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The spatial decay and structural evolution of grid-generated turbulence under the 
effect of buoyancy was studied in a ten-layer, salt-stratified water channel. The 
various density gradients were chosen such that the initial overturning turbulent scale 
was slightly smaller than any of the respective buoyancy scales. The observed general 
evolution of the flow from homogeneous turbulence to a composite of fossil turbulence 
or quasi-two-dimensional turbulence and internal wavefield is in good agreement 
with the predictions of Gibson (1980) and the lengthscale model of Stillinger, Helland 
& Van Atta  (1983). The effect of the initial size of the turbulent lengthscale compared 
with the buoyancy scale on the decay and evolution of the turbulence is investigated 
and the observed influence on the rate of decay of both longitudinal and vertical 
velocity fluctuations pointed out by Van Atta, Helland & Itsweire (1984) is shown 
to be related to the magnitude of the initial internal wavefield at the grid. An attempt 
is made to remove the wave-component kinetic energy from the vertical-velocity- 
fluctuation data of Stillinger, Helland & Van Atta (1983) in order to obtain the true 
decay of the turbulent fluctuations. The evolution of the resulting fluctuations is 
similar to that of the present large-grid data and several towed-grid experiments. The 
rate of destruction of the density fluctuations (active-scalar dissipation rate) is 
estimated from the evolution equation for the potential energy, and the deduced Cox 
numbers are compared with those obtained from oceanic microstructure measure- 
ments. The classical Kolmogorov and Batchelor scalings appear to collapse the 
velocity and density spectra better than the buoyancy scaling proposed by Gargett, 
Osborn & Nasmyth (1984). The rise of the velocity spectra at low wavenumbers 
found by Stillinger, Helland & Van Atta (1983) is shown to be related to internal 
waves. 

1. Introduction 
A number of laboratory experiments in stably stratified turbulent flows have been 

conducted during the last decade to try to quantify the dynamical effects of buoyancy 
forces on turbulent mixing. However, even for the simplest zero-shear experiments, 
i.e. turbulence downstream of a biplane grid, the behaviour of such quantities as the 
velocity and density fluctuations, and their spectral shapes is not well understood. 
Several scenarios have been proposed to explain the very different behaviour of the 
velocity fluctuations in different experiments. 

Some experiments have been conducted in wind tunnels using temperature as the 

t Also Mechanical Engineering, University of California, Irvine. 
$ Also Scripps Institution of Oceanography. 
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stratifying agent (Montgomery 1974 ; Sirivat & Warhaft 1983) but the temperature 
gradients involved were too small to produce any substantial buoyancy forces that 
could compete with the inertial and viscous forces. These experiments are useful for 
defining the limiting case of passive-scalar behaviour with Prandtl number of order 
one. Active-scalar (buoyancy) effects have been obtained in experiments performed 
in water with salt as the stratifying agent. 

First, Lin & Veenhuizen (1975) towed an array of vertical rods (they avoided 
horizontal rods in order to reduce possible internal-wave generation by the wakes of 
these rods) in a linearly stratified fluid. Their main conclusion was that buoyancy 
forces simply increased the rate of decay of the vertical velocity fluctuations 
compared with the non-stratified fluid. Britter et al. (1983) conducted some similar 
experiments behind a biplane grid and their velocity measurements also showed that 
the main effect of buoyancy forces was to suppress the vertical velocity component. 
In both cases, the selected density gradients were large enough that the flow was 
always dynamically dominated by buoyancy throughout its entire history. 

Dickey & Mellor (1980) dropped a biplane grid through a stratified fluid of constant 
density gradient and observed that initially both transverse and vertical turbulent- 
velocity intensities were unaffected by buoyancy, i.e. they followed the same decay 
rate as in the neutral case. Then, for longer times both turbulent-velocity intensities 
oscillated around some nearly constant level which they interpreted as corresponding 
to an internal wavefield. Recently, Stillinger, Helland & Van Atta (19833, hereinafter 
referred to as SHV), using a continuously stratified water channel, measured longi- 
tudinal and vertical velocities and density behind a biplane grid. Their measure- 
ments showed a behaviour similar in some respects to Dickey & Mellor (1980), 
allowing a similar interpretation concerning the onset of buoyancy forces on the 
initially isotropic turbulence. 

In  all these experiments, the initial turbulent scale, density gradient, facility and 
instrumentation were widely different. In the present study, we sought to vary only 
one of these parameters, viz. the grid mesh size M and therefore the initial turbulent 
lengthscale, while using the same facility and instrumentation as SHV in order to try 
to resolve some of the discrepancies between the previously mentioned experiments. 

Most of the experiments mentioned above did not provide any detailed data for 
the concurrent behaviour of the density fluctuations. Lange (1982) measured the 
density fluctuations behind his towed grid but did not report any velocity measure- 
ments. SHV used their density-fluctuation measurements to calculate an overturning 
lengthscale and deduced a buoyancy criterion for the extinction of turbulent motions. 
Rohr, Itsweire & Van Atta (1984) recast these two quantities in terms of the mixing 
efficiency of the flow, but they did not try to estimate the rate of destruction of the 
density fluctuations x, which is important for using the results of controlled 
laboratory experiments as a framework for possible interpretations of the dynamics 
of oceanic microstructure (Gregg 1980; Dillon & Caldwell 1980; Gibson 1982~) .  The 
primary variables measured in the ocean are salinity and temperature fluctuations 
(and therefore density fluctuations) and their vertical gradients. In the laboratory, 
salinity-gradient fluctuations contributing to x are of too small a scale to be resolved 
by existing conductivity probes (Head 1983) but x can be estimated indirectly by 
measuring the other terms in the equation for the evolution of fluctuating potential 
energy (r.m.s. density fluctuations). All of the other terms can be measured for the 
present laterally homogeneous and uniform turbulent flow. The shape of density 
spectra can also be compared with theoretical two-dimensional and fossil turbulent 
spectra to further characterize the final state of motion far from the grid. 

' 
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Some of the spectral properties of a decaying velocity field in a stratified flow were 
discussed by SHV who compared velocity spectra in the stratified flow at several 
downstream locations with unstratified measurements in the same facility. They 
concluded that the vertical velocity spectra non-dimensionalized by the Kolmogorov 
scales were in good agreement with non-stratified water-channel and wind-tunnel 
measurements for most wavenumbers for small x / M ,  e.g. for x / M  sufficiently small 
that the flow was in the region of overturning turbulence. For larger downstream 
locations, the velocity spectra deviated systematically from the universal spectral 
form. We have further examined the velocity spectra of SHV as well as the velocity 
spectra of the new data. In  addition we have considered the behaviour of the density 
spectra and made comparisons between kinetic- and potential-energy spectra in the 
wave-dominated region of the decay. The buoyancy scaling proposed by Gargett, 
Osborn & Nasmyth (1984) was tried along with the Kolmogorov and Batchelor 
scalings. 

2. Experimental set-up 
The experiments were carried out in the closed-loop, gravity-driven, ten-layer 

salt-stratified water channel in the department of Applied Mechanics and 
Engineering Sciences at  the University of California, San Diego. This channel, 
previously described in detail by Stillinger et al. (1983a), has a test section of 
25 cm x 40 cm x 5 m. The velocity profile in the present experiments was set to be 
uniform with an average mean speed 0 = 25 cm/s. 

Most of the present measurements (R36 and R37) were taken along the centreline 
of the channel a t  various locations downstream of a classical biplane grid with a mesh 
size M = 3.81 cm. The grid was made of cylindrical stainless-steel rods of diameter 
d = 0.635 cm, yielding a solidity t~ = 31 yo. The dimensions of the grid were chosen 
to double the mesh size of SHV while keeping the same solidity. The grid Reynolds 
number Re = U M / v  was approximately 9500. The range of Brunt-Vaisalii frequencies 
N = [ (g /p) (8p/8z)$  (rad/s) in this investigation was from N = 0.24 to 0.97 rad/s, 
including also the neutral case (N = 0), which provided a reference for the rate of 
decay of the vertical and longitudinal turbulent intensities in a non-stratified 
environment. 

Three different probes were used for the velocity and density measurements. 
Quartz-coated TSI films mounted on an X-film probe provided measurements of the 
downstream (u) and vertical (w) velocity components, while a four-wire microscale 
conductivity instrument (MSCI) developed by Head (1983) gave the instantaneous 
conductivity and hence density of the salt solution. The hot films were standard TSI 
quartz-coated cylindrical sensors for use in salt water with 50 pm diameter and 1 mm 
sensing length. The distance between the outside electrodes of the four-wire MSCI 
was less than 0.75 mm and the horizontal separation between the X-film and the 
MSCI was less than 1 mm. The measuring volume of the combined X-film and MSCI 
sensors ( z  1.5 mm) was of the order of the Kolmogorov scale and ten times smaller 
than the energy-containing eddies. A platinum resistance thermometer (PRT) 
measured the mean temperature variations required to compensate for the overheat 
changes of the films and to convert conductivity to density. No small-scale tem- 
perature fluctuations were created or observed. The mean temperature increase due 
to pump losses and viscous dissipation was about 1 "C/h and hot-film overheats 
varied from 12 to 8 "C from the beginning to the end of an experiment. 

The X-films were calibrated by towing the instrumentation cart at  a monotonically 
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increasing speed through the still water of the test section. The range of speeds 
attained was from 10 to 45 cm/s. Several tows were made before and after an 
experiment at  yaw angles of 0" and f 10". This range is appropriate for low-intensity 
grid-generated turbulence. The MSCI was calibrated by dipping the instrument tip 
in two calibrated salt solutions before and after the runs. The modified King's law 
proposed by Castaldini, Helland & Malvestuto (1980) satisfactorily described the 
heat-transfer law of the hot films : 

where E, is the bridge voltage, U ,  p and T the velocity, density and ambient 
temperature of the salt solution and T1 the film temperature. The calibration 
constants A and B were found to be about 0 and 2 respectively, while the exponent 
n varied between 0.25 and 0.30 for different films. The impedance between each film 
and the salt solution was measured to be greater than 20 M a .  Such a large value is 
required in order to avoid erratic behaviour and consequent errors in the cali- 
brations and measurements. Using the error analysis of Stillinger (1983), tempera- 
ture and salinity contaminations of the velocity components were found negligible. 
From ( 1 )  two linearized voltages were computed as : 

Assuming a cosine law appropriate for low-intensity turbulence, a first-order two- 
dimensional least-square fit was performed in terms of the linearized voltages. The 
u and w components were: 

(3) 1 = < + Q 1  El1 + R ,  El,; 

w = R2 + Q, El ,  -k R, El,. 

The subsequent calibration coefficients Q1, R,, Q2 and R, were between 0.43 and 0.58. 
Such substantial departures from the 0.50 values for identical films a t  45" 
are primarily due to uncertainties in the determination of the film-resistivity 
coefficients a. Since we used a small overheat (10-12 "C) in order to reduce bubble 
growth on the films, a small error in a can result in a sizeable sensitivity difference 
between the two films. The film temperatures calculated from the pre- and post- 
calibrations using ( 1 )  can differ from the preset film temperatures by several degrees. 
It has been observed that, when both preset and calculated film temperatures for each 
film are within 0.5 "C, the calibration coefficients for u and w are very close to k0.5. 

3. Theoretical framework for stratified turbulent flows 
3.1. Characteristic lengthscales 

By dimensional analysis, Ozmidov (1965) and others derived a lengthscale, the 
Ozmidov scale Lo = (E/iP)f, at which the buoyancy forces are equal to the inertial 
forces. This lengthscale is in fact the largest possible turbulent scale allowed by 
buoyancy forces (within a scaling factor of order 1). Any motion larger than this scale 
would not be able to overturn and would be restricted to oscillating or wave-like 
motions. Another buoyancy lengthscale representative of the vertical displacements 
in a stable density gradient can be defined as L, = w'/N. L, is the vertical distance 
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Lengthscale Symbol Definition Physical description 

Ozmidov scale L O  ( s / iV) i  Scale at which buoyancy forces 
equal inertial forces 

Buoyancy scale Lb w’/N Vertical distance travelled by a 
fluid particle in converting all 
its vertical kinetic energy into 
potential energy 

inertial forces 

by fluid particles before either 
returning to their equilibrium 
level or mixing 

displacements d(z) measured from 
instantaneous density profiles 

Kolmogorov scale L, (v3/e)f Scale at which viscous forces equal 

p’/(ap/az) Typical vertical distance travelled Turbulent scale Lt 

Thorpe scale LT (d(z)%)# Root mean square of the Thorpe 

TABLE 1. Definition of the lengthscales characteristic of stably stratified turbulent flows 

travelled by a fluid particle in converting all its vertical fluctuating kinetic energy 
into potential energy in a fluid of Brunt-Vaisala frequency N .  Again Lb represents 
the largest vertical scale allowed by buoyancy since only a fraction of the vertical 
kinetic energy is usually converted into potential energy. The buoyancy scale Lb can 
easily be measured by horizontally moving probes. It will be shown in $4.1 that Lb 
includes contributions from internal waves whereas Lo is virtually free from 
internal-wave contributions. An analysis similar to the one used to obtain the 
Ozmidov scale Lo can be used to define the Kolmogorov scale L, = (us/€)+ as the scale 
at which turbulent motions are damped by viscous forces. Table 1 summarizes the 
definition and physical meaning of the lengthscales used in the present analysis. We 
know that the range of possible turbulent scales will be bounded by the Ozmidov scale 
at the high end and the Kolmogorov scale at the low end with some proportionality 
factors to be determined theoretically or experimentally. 

Gibson (1980) predicted the range of possible overturning turbulent scales (in the 
three-dimensional, Kolmogorovian sense) to be : 

(4) 

where Lo = ( e / P ) f  is the Ozmidov scale, LK = (u3/e)! the Kolmogorov scale and h 
a turbulent wavelength. Independently, Stillinger (1981) and Stillinger et al. (1983b) 
found that for laboratory stratified grid-generated turbulence the range of turbulent 
scales was: 

1.2L0 2 h 2 15LK, 

1.4L0 2 h 2 15.5LK. (5 )  

They defined the largest turbulent scale (in a statistical sense) of their flow as 2L,, 
where 

P’ 
P / a  

L, = 

where p’ is the root-mean-square density fluctuation. L, was first introduced by 
Ellison (1957) as a typical vertical distance travelled by fluid particles before either 
returning towards their equilibrium level or mixing. It is a statistical vertical 
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(4 

FIGURE 1. Turbulent-eddy model in a linear density gradient; (a) solid-body-rotation 
model; ( b )  shear-instability model. 

turbulent scale that can be directly measured from stationary or horizontally towed 
conductivity probes and is probably proportional to the largest turbulent scale. SHV 
chose a scale factor of 2 t o  represent their largest turbulence scale using the simple 
solid-body-rotation model for turbulent eddies shown in figure 1 .  Such a representa- 
tion is physically oversimplified but nevertheless seems to give a good estimate of the 
largest turbulent eddy size. As pointed out by Rohr et al. (1984) and Gargett et al. 
(1984), a perhaps preferable scale factor more consistent with the solid-body-rotation 
model would be 2 d2 instead of 2. Following the same idea that, in a stable constant 
density gradient, the density fluctuations may be simply related to the vertical 
turbulent motions, one can propose another estimate of the largest turbulent scale 
based on a shear-instability argument. From the instantaneous density profile 
through such an eddy (Gibson 1982b) shown in figure 1 ,  the largest eddy size would 
be equal to 2 d3 L,. It is possible to  introduce different multipliers relating the largest 
turbulent scale to L, depending on the choice of the eddy model, and presumably 
the multiplier would depend on thc nature of the generating mechanism for the 
turbulence, i.e. grid, shear instability, boundary layer or wake. 

Strictly speaking the largest overturns can only be measured from instantaneous 
vertical density profiles in the ocean and lakes (Thorpe 1977 ; Dillon 1982) or in the 
laboratory (Itsweire 1984). Thorpe’s ( 1977) method for estimating vertical displace- 
ments in a horizontally homogeneous stratified turbulent flow consists of reordering 
a measured instantaneous density profile, which contains density inversions, into a 
monotonic stable profile, i.e. a profile of minimum potential energy. Thorpe dis- 
placements d(z)  are the vertical distances individual fluid particles have to move in 



Grid-generated turbulence in a stably strati$ed Jluid 305 

order to generate the stable density profile and the Thorpe scale LT is defined as the 
root mean square of the Thorpe displacements : 

LT = ( d ' ( ~ ) ) ; ,  (7) 

where ( ) is a vertical average. Itsweire (1984) found that in laboratory grid- 
generated turbulence the overturning lengthscale L, defined by Ellison (1975) could 
be linearly related to the Thorpe scale L, used in oceanic microstructure measurements 
as 

LT x 1.2Lt 

as long as the flow contains some overturning turbulent scales and the intensity of 
the internal-wave field remains small. Itsweire (1984) also showed that the largest 
overturns were equal to 2.74LT where the flow was turbulent. Therefore, in order 
to make comparisons with oceanic observations easier and avoid any arbitrary 
multiplier, we shall recast the inequalities of (5) in terms of the lengthscale L, 
essentially equivalent to the Thorpe scale in the absence of internal waves (Caldwell 
1983). Then, (5) yields 

Lt = 0.7L0 at the onset of buoyancy effects, ( 9 4  

Lt = 7.8LK at the extinction of turbulence. (9 b)  

The largest overturns might be two to three times larger than L,. L, = o.7L0 (from 
(9a)) is well correlated with the microstructure measurements by Dillon (1982) in the 
wind-forced mixing layer of a lake and the seasonal thermocline of the ocean, where 

LT x 0.8L0 (10) 
except near the surface of the mixing layer where the buoyancy forces are thought 
to be small compared with the inertial forces. 

3.2. Vertical mixing and criterion for the extinction of turbulence 
As a criterion for the extinction of all overturning turbulent motions, SHV followed 
the ideas of Stewart (1969) based on the fact that for a linear internal-wavefield the 
vertical velocity and the density fluctuation are 90" out of phase, and thus the 
buoyancy flux ( g / p ) p W  is zero and no vertical mixing takes place. The criterion 
pW x 0 is rigorously true only for linear waves and may on average be valid for weakly 
nonlinear waves. It is therefore a sufficient but not a necessary condition for the 
extinction of turbulent motions. From the cospectra of p and w for R23 (SHV), Van 
Atta, Helland & Itsweire (1984, hereinafter referred to as VHI) found experimental 
evidence that some mixing was produced by scales for which the flow was no longer 
turbulent according to (5). These cospectra are shown in figure 2, replotted from VHI 
figure 5. If the cospectrum of p and w is a good indicator of the presence of turbulence, 
then the cospectrum shown in figure 2 should be significantly non-zero (above noise) 
for the wavenumbers lying between 1/o.7L0 and 1/7.8KK. These boundaries are 
shown in figure 2 as coupled sets of arrows delimiting the wavenumber domains that 
are consistent with the scale sizes considered turbulent by our earlier scale arguments. 
We see that at  x/M = 100 the cospectrum is zero, consistent with our assumption 
that a vanishing pW means that no turbulence is present, a non-trivial result since 
a vanishing pW does not imply that the coapectrum must be identically zero at all 
wavenumbers. Note that VHI's figure 5 erronously included a factor of 2n in the 
definition of the wavenumbers. The region outside the wavenumber band may. be a 
mixture of fossil turbulence and nonlinear internal waves. 
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FIQURE 2. Cospectra of p and w for SHV’s data ( N  = 0.45 rad/s) at various x / M .  The coupled sets 
of arrows mark the range of scales that are believed to be turbulent according to (9). -, x / M  = 10 ; 
. . . ,  20; -.  - * - . ,40; - - -, 60; --, 100. 

At the x/M station where pW x 0, we determined that the scale factor relating the 
Kolmogorov scale L K  to the smallest overturning scale of the flow was 7.8 ((9)). It is 
reasonable to assume that for any stratification the smallest turbulent scale is 7.8J5, 
or some constant times the Kolmogorov scale L,, since the small scales will not feel 
the effects of buoyancy until the near-extinction of the turbulence. It is also 
reasonable to assume that the same scale would be the smallest possible scale 
contributing to the vertical mixing. The cospectrum data of figure 2 show that the 
wavenumber 1/7.8LK is larger than the wavenumber of the peak of the cospectra 
ofp and w (in area-preserving coordinates), but some of the buoyancy flux comes from 
contributions of wavenumbers greater than 1 /7.8LK (or equivalently from scales 
smaller than 7.8~5,). In  other words, scales affected by viscosity produce a substantial 
amount of turbulent mixing. The smallest lengthscale contributing to the vertical 
mixing, defined as the wavenumber at which the p,  w cospectrum goes to zero, is 2.5 
times LK, which is approximately three times smaller than the 7.8~5, obtained from 
the @ x 0 criterion. 

4. Lengthscales and buoyancy-flux measurements 

4.1. Evolution of lengthscales and onset of buoyancy effects 

In order to compare the present data with SHV’s results, the various lengthscales 
relevant to the dynamical evolution of the flow were computed. Two sets of data (R36 
and R37) were taken with the large-M grid ( M  = 3.81 cm) and one set (R52) with 
the small-M grid (M = 1.905 cm) to complement the SHV data (R23). The relevant 
statistics and lengthscales for these three runs are summarized in table 2.  In addition 
to these statistics, the mean density along the centreline of the test section was 
p = 1.012 g/cm3 and the average kinematic viscosity was v = 0.009 cm2/s. Figure 3 
shows the scalar (density) growth and decay for a number of stratifications. The solid 
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FIGURE 3. Overturning turbulent lengthscale L, 'us. downstream distance from the grid x / M .  
(a) R36 ( M  = 3.81 cm): 0, N =  0.90 rad/s; A, 0.56; 0, 0.27. (b )  R37 ( M =  3.81 cm): 
0,  N = 0.98 rad/s; A, 0.74; 0 , O . U ;  *, 0.24. (c) R52 (M = 1.905 cm): 0, N = 0.93 rad/s: A, 0.73: 
0,  0.50: *, 0.37. 

line represents the growth rate of a passive scalar (Montgomery 1974). Table 3 
summarizes the initial lengthscales (at z / M  = 10) for SHV's data (R23) and the 
present measurements. For R36 and R37, at x / M  = 10, the overturning lengthscale 
L, is approximately equal to 0.85 cm compared with a value of 0.58 cm for SHV, 
indicating that doubling the grid mesh size produces an increase of roughly 4 2  in 
the overturning scale L,. 
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R23 0.95 
0.73 
0.45 

R52 0.93 
0.73 
0.50 
0.37 

R36 0.90 
0.55 
0.36 

R37 0.97 
0.74 
0.43 
0.24 

(SHV) 
1.905 
1.905 
1.905 

1.905 
1.905 
1 .905 
1.905 

3.81 
3.81 
3.81 

3.81 
3.81 
3.81 
3.81 

2.66 
3.64 
7.16 

1.77 
2.15 
3.78 
6.48 

0.63 
2.53 
7.19 

1.35 
1.94 
4.12 
9.99 

0.59 
0.57 
0.56 

0.52 
0.53 
0.54 
0.54 

0.82 
0.85 
0.90 

0.80 
0.81 
0.88 
0.83 

1.40 4.50 
1.91 6.38 
3.76 12.68 

0.93 3.38 
1.13 4.02 
1.98 7.00 
3.40 12.00 

0.33 1.38 
0.66 2.96 
1.89 7.98 

0.35 1.68 
0.51 2.38 
1.08 4.68 
2.62 12.04 

TABLE 3. Initial Ozmidov and turbulent lengthscale ratios for SHV’s data and the present 
experiments at  x / M  = 10 

Reference x / M  Nt 

R23 22 1.74 
(SHV) 30 1.71 

40 1.41 

R52 20 1.44 
25 1.33 
45 1.57 
60 1.54 

R36 12 1.82 
18 1.49 

R37 12 1.90 
15 1.78 
25 1.63 

r, 
(cm) 

0.635 
0.755 
0.840 

0.600 
0.690 
0.770 
0.925 

0.910 
1.025 

0.845 
0.950 
1.070 

LO 
(cm) 

0.80 
0.88 
1.07 

0.72 
0.80 
0.83 
1.07 

1.10 
1.20 

1.05 
1.11 
1.43 

- Lt 
Lo 

0.795 
0.970 
0.785 

0.840 
0.860 
0.930 
0.860 

0.825 
0.895 

0.805 
0.855 
0.750 

4 
( cm2/s3) 

0.650 
0.245 
0.116 

0.406 
0.237 
0.077 
0.044 

1.080 
0.390 

1.520 
0.620 
0.190 

D Coo P 
(cme/sg) 

0.081 
0.043 
0.021 

0.068 
0.065 
0.024 
0.007 

0.2 18 
0.086 

0.224 
0.146 
0.037 

TABLE 4. Onset of buoyancy effects (beginning of fossilization) according to (9a) for SHV’s 
data (1983) and the present experiments 

The critical ratio between the Ozmidov scale Lo and the vertical turbulent scale 
L, at the onset of buoyancy effects (departure from passive-scalar growth) are 
presented in table 4. The average ratio is: 

L, = (0.85+0.06) Lo (11) 

compared to  the value of 0.7L0 proposed by SHV. There is no observable effect of 
the grid mesh on this ratio. The present ratio given in (11) is thought to be more 
accurate than the earlier estimate of SHV. 

The effect of the increased grid mesh size M on the Ozmidov and buoyancy scales 
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FIQURE 4. Ozmidov lengthscale Lo vs downstream distance from the grid x / M ;  M = 3.81 om. (a) 
R36: 0, N = 0.90 rad/s; A, 0.56; 0 , 0 . 2 7 .  ( b )  R37: 0, N = 0.98 rad/s; A, 0.74; 0,0.44; *, 0.24. 

may be seen in figures 4 and 5 respectively. Both lengthscales decrease monotonically 
away from the grid as the turbulence decays. The general behaviour of the two 
lengthscales is very similar in nature except for the stations farthest from the grid 
where Lb decreases at a slower rate than Lo, since, as SHV noted, Lb includes 
contributions from internal waves whereas Lo depends mostly on the smaller scales 
contributing to the dissipation rate. 

Figure 6 compares the two buoyancy lengthscales for R36 and R37. A least-square 
fit through the data in the region where the internal-wave contributions to L, are 
thought to be negligible (large values of Lo and Lb corresponding to the smallest 
values of z / M )  yields the following relationship : 

Lo = 1.31(Lb)1.4. (12) 
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10 80 

FIQVRE 5. Buoyancy lengthscale L, v8. downstream distance from the grid x / M ;  M = 3.81 cm. (a) 
R36: 0,  N = 0.90 rad/s; A,0.56; 0,@.27.  ( b )  R37: 0, N = 0.98rad/s; A, 0.74; 0,0.44;*, 0.24. 

The data for the lightest stratification of R37 (0 in figure 6) were not included in the 
fit because of the uncertainty in measuring the mean density gradient. Equation (12) 
can be compared with 

Lo = 1.49(Lb)1.53 (13) 

obtained for SHV's data and R52 (figure 7).  If the turbulence were isotropic and the 
dissipation rate of turbulent kinetic energy could be expressed as B = (3)!/2, with 
1 = L, = Lo, then the Ozmidov and buoyancy lengthscales would be equal. In  the 
present experiments the vertical velocity fluctuation w' is always smaller than the 
horizontal-velocity fluctuation u' and even decays at a faster rate for R36 and R37, 
as shown in $5.1. 

For the towed-grid experiments of Lin & Veenhuizen (1975) in which both the 
dissipation rate B and the vertical-velocity fluctuation w' were measured 

-1.65 -2.3 
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r, (m 
FIGURE 6. Ozmidov scale Lo us. buoyancy scale L, for various 

stratifications; M = 3.81 cm; R36 and R37. 

I I I I 

10-1 

FIGURE 7. Ozmidov scale Lo vs buoyancy scale L, for various stratifications; 
M = 1.905 cm; R23 (SHV 1983) and R52. 

which can be expressed in terms of Lo and L, as 

Lo cc Lk39 2vo.11, (15) 
in good agreement with (12) and (13) considering the difference in Reynolds numbers, 
grid geometries, and towed versus not-towed experimental techniques. The weak 
dependence on the Brunt-Vaisala frequency can be neglected for the range of 

11 FLM 162 
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FIGURE 8. Kolmogorov lengthscale L,  us. downstream distance from the 
grid x / M  for various stratifications; M = 3.81 cm; R36 and R37. 

stratifications investigated. Lin & Veenhuizen (1975) did not report any departures 
from these power laws, which is consistent with the low level of internal waves 
achievable in their tow tank. The data of figure 6 for our large-M grid are close to 
the solid line defined by (12), even when buoyancy effects dominate the turbulence. 
Such is not the case for the small-M grid data of figure 7 and especially the three 
decays of R23 (SHV), where substantial departures from (13) are observed far from 
the grid. These deviations from the limiting wholly turbulent case (no initial wave- 
field) provide some evidence that, for R23 and R52, a substantial internal wavefield 
is present near the grid. This wavefield will eventually dominate the velocity fluctu- 
ations as the turbulence decays (see $5 5.2 and 5.3). 

The evolution of the Kolmogorov scale L, (figure 8) is virtually independent of 
the stratification since the dissipation rate 8 comes from the small turbulent scales 
of the flow, which are the last ones to feel the buoyancy effects. As one moves farther 
away from the grid the kinetic-energy dissipation rate decreases and so does the 
Kolmogorov scale L, . 

4.2. Buoyancy jlux and extinction of turbulence 
The buoyancy flux ( g l p )  pw is an important parameter for measuring the amount 
of turbulent mixing occurring at any location in the flow (Rohr et al. 1984) and can 
be used as a criterion for the extinction of turbulence as mentioned previously. 
Figure 9 shows the evolution of the normalized buoyancy flux pW/p'w' as a function 
of the distance from the grid x/M for several stratifications. Measurements taken 
close to the grid show that pW/pfwf appears to grow from zero at  the grid 
(corresponding to uncorrelated density and velocity fields) to a maximum value of 
0.4. This asymptotic value is the same as the one measured by Tavoularis & Corrsin 
(1981) in a weakly stratified (passive scalar from a dynamical point of view) 
homogeneous shear flow. However, the passive-scalar (small temperature gradient in 
air) grid experiment of Sirivat & Warhaft (1983) produced an asymptotic value 
of 0.7 for the normalized correlation between temperature and vertical velocity. 
This asymptotic passive value is never closely approached even for the lightest 
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Et r D Cot, N2 

Reference s / M  Nt (cm ) (4 L K  (cm2/s3) (cm2/ss) 
- LO L O  L K  

R23 
( S W  

R52 

R36 

R37 

38 3.00 0.40 0.051 7.55 0.143 0.040 
50 2.78 0.43 0.059 7.32 0.073 0.022 
78 2.60 0.64 0.076 8.42 0.035 0.013 

35 2.55 0.37 0.051 7.25 0.110 0.042 
45 2.28 0.44 0.057 7.75 0.068 0.036 
80 2.77 0.51 0.071 7.16 0.027 0.013 

120 2.97 0.58 0.073 7.95 0.022 0.004 

20 2.93 0.48 0.045 10.60 0.211 0.096 
35 2.67 0.59 0.062 9.50 0.054 0.031 

22 3.26 0.44 0.045 9.71 0.200 0.082 
30 3.27 0.51 0.054 9.44 0.115 0.049 
50 3.03 0.69 0.069 10.07 0.038 0.012 

TABLE 5. Extinction of turbulence (complete fossilization) according to ( 9 b )  
for SHV’s data (1983) and the present experiments 

stratification of R37 where buoyancy effects are smallest in our data. This result 
suggests a rather strong dependance of pW/p’w’ on N for small values of N. 

The relevant parameters and lengthscales at that point in the flow where pW first 
approaches zero (corresponding to the extinction of turbulence or complete 
fossilization) are given in table 5.  The ratio between the Ozmidov and the Kolmogorov 
scales appears to depend on the grid mesh size M. For the small mesh (M = 1.905 cm, 
SHV and R52) grid, we have: 

Lo = (7.63f0.45) L K ,  (16) 

Lo = (9.86&O.48)LK. (17) 

and for the large mesh (M = 3.81 cm, R36 and R37) grid: 

For either grid mesh size M, the experimental scatter in the L O I L K  ratio is less than 
the difference between the averaged ratios for the two grid mesh sizes. 

A careful re-examination of SHV’s data (R23) with a lower threshold level on pW 
then used by them yields a value of 7.63 (16) for the ratio between Ozmidov and 
Kolmogorov scales at pW x 0, lower than SHV’s value of 11.  From (16) and (17) and 
the definition of the Ozmidov and Kolmogorov lengthscales, the values of the 
transition dissipation rate etr below which no overturning motion can be sustained 
are, respectively, 

etr = (15f1 .2)uP forM= 1.905cm (18) 

and etr = (21 1.4) UP forM = 3.81 cm. (19) 

The earlier estimate of SHV was etr = 24.5vP. Preliminary centreline measurements 
in the wake behind a sphere (Itsweire, private communication) show a transition rate 
etr = 29vP, in good agreement with Gibson’s (1980) prediction of etr = 3 O v P  for a 
turbulent patch near complete fossilization. These observations suggest that etr might 
depend on the turbulence-generating mechanism (a single turbulent patch wergus a 
spatially homogeneous turbulence). In addition (18) and (19) would suggest a slight 
increase of etr with grid Reynolds number. 



Grid-generated turbulence in a stably stratiJied &id 319 

FIGURE 10. Overturning turbulent scale L, normalized by its maximum at the onset of buoyancy 
effects (see table 3) for various stratifications os non-dimensional time Nt. (a) M = 1.905 cm, R23 
(SHV 1983) and R52. (a) M = 3.81 cm, R36 and R37. 

4.3. Transition time andJim1 decay of fossil turbulence 
The evolution of the density fluctuations is replotted in figure 10 versus a non- 
dimensional time Nt = ( z /M)F,- l ,  where Fr = U / N M  is an overall Froude number. 
Thd onset of buoyancy effects (departure from passive-scalar growth) occurred at an 
average value of Nt x 1.7 (see table 4) for the larger grid (R36 and R37) and at  
Nt x 1.5 for the smaller grid (SHV and R52). Since the initial dissipation rate E and 
the turbulent scale L, are nearly constant for a given grid mesh size M ,  and L, cc Mi, 
the onset time is roughly proportional to the initial ratio of L,/L, = ( e / ( P M ) ) ? .  
Obviously, if initially L, 2 Lo, the turbulence is always buoyancy dominated at the 
large scales and the transition time is 0 (as in Lin t Veenhuizen 1975 and Britter 
et al. 1983). From the plot of the normalized correlation between p and w versus 
dimensionless time in figure 11 we find that the extinction of turbulence or complete 
fossilization ( p  w 0) occurs at about Nt = 3.03 for the large-M grid (see table 5 ) .  In 
other words, all three-dimensional turbulence is suppressed in less than a quarter of 
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a Brunt-VaisLla period after the initial onset of buoyancy effects. This time can be 
computed from the differences between the values of Nt given in tables 4 and 5 for 
any stratification N and grid mesh size M .  After the onset of buoyancy effects the 
root-mean-square density fluctuation decays like x-O.'~ for M = 1.905 cm and like 
x-0.64 for M = 3.81 cm. Lin & Veenhuizen (1975) found that the r.m.s. density 
fluctuation in their towed-grid experiment decayed like x - O . ' ~ .  Those rates are 
substantially slower than the t-' decay rate predicted by the theory of two- 
dimensional turbulence (e.g. Lesieur & Herring 1984) assuming the density to be a 
passive scalar. In the present investigation the total density fluctuation is never a 
passive scalar since some small-scale fossil turbulence as well as internal waves are 
still present after pW x 0. To compare the present data with passive-scalar two- 
dimensional-turbulence theory one would need to subtract the internal-wave 
contribution to p(x, t ) .  This is not possible for purely Eulerian data measured at  a 
fixed location X. However, Itsweire (1984) reported that the Thorpe scale L,, which 
is computed from measured vertical density displacements and is free of internal-wave 
contributions, decays as 5-l.05 after the extinction of three-dimensional turbulence 
according to the pW w 0  criterion. This result indicates that, in the absence of 
internal-wave contributions, the turbulent part of the Eulerian density fluctuation 
could decrease at  a rate close to the one predicted by the two-dimensional turbulence 
theory. 

5. Turbulent velocity decay 

5.1. Experimental results 
Van Atta et al. (1983) pointed out  that the available velocity fluctuation measurements 
in the flow of a linearly stratified fluid past a biplane grid or an array of vertical rods 
lead to widely different conclusions regarding the influence of stable stratification on 
the behaviour of the velocity fluctuations. The measurements to date can be 
qualitatively separated into two classes of behaviour whose occurrence is sensitive 
to the initial conditions of the flow as well as the type of facility, grid geometry and 
instrumentation technique used for the collection of data. The distinguishing 



Grid-generated turbulence in a stably strat$ed fluid 32 1 

c 0 / 
" /  

I / 
7500 ' 

0 

0 

/ 
/ 

/ 

20 40 60 

x l M  

FIGURE 12. Inverse turbulent velocity intensities us. downstream distance from the grid; R37, 
M = 3.81 cm; A, u2/uz; 0 ,  lJ2/a: (a) N = 0.98 rad/s; (b)  0.74; (c) 0.44. 

parameter is the intensity of internal waves present when the turbulence is generated 
by the grid. 

Data in the first class (Lin & Veenhuizen 1975; Britter et al. 1983; and the present 
data of R36 and R37) are relatively free from internal waves near the grid. These 
measurements show that, as the turbulence feels the effects of buoyancy, the vertical 
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velocity decays a t  a faster rate than in the neutral case, while the horizontal 
components are basically unaffected and follow the usual Batchelor-Townsend (1 948) 
decay. Such a behaviour is in agreemcnt with intuition and visual observation in the 
laboratory (Lin & Pao 1974). One would expect that  as buoyancy forces inhibit 
vertical motions they will also reduce vertical velocity fluctuations. Then, farther 
away from the grid or body, where three-dimensional turbulence has disappeared, 
one might expect an almost constant level of fluctuations as internal waves and fossil 
turbulence dissipate relatively little energy. Figure 12 illustrates this evolution of the 
longitudinal and vertical velocity fluctuations for the large-M grid (R37) which can 
be compared with the small-M grid data of SHV (their figures 5-7). Again the solid 
and dashed lines are least-square fits through unstratified grid data for u’ and w’, 
respectively. 

Data in the second class have stronger internal wavefields near the grid and include 
those made by dropping a grid in a vertical tank (Dickey & Mellor 1980) and some 
UCSD data (SHV and R52). For the Dickey & Mellor experiments, i t  is difficult to  
estimate the level of internal waves generated by their grid as i t  plunged vertically 
down through a fluid of increasing density, since no direct comparisons have been 
made between towing a grid along a direction normal to  the density gradient and 
dropping a grid along the direction of the density gradient. Intuitively, i t  seems that 
the latter technique would generate more waves since the grid is preferentially 
entraining light fluid into regions of heavier fluid as i t  progresses through the tank. 
Dickey & Mellor (1980) observed some strong oscillations in the velocity fields a t  large 
times which indicate a strong internal wavefield. The data discussed in $4.1 provided 
substantial evidence that SHV’s data (R23) also contained a strong wavefield 
near the grid. Both experiments imply that, until all turbulent motions have been 
suppressed by buoyancy (pW z O ) ,  both longitudinal and vertical velocity fluctuations 
(turbulence and wave components) decay a t  the same (or even slower) rate than for 
a neutral flow. Then, both velocity components decay very slowly with large 
oscillations, which can be attributed to an internal wavefield. These measurements 
(R23) could wrongly be interpreted as a rapid collapse of the turbulence if i t  is 
assumed that no significant amount of internal waves were present throughout the 
evolution of the turbulence. Therefore, an operational way to separate internal waves 
from the turbulent velocity fluctuations is required. 

5.2. Influence of upstream fluctuations 

Stillinger (1981) determined that the velocity fluctuations upstream of his grid were 
significant and resulted from the incomplete suppression of the ten mixing layers at 
the UCSD water-channel test-section entrance. The measurements reported herein 
probably also contain significant upstream velocity fluctuations although extensive 
measurements to examine this question have not been made for the present 
configuration of the water channel. Thc sizeable upstream velocity fluctuations may 
inhibit direct comparisons with classical homogeneous grid measurements in wind 
tunnels or with towed-grid measurenicnts. While we can expect some deviation from 
the classical velocity decay, the upstream velocity-fluctuation noise is really a true 
fluid-mechanical signal and as such w ill not cause fundamental problems in interpreting 
the decay of turbulence in the stratified flow downstream of the grid. The grid and 
the upstream fluctuations should be considered to  be a combined source of turbulence. 
The detailed results of the downstream turbulence and buoyancy interactions 
(exponent in the decay laws for instance) may be somewhat different because of the 
combined turbulence source, but the physics of the energy decay should not be very 
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sensitive to  the way in which the turbulence is generated except for the possible 
preferential formation of internal waves instead of turbulence in some cases. We 
attempt t o  deal with this particular problem, which appears only for the small grid 
(SHV and R52), in the following section. It would not be very useful to  subtract 
this fluid-dynamical noise signal for the stratified turbulence decay as one might do 
for electronic or vibrational noise sources because of the importance of the strong 
nonlinear interaction between the upstream velocity fluctuations, the grid rods and 
the stable stratification. 

5.3. Turbulencewave separation 
It is useful to attempt t o  decompose the velocity field into a mean velocity, a 
turbulent fluctuation and a wave fluctuation. This decomposition may also be 
interpreted as a lengthscale decomposition of the ranges of internal-wave lengthscales 
and turbulent lengthscales are distinctly separated. This separation may be more 
clearly approximated in high-Reynolds-number flows such as atmospheric and 
oceanic flows than in low-Reynolds-number laboratory flows where there is no inertial 
subrange. Good examples of this separation in which a clear spectral gap appears 
between wave and turbulent components may be found in the oceanic vertical-shear 
spectrum of Gargett et al. (1981) and in the atmospheric surface-layer-velocity 
measurements of Hogstrom 6 Hogstrom (1975). While there is no spectral gap in our 
lower-Reynolds-number flows, the correlation between differences in behaviour noted 
for high- and low-frequency ranges and the energy decay rates suggests that  a similar 
wave-turbulence decomposition may be useful. It seems unlikely that waves and 
three-dimensional turbulence can coexist at the same scales with comparable energy 
levels. Therefore it is reasonable to neglect the turbulence-wave interaction and 
assume that the wave fluctuation and the turbulent fluctuation are statistically 
independent. Then the vertical r.m.8. velocity wf can be decomposed as: 

where wi is the vertical r.m.s. turbulent velocity and wk the vertical r.m.s. wave 
velocity. It has been shown in $4.1 that for small internal-wave contribution 
(wk < wi), the Ozmidov scale Lo is related to the buoyancy scale L, by a power law 
of the type 

Lo = CLF, 

where C and m are constants depending on the grid geometry. I n  terms of the vertical 
velocity (21) becomes: 

When the three-dimensional turbulence has been suppressed by buoyancy effects or 
when the level of internal waves is significant, we have: 

Lo < CLF or w t %  wi. (23) 

Then, the vertical wave velocity can be estimated as: 

Figure 13 shows the evolution of the estimated vertical turbulent intensity squared 
wi2/@ compared with the total velocity intensity for the three stratifications of R23. 
It is apparent that  the estimated turbulent vertical velocity wi of the small-M grid 
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FIGURE 13. Comparison between the total vertical velocity fluctuation G/iT (0) and the vertical 
turbulent fluctuation q / i T  (A) estimated from (24) for SHV's data (1983) us. downstream 
distance from the grid ( z o / M  = 6) for their three stratifications. The solid line refers to the 
corresponding vertical velocity decay without any stratification; (a) N = 0.95 rad/s, ( b )  0.73, (c) 
0.45. 
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FIGURE 14. Comparison between the total vertical velocity fluctuation z/vZ (0) and the vertical 
turbulent fluctuation q/u" (A) estimated from (24) for two stratifications of the present data 
(R37) us downstream distance from the grid (x,/M = 3.2). The solid line refers to the corresponding 
vertical velocity decay without any stratification; (a) N = 0.98 rad/s, ( b )  0.44. 

Wf WI W W  

( 1983) from (22) from (24) figure 19 figure 19 
from SHV w; w; from from 

x / M  (cm/s) (cm/s) (cm/s) (cm/s) (cm/s) 

20 0.724 0.889 0.222 0.649 0.320 
40 0.560 0.362 0.427 0.444 0.342 
60 0.509 0.287 0.420 0.333 0.383 
80 0.357 0.215 0.285 0.257 0.24 

1 0 0  0.399 0.192 0.350 0.236 0.323 

TABLE 6. Separation of the vertical velocity into internal-wave and turbulent components using 
the criterion of (22) and the spectral cut-off at the low wavenumbers described in figure 19; R23 
(SHV, 1983), N = 0.97 

data of SHV (and R52 as well) is decaying at a faster rate under the effects of 
buoyancy in much the same way as the large-M data (R36 and R37) of figure 14. 
The determination of the decay rate of w'/U of buoyancy-dominated turbulence is 
very sensitive to the choice of the virtual origin z,,. In figures 13 and 14, xo waa chosen 
to be the virtual origin for the neutral-case (N = 0) decay in order to stress the effects 
of stabilizing buoyancy forces. For the small-M-grid data of R23 the vertical 
internal-wave velocity estimated from (24) is wd, x 0.30 um/s for all z/Mgreater than 
10, as illustrated in table 6, while for the large-M-grid data (R37) the estimated 
vertical velocity of the internal wavefield is significant only after the extinction of 
turbulence (complete fossilization) and has an average value of only 0.15 cm/s. 
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6. Dissipation rate of density fluctuations 
6.1. Estimates of x and Cox number 

The spatial resolution of the MSCI was adequate for resolving the full range of 
wavenumbers contributing to the mean-square density fluctuations. However, owing 
to the small molecular diffusivity of salt, the resolution was not adequate to resolve 
the higher wavenumbers providing the major contribution to the mean-square 
fluctuating density gradient (ap/az6) (3p/axt) and dissipation rate of density 
fluctuations 

where D is the molecular diffusivity of salt. However, since all the terms except x 
in the budget equation of mean density fluctuations were measured, x could be 
calculated from this equation as 

Some assessment of the accuracy of this method and the accuracy of the assumption 
of homogeneity for the present data was obtained by comparing the degree of balance 
of the terms in the equation for the fluctuating velocity: 

for which all the terms except 2 were directly measured. Assuming 2 = 2 and 
numerically integrating to obtain ?, the balance of (26) was found to hold within 
5 % over the entire range of x / M  when all the terms in (26) were integrated from the 
largest to the smallest values of x / M .  This backwards integration was necessary to 
evaluate the balance because of the relatively sparse data for the smallest values of 
x / M  where the changes in the variables occur most rapidly. An example of the data 
(R36, N = 0.90 rad/s) for the gradient term o(a?/ax) computed by numerical 
differentiation of curve fits to p2 versus x, the corresponding buoyancy-flux term 
(second term on the right-hand side of (25)), and the deduced values of x obtained 
from (25), are shown in figure 15. x increases for small x / M ,  rapidly rising to a 
maximum value, and then monotonically decays with x / M .  The maximum in x 
occurs at roughly the same x / M  location as the maximum in p. 

The dimensionless scalar dissipation rate x/(D(Cljj/az)2) is equal to twice the 
isotropic Cox number Co = 3(~p/a~)~/(ap/az)~, a parameter frequently used to charac- 
terize turbulent mixing in recent discussions of ocean-microstructure measurements. 
In oceanographic measurements the Cox number is defined as the ratio between the 
vertical eddy diffusivity and the molecular diffusivity. The higher the Cox number, 
the more vigorous the turbulent mixing. 

The variation of the Cox number with x / M  is similar to that of 2. However, as 
illustrated by the data for R36 and R37 given in figure 16, when plotted versw Nt, 
for values of Nt greater than unity, the Cox-number data for different values of N 
collapse fairly well toward a single curve. This behaviour is similar to the collapse 
for the mean-square density-fluctuation data normalized with the mean density 
gradient, as noted earlier by SHV. The Cox-number data for the different values of 
N for R23 ( M  = 1.905 cm) also collapse toward another single, but different, curve, 
which lies consistently below that for the larger-grid data by roughly a factor of 2. 
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FIGURE 16. Cox number Co vs non-dimensional time Nt.  R36: N = 0.90 rad/s; A, 0.56; +, 
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Thus, in both the initial build-up and buoyancy-dominated period of turbulent decay, 
the Cox number is found to  be an increasing function of the overturning scale, and 
is approximately proportional to  the scale of the mixing process. 

The very large values of the Cox number associated with large vertical overturns 
observed in the oceanic temperature-microstructure measurements are consistent 
with this result. For example, the largest value of Co = 280000 found by Dillon (1982) 
had an overturning (Thorpe) scale L, = 480 cm. These values are greater than our 
maximum Cox number and L, for the large-grid data by factor of 10 and 100 
respectively. For Dillon’s next largest value of Co = 170000 and L, = 200 cm, the 
relative ratios are about the same. The considerable difference in the inferred 
proportionality constant relating Co and L, between the laboratory and the field data 
could be related to the difference in Schmidt number for salt and Prandtl number 
for temperature, but definite statements about the possible effects of Prandtl and 
Schmidt number may require similar laboratory measurements using heat instead 
of salt as the density-stratifying agent. A Cox number versus Nt plot like figure 16 
cannot be constructed for Dillon’s (1982) data, because the elapsed times since the 
initial stirring event are not known. 

The lowest values of Co for the present data, which occur for the largest values of 
Nand z / M ,  are approximately 300, a factor of about 10 larger than the smallest values 
(20) found in the vertical-temperature-microstructure measurement of Dillon (1982). 
This would imply correspondingly larger values of Nt for the microstructure data than 
were obtained in the present experiments if the ocean turbulence were decaying. 
The values of the Cox number when pW x 0 range from 4500 to 9000. I n  the direct 
numerical simulations of decaying density (salt)-stratified homogeneous turbulence 
of Riley, Metcalf & Weissman (1981), when pW x 0, Co is equal to 7500 and 3000 for 
N = 1.57 and 3.14 rad/sec respectively, in reasonable order-of-magnitude agreement 
with the present experiments. 

6.2. Dissipation rate at the onset of buoyancy effects 

The present indirect estimates of x show that for homogeneous turbulence a t  the 
beginning of fossilization (see table 4) the dissipation rate eo = (5.5 f 2) DC, P. Direct 
measurements of x would allow a better estimate of this ratio. It should be noted 
that in our laboratory experiments the turbulence is not in a steady state as is often 
assumed for the ocean. 

As shown in figurel7, the laboratory data (R26 and R37) after complete fossilization 
(pW x 0 )  fall below the line defined by ctr = 40 Cot, N2. The average ratio etJD Cot, N2 
obtained from table 5 is 2.8 f 1. No dependence on grid Reynolds number is apparent 
from the data. 

Gibson (1980, 19823) proposed a heuristic model for a single patch of entraining 
turbulence at the beginning of fossilization (onset of buoyancy effects) in a thermally 
stratified fluid. His first arguments assume an  analogy with the case of a stably 
stratified laminar shear flow becoming unstable with a local Richardson number 
Ri = P/(au/az)2 = i. Gibson deduces that the dissipation rate e0 would be in the 
range (2 -y )  u(au/az)2 for a plane shear flow or isotropic turbulence respectively and 
the corresponding Cox number would be Coo = 2u/D. Combining these expressions 
leads to  

c0 = (4-15)DcoON2. (27) 

Gibson (1982b) proposed another method to  derive (27). The method consists in 
connecting a jine-structure temperature-gradient spectrum with the universal 
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FIQURE 17. Dissipation rate EWS. D C o P .  The upper line represents Gibson's (1982b) estimate of 
the dissipation rate at the onset of buoyancy effects (beginning of fossilization): e0 = 13DCo,P.  
The lower line etr = 4 0  Go P represents the corresponding dissipation-rate threshold from oceanic- 
microstructure measurements (Dillon 1984; Gregg 1984). 

turbulent-scalar-gradient spectrum at the transition wavenumber 2n/L0. The 
resulting expression for e,, is 

eo = 130 coop. (28) 

Dillon (1984) compared this last criterion for the existence of turbulence with the 
lengthscale criterion of SHV, i.e. L, = o.7L0, using earlier dctta (Dillon 1982). Dillon 
concluded there was some inconsistency in the definition of Gibson's activity 
parameter A, = [s/(13DCoP)]t = 1 at the beginning of fossilization (onset of 
buoyancy effects). Agreement between these two criteria would be reached if A, x 0.5 
or equivalently if eo = 3.250 Coo W .  A crucial assumption Dillon (1984) had to make 
in his derivation was to equate the available potential energy in the fluctuations 
(APEF, defined as the potential-energy difference between the instantaneous density 
profiles and the corresponding rearranged stable profiles) with the potential energy 
measured at a single point in time (SHV). The APEF is an upper bound for the actual 
available potential energy at the time of the measurements and therefore his value 
of the dissipation rate at the beginning of fossilization could be an underestimate. 
Direct comparison between the two potential energies should be made in the 
laboratory to answer this question. 

Independently, Oakey (1982) parameterized the observed correlation between e 
and x in terms of a mixing efficiency 7 : 
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where a is the thermal expansion coefficient of water. Equation (29) can be rewritten 
in terms of the Cox number Co and the Brunt-Vaisala frequency N by assuming no 
salinity dependence of the density profile, as 

D C o W  r = s -  
Oakey (1982) obtained a mixing efficiency 1 = 0.235f0.14. Other estimates by 
diverse methods yield values of 0.30 (Lilly, Wac0 & Adelfang 1974), 0.20 (Osborn 
1980) and 0.21-0.22 (Gregg 1984). If one assumes a mixing efficiency of (McEwan 
1983) when buoyancy effects start to become important, (30) yields 

(31) 

Equation (29) provides an upper bound for the mixing efficiency since i t  assumes a 
steady state, i.e. that buoyancy flux is equal to  dissipation. Direct measurements of 
the mixing efficiency in a decaying grid-generated turbulence by Rohr et al. (1984) 
show that the average mixing efficiency at the beginning of fossilization (onset of 
buoyancy effects) is 0.14. 

For the direct Navier-Stokes simulations of Riley et al. (1981), the ratio s/DCo N2, 
when put x 0, is 1.1 to 1.2, somewhat smaller than the range of experimental values. 
This difference is probably not significant, as this value is probably highly dependent 
on the initial conditions as discussed earlier in connection with the velocity 
measurements. 

e0 = 4 0  CO, W .  

7. Spectral evolution of kinetic and potential energies 
SHV discussed some of the spectral properties of vertical velocity fluctuations in 

their decaying stratified turbulent flow. They pointed out that the velocity spectra 
deviated from the spectral form of an unstratified turbulent flow over a range of 
wavenumbers whose upper limit (ko = 1/1 .4L0) increased with increasing distance 
from the grid. The largest scales of tJhe turbulence are the first to be suppressed by 
the action of buoyancy forces and, as the spectra evolve, most of the smaller scales 
also become progressively dominated by buoyancy. We have further examined the 
velocity spectra of R23 (SHV) as well as the new data of R36, R37 and R52. The 
unscaled velocity spectra of both longitudinal and vertical components are compared 
in figure 18 at various downstream distances from the grid for the small (R52) and 
large (R36) mesh grids. The strongest stratification for each experiment was selected 
in figure 18 to emphasize the effect of stabilizing buoyancy forces on the shape of 
the spectra. The same conclusions are reached when the data of R23 and R37 are 
used. The small-mesh-grid ( M  = 1.005 em) spectra (figures 18a, 13) exhibit a very 
distinct steep slope varying as kP2 at the low-wavenumber end of the spectra. This 
region does not decay as one goes further away from the grid as does the high- 
wavenumber end of the spectra. The SHV velocity spectra for R23 contained an 
identical change in slope at small wavenumbers to  that observed for the other 
small-M-grid data of R52. I n  contrast, the large-M-grid velocity spectra of R36 (as 
well as R37 not shown for briefness) exhibit a flat low end which is typically found 
in most unstratified spectral measurements. The calculations of 55.3 suggest, as does 
the steep slope of the small-M-grid spectra at small wavenumbers, that  this region 
may be dominated by internal-wave motions (a k-2 slope in the spectra corresponds 
to a saturated two-dimensional internal wavefield), while the large-M-grid spectra 
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FIQURE 18. Horizontal and vertical velocity spectra for the small-M grid (R52) and the large-M 
grid (R36) at various z / M .  (a) u, ( b )  w ;  R52, M = 1.905 cm, N = 0.93 rad/s. (c) u, (d )  w ;  R36, 
M=3.81cm,  N=0.90rad/s.- ,xlM=20; ..., 40; - . - . - . , 6 0 ;  - - - ,80.  

do not show internal-wave behaviour, at  least over the bandwidth of the present 
measurements. 

Figure 19 shows the results of scaling the vertical velocity spectra of R36 and R52 
with the Kolmogorov scales L, and wK = (EV):. The curves in figure 19 are a, subset of 
the entire range of x / M  and the density gradients. Many of the available spectra at 
small x / M  where buoyancy effects are negligible are not included in order to illustrate 
the trends more clearly. The collapse of the scaled spectra is surprisingly good over 
most of the wavenumbers. This is true even for the low-wavenumber region of R52, 
which is probably dominated by internal waves, and the deviations at the largest 
wavenumbers are partly due to noise contamination from the analog tape recorder. 
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FIGURE 19. Vertical velocity spectra non-dimensionalized by Kolmogorov scales for all N at 
x / M  = 40, 60, 80. (a) small-M grid (R52). ( b )  large-M grid (R36). 

The results for R23 analysed in this manner are identical to the result for R52. It 
should be pointed out that none of the spectra (for which the turbulent part is 
buoyancy dominated) presented in figure 19 have the classical shape of nearly 
isotropic unstratified grid-turbulence spectra. This observed different spectral shape 
might be a result of a modified energy cascade to smaller scales as the energy-supplying 
eddies are being affected by buoyancy forces. Similar trends are also seen in the 
Kolmogorov-scaled horizontal velocity spectra for all the experiments, and, for the 
sake of briefness, are not shown here. The success of the Kolmogorov scaling over 
the wide range of density gradients is probably due to the range of wavenumbers used 
in the data analysis. The very small wavenumbers, say with k < N / U ,  would 
probably not show this degree of collapse. We have not yet been able to obtain 
measurements at very small wavenumbers because of the limitations of the hot-film 
instrumentation in the presence of air bubbles. There is hope that we will be able 
to extend our bandwidth to at  least a decade lower in wavenumber in future 
measurements by eliminating sources of entrained air in the flow which later 
accumulates on the film sensors and causes a slow drift. Apparently the Kolmogorov- 
scaled spectra at  large wavenumbers are not sensitive indicators of active scalar 
buoyancy forces, even when the criterion for overturning turbulence indicates that 
no classical Kolmogorovian turbulence remains, e.g. when z / M  > 50 for R52. 

An attempt to spectrally separate wave fluctuations and turbulent fluctuations in 
the vertical velocity component for SHV’s data (R23) was made by decomposing the 
spectra into two regions as shown in figure 20. We define the wave contribution to 
the variance as that part of the spectra to the left of the flat region (dotted line) and 
the turbulence contribution as everything to the right of the low-wavenumber rise of 
the spectra. A more refined separation might be to use the internal-wave shape 
proposed by Gibson (1980), which is shown in figure 20 by a doedash line. Gibson 
(1980) proposed that the small-scale internal-wave spectrum goes as @(k) x v iN!  k-2 
with a viscous cutoff at the buoyancy analogue of the Kolmogorov scale, 
L,, = (v /N) i .  Gibson’s (1980) internal-wave spectral shape gives a wave-velocity 
variance which is about 10 yo higher than the variance obtained with the sharp cut- 
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FIQURE 20. Spectral separation of internal waves and turbulence (R23, x / M  = 20, 
N = 0.97 rad/s: . -. , small-scale internal-wave spectrum proposed by Gibson (1980). 

off as shown in figure 20. The spectral estimates of wave and turbulent vertical 
velocities for the first decay ( N  = 0.97 s-l) of R23 shown in table 6 are in good 
agreement with the estimates obtained from the variance calculations of $5.3 ((22) 
and (24)) using a different method. 

Figure 21 shows the results of scaling the density spectra of R23 and R36 with the 
Batchelor scales for various x/M and N .  We used R23 instead of R52 for this 
comparison because the scaling depends strongly (first power) on the estimate of the 
scalar dissipation rate x and the x estimates by the indirect technique described in 
$6.1 appear to be quite good for R23 and R36. The collapse of the density spectra 
does not appear to be as good as observed for the Kolmogorov-scaled velocity spectra. 
This result is probably not too surprising given that the Batchelor scaling is expected 
to work only for a passive scalar, and not for the buoyancy-dominated flows discussed 
here. It is apparent that even near the grid, where buoyancy forces are dominated 
by inertial forces, the collapse of the density spectra with the Batchelor scales is not 
very good. One might have expected buoyancy effects to be negligible for the 
small-z/M data and that density, even for the large values of N in these measure- 
ments, would behave as a passive scalar. This conclusion must also be regarded as 
somewhat tentative because of the uncertainty in the X-measurements. 

Both velocity and density spectra are in excellent agreement when the Kolmogorov 
and Batchelor scalings are applied across the range of N ,  but limited to the same x/M. 
The scaled density spectra do exhibit a wider scatter even under thcse conditions at  
large x / M ,  but the uncertainty in x at this point is at  its greatest. The direct estimates 
of 8 are more reliable and this may explain the better collapse of the velocity as 
compared to the density spectra. Improved density scaling may require direct 

. 
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FIGURE 21. Density spectra in dimensional form and non-dimensionalized by the Batchelor scales 
for both grids at x / M  = 40, 60, 80. (a) small-M grid (R23). (a) large-Mgrid (R36). (c) small-Mgrid 
(R23) in Batchelor coordinates. (d )  large-M grid (R36) in Batchelor coordinates. 

2-measurements, a very difficult problem for salt-stratified solutions because of the 
small probe spatial resolution required. 

Another non-dimensional scaling (to collapse the low-wavenumber region of 
buoyancy-influenced velocity spectra) was proposed by Gargett et al. ( 1984, hereinafter 
referred to as GON). They assumed that the only two relevant parameters for the 
scaling of energy-containing (large-scale) eddies of buoyancy-dominated turbulent 
flow were the ambient stratification N and the dissipation rate 8 representing the 
energy cascade from these large-scale eddies to the small viscous scales. A dimensional 
analysis similar to the Kolmogorov scaling yields a buoyancy wavenumber 
k, = l/Lo = ( P / e ) t  and velocity scale ub = ( s /N): .  Replacing v in the Kolmogorov 
scaling by N is equivalent to considering the buoyancy timescale l /N instead of the 
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FIGURE 22. Vertical velocity spectra in the buoyancy coordinates proposed by Gargett, Osborn & 
Nasmyth (1984) for all N at x / M  = 40, 60, 80. (a) small-M grid (R52). ( b )  large-M grid (R36). 

usual turbulent timescale (v/c):. Figure 22 shows the results of applying the buoyancy 
length and velocity scales proposed by GON. The results in figure 22 suggest that, 
at least over the range of wavenumbers investigated in the laboratory flow, the GON 
buoyancy scaling does not collapse the spectra but rather it tends to separate them. 
The ordinary Kolmogorov scaling seems to do a better job of collapsing the velocity 
spectra. Similar results were found for the other experiments (R37 and R52). It would 
of course be interesting to try this approach for wavenumbers less than N / U ,  
wavenumbers which are not obtained in the existing data sets. 

8. Conclusions 
The present experiments on the decay of homogeneous turbulence in a stably 

stratified fluid confirm the overall results of SHV with some important differences, 
which can be related to different initial conditions. The lengthscale model proposed 
by Gibson (1980) and SHV is shown to describe adequately the state of fluid motion 
throughout its evolution from a Kolmogorovian turbulence to a composite of internal 
waves and fossil turbulence (or quasi-two-dimensional turbulence). SHV's data have 
been re-examined and some adjustment of the proportionality constants between the 
various relevant scales made. It is shown that the largest turbulent scale L, allowed 
by buoyancy is L, = 0.85L0 for both grid mesh sizes. On the other hand the ratio 
between the Ozmidov scale Lo and the Kolmogorov scale L,, which determines the 
smallest turbulent scale of the flow, appears to depend on the Reynolds number. In 
other words, the transition dissipation rate etr below which no overturning turbulence 
can exist varies from 15vN2 for the small-M grid to 2 1 v P  for the large-M grid. A 
small increase in etr with grid Reynolds number is observed. More experiments at 
different Reynolds numbers need to be performed in order to be more conclusive. A 
word of caution has to be exercised when comparing decaying grid turbulence with 
oceanic turbulence because the generating mechanisms could be very different. For 
example, Thorpe (1984) has recently suggested that, in the ocean, turbulence due to 
Kelvin-Helmholtz instability may be produced by secondary instabilities and not a 
collapse of the primary Kelvin-Helmholtz billows. While Kelvin-Helmholtz billows 
have been observed in the ocean (Woods 1968) it  is not known whether they are a 
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dominant mechanism for generating ocean turbulence through either primary or 
secondary instabilities, or whether the resulting turbulence differs significantly from 
decaying laboratory grid turbulence. While the details of a truly three-dimensional 
turbulence might not be dependant on its origins, the very weak source of turbulence 
caused primarily by secondary instabilities might have some different quantitative 
properties compared with stronger sources of turbulence such as the collapse of the 
primary Kelvin-Helmholtz billow itself. 

Estimates of the scalar dissipation rate x show that the Cox number is an increasing 
function of the overturning scale L,. Large values of Cox number correspond to large 
overturning scales, in agreement with oceanic microstructure measurements (Dillon 
1982). From the Cox-number estimates the criterion for the onset of buoyancy effects 
(begining of fossilization) can be written in terms of a minimum dissipation rate c0. 
Turbulence is first affected by buoyancy forces when E < = (5.5 +2)  D Co P. The 
dissipation rate E~ = 13DCP proposed by Gibson (1982 b )  for a single turbulent patch 
is a factor of 2.4 larger while the estimate x 4DCoN2 from Oakey (1982), Dillon 
(1984) and Gregg (1984) is 25 yo smaller. In  the present laboratory experiments it 
appears that  all turbulence has been suppressed (pW = 0) when E < 2 . 8 D C o P ,  
independent of the grid mesh size. 

The major difference between the present experiments, and those of SHV and the 
towed-grid experiments (Lin & Veenhuizen 1975; Dickey & Mellor 1980; Britter 
et al. 1983) is in the evolution of the vclocity fluctuations. It appears that  the decay 
rate of the horizontal kinetic energy (2 z x-l) is basically unaffected by buoyancy 
effects, while the rate of decay of the vertical kinetic energy is faster (3 x 2-l 4, when 
buoyancy forces suppress the largest scales. This increased decay rate does not seem 
to depend on the stratification as long as the turbulence is buoyancy dominated. These 
results are in good agreement with Lin & Veenhuizen (1975). Some caution has to 
be used when comparing the towed- and untowed-grid measurements because of the 
larger upstream fluctuation levels in the latter case. The effect of the large upstream 
velocity fluctuations probably leads to somewhat different decay parameters, but the 
transitional properties of the flow due to  buoyancy forces should not be affected. 
Britter et al. (1983) observed a reduction in the vertical velocity only but no increase 
in its decay rate. It should be pointcd out that, by the criteria of Gibson (1980) and 
the SHV lengthscale model, the Britter et al. (1983) flow was dominated by buoyancy 
forces upstream of their first measuring station, which appears to explain why they 
always observed 3 values smaller than for the unstratified case. We have found no 
satisfactory explanation for why thcy did not observe a faster decay rate for 2, but 
we noted that inhomogeneities in thc flow could make measurements of small vertical 
velocities with a Taylor diffusion probe very uncertain. A direct comparison of all 
the experiments performed in the UCSD water channel showed that, for the 
small-M-grid case (SHV and R52), the flow contains a significant internal wavefield 
which dominates the behaviour of' the velocity fluctuations as the turbulent com- 
ponents are suppressed by buoyancay. Two techniques were used to decompose the 
total vertical velocity into wave and turbulent components. As a result the true 
turbulent component appears to decay a t  a faster rate than for the unstratified case, 
in agreement with all the large-M-grid data and Lin & Veenhuizen (1975). The small- 
scale internal-wave component can be associated with a rise (cc k P 2 )  in the low- 
wavenumber end of the velocity spectra. This interpretation also suggests that the 
grid Dickey & Mellor (1980) d r o p p d  in their tank generated a strong internal 
wavefield that dominated the evolution of the total velocity fluctuations. However, 
as pointed out by a referee, quantitative interpretation of the Dickey & Mellor (1980) 
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data in this respect is impeded by the fact that their optical technique has a poor 
signal-to-noise ratio when the velocity fluctuations are small. The fluctuating index 
of refraction of the salt solution produces an error in the measured velocity 
whose estimation requires a number of assumptions and knowledge of the density 
fluctuations, which were not measured. 

Comparisons of velocity and density spectra for different stratifications and 
downstream diatance from the grid show that Kolmogorov and Batchelor scalings 
collapse the spectra better than a buoyancy scaling (GON). It should be pointed out 
that when buoyancy forces dominate inertial forces the spectral shape of the velocity 
components is different from the shape of isotropic velocity spectra. These conclusions 
should be taken with caution given that the range of wavenumbers obtained in the 
present experiments did not include either low -frequency internal waves on scales 
greater than U / N  or small density scales of the order of the Batchelor scale for direct 
estimates of the scalar dissipation rate. 
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