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Oscillating grid turbulence (OGT) is a specific situation that enables us to investigate the
equilibrium between the turbulent kinetic energy, k, and the dissipation rate, €, without any
mean flow. One of its main features is that, in homogeneous fluids, the turbulence intensity
decreases with the distance to the vibrating grid used to generate the forcing. OGT is thus
usually described in terms of depth profiles of turbulent quantities. In this paper, we discuss
experiments realized in two different setups, and we compare our results for all turbulent
quantities with past studies. The results on the turbulent kinetic energy and the integral
length scale lead us to propose a parametric model for the eddy viscosity, v;, taking into
account the spatial decay of the turbulence being slightly different from previous descrip-
tions. Indeed, we find that v, is best described as a constant value over a certain depth,
H;, before decreasing quickly as a power law in z=/2. The specific depth H; is defined
at the depth where a discontinuity of the integral length scale is observed. Physically, it
corresponds to the depth at which the presence of the grid no longer influences the flow.
We also describe OGT in the case of a two-layer fluid. The description of the turbulence at
depths z far from the position of the interface 4 (0 < z/h < 0.6) is very similar to the case
of a homogeneous fluid, whereas the region near the interface (0.6 < z/h < 1) is strongly
altered by the presence of the fluid boundary. Surprisingly, v; (unlike the other turbulent
quantities) no longer depends on z in such a configuration. Finally, we investigate mixing
processes at the interface in this context. Thanks to large field measurement (about the
width of the tank), we were able to identify large-scale coherent structures as well as
the turbulent flow. We discuss the entrainment law of the interface and its relationship
with the Richardson number based on different definitions used in previous studies, as
well as by using our observations of the turbulent flow properties at the interface. Our
observations suggest that mixing at the interface in OGT is controlled by the turbulent flow
properties at the interface but could also be influenced by weak mean flow features. This
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could explain why it is difficult to discriminate a simple dependence of the training rate
with the Richardson number.

DOI: 10.1103/PhysRevFluids.7.054606

I. INTRODUCTION

Oscillating grid turbulence (OGT) is a well-characterized type of turbulent flow, both for
homogeneous and stratified fluids. For example, oscillating grid systems are used to simulate the
turbulence induced by waves and wind, which are the main source of mixing in the upper layer of
the ocean [1,2]. It is also used to study sediment or pollutant transport in homogeneous fluid based
on the equilibrium between advection and diffusion processes [3—6].

The main results first shown by Thompson and Turner [7] and Hopfinger and Toly [8] are that
the root mean square (rms) velocities in the x (horizontal) and z (vertical) directions, respectively
Uims and Wy, decrease with the power law z” in a homogeneous fluid [7,8]. For a grid with square
bars, Thompson and Turner [7] found an exponent n = —1.5 starting from the mean position of
the grid, while Hopfinger and Toly [8] found an exponent n = —1 starting from a virtual origin, z,,
defined as the position at which the integral lengthscale, Ly, becomes zero. This virtual origin is
generally below the mean position of the grid at S/2 + 1 0.5 cm, where S is the stroke [8]. de
Silva and Fernando [9] mentioned that the exponent 7 is very sensitive to the origin of z taken, and
they advised to use the virtual origin. However, several studies considered the mean position of the
grid as the origin of z [4,10,11]. In the following, we will express all depth profiles from the distance
of z,. In our case, we denote z as the distance from z,, and 7’ as the distance from the top position
of the grid. In such a convention, the depth profiles of the rms velocities can be parametrized by

(Ums)x = CIM'2S* 2 271 and  (Wimng) = CM 282 27! (1)

where M is the grid mesh, and C; and C, are constants varying between 0.20 and 0.25 and 0.19 and
0.27, respectively [8,9,12]. These constants might depend on § and f,, the grid frequency, however
no clear relation is established for now, and most of the authors assume C; and C, as constant [8,13].
Based on Eq. (1) and assuming a local isotropy in the horizontal plane, the turbulent kinetic energy

(TKE), k = u” + 0.5w”, can be parametrized by [14]

k=0.52C +C)yMS fiz 2. (2)

Another modeling approach proposed by Matsunaga et al. [10] is based on analytical develop-
ments using a k-€ model for turbulence. Notably, the authors obtained a parametric law for k, which
was considered to better describe the TKE over the entire water column,

€0 -3
k=ko| —2 41 3
"[1.82k(§-5Z } )

with ky and €, the turbulent kinetic energy and the dissipation rate injected in the system by the grid,
respectively. Depending on the value of the grid Reynolds number Re, = f,5%/vy, where vy is the
kinematic viscosity of the fluid, one can write

ko = 0.0081M~'/*8%* f?Re,/> and €y = 0.082M 'S’ f/Re, for Re, <5500,  (4)

ko =0.6M~"4S%4f2 and € =0.45M'S°f] for Re, > 5500. (5)

In the following, we define L._; = 1.82k(1,'5 /€0, a characteristic lengthscale convenient to compare
with observations. Recently, Rastello ef al. [11] revised the model of Matsunaga et al. [10]. They
supply a slightly different definition for &y and €( at low Reynolds number (<1000). These modeling
approaches allow us to predict the vertical dependencies of other characteristic quantities such as
the TKE flux, the dissipation rate €, or the turbulent eddy viscosity v,.
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Concerning the integral lengthscale, both the analytical predictions and direct observations
suggest that

Ling = BZ' + zv» (6)

with B an experimental constant being approximately 0.1 [7-9,15,16]. Although it was shown that
B might depend on S and might be higher near the grid, 8 is generally considered constant [13,17].

OGT was also used to understand processes in stratified fluids, with the first study that of Rouse
and Dodu [18]. In particular, some authors studied the evolution of the entrainment velocity, U,, in
two-layer fluids configurations [7,8,16,19-21]. Indeed, even if the deep ocean is linearly stratified,
the presence of a sharp density can exist near the surface essentially due to thermal effects, impacting
the vertical mixing of the upper ocean [22]. Typically, the interface can be seen as a wall for the
vertical transport of turbulence. Consequently, there is a transfer from vertical to horizontal scales
with a flattening of turbulent eddies near the interface; the flow is not isotropic anymore, and the
transversal component, Uy, is amplified [23]. Nevertheless, some mixing occurs with the position
of the interface evolving slowly (compared to the grid frequency) with time. The entrainment rate,
E, is defined as the ratio of the entrainment velocity, U, = dh/dt, and a characteristic velocity of
the turbulent flow at the interface, U,y,s. Turner [24] was one of the first to propose an evolution
of the entrainment rate as a function of the properties of the turbulent stratified flow prescribed
by S, f,, Lin, the density difference between the two fluid layers, Ap = p» — pj, the position of
the interface (or mixing layer), 4, and the diffusivity of the stratifying agent, «. This dependence
has been investigated broadly since that work [3,8,15,16,21,24-26], suggesting that £ should be a
function of the overall Richardson number Ri defined as A pgLin/ 01 Urfm, and of the Peclet number
Pe = (vy/K)Re, if the value for the latter is smaller than ~10% [19,24,27]. In the specific case of a
salinity density gradient studied in our work, the dependency with the Pe number can be neglected
and the following relationship is proposed:

E «Ri". (7

A value of —3/2 for y is found considering an appropriate Richardson number for each study
[1], i.e., by choosing the adequate turbulent quantities in the definition of Ri. Nevertheless, it must
be noted that these turbulent quantities are always estimated (or measured) in homogeneous fluid
conditions. Thus the exponent of this power law is still an open question, especially for small Ri.
Indeed, if Ri < 5, a smaller value of —1.2 can be found for y [15]. The entrainment law is based
upon the theoretical assumption that mixing occurs by local interfacial instabilities and intermittent
mixing processes induced by interfacial wave breaking initiated by turbulent eddies or instabilities,
as described, for example, in Ref. [28] when the Richardson number is sufficiently large. The
limit of E for very large values for Ri is also not adequately modeled by Eq. (7), which should
be independent of Ri [24,26].

In this paper, we use particle image velocimetry measurements (PIV) to propose a revised
parametric description of relevant turbulent quantities for OGT in a homogeneous and a two-layer
stratified fluid, with the ultimate goal to parametrize the eddy viscosity, which has not been
considered in previous work. We also investigate the mixing of the two-layer stratified case using
experimental observations (PIV and density measurements). In Sec. II, we present the experimental
setup and methods used in this study. Then, in Sec. III we discuss past models used to describe OGT
in homogeneous fluid, and we proposed a simplified eddy viscosity model. In Sec. IV, we discuss to
what extent OGT is modified in a two-layer fluid. Finally, in Sec. V we discuss the mixing induced
at the interface, before concluding the paper.

II. EXPERIMENTAL SETUP AND METHODOLOGY

A. Experimental setup

The study has been performed in two experimental setups. The biggest one, with a glass tank of
1 x 1 x 1 m?, is shown in Fig. 1. The smallest one has a tank with a height of 1.2 m and a cross
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FIG. 1. Sketch of experimental setup 1.

section of 0.4 x 0.4 m?. In the following, setup 1 will refer to the biggest tank and setup 2 to the
smallest one.

In both cases, the glass tank is filled with saltwater (NaCl) and the turbulence is generated by an
oscillating grid. The highest position of the grid is kept 1.7 cm below the water surface. The water
depth is 0.95 m in setup 1 and 1.00 m in setup 2. The grid is made of square bars of width M/5,
with M the grid mesh (M = 10 cm in setup 1 and M = 5 cm in setup 2). The solidity of the grid is
34% (36%) in setup 1 (2). These values, below 40%, ensure the ability to minimize secondary flows
[8,9,29]. As mentioned before, the grid oscillates vertically at the frequency f, with a stroke S. Based
on these two parameters, a Reynolds number is defined to characterize the stirring, Re, = fgS2 /v,
with vr the kinematic viscosity of the fluid. Experimental parameters are reported in Table 1.

In homogeneous fluid, the water density is p; = 1042.0 kg/m>. In two-layer fluids, the upper
layer is saline water with a density p; and the bottom layer has a density p, with p, > p;. Before

TABLE I. Experimental parameters (S is the stroke, f, is the oscillating frequency, Re, is the Reynolds
number based on the stirring, and A py; is the initial density difference).

Apor Apg;  Number of runs with k/K > 10

ft S(cm) f,(Hz) Re, Setup Fluid (kg/m*) (kg/m?) (total number of runs)
H1 8 2 12 550 2 Homogeneous 0 0 04)
H2 6 2 7190 2 Homogeneous 0 0 04)
H3 5 7980 2 Homogeneous 0 0 5(6)
H4 3 4790 2 Homogeneous 0 0 5(6)
H5 4 2 3190 2 Homogeneous 0 0 1(6)
H6 1.5 2400 1 Homogeneous 0 0 1(1)
H7 0.75 1200 2 Homogeneous 0 0 44
H8 34 1.5 1730 1 Homogeneous 0 0 1(1)
H9 2 7 2790 2 Homogeneous 0 0 2(4)
H10 5 1200 2 Homogeneous 0 0 1(6)
H11 2 800 2 Homogeneous 0 0 1(6)
H12 2 800 1 Homogeneous 0 0 1(1)
H13 1.4 3 590 1 Homogeneous 0 0 0(1)
S1 4 1.5 2400 1 Two-layer 2.8 2(2)
S2 34 1.5 1730 1 Two-layer 2.2 1.1 2(2)
S3 2 2 800 1 Two-layer 3.2 1.8 2(2)
S4 1.4 3 590 1 Two-layer 3 1.2 2(2)
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FIG. 2. (a) Density vertical profile from conductivity measurements. (b) Snapshot of the horizontal velocity
field reconstructed after calculation. The green (violet) rectangles are the views from cameras 1 (2). The white
rectangle indicates the area used to average turbulent quantities in the x direction. (c) Vertical profile of the
horizontal rms velocity in the upper layer. Symbols are experimental data and dark lines are classical laws used
in homogeneous flow. References 1-3 correspond to [12], [8], and [9]. Example of one of the two cases S3 at
time #3.

initiating the stirring, the interface is at 7~ = 20 cm below the water surface, and the density
difference between the two fluid layers is Apy; = p2(t = 0) — py (¢t = 0) kg/m?, with i = {1, 2}
indicating different initial conditions as reported in Table I. To avoid distortion of the laser sheet and
scatter of the light, an index-matching technique is carried out in the two-layer fluid configuration.
It consists of adding ethanol in the proper proportions in the lightest fluid to have the desired density
p1 with the same refractive index as the bottom layer. Here, since we have small density differences
(but strong gradients), we add between 2% and 3% in mass ethanol to reach a refractive index of
1.3434 4+ 0.0003.

B. Conductivity measurements

In the two-layer fluid, due to the turbulent forcing of the interface, mixing occurs in the upper
layer with an increase of p; with time and a modification of the position and shape of the interface.
To measure it, density profiles are recorded using a conductivity and temperature probe (MSCTI
probe from PME®©) in addition to PIV measurements described in Sec. II C. The conductivity
probe is mounted on a motor-controlled translating shaft, hence it moves vertically from the water
surface to 55 cm below it with a fixed speed of 5 mm/s to avoid disturbing the flow. The probe
records samples at 500 Hz, which leads to a spatial resolution of 10 pum; however, smoothing
of the data in time (over 50 samples) is still done to reduce the level of noise, leading to an
apparent resolution of 0.5 mm. The calibration in density is done before each experimental run,
using six water samples with different densities encompassing the water density in the tank, while
the calibration in temperature is valid for several days. For each experiment, seven density profiles
are recorded: three in a “short” interval of time (¢, before the beginning of the stirring, #, = 17 min,
3 = 30 min after initiation of the stirring) and four after a larger period of time (ts = 1 h,#s =2 h,
tc = 3 h,and #; = 4 h). An example of an obtained density profile is shown in Fig. 2(a). The position
of the interface, &, as a function of time can be obtained from different definitions. One can use
the position of the maximum value of the Brunt-Viisilid frequency, N> = —gdp/dz/(p)., with g
the gravitational acceleration and (p), the vertical average of the water density. Alternatively, the
definitions can be based on the depth of the mean density (p; + p2)/2 or on the mean depth of
the density jump (z; + z2)/2, with z; such as p(z;) = 1.15p; and z, such as p(z3) = 0.85p,. These
values can differ since the density profile is not symmetrical; the largest difference in 4 between all
these definitions is about 5% at the initial time step, and it decreases after 15 min of stirring until it is
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less than 2% (not shown here). In the following, we define 4 as the altitude where the Brunt-Viiséla
frequency is maximum.

C. PIV measurements

The PIV field of view (almost 45 cm in height, over the full width of the tank in both setups),
shown in Fig. 1 by the shaded area, is illuminated by a laser sheet (CFR 200 laser source,
wavelength of 532 nm, 200 mJ max). In setup 1, it is fixed and located at x/L = 1/4 from
the border of the tank. In setup 2, the laser sheet is translated by a translating stage to allow
measurements at x/L = 1/4 and 1/2. In both setups, the laser sheet thickness is approximately
1 mm.

To visualize the whole tank width with the same spatial resolution for the two setups, images are
recorded using two SCMOS cameras mounted side-by-side, with a resolution of 2160 x 2560 pixels
in setup 1, and by only one camera in setup 2. They are located at 6.5 m (3.5 m) from the
front face of the tank in setup 1 (2), leading to a field of view for each camera of 43 x 52 cm?
(45 x 40 cm?) with an overlap of one mesh size (Fig. 1) between the two cameras. In setup
1, the spatial resolution for each camera being 210 um/pixel, spherical particles of polystyrene
(pp ~ 1060 kg/m?) with a diameter of 228 yum are used to characterize the flow. We verified
that the particles are between 1.5 and 4 times smaller than the Kolmogorov scale. In setup 2,
the spatial resolution is 179 pum, and we use spherical particles encapsulated by rhodamine with
a diameter of 50 um as tracers (their diameter being between 7 and 30 times smaller than the
Kolmogorov scale). Thus they are tracers of the flow even if they are much larger than classical
PIV particles [13,30,31]. To reduce their settling velocity, saltwater is used even in homogeneous
fluid.

To resolve the oscillatory grid dynamics, especially just under the grid, the acquisition is done
in sequential mode (Re, < 3000) or in double burst mode (Re, > 3000) depending on the stirring.
Far away from the grid, the time step is increased artificially during the postprocessing in order to
decrease the relative error on the displacement calculation, and thus on the velocity field. Typical
values for the time step are chosen to achieve a mean displacement of 8 pixels at 30 cm below the
water surface. The velocity fields are calculated using LAVISION software from Davis©. The final
step of computations corresponds to interrogation windows of 16 x 16 pixels with an overlap of
50%. The spatial resolution obtained is 0.17 x 0.17 cm? in setup 1 and 0.14 x 0.14 cm? in setup
2. The reconstruction of a snapshot of the horizontal velocity field, u, is shown Fig. 2(b), where
the velocity fields from the two cameras in setup 1 are merged by averaging the velocity in the
overlapping area of one mesh size, as mentioned before. It corresponds to grid parameters with
Re, = 800 in the two-layer fluid configuration, 30 min after the beginning of the experiment (case
S3). The interface is located 26 cm from the water surface, as shown in Fig. 2(a).

Fluctuating velocities in the x direction are defined suchas u’' = u — U — ug, with U the temporal
mean velocity and u, the velocity associated with the grid frequency (respectively, w’ = w —w —
wy in the z direction). We choose to remove u, to exclude the coherent mechanical stirring of the grid
from the definition of the turbulent fluctuations. In our case, this flow represents between 5% and
10% of the turbulent kinetic energy (when defined as ' = u — %), until a depth of 1.5M below the
grid. This is in agreement with previous observations, which found a grid signature until 7 ~ 2M
below the grid [25]. Note that the harmonics of the grid forcing frequency are also present, but only
really near the grid (z/ < M). Thus we do not consider them, their contribution being localized.
We also verified that the side borders of the tank influence the flow until x ~ 1.5M from the wall,
also in agreement with previous studies [32] (not shown). Therefore, we calculate depth profiles of
turbulent quantities by averaging over the x direction excluding 2M on each side [white rectangle
in Fig. 2(b)]. In the following, (), indicates the average in the x-direction. An example of the depth

profile of the horizontal rms velocity, Uyns = (F)l/ 2, is shown in Fig. 2(c). For each stirring, 300
grid periods are recorded to ensure the statistical convergence of the data for both the mean field
and the fluctuating one (not shown here).
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FIG. 3. Example for H12 of (a) depth profile of the turbulent kinetic energy, k, over the kinetic energy
based on the mean flow, K, and (b) map of k/K to ensure that the turbulence is homogeneous. The white
contour line represents k = K.

III. CHARACTERIZATION OF OGT IN HOMOGENEOUS FLUID

In this section, we discuss OGT in a homogeneous fluid, and we describe in particular our
approach to determine the eddy viscosity, v;, taking into account the turbulence decay. Results
are discussed in detail for the specific case H12 (Re, = 800), but the same trends are observed for
all of the cases. The evolution of the parameters with the forcing is based on all observations.
In Appendix A, the case H3 at high Reynolds number (Re, = 7980) is presented for the two
illuminated planes. With regard to the discussion on the origin of the vertical coordinate in the
Introduction, we stress here that we verified that taking z,, or the mean position of the grid does not
have a significant impact on the exponents of the power law studied in this section.

A. Mean flow

In OGT, due to the finite size of the tank, mean flows can develop [29]. We verify that the flow is
essentially controlled by the turbulence by comparing the TKE with the kinetic energy based on the
mean flow, K. They are defined for our experimental data, respectively, as k = U2+ 0.5W2 and
K = u* + 0.5w>. On the one hand, we verify that (k/K), is larger than 1 [Fig. 3(a)]; on the other
hand, we also verify that turbulence is homogeneous in the x-direction [Fig. 3(b)]. All of the cases
presented in the following fulfill these conditions.

In some cases, especially in setup 2, the k/K > 10 criterion can be obtained by limiting the
depths for data analysis with a cutoff applied at the altitude for which k/K = 1. A summary of all
the situations encountered is presented in the last column of Table I.

B. Turbulent properties

We first investigate the rms velocities, as shown in Fig. 4(a). The vertical profiles are in
reasonably good agreement with the first model presented in Eq. (1), although a better agreement
is obtained with the law proposed by de Silva and Fernando [9], with C; = 0.25 and C, = 0.27
for Upns (not shown) and Wy,s. Indeed, their law is closer to the analytical solution compared to the
others, as was shown by Matsunaga et al. [10]. If one wants to compare the profiles to Eq. (3), where
k is proportional to (z/L._; + 1), consequently we must consider Uyyps and Wiy to be proportional
to (z/Le_; + 1)7/2. This power law, never tested before on the velocity profiles, is in really good
agreement with our experimental data, both just under the grid and far from it where the turbulence
decays. Note that the isotropy is discussed further (see Sec. IV B), but it is in good agreement with
the literature [8] with Uyys/Wims =& 0.8.

For the turbulent kinetic energy, observations show a similar agreement with the literature in
Fig. 4(b). At intermediate depths, where the turbulence intensity is large enough and not too close
to the grid, k is in agreement with the power law z~2. However, as observed for the rms velocities,
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FIG. 4. Depth profiles of (a) the vertical rms velocity W,;,s and (b) the turbulent kinetic energy, k. Symbols
represent experimental data, with thin gray lines indicating the uncertainty in the values based on rms variations
in Wy, and k. Black dashed lines represent the models in Eq. (1) or (2) with different values for the constants C,
and G, associated with references; the solid black lines are best fit for a profile coherent with Eq. (3) based on
experimental data. Inset plot in (b): comparison of the values for k, obtained experimentally with its theoretical
expression in Eq. (4) [10].

a power law of the type (z/L._; + 1)~ better describes the profile for k over the entire water
column. The fitting parameter ky obtained experimentally is in reasonable agreement (about 6%
on average) with the model in Eq. (4) [inserted plot Fig. 4(b)]. We are also in good agreement
with Rastello et al. (about 10% on average, not shown here). Indeed, we are in a range where
the two models have similar predictions. Note that the estimation of ky from fitting the TKE or
the rms velocities (in this case ky = UO2 + 0.5W02) leads to similar values, with a difference of
about 10%.

We now discuss the evolution of the integral lengthscale L;,,. We calculate it from the auto-
correlation function of ' in the x-direction [33,34] to obtain its evolution with depth as shown in
Fig. 5(a). Liy is close to the width of the grid bar, in agreement with previous works [6-9,30,35].
The empirical law in Eq. (6) is verified and allows us to estimate the proportionality constant .
We find two values for it, one near the grid and one in the region classically studied in OGT where
the turbulence is considered homogeneous. Values of B are equal to 0.14 and 0.1, respectively, in
agreement with previous studies mentioned before. No trend of S with Re, is observed (not shown
here). We define H; as the altitude at which the discontinuity occurs [Fig. 5(a)]. This specific height
is discussed with respect to the turbulence intensity in Sec. III C, but it has already been observed in
previous work [13]. This discontinuity is certainly due to the presence of jets under each grid bar to

~ 2 - ! =
N \;.:;iiv - 2 /M = 0.6
« Exp. data - LS Z'/M =153
3 ¢ Virtual origin (2)) A ~2' /M = 2.07
~+2(, (Hopfinger et al, 1976) e ¢ —# /M =252
o H, e 1077 2/ = 2.90
4\ .'”f ] = L L
0 dv 1 2 3 10! 102 10°
Lint (cm) k, (m™1)

FIG. 5. (a) Depth profile of the integral lengthscale, Li,. The blue diamond is the virtual origin from
the experimental data, found when L;, = dx, the spatial resolution. The error bar is the virtual origin from
Hopfinger and Toly. Red dashed lines are Eq. (6) for two proportionality constants. H; is the depth at which the
discontinuity occurs. (b) One-dimensional energy spectra of ' for five vertical locations.
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FIG. 6. Vertical profiles of the dissipation rate calculated from five definitions with different assumptions.
Inset plot: comparison of €, obtained experimentally with its theoretical expression in Eq. (4) [10].

almost one mesh below the grid (Appendix C). These coherent structures, observed in all cases in
homogeneous fluid, have already been mentioned by McCorquodale and Munro [32]. Li,; obtained
from the vertical fluctuating velocity has been calculated as well and shows the same tendency
with z’ (not shown here). We calculate it from the autocorrelation function of w’ in the x-direction.
Since the autocorrelation of w’ in the x-direction is always smaller than the autocorrelation of u’
in the x-direction, the integral lengthscale of w’ is smaller than that of «/, especially near the grid,
in agreement with the literature [13,35]. Finally, the virtual origin, z,, is estimated by extrapolating
Lin(2) up to the depth where it equals zero (at the limit of the spatial resolution for PIV). Note
that we use the extrapolation far from the grid to compare our virtual origin with the literature (i.e.,
Liye = B'7 + z,). We found z, in agreement with the expression z, = §/2 + 1 £ 0.5 cm proposed
by Hopfinger and Toly [8] [error bar in Fig. 5(a)].

When comparing the results for L;,, with the energy wave-number spectrum in Fig. 5(b), defined
as the Fourier transform of the spatial correlation of the velocity fluctuations [34], this confirms that
the quantification of the largest scales of the turbulence from a correlation analysis is a rigorous
approach. Indeed, we indicate the lengthscale associated with the mesh size, which corresponds
to a peak in the spectrum near the grid (z/M = 0.6), thus the largest eddies of the turbulence are
strongly influenced by the grid characteristics (mesh and bar size) [35]. One can observe that the
inertial range characterized by the power law k33 [33] is only observed over one decade due to
two specific reasons: the low values of Re, implying a low intensity of turbulence, and our spatial
resolution (*1.5 mm), which is insufficient to resolve the Kolmogorov scale (<1 mm) [Fig. 5(b)].

We now investigate the dissipation rate, €, and first discuss the best way to estimate it over
the entire water column. As presented in Fig. 6, we consider five alternative methods. For more
details on each definition of dissipation rate, the reader may refer to Appendix B. A first method to
calculate the dissipation rate is to use its definition from the velocity gradients in the three directions
(x,y, z). However, using PIV 2D-2C, only two velocity components are accessible. A classical way
to overcome this is to assume global isotropy (Isotropy in Fig. 6) or at least local isotropy (Local
isotropy in Fig. 6) [30,36-38]. Nevertheless, at depths between OM and 2M below the grid, there is
a strong signature of the grid geometry, thus the flow is not isotropic [8,13,14,32]. Furthermore, our
spatial resolution is insufficient to solve the Kolmogorov scale [Fig. 5(b)]. Therefore, we consider
the values of € based on these assumptions on velocity gradients to underestimate true values near
the grid (red and green dotted lines in Fig. 6). The dissipation rate can also be obtained from the
energy spectrum. However, this technique, which is based on the estimation of the slope of the
energy spectrum in the inertial range, requires data covering at least two decades [10,38]. In our
case, the inertial range is only observed over one decade due to low Re,, i.e., low turbulence intensity
[Fig. 5(b)], and we cannot consider the method. Another approach estimates € from the longitudinal
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energy, k, for all our runs. The data of Matsunaga et al. are also added [10]. The inset plot represents the same
graph considering the normalized quantities. (b) Comparison between € from the local isotropy assumption
and from k and the integral lengthscale.

structure function (structure function in Fig. 6) based on the first and second Kolmogorov similarity
hypothesis [33,38]. However, even though this technique requires no assumptions on velocity
gradients, it does assume “isotropy.” As stated before, especially under the grid, this leads to
underestimated values of the dissipation (pink dotted line in Fig. 6). Finally, € can be calculated
from characteristic lengthscales, namely the integral lengthscale [8,16,33] and the Taylor scale, A
[34], as shown by a black solid line and a blue dash-dotted line in Fig. 6, respectively. Note that
the calculation based on the Taylor scale is also based on the assumption of global isotropy, which
is why we exclude the definition of € based on the Taylor scale. A last method to obtain € from
TKE and/or Ly, is discussed in detail below. Matsunaga et al. mentioned that for OGT, €(z") and
k(z') are related but that the definition € = k/2 /Line is not obvious if L, is a linear function with
7 and k o« 772, Actually, the authors defined Li,, = k¥ /€ and found that Liy o< 7’ while € oc k'7
from several experiments [10], which are reproduced in Fig. 7(a). We compare their observations
with all our runs, with the values of € computed from the local isotropy assumption. Indeed, this
definition is acceptable far away from the grid, and we extract data only from depths 7’ larger than
1.5M to avoid underestimations. One can notice that a clear trend with k appears [Fig. 7(a)], which
is best described by a power law € o k'3 as indicated by a thin black line. Our results cover a larger
range of values than those obtained by Matsunaga et al., which we did find to increase slightly
faster with k''6 (not 1.7 actually), as indicated by a dashed black line. When comparing the values
of TKE and energy dissipation rescaled by the predicted values at the grid (ko and €;), as shown in
the inset of Fig. 7(a), there is a greater scatter of the results, nevertheless the differences between
the two datasets are less obvious, and both power laws could then be valid. It is worth noting that in
the work of Matsunaga et al., since k 775 and € oc 77783, then Liy; o 7' In our case, we can thus
consider that the values of Lj,; and k can predict €, since they are in agreement with the results in
[10]; this is tested in Fig. 7(b). Some discrepancies are visible when turbulence is weak (€ < 107°
m?/s%), or for large values (¢ > 10~* m?/s%), but that might be underestimated as discussed
before.

To conclude, we consider ¢ based on the definition with L;, as the best approach for our
measurements. Its value at 7 = § + dj, is in reasonable agreement with the value ¢, provided by
Matsunaga et al. [10] (black square in Fig. 6). A comparison of all the values of €, obtained
experimentally (€y = 1.82k}°>/L._x) with the model in Eq. (4) is shown in the inset in Fig. 6.
A higher discrepancy than for ky is observed with a difference of approximately 18% with the
theoretical expression in Eq. (4), and about 22% with Rastello ez al. [11] (not shown here). This is
probably due to the addition of the uncertainties for both ko and L._;. We checked that the origin of
z (mean position of the grid or z,) does not affect either the discrepancy or the values of ko and €
(not shown here).
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FIG. 8. (a) Depth profile of the eddy viscosity, v;, normalized by the fluid kinematic viscosity v;. Symbols
are experimental data, with thin gray lines indicating the uncertainty in the values. Black lines are the
parametric laws from Egs. (9)—(11). (b) Comparison of v/ as a mean value of experimental v, over H, and
the theoretical expression Eq. (8), v/,

C. Turbulent eddy diffusivity
We conclude this characterization of the turbulence by computing the eddy viscosity v;, using
the k-¢ model with the definition of € = k%2 /Liy. In this context, we can write

v, = 0.09k2/e = 0.09v/kLin. (8)

The corresponding vertical profile of v, is presented in Fig. 8(a) and compared to three models
defined below. The first two models are obtained by substituting Eq. (2) and (6) into Eq. (8) for U,P ,
and by substituting Eqgs. (3) and (6) into Eq. (8) for vtM , leading to

vl =0.098(C} +0.5C3) VM S*> £, )
z —-5/2
WM — 0,09 ké/z,Bz<— ; 1) . (10)
Lefk

Both models give the opportunity to predict the eddy viscosity profile if we use the value for g
measured near the grid [Fig. 5(a)]. We verified that for all stirrings, v’ is a good approximation
for the eddy viscosity near the grid, over a certain depth H; [Fig. 8(b)]. However, it does not catch
the turbulence decay, unlike v¥, which qualitatively catches it. Nevertheless, v¥ underestimates the
eddy viscosity near the grid and overestimates it far from the grid. This is partly explained by the
variability in 8.

As a better fit for the experimental observations, we propose a simplified model v’, which
combines features from both v/ and v},

vP if z < H,,
S —{ ! ‘ (11)

az ¥ ifz > H,,

where o« and H, are adjusted for each experiment. Here we have simplified the power law in z
for depth larger than H; since for all cases we verified that H,/L..; is always much greater than 1
(between 50 and 200 typically). This pragmatic model is shown in Fig. 8(a) by the dotted curve. It
seems to better describe the behavior of v; and especially its decay. One of the major knowledge
gaps in the description of v} is the value for Hy. We remind the reader that H; corresponds to the
height at which the discontinuity of L;,, occurs [Fig. 5(a)]. It seems to be a good cutoff scale for the
eddy viscosity. Indeed, estimating H; directly from v,(z) (not shown here) leads to similar values
of H; estimated from the integral length scale. Even if a more complete dataset is needed, no grid
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the grid Reynolds number, Re,. Here H, is expressed as the distance under the grid. (b) Evolution of «, the
proportionality constant of v¥ when z > H,, as a function of the Reynolds number.

Reynolds number dependence appears for H; with
H, ~08M (12)
under the grid [Fig. 9(a)]. By evaluating Eq. (11) at z = H,, we can deduce the expression for «,
a=vIH?, (13)

This is well verified experimentally [Fig. 9(b)]. Note that a dependence with M, S, f,, and Re, is ob-
served [inset in Fig. 9(b)]. Once again, there is a good agreement with the dependence as expected.
Indeed, from Egs. (9) and (12) we deduce that v,P o< (MS f, Reg)l/ 2 and H, x M. Consequently
from Eq. (13), @ should be proportional to M?(S f,Re,)'/?, which we found experimentally [inset in
Fig. 9(b)]. To our knowledge, there are no data in the literature measuring the eddy viscosity in grid
turbulence to compare with this approach, which we summarize as Eqs. (11)—(13).

IV. CHARACTERIZATION OF OGT IN TWO-LAYER FLUIDS

We now investigate OGT in the case of a two-layer fluid, and in particular we compare it with its
counterpart in homogeneous fluid. The major difference is the presence of the interface, which acts
as a barrier at a certain depth for the turbulence. The depth of the interface slowly moves away from
the grid with time as mixing occurs. For each case, the position of the interface is initially farther
than the distance H; from the grid, as shown in Fig. 10. Note that the distance H; is deduced from
Eq. (12). For the comparison of profiles at various times, we will use the vertical coordinate as well
as a nondimensional coordinate using the position of the interface & for the two-layer fluid, and H;
for the homogeneous one to rescale the z-axis. For each value of Re,, the instants at which the tur-
bulent properties are computed are labeled #;, with 2 < i < 8. Each PIV measurement is associated
with two density profiles recorded by the conductivity and temperature probe. Only the two first
instants are associated with one density profile because of experimental constraints (Fig. 10).

A. Mean and coherent flows

In the two-layer case, we ensure again that the turbulent intensity is higher than the mean flow
in the upper layer (not shown). We remind the reader that the interface acts as a barrier (no motion
below the interface is observed), thus in the following we only discuss the flow for 0 < z < A.
For all cases, the mean flow is stronger than in the homogeneous case, as illustrated for the case
of S3 in Fig. 11. Near the interface, regular patterns are observed [Figs. 11(b) and 11(e)]. These
patterns persist over time [Figs. 11(c) and 11(f)] and they are systematically present for all stirrings.
Between experiments, the only difference is the number of patterns, which varies between two and
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FIG. 10. Time evolution of the position of the interface, i, normalized by the depth H; over which the eddy
viscosity is almost constant.

four depending on f,, but we do not explain this dependence. We can see that these patterns are
the signature of the transfer from vertical scales to horizontal ones. Indeed, looking at the vertical
mean velocity component, the mean flow seems to be organized in jetlike structures, as observed in
Figs. 11(e) and 11(f). We also note that these structures are different from those in homogeneous
fluid [Fig. 11(d)]. Indeed, for this case, finer jets are observed under each grid bar, and vertical flow
is dominant near the grid (z/M < 1.5 and 20 < x < 80 cm) and near the side walls (x < 20 cm and
x > 80 cm).

We also investigated the presence of internal waves in the velocity data, especially near the
interface, and more details are presented in Appendix D. A weak signature of internal wave
dynamics is visible in the density spectrum of both the horizontal and vertical velocity components,
for depths between 0.8% and h. Overall, the energy of the signal for internal waves is small compared
to the one related to turbulence above the interface (z/h < 0.6).

B. Overall turbulent properties (far from the position of the interface)

First, we discuss the turbulent properties far from the position of the interface. We focus on what
happens in the vicinity of the interface in Sec. IV C.

(a) (b) (c)
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FIG. 11. Examples of maps of the mean kinetic energy K (top) and vertical velocity w (bottom), in
(a),(d) homogeneous fluid (case H12), and (b),(c),(e),(f) two-layer fluid at two different times (case S3).
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by H, for the homogeneous fluid; for case S3 (Apy).

We start the discussion with the loss of isotropy near the position of the interface [Fig. 12(a)].
Indeed, Uims/Wims 1S no longer constant in the vicinity of 4, unlike the case in homogeneous fluid.
This phenomenon, well known in the literature, corresponds to the energy transfer from vertical to
horizontal scales [8,20,23]. From our experimental data, it seems that the loss of isotropy appears
after a depth of 0.6% to 0.8%h. Thus, the interface can affect the flow over a significant depth above
it. One can also notice in Fig. 12(a) that the maximum value for Uns/Wins 1s always reached at a
depth, Zymax 150, Smaller than 4 (indicated by horizontal dashed lines). In the following section, we
discuss in greater detail where this maximum value occurs, which may be related to the mixing
processes that take place in the upper layer only [18,23].

We now look at the turbulent kinetic energy profiles in Fig. 12(b). If we focus more on the upper
part of the fluid (near the grid), there is not a big difference between homogeneous and two-layer
cases for depths smaller than 0.6/ (also true without the normalization of the z-axis). The parameter
estimates from the homogeneous models, such as Eq. (4), can be estimated by fitting the profiles
over [0, 0.6A4], and their evolution with time is shown in Fig. 13(a). Other than at large times, when
the TKE no longer decreases like in the homogeneous case and thus ky (through L._;) is affected
[Fig. 12(b)], the values for the parameters are quite constant, with ko/k{ of the order of 0.80 + 0.22.

Similarly, we can study the integral lengthscale profiles in Fig. 12(c), and we discuss their shape
with time and with two specific regions of interest. To begin with, note that Li, is still of the
order of the grid bars. At a fixed depth, the integral lengthscale is generally larger in the two-layer
fluid than in the homogeneous case (the difference between the two near the grid is small if one
compares nonstretched profiles). Secondly, Ly, no longer appears as a piecewise function with a
clear discontinuity as in the homogeneous case. This could be explained by a different flow under
the grid in the case of a two-layer fluid, as detailed in Appendix C. Indeed, in the stratified case the
jets under the grid bars disappear, and larger structures appear up to 1.5M under the grid. Finally,
a clear difference appears with a strong peak for L;, before it tends to zero when it reaches the
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interface. We will see in the next section that the peak value of L, plays a key role in the description
of the turbulent quantities in two-layer fluid.

Finally, from the two quantities studied, namely k and Li,, one can combine them to compute
the dissipation rate and the eddy viscosity, shown in Fig. 12(d). The evolution of €y/¢f/ is shown in
Fig. 13(c). As in homogeneous fluid, due to the addition of uncertainties of ky and L._, a higher
discrepancy than for k is observed. From our data, €y /€’ is quite constant and of the order of 0.9 +
0.6, and it is difficult to conclude about a quantitative difference between OGT in two-layer fluids
and in homogeneous fluids in the upper part of the fluid, far enough from the interface. However,
we observe a clear difference in the profiles near the interface. Nevertheless, in the two-layer fluid
v, turns out to be almost constant with z before it sharply decreases to v, in the vicinity of the
interface. This is quite surprising since in the homogeneous fluid v; is almost constant over a certain
depth, H;, before decreasing with power law z73/2. As already mentioned, our experiments are with
h > H; (Fig. 10) at all times, hence the decay should have been observed if it existed. We can thus
conclude that in the two-layer case, the turbulence decay over depth is canceled or at least put off
by the presence of the interface until 2 > 2H;, although this bound shall be investigated in a specific
study. It could be explained by the simultaneous increase of TKE and L, near the position of the
interface due to the confinement of the energy in the upper layer. It is also interesting to note that
the temporal variability observed regarding the eddy viscosity is weak [Fig. 12(d)], suggesting that
describing OGT using v, instead of TKE, as it is usually done, can be a simpler approach. For the
highest stirrings (Re, = 2400 and 1730), the parametric law v/ from homogeneous fluid is a good
approximation for v, (see Fig. 25 in Appendix E). However, for the lowest stirrings (Re, = 800 and
590), it leads to underestimations of about 35% of the eddy viscosity [Fig. 12(d)]. It could be of
interest to investigate in more detail the reasons for this discrepancy in v”. More experiments on a
larger range of Reynolds number have to be performed to confirm it.

C. Turbulent properties near the interface

We now look at turbulent quantities in the vicinity of the interface (0.6 < z/h < 1). We discuss
how the loss of isotropy and the increase of both TKE and L, occur linked to the flow scales. In
the following, we will preferentially use the peak value of the integral lengthscale, which we denote
as L™, as a reference lengthscale. Comparing L™ with the integral lengthscale at the position
of the interface in homogeneous fluid, Li’:[, we find from our experimental data that L™ = 0.9L§{t
(not shown). This is in agreement with results obtained near a solid boundary [39]. Moreover, as
illustrated in Fig. 14(a) for case S3, the decrease of Liy occurs at (z' — ) >~ L™ to reach 0.6L1%
at (. — h) = 0, like in OGT near a solid boundary [39]. We also compared the peak of the integral
lengthscale with the interface thickness, 8%, but no clear correlation was observed (see Sec. V).

If we look at the distance from /# where the loss of isotropy occurs [Fig. 12(a)], it seems that
the location of the peak of anisotropy evolves slowly with time. At early times (r < 60 min), it
occurs at 0.7 (£0.3) L™ above h, while at large times (¢ > 60 min), except for Re, = 1730, it

int
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case S3 (Apy) in the region 0.6 < z/h < 1.

occurs at 0.4 (4£0.2) L* above h. We do not clearly understand this decrease. Despite this, on

average over all times we found that the peak of anisotropy occurs at 0.55 (£0.25) Lii** above
h. This is again in reasonable agreement with results near a solid boundary [39], where the peak
occurs between 0.7 Li#* and L7 above the plate. Our data are also in good agreement with a study
of OGT in two-layer fluid [23], which uses the integral lengthscale at z = & in homogeneous fluid
instead, and which found zy.x 150 close to 0.6 Lfn’[ above h [23]. Regardless of the definition of the
integral lengthscale, we observe that the transfer from vertical to horizontal scale occurs always
from the position of the interface (in the upper layer). More precisely, it occurs at about 0.6 integral
lengthscale above the position of the interface. This confirms that the mixing processes take place
in the upper layer only [18,23].

Similarly, we can study the TKE in the region 0.6 < z/h < 1, where a peak is observed. There
is a strong temporal variability, with a loss that can reach 20% of the initial TKE in 3 h for some
cases (S2, not shown). To highlight this aspect, the z-axis is rescaled with respect to the integral
lengthscale as well [Fig. 14(b)]. At early times (#, and #3), when the steady state is not necessarily
reached, there is an increase of the TKE at (z — k) = Liy.. At later times (¢; > t3), the peak appears
at (z — h) =~ 0.5 Ljy,. This is in reasonable agreement with results in two-layer fluid [23] and near a
solid boundary [39], where a maximum of TKE was found at (z — &) & 0.3 Liy,. The peak of TKE is
linked with the transfer from the vertical to the horizontal scales. More precisely, it is due to the local
increase of Uy, as shown in Fig. 14(c), with the peak value of the horizontal fluctuating velocity
having a similar evolution to that of the TKE. The variation of the peak intensity is consistent
with the fact that the energy that would diffuse in the rest of the tank is now trapped in a layer of
increasing depth. A classic way to discuss this aspect is to use the vertical flux of TKE, k'w’ [23,39].
However, from our experiments this quantity is too noisy to draw any conclusions (not shown).

Finally, we focus on the eddy viscosity in the vicinity of the interface. We observed that v,
decreases below z = L™ [Fig. 14(d)], with all the curves collapsing in a single trend. At the
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interface (¢ = h), the eddy viscosity is really weak (v; < 3vf). Once again, this confirms that the
turbulence is trapped in the upper mixed layer.

D. Synthesis

In conclusion, in the region 0 < z/h < 0.6, no significant difference of the turbulent quantities
between the OGT in homogeneous or two-layer fluid is observed. On the contrary, near the position
of the interface, in the region 0.6 < z/h < 1, there is a loss of isotropy and a clear increase of values
for TKE and Lj,; compared to the homogeneous case, which results in a nearly constant value of
v, with depth. These differences are due to (i) the transfer from the vertical scales to the horizontal
ones, and (ii) the confinement of the TKE in the upper layer, both induced by the presence of
this deformable interface. Similar observations have been obtained previously in OGT studies with
a two-layer fluid or near a solid boundary [23,39], where it was identified that the isotropy and
the maximum increase of the turbulent quantities occur about one integral lengthscale above the
boundary (interface or rigid plate).

Overall, in terms of the description of the eddy viscosity, we observed that v; is nearly constant
over the range 0 < z/ < h — L¥, and sharply decreases to vy over the distance of one integral
lengthscale. The parametric model v/ in Eq. (9) can be used for the estimate over the entire depth
h (although h/H, > 1), with a tendency to underestimate (about 35%) the observed values at Re,

smaller than 1700.

V. MIXING

The mixing is related to the spatial evolution of the interface. It is well known that in the setup
considered here, the thickness of the interface and the density difference evolve with time [3,18]. To
fix the position of the interface, some authors used two oscillating grids on each side of the interface
[19]. Others tried to maintain a constant density difference, A p, between the two fluid layers, adding
fresh water in the stirred layer [17]. However, in each case the steady state was not reached. Indeed,
to ensure a steady state, both the position of the interface and the density difference have to remain
constant, as mentioned by Verso et al. [16], who proposed an interesting model based on the flux
balance to characterize the entrainment and thus the mixing. To apply this model, a specific setup
is needed with inflows and outflows of water. Our setup cannot be transformed with inlets/outlets,
consequently both the interface and the density difference evolve with time.

In this section, we investigate the time evolution of the interface depending on the stirring. Then
we discuss the nature of the turbulence decay in terms of the entrainment rate. Finally, thanks to our
large field measurement, we discuss the erosion process in our case of OGT.

A. Position of the interface with time

Previous studies have mainly investigated the mixing in terms of temporal evolution of the
interface. Before discussing it in more detail, we mention that the variation of & correlated to the
variation of pj, in such a way that the quantity Apgh is constant (conservation of salt) [Fig. 15(a)].
Huppert et al. [3] proposed the following expression for the position of the interface as a function
of time:

3 b
h—7= Bt =Cy| 22| 0, (14)
gh

where 7 is the mean position of the grid, w, = 27 f, is the frequency of the grid, g = g(p> — p1)/p1
is the reduced acceleration due to gravity, and b is an exponent lower than 1. They found
b =0.151 £ 0.008, constant with Ap and f, for a given stroke. Even though we found a higher
discrepancy of the power b = 0.198 4+ 0.056, our values are in agreement with that found by
Huppert et al. [3]. No clear dependency is observed either with respect to the initial value of Ap

054606-17



POULAIN-ZARCOS, MERCIER, AND TER HALLE

1.5

(b)

*S1, Apo1 S3, Apo2 2.5 481, Apor £0.108
S2, Apo1 *S4, Apor 52, Apor T 40151
- S2, Apgz 0S4, Apa 9 82 A ¢
< S3, Apor S 3, Bpon
& g 25-, ﬁﬂuz
4,
< 16’ » v * o * W = ﬂhg_,l' Aﬂo}
~ , .. * * % o | 1.5 +54, Apoz
= . P
Y ]
< °o 0© =
o
1
0-5 2 3 4
0 100 200 300 10° 10° 10

t(s)

t (min)

FIG. 15. (a) Time evolution of the density difference, A p, multiplied by 4. This quantity is normalized by
its value at the initial time step, Apphy. (b) Time evolution of the position of the interface, /4, normalized by
its initial value /. To compare with the power law proposed by Huppert ef al. [3] (dash-dotted line), the mean
position of the grid, Z, is subtracted from /.

or Re, (not shown). The authors did not comment on Cp = B(g h)b /a)g}’, which was a constant in
their study. By dimensional analysis, Cg has to be proportional to a lengthscale at the power 1 4 2b.
Thus we tried to link Cp with characteristic lengthscales of our experiments, namely the stroke
and the grid mesh. We tested four possible combinations, presented in Fig. 26 in Appendix F. The
scaling depending only on the stroke leads to a relatively good prediction for Cp, with a slight offset
[Fig. 26(a)]. Combinations of both § and M are also possible for Cg, and the data seem closer to the
slope 1 when adding the mesh size, as shown in Figs. 26(b)-26(d). The best agreement is found for
the scaling SM?*, for which all data collapse on the slope 1 [Fig. 26(d)]. Thus the temporal evolution
of the position of the interface is best predicted by

037’
h—7= SMZ”[—g] 1.
gh
Regarding the time evolution of the interface thickness, 8k, we verified that it reaches a steady

state that is lower than its initial value (see Fig. 27 in Appendix F). The nearly steady value of A
is about 0.1k, which is in agreement with Fernando and Long [25], and of the same order of the
integral lengthscale of turbulence at the interface Li;**. This indicates that the interface dynamics
is controlled by the turbulence, but there could be some more complex equilibrium with molecular
diffusion being stronger with a sharp density change [19].

15)

B. Entrainment law

As discussed in the Introduction, we seek to characterize the entrainment rate as a function of
the Richardson number as in Eq. (7). Both quantities are based on turbulent flow properties that we
consider in detail below. The Richardson number is usually defined as Ri = gA pLiy/p1 Ur%m, with
the rms velocity being the value in a homogeneous fluid, evaluated at the depth of the interface.
Our results based on this convention are presented in Fig. 16(a). A power-law evolution of E with
Ri seems to be a correct validation for each experiment, however there is no clear collapse of the
different curves obtained for various values of the frequency and stroke for the grid in setup 1. For
Ri < 1000, a power-law evolution with the power y being between —1.2 and —1.5 seems to fit with
our data. This tendency is in agreement with previous results [15,26]. For larger Richardson number
(Ri > 1000), another tendency is observed that tends to flatten. Despite a small number of points
for Ri > 1000, E seems to tend towards a constant value varying with the initial density difference
[black dots in Fig. 16(a)]. It must be noted that past results that had a clear collapse of their data for
mixing always corresponded to a constant stroke or frequency for the grid oscillation, which is not
our case here.
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FIG. 16. (a) Entrainment rate, E, as function of the Richardson number, Ri. (b) Entrainment rate based on
UmMax as function of the Richardson number, Ri’, based on the peak values of Uyms and Liy, near the position of

the interface.

We mentioned in the Introduction that Uyy,s ox 77", with past studies discussing the appropriate
value for n but always using this parametric law. Using this assumption, the definition of E in Eq. (7),
and the expression in Eq. (14), Huppert et al. [3] demonstrated that the choice for n prescribes the
exponent in the power law in the Richardson number, namely

1—-b' 1

ST T2 (16)
Based on power-law estimates for each case in Fig. 16(a), we can compare the values for y from
our experiments with respect to the theoretical prediction in Eq. (16), taking n = 1 or 5/2, this latter
value having the best agreement with our observations for velocities in Sec. III B. On average, the
evolution of the mixing rate for each experiment is better predicted when n = 5/2, although the
comparison is not perfect (mismatch in the exponent of 20-60 %, not shown), which corresponds to
y = —1.51 with b = 0.198. Although the exponent in the power law of Eq. (7) could be identified,
the lack of collapse of the observations onto a single curve with variations of the experimental
parameters (grid and fluid) leads us to consider alternative definitions for the relevant turbulent
quantities to consider. Indeed, we have shown in Sec. IV C that the turbulence is altered at the
interface, and it can modify the amplitude of the turbulent properties (especially U, k, and
marginally Li,) compared to the homogeneous fluid. Thus, we now evaluate the quantities in Eq. (7)
based on the turbulent properties estimated at one integral scale from the interface (L{7**), where we

observed a peak of intensity for Ly and U, in the two-layer case. Based on these two values,

. . . 2
we define a new Richardson number and a new entrainment rate such as Ri’ = gApL™/p UM

nt rms
and E' = U, /UX%. Our results are presented in Fig. 16(b). Note that there are fewer points than in
Fig. 16(a) because we reported only data for which we did PIV measurements. Indeed, we are not
able to predict U 3* from homogeneous fluid, as this parameter depends on both the stirring and
the distance of the grid. On the one hand, using Ri’, data collapse better in a more continuous range
of values, which is an indication that the use of a Richardson number based on local turbulent flow
quantities (U %" and Lip™) could be more appropriate to describe the mixing process. On the other
hand, even though our data are in reasonable agreement with the power law —1.2, the scattering of

the data is now greater, and uncertainties in the exponent are important.

C. Remarks on the origin of mixing

Mixing in OGT is thought to be controlled by local and intermittent events associated with scales
larger than the turbulence at the interface (supposedly based on internal wave properties) or by
small coherent vortical structures [1]. Thanks to the large field of view and spatial resolution in our
experiments, we were able to observe both the large-scale structures and the turbulent properties,
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FIG. 17. Spatial map of the Richardson number, Ri, = azv ;» based on the shear of the mean flow, V. (u),
interface thickness, 84, and the reduced gravity acceleration, g/, at te for S3 (Apy).

and we discuss this aspect. The results obtained in the previous section suggest that the entrainment
law can indeed be prescribed by a power law based on the relevant Richardson number, obtained by
considering the true scales of the turbulent shear at the interface for a turbulent flow in a two-layer
fluid (U and LE™).

Yet, as presented in Sec. IV A, we have also observed some mean flows in most of the cases
studied, although the turbulent flow is the dominant feature in terms of kinetic energy (k > K).
These structures observed for the mean flow are very similar to downward jets. Mixing induced by
a turbulent jet or plume incident on a two-layer fluid interface is a very similar topic of research,
and it has been a challenging problem to identify the mechanisms at stake, as summarized in [40].
The entrainment law is then described based on the characteristic vertical velocity of the plume (or
jet) at the interface, wje, and usually compared to a power law in Froude number Fr; = wiet/ /& Tiet,
with rje the radius of the plume (or jet) at the interface, and ¢’ the reduced gravity. Although our
velocity measurements are in a plane that is not centered on the multiple jets observed, we can
roughly estimate the value for the Froude number for each jet to be smaller than 1. This regime
would thus be associated with intermittent internal wave breaking controlled by the mean shear
generated by the jet. To confirm this scenario corresponding to the regime of mixing described
in a recent study [41], we verify the stability of the interface deformation with respect to other
mechanisms leading to mixing, Kelvin-Helmholtz (KH), or Holmboe (H) instabilities. We d1splay
the map of the Richardson number computed using the mean flow properties, Ri, = Shvg. @ L
Fig. 17, and we observe that the stability criteria for both of these instabilities are valid. Ihdeed,
we do not see regions with values of Ri, smaller than 1/4 (KH criterion) or larger than 30
(H criterion).

In the context of our study dedicated to OGT, it is impossible for us to discriminate mixing
induced by shear-free turbulence only with shear-free turbulence in the presence of weak jetlike
mean flows. More precisely, we cannot know if shear-free turbulence is altered by the jets leading
to a different entrainment rate, or if entrainment due to shear-free OGT can be added independently
to that due to turbulent plume. We consider that a better understanding of the amplification of Uy,
at the interface could help greatly in answering this question.

VI. CONCLUSIONS

In this paper, we have described the turbulent properties of shear-free turbulence induced by two
different oscillating grid systems, i.e., in a homogeneous and a two-layer stratified fluid. In the case
of OGT in a homogeneous fluid, our results are in good agreement with previous studies. We have
improved the description of the turbulence decay with depth by considering a larger field of view,
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and we have been able to verify that the description of Matsunaga et al. [10] is better suited to model
the fast decay far from the grid, although it is not perfectly adjusted in terms of fitting parameters.
Our measurements have provided a more complete description of all turbulent quantities based on
a k-e¢ model, with a parametric form to prescribe them for a grid Reynolds number in the range
[800, 12 500]. One noticeable improvement over previous studies is the description of the evolution
with depth of the integral lengthscale L, as a piecewise linear function of z, with a specific depth
H; at which a discontinuity occurs. Consequently, we found that the eddy viscosity v, for OGT is
better described as being almost constant over the depth range [0, H,] before decreasing as a power
law in z73/2. The use of v, instead of k and € could be very useful to study other problems in OGT,
such as mixing or the transport of a second phase in general (pollutants, particles), and we hope this
characterization will be of interest for future studies.

We have also characterized OGT in the case of a two-layer fluid. We verify that the turbulent flow
far from the interface (0 < z/h < 0.6) is still comparable to OGT in a homogeneous fluid, although
some variations of the fitting parameters with time can occur. Near the interface, differences with
the case of a homogeneous fluid are observed. The loss of isotropy and the amplification of the
turbulence near the interface are very similar to the observations made for a solid boundary [39]
or in previous studies [23]. Peaks for the turbulent horizontal velocity, kinetic energy, and integral
length are visible at a distance of L)™ (max of the integral length with depth) or even less from the
interface, before going to zero at the interface. Surprisingly, at the difference of the other turbulent
quantities, the appropriate model for v, in this fluid environment is a constant value with depth,
until reaching the interface, where it goes to vy. The value is reasonably well predicted by the
homogeneous model we presented.

Finally, we investigate the mixing that also takes place when studying OGT in a two-layer fluid.
The results on the evolution of the interface with time and the entrainment law as a function of
the Richardson number are comparable with past studies, which systematically considered OGT
in a homogeneous fluid as a reference for velocity and lengthscales [1,15,26]. Yet, the collapse
of all observations on a simple law is not possible for various experimental cases with different
strokes, frequencies, or density jumps. The entrainment law of the interface might be a function of
the Richardson number only if the latter is associated with the turbulent flow properties measured
at the interface and not from the properties deduced from homogeneous fluid cases. This “local”
Richardson number near the interface is clearly controlled by the turbulence at the interface. It
is also a challenging quantity to assess since it must be measured in the region of the fluid with
the strongest density and velocity gradients. Furthermore, there are different mechanisms at stake
in such experimental studies that can alter the values of this Richardson number. It could be due
shear-free turbulence only, or it could be combined with other effects induced by weak mean flow
resembling turbulent plumes. We suggest investigating this question in future studies focusing on
mixing of a two-layer fluid with OGT combined with other controlled flow features (turbulent
plumes, mean circulation, etc.).
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APPENDIX A: DEPTH PROFILES OF TURBULENT QUANTITIES IN HOMOGENEOUS
FLUID FOR ANOTHER REYNOLDS NUMBER

In this Appendix, depth profiles of turbulent quantities obtained for a Reynolds number, Re,,
of 7980 are shown (Stirring H3 in Table I). More precisely, depth profiles of the turbulent kinetic
energy k (Fig. 18), the integral lengthscale L;,, (Fig. 19), the dissipation rate € (Fig. 20), and the
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FIG. 18. Depth profiles of the turbulent kinetic energy, k, obtained in two laser sheets at (a) x = L/4 and
(b) x = L/2 from the border of the tank. Symbols represent experimental data, with thin gray lines indicating
the uncertainty in the values based on rms variations in k. Black lines represent models in Egs. (2) and (3).

eddy viscosity v, (Fig. 21) are shown. This experiment was performed in setup 2, being different
from the one used for the case presented in the main part of the paper. It highlights that our approach
does not depend on the geometry of the tank. Moreover, in this setup, images were recorded in two
different laser sheets. They were located at x = L/4 and L/2 from the border of the tank, where L
is the width of the tank. Thus, we also illustrate that our approach describes the OGT in the whole
tank.

APPENDIX B: DETAILS ON DISSIPATION RATE DEFINITIONS

The dissipation rate, €, which characterizes the turbulence decay is defined by the velocity
gradients as

ou, du L du, 0u; B1)
€ =Vl —— — .
f 3Xj 3)Cj 8)Cj 3)Ci

From experimental data, access to the three components of the velocity is not always possible.
Therefore, several methods exist to determine the dissipation rate. They are listed as follows:

x=1L/4 x=1L/2
*Exp. data *Exp. data
0.2 --Slope [z 0.2 --Slope 3z
N « Virtual origin (z,) il « Virtual origin (z,)
E T + 2z, (Hopfinger et al, 1976) = \]*‘ +2, (Hopfinger et al, 1976)
> >
Q Q

0.1 1 3 0.1 1 3
Ly (cm) Ly (cm)

FIG. 19. Depth profiles of the integral lengthscale, L;,, obtained in two laser sheets at (a) x = L/4 and

(b) x = L/2 from the border of the tank. The blue diamond is the virtual origin from the experimental data.
The error bar is the virtual origin from [8]. Red dashed lines are Eq. (6) for two proportionality constants.

054606-22



GLOBAL CHARACTERIZATION OF OSCILLATING GRID ...

x=1LJ/4 x=1LJ/2

~ ~
i A ---Isotrol.)y i 4 -Isotropy
R Local isotropy N Local isotropy
A A
6 —k¥2/ Lint 6 —k*2/ Lit
= ¢p(Matsunaga et al.,1999) = ¢p(Matsunaga et al.,1999)
10°° 1074 102 10° 1076 1074 1072 10°
<e>, (m?/s?) <e>, (m?/s)

FIG. 20. Vertical profiles of the dissipation rate, €, calculated from four definitions with different assump-
tions. They were obtained in two laser sheets at (a) x = L/4 and (b) x = L/2 from the border of the tank.

(1) Assuming isotropy (i.e., the three velocity components are equal), the definition Eq. (B1)

becomes
'\
=15 — . B2
€ vf< P > (B2)

(ii) Assuming local isotropy (i.e., two velocity components are equal, ¥’ and v’ in our case) and
using the continuity equation (%—‘; + "a—'; + 33% = 0), the definition Eq. (B1) becomes

A ou’ 2+ dw’ 2+8u’8w’+3 3U’+8w’ : B3)
€e=4v — —_— — - .
1\ ax 0z ox 0z 4\ 0z 0x
This assumption is usually made in the case of PIV 2D-2C measurements [30,36,37]. Note that
Al-Homoud and Hondzo [30] and Doron et al. [36] found a factor of 3 in front of terms 1, 2, and 5
of the right-hand part of Eq. (B3). This was probably an error due to an omission of the factor 2 for
the term % in the definition of €. By doing the calculation again, we find the same expression as
that found by De Jong et al. [37].

(iii) From the integral lengthscale, Liy, € is expressed as follows [4,8,33,34]:

k3/2
€= . (B4)
Lint
(a) (b)
. r=1L/4
I Exp. data v 1 1
. yParam
_—"
oI VS _
<2 <2
N N
4 . : | ‘ : |
5 10 30 5 10 30
v vy v /vy

FIG. 21. Depth profiles of the eddy viscosity, v;, obtained in two laser sheets at (a) x = L/4 and (b) x = L/2
from the border of the tank. v; is normalized by the fluid kinematic viscosity vs. Symbols are experimental
data, with thin blue lines indicating the uncertainty in the values. Black lines are the parametric laws from

Eqgs. (9)-(11).
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FIG. 22. Map of horizontal fluctuating velocity in (a) homogeneous fluid (case H12) and (b) two-layer fluid
(case S3 at tg).

(iv) From the Taylor scale, Ly, € is expressed as follows [34]:

€= 15va-2. (B5)
T

(v) From the power density spectrum (PDS) in the inertial domain, € is expressed as follows
[10,38]:

PDS = C,e* k3. (B6)

Note that the inertial range should be covered over at least one or two decades to minimize the
uncertainty on the slope and thus on €.

(vi) From the longitudinal structure function at order 2, Dy (r) [33]. This corresponds to the
covariance between the velocity difference between two positions in space x and x + dr. Based on
the first and the second Kolmogorov similarity hypotheses, we can show that the structure function
depends only on the dissipation rate such that [33,38]

3/2
€= l(DL(r)> with C =2.12. (B7)
r C

Note that in the case of homogeneous and/or isotropic flows, the authors use the instantaneous
velocity field to compute Dy and deduce €. Indeed, in these cases, the mean velocity is translation-
invariant (or equal to zero in the case of isotropic flow). Therefore, as Dy is deduced from a
difference between two positions in space, using the instantaneous velocity field of the fluctuating
field leads to the same expression. In our case, Dy is directly calculated from the fluctuating
velocity field.

APPENDIX C: COMPARISON OF THE TURBULENT STRUCTURE NEAR THE GRID
IN HOMOGENEOUS FLUID AND TWO-LAYER FLUID

Here we present maps of the horizontal fluctuation velocity, used to calculate the integral
lengthscale. In a homogeneous fluid, the signature of the grid, with the presence of jets under each
grid bar, is clearly visible [Fig. 22(a)], while in a two-layer fluid, two more prominent structures
appear [Fig. 22(b)]. These differences in the flow could explain the different behavior observed for
Lipn, in particular its discontinuity at depth H, in a homogeneous fluid. Note that in a homogeneous
fluid, we observed the same signature of the grid for all cases. In two-layer fluid, the number of
structures below the grid depends on the grid frequency, but they are always larger than the size
of the grid bars. We could not explain the grid frequency dependence, but we verified that these
structures are not grid eigenmodes.
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FIG. 23. Case S3, t,. (a) Instantaneous vertical velocity field, w(x, z, #;) around ¢;/T g ~ 150, with indica-
tions on the domains for the extracted time series in (b) and (c), centered around z/h >~ 0.98 and z/h ~ 0.82,
respectively (between black lines, with a vertical extent of approximately 0.044). The color bars for (b) and
(c) are the same.

APPENDIX D: INTERNAL WAVES SIGNATURES IN TWO-LAYER FLUID FOR CASE S3

We discuss here some results on the internal wave dynamics near the interface for one specific
case, S3 at time f,. Similar results have been obtained at other times and for the other cases.

We first present in Fig. 23 the dataset investigated for internal wave dynamics. From instanta-
neous velocity measurements [panel (a)], we extract time series of horizontal and vertical velocities
at some depth, with some averaging in the vertical velocity in between discontinuous black lines
[panel (a)], to reduce the level of noise. Two resulting time series are shown in panels (b) and (c).
An extra time series is extracted far away from the interface [z/h ~ 0.5 in between blue lines in
panel (a)], which corresponds to a region described in the manuscript where the dynamics is similar
to the case of a homogeneous fluid. Near the interface (z/h =~ 0.98), the amplitude of the flow
features is of the order of 2.5 x 1073 m/s, whereas farther away (z/h >~ 0.82), the amplitude of the
more complex flow features corresponding to the superposition of waves, mean flow, and turbulent
structures is four times larger.

From these time series at four depths above the interface, we compute the density spectrum with
respect to the time of the velocity components at each horizontal location, and we average these
quantities over the horizontal, denoted (E, ), and (E! ),. They are a function of f as shown in
Fig. 24(a). Alternatively, we can also compute the density spectrum with respect to the horizontal
coordinates at each frame, and we average these quantities over time, denoted (E; ), and (E} );.
They are function of k, as shown in Fig. 24(b). Density spectra in two dimensions, which are

(a) (b)

10g9(Eun) (m?/s)

1072 1071 10° 102 1071 10° _
flia koM /2m ko % M2

FIG. 24. Case S3, ;. (a) Temporal and (b) spatial spectra of the time series extracted for # and w in the
domains shown in Fig. 23, averaged over the (a) horizontal coordinate or (b) time. (c) Example of a two-
dimensional spectrum for the vertical component of the velocity extracted z/h >~ 0.9h. White dashed lines
indicate the dispersion relation for internal waves in a two-layer fluid.
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FIG. 25. Depth profiles of (a) the isotropy degree, (b) TKE, (c) integral lengthscale, and (d) turbulent eddy
diffusivity, with the z-axis starting from the top position of the grid normalized by # for the two-layer fluid and
by H; for the homogeneous fluid; for case S1 (Apy).

functions of f and k, for the whole time series, could also be extracted but are quite noisy and
tougher to interpret; an example is shown for the vertical velocity (E,,,,) at z/h ~ 0.90 in Fig. 24(c).
One can notice that the signature of internal waves very near the interface (around z/h >~ 0.9) is the
main contribution to the spectra of both horizontal and vertical velocities in the range [0.01, 0.06] f;
([0.02, 0.12] Hz with fs = 2 Hz in the case shown, S3). Based on the dispersion relation of internal
waves in a two-layer fluid, this corresponds to a wavelength of the order of 0.1-1 m, in good
agreement with observations from Fig. 23. This is confirmed further by the fact that the associated
energy is concentrated near the spectral domain for the dispersion relation of waves in an idealized
two-layer fluid

Apg ky
w = = (D1)
p coth(k.hy) + coth(khy)

[white dashed lines in Fig. 24(c)].
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FIG. 26. Scaling laws of the parameter C as a function of the characteristic lengthscales of the device (S
the stroke and M the grid mesh). Symbols are experimental data, and the red line is the slope 1. The mean value
of b = 0.198 was taken.
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FIG. 27. (a) Time evolution of the interface thickness, §#, normalized by the interfacial position, 4.
(b) Evolution of 8k, normalized by the maximum value of the integral lengthscale L™, as a function of &
normalized by the initial interfacial position, 4.

Overall, the energy of the signal for internal waves is smaller than that due to turbulence above
the interface (z/h >~ 0.5), or at most it is comparable when limiting the analysis to this specific
frequency-wave-number spectral range.

APPENDIX E: DEPTH PROFILES OF TURBULENT QUANTITIES IN TWO-LAYER
FLUID FOR CASE S1

Depth profiles of the turbulent quantities associated to case S1 of Table I, similarly to the results
discussed in Sec.IV B, are shown Fig. 25.

APPENDIX F: MIXING—COMPLEMENTARY RESULTS

Related to the temporal evolution of the position of the interface, we try to estimate the
dependency of Cp in Eq. (14) with the forcing parameters. We present four possible combinations
in Fig. 26.

Regarding the temporal evolution of the interface thickness, we display it normalized by the
position of the interface or the integral length in Figs. 27(a) and 27(b), respectively. Recall that
&h is determined using conductivity measurements, being instantaneous density profiles. But due to
local and intermittent distortions of the interface, regarding only instantaneous density profiles can
lead to some aberrant points, as already noted in Ref. [26]. This can explain some scattering of the
points in Fig. 27, even if the steady state should be reached (S4, Ap,).
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