b) measured at different distances downstream.

For example, the model initially proposed by Pacanowski and Phi-
lander [22] assumes a proportionality between fluxes and gra-
dients, the proportionality constant being an effective diffusivity
times a simple analytical function of the Richardson number. This

proportionality constant is thus defined as v = —(u'w’)/(93,u)
in the case of momentum transport and yr = —{p'w’)/(d,p) for
density transport.

Our respective measurements of the fluxes and the correspond-
ing gradients allow us to make an experimental determination of
the eddy diffusion coefficients. Fig. 3 shows the vertical profiles of
the measured eddy diffusivities, in the case of momentum trans-
port (coefficient vr) and density transport (coefficient yr). They are
not shown for extreme locations, too close to the plate (x < 1.5 cm)
and too far away from the plate (x > 7.5 cm), where the mixing
is too weak to allow reliable measurement. They are displayed for
three different distances from the injection nozzle.

It is interesting to note that the measured value of both
coefficients is the same, about 30 times the molecular viscosity.
In addition, these values vary by a factor of 3 between the central
region, where most of the mixing occurs, and the top and bottom
regions, which are respectively the less disturbed region in the
current near the inclined plate and the less disturbed region in the
ambient fluid away from the current. The coefficients also seem to
decrease as one measures them further away from the injection
nozzle.

For comparison, we show in Fig. 4 the corresponding plot (anal-
ogous to Fig. 3(a)) in a case where there is no density difference
between the injected fluid and the ambient fluid. This configu-
ration corresponds to a plane jet along a wall. One can observe
that the dependence of the eddy viscosity with the distance to the
wall is much weaker: the vertical variation is of the order of 30%,
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Fig. 3. Vertical profiles of the measured eddy viscosity (a) and eddy density
diffusivity (b) computed at different distances downstream.
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Fig. 4. Vertical profiles of the measured eddy viscosity, computed at different
distances downstream, for an unstratified flow. Because of the very different
downstream evolution in this case, some measurements are shown for distances
downstream different from the ones used in the other figures, and are therefore
shown with different colors and symbols.

instead of the factor 3 observed in the stratified case. This obser-
vation is consistent with what has been measured in the case of
unstratified jets (see, for example, figure 5.10 in [17]). In the same
reference, the study of a plane self-similar jet shows that the eddy
viscosity is expected to increase with downstream distance, which
is what we observe in Fig. 4, but not in Fig. 3. That the constant
eddy viscosity model works better in the unstratified flow and fails
rather badly in our stratified flow experiments is interesting, but
we are unable to explain this difference.
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Table 1

Summary of the different experimental configurations. The first column is a reference number, and the second gives the general features of the configuration, compared to
the standard one (shaded line). The third column gives the initial density difference and the fourth gives Ri. The fifth column shows the initial velocity of the current and the
sixth shows R; . The last three columns give the data necessary to compute the shear length, and the shear length itself. The mean shear (column 9) is averaged over the half

width of the vertical profile of the gradient.

# Configuration Apo/ ps Ri

Uo (cm/s)

R Ly (cm) (€)(cm?/s%) [(B,u)|(s™") L; (cm)

Standard 0.26% 0.3 7
Larger injection speed 0.26% 0.2 9.5
No active grid 0.26% 0.35 6.5
Unstratified 0 0 75
Double density 0.52% 0.45 7
Double density, half velocity 0.52% 14 4.3

DU WN =

100 0.45 0.8 14 0.55

140 0.6 14 14 0.7
2 0.35 0.7 17 0.35

115 2.1 15 06 27
93 0.3 08 2.1 03
72 02 05 27 0.15

4. Mixing length model

The strong dependence of the turbulent diffusivities with depth
and distance downstream calls for a better scheme to model the
relation between fluxes and mean gradients. In an earlier publi-
cation [16], we showed that the observed scaling between these
quantities is actually (1'w’) oc (d,u)? and (p’w’) o |(d,u)|d,p.
We also demonstrated that this observation can be understood in
the framework of Prandtl mixing length theory [23]. Prandtl’s ar-
gument is analogous to that applied in the kinetic theory of gases
to molecular transport processes: it assumes that the coefficient of
eddy viscosity is equal to the product of a “mixing length” L, char-
acteristic of the mixing phenomena, by a suitable velocity: vy =~
L, x U(typical). Assuming that L,, is small enough so that the vari-
ation of the gradient over a distance L, can be neglected, one can
take U(typical) = L,|{9,u)| and thus obtain the relation (v'w’) =
L,zn (9,u)?, which is indeed observed (see figure 3 in [16]). The same
argument for the density flux yields (p'w’) = —Lf)|(azu)|(az,o),
where L, is a mixing length associated with the density transport.

As a result, we computed the mixing lengths as

/ / !/ /
L R S L 1)
(9,u)? P (8.u) (8, 0)

The resulting vertical profiles of mixing lengths are shown in
Fig. 5. They are much more uniform over depth, compared to the
turbulent diffusivities profiles shown in Fig. 3. The dependence on
the downstream distance is also much weaker. No decrease of the
mixing lengths is observed as one approaches the wall (z = 0),
but one must remember that a law of the wall should only start
within a distance from the wall of approximately 20% of the flow
width [17], about 1 cm in our case, which is a region where we
have no accurate measurement of the mixing lengths (see the
remark about measurement errors in the caption of Fig. 5). The
mean values (average taken over depth and downstream distance)
for both mixing lengths are the same: L, = L, = 0.45 & 0.1 cm.

5. Shear scale

In order to allow extrapolations of these results to oceanic con-
ditions, it is necessary to understand how the mixing lengths de-
pend on the degree of stratification of the current, as well as on
its level of turbulence. In [16], we derive an interpretation of the
mixing length using the balance between the production of tur-
bulent kinetic energy by the destabilizing shear and its dissipa-

tion. This balance defines a scale L, = (E/WB)VZ, which we call
the “shear scale” [24]. This scale was defined initially by Corrsin
[25] as the smallest scale at which anisotropy effects resulting
from a large-scale shear are carried out by the turbulent cascade.
This scaling has been confirmed experimentally in a boundary
layer flow [26]. As mentioned earlier, at low enough Richard-
son number, the effect of shear dominates the effect of buoy-
ancy; therefore, the relevant quantity to define the mixing scale
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Fig. 5. Vertical profiles of the measured mixing lengths for momentum (a) and
density (b) at different distances downstream. Note that, close to the plate, as well
as far away from it, the gradients tend to vanish, producing large errors in the mixing
length calculation. This explains the “stray” data points which can be observed at
the extremity of some curves.

is the shear and not the Brunt-Viisild frequency N = (g(d,p0)/

(p))"/2. Since we are interested in a global scale for the flow, a spa-

tial average (- symbol) is taken for the quantities used to compute
this scale, which corresponds to a different definition than the one
used for the mixing lengths in Eq. (1). This is important, because
the whole point of this section is to show that, since the mixing
lengths, although they are defined locally, do not depend on the
local position, they can be related to a global quantity, namely the
shear scale.

We show in [16] that the value of the measured mixing lengths
in the standard configuration is very close to the shear scale. In
order to test the robustness of this observation, we measured
the mixing lengths in various flow configurations. The results are
displayed in Table 1. Configuration 1 (shaded line in the table) is
the standard configuration used until now (and also used for the
data presented in [ 16]). We then vary stratification and/or intensity
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line is a linear fit to the data. The inset shows a expanded view of the region below
1 cm, with a fit not including the point for the unstratified case. The slope for this
fit is also shown in the main plot by a dashed line.

of turbulence in five different configurations. Since in all cases the
momentum and density mixing lengths are equal (except for the
non-stratified case where L, is undefined), we give in column 7
the value of L,,, only.

Compared to case 1, cases 2 and 3 show that the value of
the mixing length increases with turbulence intensity.? In the
same way, as expected, cases 4 and 5 show that the stratification
prevents mixing. In the last case, both the stratification is stronger
and the shear weaker, resulting in a very short mixing length.

In Fig. 6, we plot the measured mixing length versus the
computed shear scale, showing that, in all cases studied, there is
a scaling between the two quantities: L,, = (0.7 &= 0.03)L;. In the
unstratified case, we observed that the quadratic scaling between
momentum flux and velocity gradient is less evident, which may be
related to the observation that the constant eddy viscosity model
seems to work better in this case, as shown in Section 3. We
included this data point in the graph, however, since, interestingly
enough, it fits nicely with the general trend, with a much larger
value for the scales. One can see from the inset, which shows an
expansion of small lengths (the corresponding fit is indicated in
the main plot by a dashed line), that the slope is not very different
(5% change) when the unstratified point is included (or not) in the
fit.

It may seem surprising that the mixing length scales with
a quantity apparently independent of the stratification. But one
must keep in mind that the mean turbulent dissipation rate
¢ and the mean shear (d,u) depend on the stratification. A
study we performed, presented elsewhere [15], shows that the
shear is increased by the presence of stratification, because this
stratification partially prevents the mixing that reduces the shear.
This observation is in agreement with the observed decrease of the
mixing length when the stratification is stronger. In the case of the
turbulent dissipation rate, its dependence on the stratification is
more subtle, since the buoyancy force acts at the same time as
a turbulence suppressor and as a shear enhancer, since it is the
driving force of the current.

6. Fluctuations of turbulent fluxes and entrainment

The mixing length model and the scaling properties presented
in the previous sections allowed a better understanding of the

3 Note, however, that the quadratic relation between momentum flux and
velocity gradient could not be clearly observed in the unstratified case because of
a much larger spread of the data points, possibly owing to stronger mixing. This
makes the corresponding calculation of the mixing length less reliable.
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Fig.7. PDFs of the momentum flux (a) and density flux (b). Each PDF is constructed
using data in a horizontal band of 1 cm height (vertical position indicated in
the legend), situated between 20 and 49 cm from the injection nozzle. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

average behavior of the turbulent momentum and density fluxes.
In this section, we focus on the fluctuations of these fluxes, and how
they relate to the mechanisms of entrainment and detrainment
of the flow. Entrainment occurs when a parcel of fluid that is
heavier (in our case) than the fluid within the gravity current
and located outside that current is advected into the current
and thoroughly mixed. Average measures of entrainment show
how much the gravity current increases the overall volume flow
rate. Similarly, detrainment is the process in which a lighter
element of fluid is transported by turbulent fluctuations into
the heavier fluid outside the gravity current and is absorbed by
mixing. Below, we present a novel method for characterizing
the distribution of correlations of density and vertical velocity
fluctuations that contribute to understanding the dynamics of the
entrainment/detrainment process.

The probability density functions (PDFs) of the momentum and
density fluxes, (u'w’) and (p’w’), respectively, are shown in Fig. 7.
We have to remind the reader that, using our convention of signs
for w and p, positive w’ corresponds to a downward velocity
fluctuation and positive p’ corresponds to a fluctuation of a particle
heavier than the local mean. Each color corresponds to a given
horizontal band, thus allowing one to see the evolution of the
PDFs as z increases. First, the fluxes reach large values compared
to the mean as shown in Fig. 2; there is still a probability (10~3)
that a fluctuation will reach a value about 10 times the mean.
As expected, this tendency to produce large fluctuations is
stronger as one approaches the mixing region around the initial
interface between the current and the ambient fluid (black curve,
z = 3-4cm).
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The PDFs of the momentum and density fluxes are asymmetric.
This asymmetry is the origin of the non-zero mean value of the
fluxes. With our conventions of sign, it is positive for momentum
and negative for density. In order to understand this asymmetry, it
is necessary to give some considerations to the signs of the fluxes.
As can be seen in Fig. 1, the x axis is oriented in the direction of
the flow and the z axis points downwards. Thus, a positive value
of u'w’ corresponds to either downward transport of downstream
momentum or upward transport of upstream momentum. It is
therefore understandable that the PDF of u'w’ displays more
positive events, since these correspond to the standard transport
of momentum owing to Kelvin-Helmholtz mixing. In other words,
downstream fluctuations with downward transport take turbulent
momentum from where it is large, namely in the interior of the
mixing zone, towards the quiescent regions in the heavier fluid
below the gravity current, i.e., at large z. In the same manner,
negative values of po’w’ correspond either to upward transport
of heavier fluid or to downward transport of lighter fluid. Either
of these transport mechanisms oppose buoyancy and are caused
again by Kelvin-Helmholtz mixing. This explains the negative
asymmetry observed in Fig. 7(b). In addition, we observe that this
asymmetry becomes stronger for the PDF in the center region (red
and green, then black curve), where most of the mixing takes place.
Finally, the PDFs of both momentum and density are broadest for
the black curves, i.e., in the middle of the mixing zone. On the other
hand, the most extreme events occur on either side of the peak of
the mixing zone where the average fluxes are largest.

In order to compare the momentum and density flux PDFs to
more standard probability distributions studied in turbulence, we
show in Fig. 8 PDFs of the vertical velocity fluctuations, normalized
by their rms value, for horizontal layers at different distances
from the plate. The PDFs are fairly Gaussian in the mixing region
(black line, compared to a Gaussian fit, indicated by a dashed line),
whereas close to the plate, or far away from it, the distributions
differ from a Gaussian shape, with broader tails, probably owing
to the intermittent and not fully developed turbulence in these
regions.

One can further elucidate the nature of the density flux by con-
sidering the instantaneous correlations between density fluctua-
tions p’ and density flux p’w’. To understand these correlations,
one needs to consider the expected behavior of a parcel of fluid in
a background stratification defined by the average density p(z). In
the absence of turbulence, a parcel of fluid with positive or negative
o’ should move towards its neutral buoyancy position, exchanging
its potential energy for kinetic energy. In the case we consider, a
parcel of fluid that is lighter than its surroundings has a negative
value of p’ and should move towards the plate, that is, have a neg-
ative vertical velocity w’ < 0, so that the resultant density flux is
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Fig. 9. Schematic illustration of (a) stabilizing velocity and density correlations
resulting in p’w’ > 0, (b) destabilizing velocity and density correlations with
p'w > 0, and (c) the net effect of mixing on fluid parcels that mix during a
destabilizing displacement before gravitational forces can restore the parcel to its
equilibrium vertical position of neutral buoyancy. In (c), the solid (dashed) arrows
indicate non-mixing (mixing) processes, and the solid (dashed) curves show the
non-mixing (mixing) mean density profile.

positive p’w’ > 0, whereas a parcel of heavier fluid has a posi-
tive p’, and would be expected to have a positive vertical velocity,
so again one has positive density flux, p’w’ > 0. This situation is
illustrated schematically in Fig. 9(a), and indicates that, for either
positive or negative p’, stabilizing return to neutral buoyancy cor-
responds to positive density flux. Here, and in further discus-
sion below, we use an intuitive description based on tracking a
fluid parcel in time, i.e., a Lagrangian perspective. Our measure-
ments, however, are Eulerian, so that the parcel of fluid we con-
sider at time t is advected away by the mean flow. In addition, the
buoyancy condition implied by specifying a value of p’ is not the
instantaneous buoyancy experienced by a fluid parcel because p’
is determined by a long-time density average rather than by the
instantaneous distribution of density. Nevertheless, the descrip-
tion presented here gives a reasonable understanding of our results
and provides the basis for further exploration of these important
correlations.

If we add turbulent fluctuations, the situation is a bit more
complex; see Fig. 9(b). A positive vertical velocity fluctuation
w’ > 0 may advect a lighter parcel of fluid with p’ < 0 into
a region of higher density, thereby producing a negative density
flux p'w’ < 0 and a condition which is unstable with respect to
the potential energy of that parcel. Similarly, a negative value of
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Fig. 10. 2D PDFs of the density flux versus density fluctuations. Each PDF is constructed using data in a horizontal band of 1 cm height (vertical position indicated in the top

right corner of each plot), situated between 20 and 49 cm from the injection nozzle.

w’ < 0 advecting a parcel of fluid with o° > 0 also produces an
unstable condition with p’w’ < 0. Thus, destabilizing fluctuations
have negative density flux p’w’ < 0.

If no mixing occurs, these two processes of destabilizing and
stabilizing motions should balance in that a parcel that is displaced
vertically by turbulent fluctuations would be restored to neutral

buoyancy owing to its adverse potential energy with respect to
the mean density profile. This process is illustrated in Fig. 9(c)
by the solid arrows. If mixing occurs along this path, however,
there will be a net effect on the local mean density profile that
reduces the local density gradient, as indicated in Fig. 9(c) by the
dashed arrows; a positive vertical velocity (downward) produces
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Fig. 11. Two-dimensional PDFs of (a) density flux versus density fluctuations and
(b) density flux versus vertical velocity fluctuations. Each PDF is constructed using
data in a horizontal band of 1 cm height next to the inclined plate, in a region
between 20 and 49 cm from the injection nozzle.

a net reduction in density upon mixing, i.e, §p < 0, whereas an
initially negative w will produce a net increase in density, §po > 0.
The overall effect of many such parcels being displaced away from
neutral buoyancy, mixing partially or completely, and returning to
a new neutral buoyancy vertical position is to reduce the global
mean density gradient. These examples described in Fig. 9(c)
allow a reasonable interpretation of the experimentally obtained
correlation PDFs between density fluctuations and density flux
shown in Fig. 10. In particular, this allows one to obtain the
amount of entrainment (fluid added to the gravity current) or
detrainment (fluid left behind in the ambient fluid) of the flow as a
function of vertical height. The balance between entrainment and
detrainment in a boundary flow is an unresolved issue in numerical
simulations [27], and it may be resolved using the correlations
between p’ and p'w’.

Fig. 10 shows two-dimensional PDFs of p’ versus p’w’, in each
1 cm horizontal band taken at different distances from the in-
clined plate. From the earlier discussion illustrated in Fig. 9, we
can tell that the right part of the plots in Fig. 10 corresponds to
the stabilizing return to neutral buoyancy (positive flux, see also
Fig. 9(a)), while the top left quadrant corresponds to entrainment
(see the right part of Fig. 9(b)) and the bottom left quadrant to
detrainment (see the left part of Fig. 9(b)). One observes that, in
the regions close to the plate, the distributions are fairly sym-
metric with respect to the sign of the fluxes, with only a slight
negative skewness in the positive p’ lobe, indicating a small level
of entrainment. Moving away from the plate, the asymmetry in
the upper entrainment lobe increases, i.e., there is more entrain-
ment, and the detrainment lobe with o’ < 0 begins to become
asymmetric as well. Near the middle of the mixing zone with
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Fig. 12. Entrainment and detrainment parameters Cg (circles), Cp (squares), and
their average value (Cg + Cp)/2 (triangles) as functions of z.

z ~ 3-4 cm, the entrainment and detrainment lobes are about the
same, indicating an approximately equal amount of entrainment
and detrainment. Finally, far from the plate, entrainment is inac-
tive, as indicated by the small and symmetric entrainment lobe
compared to active detrainment demonstrated by the large and
negatively skewed detrainment lobe. The qualitative picture one
gets from this analysis is that deep in the gravity current en-
trainment dominates whereas outside the current detrainment is
dominant.

The correlations presented in Fig. 10 should also be reflected
in correlations between vertical velocity fluctuations and density
flux. In Fig. 11, we show a comparison between p’w’|p’ correla-
tions in Fig. 10(a) and p’w’|w’ correlations for conditions near the
plate, z = 0-1 cm. One gets a similar skewness indicating entrain-
ment (the quadrants for entrainment and detrainment are flipped
vertically for w’ compared to p’), although there are long tails in
the stable region of the p’w’|w’ correlations. The precise details
of the shapes of these PDFs is beyond the scope of this paper, but
overall they point to an interesting approach at a local measure
of entrainment and detrainment. In particular, one can compute,
based on the analysis above, an effective entrainment parameter
G = —(p'w'|p’ > 0) and a corresponding detrainment param-
eter Cp = —(p'w’|p’ < 0) (the minus sign is added because the
fluxes are negative). In Fig. 12, we show the quantities Cx and Cp
as functions of z. The results show the behavior described above,
namely that entrainment is dominant near the plate whereas de-
trainment is larger in the quiescent fluid far from the plate. The
combined effect of entrainment and detrainment is described by
the addition of the two parameters, i.e., Cg + Cp, shown in Fig. 12
as (Cg + Cp)/2. The maximum density flux happens in the middle
of the mixing zone, between 3 and 5 cm.

7. Conclusion

In order to allow a comparison of our results with real oceanic
situations, some additional features would need to be taken
into account. To start with, as in any experimental study of an
oceanic process, the Reynolds number dependence needs to be
investigated in more detail, since this number in the ocean is far
greater than can ever be achieved experimentally. In addition,
although the scales at which the oceanic mixing takes place are
much smaller than the Rossby deformation radius, it has been
shown [28] that the combined effect of the Coriolis force and the
presence of topography (ridges or canyons on the bottom surface)
can lead to secondary flows that can contribute to the mixing.
Even without the Coriolis force, secondary flows can be created
by topographic effects, for example in a curved channel. Finally,
the roughness of the bottom (or of the inclined plate in our case)
has been shown to influence the behavior of gravity currents [7].
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Extensions of this study, taking some of these aspects into account,
would contribute to possible extrapolations to oceanic situations.
Certain conclusions can already be drawn, however, regarding
mixing processes in gravity currents.

Our experimental device provides us with the ability to derive
correlations between components of velocity, as well as between
velocity and density, thanks to simultaneous measurements of
these quantities. In addition, good spatial resolution allows us
to study the evolution of these fluxes along both the flow
direction and the vertical direction perpendicular to the plate.
We measure eddy viscosity and diffusivity, although the constant
eddy diffusivity assumption does not work well for the data.
A mixing length model provides a better fit of the data with
the definition of a typical length associated with the mixing
phenomena. Contrary to the eddy diffusivity, this mixing length
is very constant in space, allowing us to study its scaling with a
length scale constructed from the turbulent dissipation rate ¢ and
the mean shear, L, = (£/(3,u))'/2. Using data taken in different
configurations of turbulence level and stratification, we show that
this scaling is robust, even in the case of a simple wall jet (no
stratification), where the mixing is much stronger with a mixing
length almost ten times larger than in the stratified cases.

Finally, mixing events can also be observed by looking at the
asymmetry of the probability density functions of the momentum
and density fluxes. As expected, the strongest mixing takes place
at the interface between the current and the ambient fluid. In
addition, two-dimensional PDFs of the correlation between the
density flux and the density fluctuations provide a local measure
of entrainment and detrainment. In particular, we demonstrate
that close to the plate the mixing is predominately entrainment
of heavier fluid, whereas away from the plate the mixing is largely
associated with detrainment, where the current releases some of
its fluid into the ambient medium. Quantitative determinations
of entrainment and detrainment are derived from the asymmetry
of the PDFs and provide a possible means for obtaining a
global measure of net gravity current entrainment from local
measurements. Connecting these results with more traditional
measures of entrainment, i.e., mean vertical velocity divided
by mean downstream velocity, would be an very interesting
extension to the present work.

Acknowledgments

We acknowledge useful discussions with H. Aluie, J.-F. Pinton
and M. Rivera. Work performed at Los Alamos National Laboratory
was funded by the US Department of Energy under Contract No.
DE-AC52-06NA25396.

References

[1] R.Ferrari, C. Wunsch, Ocean circulation kinetic energy: reservoirs, sources, and
sinks, Annu. Rev. Fluid Mech. 41 (2009) 253-282.

[2] J. Willebrand, B. Barnier, et al., Circulation characteristics in three eddy-
permitting models of the North Atlantic, Prog. Oceanogr. 48 (2001) 123-161.

[3] J. Price, M. Baringer, R. Lueck, G. Johnson, et al., Mediterranean outflow mixing
and dynamics, Science 259 (1993) 1278-1282.

[4] ]. Girton, T. Sanford, Descent and modification of the overflow plume in the
Denmark Strait, ]. Phys. Oceanogr. 33 (2003) 1351-1364.

[5] T.H.Ellison,].S. Turner, Turbulent entrainment in stratified flows, J. Fluid Mech.
6(1959) 423-448.

[6] P. Baines, Mixing in flows down gentle slopes into stratified environments,
J. Fluid Mech. 443 (2001) 237-270.

[7] P.Baines, Mixing regimes for the flow of dense fluid down slopes into stratified
environments, J. Fluid Mech. 538 (2005) 245-267.

[8] C. Cenedese, C. Adduce, Mixing in a density-driven current flowing down a
slope in a rotating fluid, J. Fluid Mech. 604 (2008) 369-388.

[9] F. Jacobitz, S. Sarkar, C. Van Atta, Direct numerical simulations of the
turbulence evolution in a uniformly sheared and stably stratified flow, J. Fluid
Mech. 342 (1997) 231-261.

[10] J. Rohr, E. Itsweire, K. Helland, C. Van Atta, Growth and decay of turbulence in
a stably stratified shear-flow, J. Fluid Mech. 195 (1988) 77-111.

[11] P. Piccirillo, C. Van Atta, The evolution of a uniformly sheared thermally
stratified turbulent flow, J. Fluid Mech. 334 (1997) 61-86.

[12] E. Pardyjak, P. Monti, H. Fernando, Flux Richardson number measurements in
stable atmospheric shear flows, J. Fluid Mech. 459 (2002) 307-316.

[13] E. Strang, H. Fernando, Entrainment and mixing in stratified shear flows,
J. Fluid Mech. 428 (2001) 349-386.

[14] E. Strang, H. Fernando, Vertical mixing and transports through a stratified
shear layer, J. Phys. Oceanogr. 31 (2001) 2026-2048.

[15] J. Chen, P. Odier, M. Rivera, R. Ecke, Experimental study of structure and
dynamics of wall-bounded gravity current, J. Fluid Mech. (2011) (submitted
for publication).

[16] P. Odier, J. Chen, M.K. Rivera, RE. Ecke, Fluid mixing in stratified gravity
currents: the Prandtl mixing length, Phys. Rev. Lett. 102 (2009) 134504.

[17] S. Pope, Turbulent Flows, Cambridge University Press, UK, 2000.

[18] T. McDougall, On the elimination of refractive-index variations in turbulent
density-stratified liquid flows, J. Fluid Mech. 93 (1979) 83-96.

[19] S. Thorpe, An Introduction to Ocean Turbulence, Cambridge University Press,
2007.

[20] L. Kantha, C. Clayson, Small scale processes in geophysical fluid flows,
in: International Geophysics Series, vol. 67, Academic Press, 2000.

[21] H. Burchard, Applied Turbulence Modelling in Marine Waters, in: Lecture
Notes in Earth Sciences, Springer, 2002.

[22] R.Pacanowski, S. Philander, Parameterization of vertical mixing in numerical-
models of tropical oceans, J. Phys. Oceanogr. 11 (1981) 1443-1451.

[23] L. Prandtl, Bericht uber untersuchung zur ausgebildeten turbulenz, Z. Angew.
Math. Mech. 5 (1925) 136-139.

[24] W. Smyth, J. Moum, Length scales of turbulence in stably stratified mixing
layers, Phys. Fluids 12 (2000) 1327-1342.

[25] S.Corrsin, Local isotropy in turbulent shear flow, National Advisory Committee
for Aeronautics RM 58B11, 1958.

[26] S.Saddoughi, S. Verravalli, Local isotropy in turbulent boundary-layers at high
Reynolds-number, J. Fluid Mech. 268 (1994) 333-372.

[27] P. Killworth, N. Edwards, A turbulent bottom boundary layer code for use in
numerical ocean models, J. Phys. Oceanogr. 29 (1999) 1221-1238.

[28] E. Darelius, Topographic steering of dense overflows: Laboratory experiments
with v-shaped ridges and canyons, Deep-Sea Res. 55 (2008) 1021-1034.



	Understanding and modeling turbulent fluxes and entrainment in a gravity current
	Introduction
	Experimental set-up
	Eddy diffusivities
	Mixing length model
	Shear scale
	Fluctuations of turbulent fluxes and entrainment
	Conclusion
	Acknowledgments
	References


