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Mixing in a turbulent patch, that was generated within a linearly stratified fluid of 
buoyancy frequency No, was studied experimentally. The turbulence within the 
patch was induced by sustained oscillations of a mono-planar grid. Grid oscillations 
produced a local turbulent region, which initially grows rapidly as in a non-stratified 
fluid and then assumes a quasi-stationary thickness (L& when the stratification 
inhibits its vertical growth at  a time Not x 4. The growth beyond (LJC occurs slowly 
via breaking of interfacial waves at  the entrainment interface. As mixing proceeds, 
the buoyancy frequency within the patch N decreases. The time evolution of N, the 
buoyancy lengthscale, the Thorpe lengthscale, the maximum Thorpe displacement, 
the overturning lengthscale and the available potential energy fluctuations were 
measured and their relationships were investigated. Various aspects of the wave 
radiation from the patch to the outer stratified layer, the trapping of interfacial 
waves at the entrainment interface, and the effects of grid parameters on the 
evolution of the patch were also studied. 

1. Introduction 
It is well known that stable stratification inhibits the vertical growth of turbulent 

regions. As a result, turbulence in stratified media is confined to patches whose 
horizontal scale is much larger than the vertical scale. Specific examples are 
demonstrated by the oceanic measurements of Nasmyth (1970, 1972) and Dugan 
(1984), which show mixed patches that have horizontal and vertical scales of several 
kilometres and several metres, respectively. Since mass and momentum transfers in 
stably stratified turbulence are largely determined by the characteristics of these 
patches (Barenblatt 1982), there is a considerable interest in studying their 
behaviour. The goal is to develop accurate parameterizations for the dynamical 
processes occurring within such regions. 

Stratified turbulent patches are often characterized by the presence of small-scale 
density inversions (local regions with unstable density distributions), that are caused 
by overturning motions, in which heavy fluid particles are lifted (and light particles 
are lowered) by inertia forces associated with turbulent eddies. The extent of these 
vertical displacements depends on the relative strengths of the inertia and buoyancy 
forces. Hence, commonly used lengthscales for stratified turbulence are based on the 
r.m.s. fluctuations of buoyancy and velocity, and characteristics of the inversions 
measured at a given time. 

The aim of the present study is to generate an isolated turbulent patch in a 
linearly-stratified fluid under controlled laboratory conditions and to study the 
relations between some generic parameters, especially those useful in characterizing 
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FIGURE 1. ( a )  A schematic diagram representing the initial growth mechanism. Here the turbulent 
eddies are sufficiently energetic to engulf the non-turbulent fluid. ( b )  The entrainment mechanism 
during the 'subsequent growth'. In this case the eddies cannot overturn and tend to flatten at the 
density interface. The growth occurs by the breaking of interfacial waves. 

turbulent mixing. A horizontal confined mono-planar grid that performs sustained 
vertical oscillations in a salinity-stratified fluid was used as the experimental flow 
configuration. This enables us to obtain a well-defined patch whose evolutionary 
state is known. A similar experimental configuration was used by Fernando (1988) 
to study the growth rate of a stratified turbulent patch but, in that study, no 
measurements of turbulent parameters were made. 

According to Fernando (1988), once the grid oscillations are started, two turbulent 
fronts propagate away from the grid thus forming a growing turbulent region. 
Initially, the growth of the patch follows the corresponding growth law for non- 
stratified fluids, and buoyancy effects play a negligible role. Entrainment occurs by 
the engulfment of non-turbulent fluid by the turbulent eddies and the turbulent/non- 
turbulent front (entrainment interface) is contorted. This rapid growth regime, 
which lasts for a non-dimensional time of Not z 4, where No is the background 
buoyancy frequency, is called the initial growth regime (see figure l a ) .  At Not x 4, 
the buoyancy forces exert a retarding effect on the growth of the patch, and the 
patch growth is temporarily halted. The size of the patch a t  this stage is called the 
critical size of the patch. Thenceforward, the patch growth is very slow and takes 
place by breaking of interfacial waves that are generated a t  the interface (see figure 
1 b ) .  The breaking events cause isolated (secondary) turbulent patches, which merge 
with the primary patch, thus increasing its size. Unlike in the initial growth regime, 
the eddies in the patch are now too feeble to engulf the ambient non-turbulent fluid. 

The turbulent-front propagation for the present flow configuration has been 
analysed by Redondo (1990). It was shown that the turbulent fronts adjust so as to 
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propagate symmetrically with respect to the mid-plane of the grid. Hannoun, 
Fernando & List (1988) made detailed measurements near density interfaces and 
showed that the influence of the interface vanishes at distances greater than the 
integral lengthscale of turbulence. Since the turbulent fronts are separated by several 
integral scales ($3), it can be expected that they propagate quite independently of 
each other. The tendency for the fronts to propagate symmetrically with respect to 
the grid should not be construed as a consequence of a strong dynamical 
interdependence between the fronts : the nature of turbulent velocity and lengthscale 
distributions within the patch and the entrainment law are mainly responsible for 
the adjustment of the front to a common speed. 

Section 2 of this paper is devoted to a description of the experimental procedure. 
Measurements of grid-generated turbulence in homogeneous fluids, which are used to 
calibrate the grid for its turbulence-generating properties, are given in 3 3. Qualitative 
observations and quantitative measurements pertinent to the stratified experiments 
are discussed in $4. The paper closes with a summary of results and a discussion of 
their possible application to geophysical situations. 

2. Experiment 
Schematic diagrams of the experimental apparatus are shown in figure 2. The 

experiments were conducted in a Plexiglas tank of square cross-section 
(26 cm x 26 cm) and a height of 60 cm. The cross-section of the tank is similar to that 
used by Thompson & Turner (1975), although the present tank is taller. The 
turbulence-producing grid was suspended inside the tank, using stainless-steel rods 
of 0.5 cm diameter, at a height of 25 cm from its bottom. The grids fit into the tank 
with 3 mm clearance with the sidewalls. The suspension rods were connected to a 
horizontal template which, in turn, was connected to a slider-crank mechanism 
driven by a variable speed, high-traction motor via an eccentric wheel. Three grids 
with different mesh sizes, made of square Plexiglas bars of cross-section ( d x d )  
9 mmx9mm were used; the mesh sizes were M =  6.20cm (solidity 27%), 
M = 4.76 cm (solidity 36%) and M = 2.93 cm (solidity 50%). Two strokes 
8 = 0.85 cm and 2.1 cm, were used. The frequency of the grid oscillationsfwas varied 
over the range 1 < f < 5 Hz. 

The density measurements were made using a commercial microscale conductivity 
probe manufactured by Precision Measurement Engineering. The spatial resolution 
and the frequency-response cutoff of the probe were estimated to be 4 cycles cm-l 
and 800 Hz, respectively (Head 1983). A similar probe has been used by Itsweire 
(1984) to obtain the instantaneous vertical structure of density in a stratified water 
channel. The probe was attached to a vertically traversing platform, and was capable 
of plunging into the fluid system with a preset speed of 50 cm s-l and returning to 
its original setting a t  0.5 cm s-l. The platform travels on a precision translator 
between microswitch-controlled end limits and is powered by a stepping motor. The 
position of the probe was monitored by a precision potentiometer. A steel structure, 
independent of the deck that supports the oscillating mechanism, was used to 
position the traversing platform above the tank. An additional, stationary (manually 
adjustable) conductivity probe was also attached to the same steel structure to 
measure the density fluctuations within the patch. The density probes, oscillating 
mechanism and the experimental tank were mounted on separate platforms to 
isolate vibrations. 

The horizontal and vertical turbulent velocities in homogeneous water were 
20 FLM 240 
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FIQURE 2. Schematic diagrams of the experimental apparatus. (a) Oscillating-grid mechanism ; 
( b )  experimental tank. 

measured using a single-component laser-Doppler velocimeter (TSI model 9100-3), 
operating in the forward-scatter mode. To reduce the velocity bias (Durao, Laker & 
Whitelaw 1980) and to avoid corrections for the mean and fluctuating velocities 
(McLaughlin & Tielderman 1973), the data sampling frequency was kept a t  
approximately 5-10 % of the data rate of the signal processor ; sometimes to satisfy 
this criterion additional seeding was necessary. Time traces were typically 100 s long 
with a sampling frequency of 50 Hz. In calculating the r.m.s. velocity, the data were 
corrected for noise by assuming the velocity signal and the noise to  be uncorrelated ; 
a correction of the form aturb = a&eas-~:oise was applied. The noise level was 
measured to be em2 sP2, and the minimum velocity measured was 
three times the noise level. 

The data acquisition was performed using a Metrabyte Dash8 A/D board and the 
data were stored in a microcomputer for subsequent analysis. The flow visualization 
was performed by adding a small amount of fluorescein to the patch and illuminating 
i t  with an Argon-ion laser sheet. In  some cases, a shadowgraph was also used for 
visualization purposes. 

Two types of experiment were performed. One set was carried out in homogeneous 
distilled water to  study grid-generated turbulence without stratification. This set of 
experiments could be considered as a calibration for the turbulence source (oscillating 
grid), which can be used to  interpret the results of the second set of experiments 
carried out in salt-stratified fluids. The r.m.s. velocities and integral timescales were 
measured in these experiments, from which an integral lengthscale was calculated. 

= 1.6 x - 
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Hannoun et al. (1988) have shown that the turbulent quantities within the bulk of 
the patch (away from the interface) are independent of the stratification; near the 
interface, the horizontal turbulent velocity becomes proportional to its non-stratified 
counterpart. 

In the stratified experiments, the tank was filled with a linearly stratified salt 
solution by employing the standard technique of Oster & Yamamoto (1963). The 
initial density profile was measured by a traversing conductivity probe and the 
background buoyancy frequency was calculated from 

where po is the reference density, p is the density at a given height measured from the 
mean position of the grid, g is the acceleration due to gravity, z is the vertical 
coordinate, and po = p(o) ;  see figure 2 ( b ) .  The value of No was varied over 
0.3-1.7 rad s-l. 

The experiments were started (at time t = 0) by initiating the grid oscillations. The 
instantaneous salinity profiles through the patch were obtained by shooting the 
conductivity probe through the patch and the density fluctuations within the patch 
were obtained using the stationary conductivity probe. Typically, the traversing 
probe passes through the patch in about 0.2 s. 

With time the local mean-buoyancy gradient N2 within the patch decreases and 
eventually becomes nearly zero. In such cases, however, a useful buoyancy gradient 
can be defined in terms of the Thorpe-ordered density profile pT(z) within the patch, 
namely 

The Thorpe-ordering procedure essentially consists of the rearrangement of a 
measured density profile, which contains inversions, into a monotonically varying 
stable density profile known as the Thorpe-ordered density profile. The vertical 
distance (positive downwards) over which a fluid particle has to be displaced to 
achieve its position in the Thorpe-ordered profile is called the Thorpe displacement 
di. Since internal waves do not contain inversions (Phillips 1977), the Thorpe 
displacements are relatively free from effects owing to density perturbations 
associated with internal gravity waves. In calculating N2, the instantaneous 
buoyancy profile was Thorpe-ordered using a standard bubble-sort routine and the 
least-square estimate of the mean buoyancy gradient over the patch was taken. 

If the measured profile has distinct density values at  sampling points (heights), 
then both the Thorpe-ordered profile and the Thorpe displacements are unique. A 
problem arises, however, when two or more points have the same density. In such 
cases the minimum distance required to bring each sample to the stable profile was 
considered as di. The Thorpe lengthscale LT is defined as the r.m.s. value of the 
Thorpe displacements (Thorpe 1977 ; Dillon 1982), i.e. 

where n is the number of sampling points. Another scale that is used to represent the 
size of overturning eddies is the maximum Thorpe displacement. It is defined as, 

(4) ( 1 5 ~ ) ~ ~ ~  = max {IdJ} (i = 1’2, . . ., n) .  

20-2 
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The scales L, and (LT)max were calculated using (3) and (4) and the minimum distance 
between the points beyond with ldJ < O.05(LT),,, was defined as the thickness of the 
patch L,. 

A question arises, however, as to which buoyancy frequency is important in the 
dynamics of the patch. If the eddies are away from the patch boundaries, they do not 
sense the ambient stratification No and their motions are governed by N .  On the other 
hand, if the eddies interact with the ambient fluid, for example, by scouring heavy/ 
light fluid particles, then the interfacial buoyancy jump, and hence No, is an 
important parameter. According to Caldwell (1983), for oceanic turbulent patches, 
the effective buoyancy gradient can be estimated by calculating the mean buoyancy 
gradient over a region somewhat larger than the estimated patch size. For the 
present case, however, there is a well-defined boundary between the ambient fluid 
and the patch; thus No was used to parameterize the cases that involve the 
destruction of the ambient stratification, such as the growth of the patch, and for 
cases where eddy-motions within the patch are of interest, N was used as the 
significant parameter. 

3. Measurement of grid-generated turbulence 
Since the turbulent patch of the present experiments is energized by an oscillating 

grid, it is instructive to investigate the properties of grid-generated turbulence. 
Oscillating-grid turbulence is one of the well-studied cases of shear-free turbulent 
flows (see Hannoun et al. (1988) and references therein) and indeed this is the reason 
for selecting such a configuration for the present studies. Theoretical arguments of 
Long ( 1 9 7 8 ~ )  show that, a t  high Reynolds numbers, the shear-free turbulence- 
producing properties of an oscillating grid can be represented by a single parameter 
called ‘Action’, defined as K = U,Z, where uH is the r.m.s. horizontal velocity at  a 
distance x from the grid plane. Long’s predictions were found to be in agreement with 
a large number of earlier experimental studies performed using oscillating-grid 
turbulence. Of particular interest to the present experiments are the studies of 
Thompson & Turner (1975) and Hopfinger & Toly (1976). The grid parameters for 
these experiments were: M = 5 cm, S = 1 cm, M/d = 5, f = 1.4-6 Hz; and 
M = 5, 10 cm, S = 4, 8, 9 cm, M / d  = 5,  f = 2 4  Hz, respectively. Hopfinger & Toly 
proposed that oscillating-grid turbulence data can be fitted into the empirical power 
law of the form 

wH = B,(S3M)v~-1 ,  (6) 
1, = B,z,  (7) 

where B,, B, . . . are constants for a given grid geometry (which may also have some 
dependence on the stroke), wH is the r.m.s. vertical velocity, and 1, is the integral 
lengthscale of turbulence. Subscript H is used to denote the measurements in 
homogeneous fluids. Note that (5) can be used to calculate the action parameter as 

K = u, z = B1(S3M)$ (8) 
In this paper, K will be used to represent the grid as a turbulent energy source. 

Such a parameterization has a particular advantage in that it drastically reduces the 
number of non-dimensional parameters for the problem. Although K has been 
successfully used in some previous studies (Folse, Cox & Schexnayder 1981; 
Hopfinger & Linden 1982; Fernando & Long 1983, 1985a, b :  E & Hopfinger 1986), 
it was felt that corroboration of (5)-(7) via direct measurement is useful in the 
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FIGURE 3. Measurements of (a) horizontal u, and ( b )  vertical w, r.m.8. velocities of grid-induced 
turbulence in homogeneous fluids. The data have been normalized according to (5)-(6). A grid with 
M = 4.76 cm was used in conjunction with strokes A, 2.1 cm and 0,  0.85 cm. 

present context. The results of these measurements are discussed below. The 
experiments on velocity measurements were carried out using the two grids having 
solidities of 36% (M = 4.76cm, M / d  = 5.28) and 50% (M = 2.93 cm, M/d  = 3.24). 
The selection was based on a finding of Corrsin (1963) that jets and wake structure 
behind grid bars becomes unstable a t  solidities over 40 %, whence the wakes deflect 
their axes and merge to form a larger wake structure. Secondary circulations and 
strong inhomogeneities are bound to be generated in such situations. When the 
solidity is smaller than 40%, the wakes coalesce with each other without bending 
their axes; shear-free turbulence can be expected on either side of the grid at 
sufficiently large z. 
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FIGURE 4. Same as in figure 3, but for M = 2.93 cm. (a) ---, eye-fitted- 1 slopes 
for the data. 

Velocity measurements pertinent to M = 4.76 cm grid are shown in figure 3 for two 
different strokes S = 0.85 cm and 2.1 cm. For a given 2 ,  measurements were made at 
five horizontal positions (according to McDougall's (1979) selection of measurement 
points) and the average was taken. The horizontal and vertical velocity data have 
been plotted in accordance with (5) and (6) ; the agreement appears to be satisfactory, 
particularly when z/ (SM)i  > 3. The measured values of B, x 0.22 and B, x 0.26 
compare very favourably with those of Hopfinger & Toly (1976) who found B, x 0.25 
and B,%O.27. On the other hand, experiments performed with the grid of higl 
solidity (M = 2.93 cm) did not agree with (6) (see figure 4). This is not surprising in 
view of possible wake merging and large-scale inhomogeneities present in such 
situations. Thus, it is concluded that the concept of grid action can be employed only 
at  low solidities. 
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The integral lengthscale could not be directly measured and was calculated using 
the integral timescale 7 based on the temporal autocorrelation function. The 
calculated lengthscale 1 = uH 7 was compared with (7) for the case ofM = 4.76 cm and 
B, was found to be 0.1. One of the concerns in these experiments was the effect of 
grid-induced flow near the grid. The sizes of the patches vary from about 4 cm to 
20 cm, and it was necessary to determine whether the interfacial fluid motions are 
affected by this forced flow. The mean velocity was calculated from velocity traces 
obtained at  different z, for different f. The results show that for f < 4 Hz, the grid 
does not produce significant forced flow at z > 4cm. This was confirmed by 
calculating the energy (frequency) spectra, which show a ‘hump ’ near f if the forced 
motion is significant. Thus, patches of size L, > 8 cm can be considered as free from 
unwarranted grid-effects. 

4. Experiments with density stratification 
4.1. Mixing within the patch 

Qualitative observations made during the patch growth were in agreement with the 
observations of Fernando (1988) discussed in 5 1. Initially the patch size grew as 
L,  at (Kt)i, until a time No t ,  x 4 where its growth is retarded by buoyancy effects. At 
large times the patch grows slowly via breaking of interfacial waves. A set of density 
profiles taken during the evolution of the patch is shown in figure 5, in which the 
destruction of the density gradient and the presence of small-scale inversions owing 
to stirring are evident. Turbulence destroys the initial stable stratification, entrains 
non-turbulent fluid into the patch and mixes it with the rest of the fluid. At small Not 
values, all of the above processes are important, whereas, at large Not, the initial 
stratification within the patch has already been destroyed and the entrainment 
makes the dominant contribution to the inversions. As illustrated in figure l ( b ) ,  
entrainment a t  large Not occurs by the intermittent breaking of interfacial waves, 
during which secondary mixed regions of density intermediate to that of the 
interfacial layer and the mixed layer are produced and merge with the mixed layer 
(also see figure 6). As these fluid lumps enter the mixed layer, they are broken up by 
different-sized eddies and are redistributed. According to Pearson, Puttock & Hunt 
(1983), such newly-arrived fluid lumps lose their identity and homogenize with the 
rest of the fluid at a time BN-’, where /3 x 5 (Hunt, Kaimal & Gaynor 1985). 

It is possible to quantify the degree of mixing within the patch by introducing a 
‘ mixedness ’ parameter y ,  defined as 

(9) 
N2 y =  1-- 
X’ 

where N is defined by (2). Note that y typifies the degree of destruction of the initial 
stratification as well as the buoyancy contributions due to entrainment. On physical 
grounds, it is reasonable to expect y to depend on No, the nature of the turbulence 
source (K) ,  and the time of agitation t ,  namely 

where fi, f 2 . .  . are used to denote functions. Further, the patch size L, is a function 
of the same parameters, so that it is possible to eliminate No in (10) as 

Y =f2(q). Kt 
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FIGURE 5. Density profiles taken through a growing patch at different non-dimensional times. 

FIQURE 6. Photographs of the interface which show wave breaking: ( i )  appearance of a wave 
breaking event; (ii) release of a dense fluid parcel into the turbulent layer during an interfacial 
wave-breaking event. 

Figure 7 shows the variation of y with KtIL; for several experiments, where N 
values were calculated using Thorpe-ordered density profiles. Note that y initially 
increases rapidly and then levels off after about KtfL; x 5 ,  corresponding to 
Not x 400, whence y x 0.9. When the patch growth is first arrested by the 
stratification at Not,  x 4, Kt/Li  x 0.2 and thus figure 7 does not include data from 
the initial growth regime. The initial growth lasts only for a short time (No t < 4) and 
it is difficult to obtain an extensive set of profiles through the patch within that time 
frame. 



Aspects of mixing in a strati$ed turbulent patch 

(4 (b)  

16 - 

\+ 
8- 

Z 

(cm) 
0 -  

T 

-8 - 

-16- 

61 1 

10" 
9 
8 
7 

6 

0 
2 -  

lo-' ! I I 1 I 1 1 1 1 ,  I I I I I I I I I  I I I I I 0  

10' 
loo Kt 

lo-' 
7 
L P  

FIQURE 7 .  Variation of the 'mixedness' y of the patch with the parameter (Kt/L:). 
O , M = 4 . 7 6 c m ;  +, 6.20cm; A, 2.93cm. 

Data taken using all three grid sizes are shown. Note that the data taken using the 
grids with solidity less than 40% (M = 6.20 cm and 4.76 cm) show the same trend 
whereas the data corresponding to the grid with solidity greater than 40% 
(M = 2.93 cm) consistently showed somewhat higher y. Apparently y never reaches 
unity owing to the fact that fluid entrainment due to wave breaking generates a 
small mean density gradient (in the Thorpe-ordered sense) within the mixed layer. 
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4.2. Measurements of Thorpe lengthscale 
Using the same arguments as were used in deriving (10) and (1 l) ,  it is possible to write 

LT/Lp = f3(Y)j (12) 

(LT)~ax/Lp = f4(?). (13) 

In order to compare (12) and (13) with the experimental results, the instantaneous 
density profiles were Thorpe-ordered by sorting and rearranging the array of 
measured density values into a statically stable distribution ($2). A representative 
density profile, its Thorpe-ordered counterpart, and the corresponding Thorpe 
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FIGURE 10. Variation of (a) L, and (b)  (L,),,, with L, when Not > 400. 

displacements are shown in figure 8. This clearly shows that the Thorpe 
displacements, which characterize the inversions, occur only within the patch. 
Sometimes it was found that the Thorpe-ordered density distribution is not linear 
although the initial density distribution is linear. 

The variations of LJL, and (LT)max/Lp with y are shown in figure 9 for 
experiments carried out with all three grids. For clarity, only a few points taken for 
the grid with M = 2.93 cm at large y are shown. Note that for the cases M = 4.76 cm 
and 6.20 cm, both L,/L, and (LT)max/Lp increase sharply in the range 0.7 < y < 0.9 
and then level off. A correlation analysis performed using the data for y > 0.9 (or 
Not > 400) shows that L,/L, and (LT)max/Lp are essentially independent of y. For the 
grid M = 2.93 cm, the data are scattered and did not show a particular trend. Thus 
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FIGURE 11.  Distribution of fluid particle displacements for four different conductivity probe 

traverses through the patch: No = 1.21 rad s-l; K = 1.43 om2 s-’. 

henceforth, unless otherwise stated, only the data taken with M = 4.76 cm and 
6.20 cm are presented, and they are represented by symbols 0 and + , respectively. 

Figure 10 shows the variation of L, and (LT)max with L,, when y > 0.9 or 
No t > 400. Note that for L, > 8 cm, linear dependencies between L,, (LT)max and L, 
are evident. The best fit lines with + 1 slope drawn from the data at L, > 8 cm 
suggest the relations 

The estimated errors are shown using error bars. The departure of the data from (14) 
at L, < 8 cm can be attributed to the presence of grid-induced forced flow near the 
interface, as discussed in $3. 

Gibson (1987) has used what is called a ‘slotted z model ’ to calculate the Thorpe 
displacements in a stratified turbulent patch. The model is valid for the period of 
initial mixing, in which the buoyancy gradient is destroyed, and predicts LT = 0.4lLp. 
The present results, however, show that during the initial mixing, LT/L, is a function 
of y and, after Not > 400, L, x O.27Lp. It is interesting to note that the relation 
(L.Jmax/LT x 2.74, resulting from (14), is the same as that found by Itsweire (1984) 
during decaying stratified turbulence experiments. This result suggests that the 
characteristics of Thorpe scales and maximum Thorpe displacements can be the same 
whether the turbulence is decaying or sustained. 

The occurrence of a given (normalized) Thorpe displacement Idrl/(LT)max as a 
percentage of total Thorpe displacements is shown in figure 11;  distributions 
corresponding to four density profiles are shown. Although the details vary, these 

L, x O.27Lp, (LT)max x 0.74Lp. (14) 
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FIQURE 12. Spatial variation of the normalized r.m.8. buoyancy fluctuation b/N2, L, 
within the patch. 

distributions indicate the general trend that small-scale overturning events that 
displace fluid particles over much shorter distances compared to the size of the patch 
prevail. 

4.3. Measurement of overturning lengthscale L, 
The dominant eddy overturning lengthscale (sometimes called the Ellison scale or 
turbulent scale) is defined as 

b 
L --, -N2 

where b is the r.m.8. buoyancy fluctuation. It is commonly used in stratified 
turbulence studies as an indicator of the size of the largest overturning eddies. Since 
b is an Eulerian measurement, in general L, contains spatial and/or temporal 
influences of both internal waves and turbulence at  the measurement point ; hence it 
does not offer useful information on the overturning motions. Later works have 
offered minors corrections to the definition of L,. For example, in conjunction with 
their solid-body rotation model, Stillinger, Helland & Van Atta (1983) proposed that 
L, should be defined as 2 b / P  whereas Gargett, Osborn & Nasmyth (1984) have 
shown that the definition 22/2b/N2 is more consistent with the solid-body rotation 
model. 

Since the patch can be considered as quasi-stationary only when Not > 400 or 
y > 0.9, b within the patch was measured only at  Not > 400. Figure 12 shows the 
spatial variation of b within the patch, where g = 2z/Lp. The buoyancy jump across 
the patch PAp has been used to normalize b. Within the patch b appears to be 
constant and its sudden increase a t  the edge of the patch is due to the interfacial 
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FIUURE 13. A plot of L, us. L,; measurements have been taken at Not > 400. 

waves. I n  calculating L,, b corresponding to  z = iL, was used; the results are shown 
in figure 13. Note that, for L, > 8 cm, a relationship of the form 

can be discerned, independent of the grid parameters. Note that the measurements 
were made in a well-mixed ( y  > 0.9) patch and the influence of internal waves can be 
considered to  be minimal. 

4.4. Measurement of buoyancy lengthscale L, 

L, = 0.18L,, (16) 

The buoyancy lengthscale is defined as 

where w is the r.m.s. vertical velocity. As in the case of L,, L, is also sensitive to both 
turbulence and internal waves. It represents the maximum vertical distance that a 
fluid particle travels from its equilibrium position before its initial vertical kinetic 
energy is fully expended by the increase of its potential energy (Long 1978b) or until 
the vertical inertia and buoyancy forces balance each other (Gibson 1980). In reality, 
however, only a fraction of the vertical kinetic energy can be converted into potential 
energy. 

The initial growth of the patch can be interpreted as corresponding to a stage 
where the vertical inertia forces of energy-containing eddies (w2/1 - K 2 / L i )  vastly 
exceed the buoyancy forces associated with them N21- PL,) ; here 1 is the size of the 
energy-containing eddies. As the patch grows, this force imbalance gradually reduces 
and, at a certain critical patch size (L,),, a force balance is expected. Using the given 
parameterizations, it is possible to estimate (&), - ( l ) ,  - (L&, where the subscript 
c denotes the critical conditions. Before the buoyancy forces become important, the 
stratification has a negligible effect on turbulence, and hence (w), can be 
approximated as wH of the source turbulence. An alternative explanation can be 
advanced by considering the superimposition of linear stratification and source 
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turbulence. Based on (6) and (7), the effective vertical inertia forces of the eddies can 
be expected to decay as P / z 3 .  If these eddies are to perform overturning motions 
against the stratification, the buoyancy forces to be overcome should be of the order 
Pz. Thus, the fluid particles lying at distances beyond z - wH/N = Lb cannot be 
mixed turbulently (but can sustain wave motions), and the turbulence is confined to 
a patch of size (Lp)c - L,. 

Figure 14 shows the variation of L, and L, under critical conditions. In calculating 
(Lb)c, wH corresponding to the interfacial position was used. The proportionality 
between (Lb)c and (Lp)c indicates support for the scaling arguments discussed above. 
The straight line indicates, 

(18) @b)c o*l(Lp)c.' 

Another commonly used lengthscale is the Ozmidov (1965) lengthscale. It is 
defined as 

t 
= [$I , (19) 

where E is the rate of dissipation of turbulent kinetic energy. If it is assumed that E 

can be parameterized as e = Cw3/1, where C is a constant, it  is possible to obtain 
L,b - L i .  A t  the critical conditions 1 - L,, and hence L ,  - L,. In the present 
experiments, E was not measured, but was calculated using the value CxO.61 
proposed by Hopfinger & Toly (1976). The results were found to follow the relation 

The quantities L,, L, and L, have been measured in stratified water and wind- 
tunnel experiments by Stillinger et al. (1983), Itsweire, Helland & Van Atta (1986), 
Lienhard & Van Atta (1990), and Yoon & Warhaft (1990). These experiments are 
different from the present work in the sense that small-scale decaying turbulence 
produced by a grid/mesh was superimposed on the stratification and the evolutions 
of the lengthscales were measured. The present experiments deal with a single isolated 
forced turbulent patch. The results of the windlwater tunnel experiments at the 
onset of buoyancy effects (critical conditions) are summarized below. 

(LR)c o.12(Lp)c* 

,. 
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Stillinger et al. (1983) : 

Itsweire et al. (1986) : 

Lienhard & Van Atta (1990) : 

I .  P .  D .  De Silva and H .  J .  S. Fernando 

L, x O.70LR, L,  x 1.49LkS3, 

L, x O.85LR, L,  x 1.31Lb4, 

L, x (O.15-0.17)LR, L, x (0 .30.34)&, (22) 

L, x (O.40.67)LR, L, x 0.25Lb. (23) 

Yoon & Warhaft (1990) : 

The differences in the coefficients are usually attributed to the differences in the 
Prandtl numbers and the presence of a strong internal gravity wave field in salt- 
stratified experiments. Also note that the relationships between L, and L, given by 
Stillinger et al. and Itsweire et al. are valid even after the onset of buoyancy effects. 

4.5. Measurement of available potential energy of the Jluctuations 
The potential-energy change due to the exchange of two particles of a Thorpe- 
ordered density profile is either positive if the particles have different densities, or 
zero if the densities of the particles are identical. Hence, the Thorpe-ordered profile 
can be considered as a state of minimum potential energy and it is useful to quantify 
the difference in potential energies of a given profile and its Thorpe-ordered 
counterpart. The available potential energy of the fluctuations, A ,  which is defined 
as (Dillon 1984) 

can be used for this purpose. Here pT(za) is the density distribution in the Thorpe- 
ordered density profile and p(z,) is the measured density a t  depth za. Note that A does 
not include potential-energy fluctuations due to internal wave motions since their 
contributions to the Thorpe displacements are negligible. 

If the Thorpe-ordered profile within the patch is linear, then it is possible to show 
that (Crawford 1986; Dillon & Park 1987) 

A = @$P. (25) 

Figure 15 shows a plot of A versus &$P for the present experiments ; data points 
taken at Not @ 400 are included. For large A values, the experimental data are 
clustered around the line 

irrespective of the mesh sizes of the grid, indicating that the Thorpe profiles can be 
regarded as nearly linear. General observations show that nonlinearities of density 
profiles occur near the interfaces, and within the patch the density profile is 
approximately linear. At small A ,  the data clearly tend to deviate from (25) 
indicating the nonlinear nature of the Thorpe profiles. 

4.6. Growth characteristics of the patch 

The turbulent patch grows owing to the propagation of the front. On dimensional 
grounds it is easily shown that the growth of the patch should follow 

A = ;(1.17)L$P, (26) 
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FIQURE 15. Variation of A with ?&P. The line represents the best-fit line with slope 1 to the data 
at &$P > 0.1, about which the bulk of the experimental points are clustered. 
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FIQURE 16. Variation of L,/2(K/N0)i with Not. -, slope of b. ------, the trend of the collected 
data when a grid of mesh size M = 2.93 cm was used. The time Not = 400 is indicated by an arrow. 

and, according to Fernando (1988), at Not < 4, f5 - (Not)i and the buoyancy effects 
are unimportant in this regime. The present results corroborated this observation, 
although owing to the larger stroke they might have been contaminated by grid 
effects. A t  Not = 4, the patch growth is temporarily halted and, as is evident from 
figure 16, a t  large times the patch starts growing at  a much slower rate. Shadowgraph 
observations clearly showed that the patch growth is symmetrical about the grid 
plane, thus corroborating the theoretical arguments of Redondo (1990). Note that 
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the patch growth is independent on grid parameters for M = 4.76 cm and 6.20 cm; 
the grid with high solidity (M = 2.93 em), however, showed a widely different 
behaviour. The trend of the data for the latter case is shown by the dotted line on 
figure 16. 

It is interesting to note that the subsequent growth of the patch is clearly evident 
a t  Not > 400, or when y > 0.9. Apparently, when Not < 400, the energy supplied by 
the source is mainly used for the degradation of the buoyancy gradient within the 
patch, and the energy available for exciting the interfacial waves is negligible. Since 
the braking of such waves is responsible for subsequent growth, only at  large Not  
values it is possible to expect an appreciable growth. Further, note that the 
subsequent growth law of the patch follows L,/2(K/No)i  N (Not);, which is the same 
as u,/u, N Ri-i (Fernando 1988), where u, is the propagation speeds of the interfaces, 
Ri is the Richardson number Ri = Abl,/u& and Ab is the buoyancy jump across the 
interface. This is the same as the entrainment law observed during the propagation 
of a single interface by E & Hopfinger (1986). Thus, the results show that the 
interfaces propagate independently of each other as in the previous mixed-layer 
deepening experiments when the stratification in the patch was nearly destroyed. 

4.7. Properties of interfacial waves 

Communication of the turbulent motions of the patch with the ambient stratification 
can occur through the radiation of internal waves via the interfacial layer (Carruthers 
& Hunt 1986). Fernando & Long (1985b), however, have argued that the interfacial 
layer can act as a sink of internal-wave energy, in that the waves are trapped within 
the layer and dissipate energy by breaking ; this process leaves an insufficient amount 
of wave energy a t  the outer edge of the interfacial layer to be radiated outwards. In  
the present study, a conductivity probe was positioned in the lower stratified layer, 
1.5 cm away from the interface, and the buoyancy fluctuations were recorded 
continuously to detect any generation of internal waves. No significant wave 
generation was observed. The measurements of dominant wave amplitudes and 
frequencies a t  the entrainment interface have been performed by Fernando (1988) 
and the results show that under critical conditions, they are proportional to (LJC and 
No, respectively. I n  the present study, the buoyancy fluctuations were measured at 
the mid-point of the interfacial layer. A typical frequency spectrum k(o) obtained in 
this way is shown in figure 17. 

A form of $ ( w )  can be obtained by assuming that interfacial waves are generated 
by interfacial distortions that result from the eddy impingement on the interface. If 
it is assumed that different sizes of eddies of scales smaller than 1 - 1, are advected 
over the interface by the energy-containing eddies, the frequency of the disturbances 
caused by an eddy of wavenumber k (in an Eulerian sense) is given by (Tennekes & 
Lumley 1973) 

and the associated velocity fluctuation can be written as 

w N uk - U ,  k ,  (28) 

W ,  N (ek-');. (29 ) 

Upon impingement on the interface, such eddies will cause an interfacial distortion 
a,, determined by a balance between vertical kinetic energy of the eddies and the 
potential energy stored owing to the distortion, i.e. 
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FIGURE 17. A frequency spectrum $(w)  of buoyancy fluctuations measured at the mid-point of the 
density interface. The experimental conditions are K = 1.72 om2 s-l; No = 1.12 rad s-l; z = 7.6 cm. 
The solid line has a slope of -1. 

D' 

FIGURE 18. A plot of non-dimensional buoyancy fluctuations spectra +)/(No u;/12,)5 us. non- 
dimensional frequency ( o / N o ) .  0, No = 1.67 rad s-l, K = 1.80 cm2 s-l, z = 6.5 cm; A, 
No=i.12rads-', K =  1.77cmes-', z = l l . 6 c m ;  0,  No=1.67rads-', K=1.83cm2s-', 
z =  10.3cm; 0,  No = 1.12rad s-l, K = 1.77 cmZs-l, z = 10.8cm. 
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The corresponding fluctuation of buoyancy b, can be written as 

I .  P .  D .  De Silva and H .  J .  S. Fernando 

b, N 8,. (31) 

Using (28)-(31), together with E - u;/lH, it  is possible to write, 

Thus, the spectra for buoyancy fluctuations becomes 

or (34) 

where (34) is valid for wave disturbances generated by eddies of sizes smaller than 
1 or for w>u,/l,. Figure 18 shows a plot of $(w)/(Nou&/l&)~ versus the non- 
dimensional frequency (w /No) .  The proposed scaling collapses the frequency spectra 
for different experiments satisfactory. 

5. Summary and discussion 
The objective of the present study was to investigate turbulent mixing and 

overturning motions within a stratified turbulent patch that is continuously forced 
by an external source of turbulence. The salient findings of the present study are 
listed below : 

(i) The generation of turbulence within a linearly stratified fluid develops a mixed 
layer which grows, as in a non-stratified fluid, for a time period oft, x 4N;' (initial 
growth). At t = t,, the growth is arrested by buoyancy effects, whence the following 
lengthscale relationships are valid. 

L, x 201, x 5.6Lt x lOL,, 

where L, is the patch size, and I,, L, and L, are integral scale of source turbulence, 
overturning lengthscale and buoyancy lengthscale, respectively. The Ozmidov 
lengthscale L,  was also calculated by estimating the rate of turbulent kinetic energy 
dissipation within the patch, and the relationship L ,  x 0.12Lp was obtained for t,he 
conditions a t  t = t , .  

(ii) The growth at  t > t, occurs slowly by breaking of the internal gravity waves 
generated at  the entrainment interface. These waves are trapped within the 
interfacial layer and break by saturation. The internal wave energy radiated 
outwards into the ambient stratification was found to  be negligible. The spectrum of 
the interfacial buoyancy fluctuations scales with (No uk/Zlf)i, when w is scaled with 

(iii) The subsequent growth of the patch becomes prominent at times No t 2 400 or 
when y > 0.9. This is consistent with the fact that  a t  such times the density gradient 
within the patch is nearly destroyed and the energy input by the source can be used 
to generate internal waves a t  the interface. The growth approximately follows the 
power law L,/2 (K/iVo)i - (No t ) i ,  indicating that the interfaces propagated in- 
dependently as if one or the other was not present. 

No- 
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(iv) The Thorpe lengthscale within a patch is a function of both L, and the 
mixedness y of the patch. However, when y > 0.9 the following relations hold. 

LT R 0.27Lp, 

(LT)max 0*74Lp* 

(v) The rate of decrease of the average density gradient of the Thorpe-ordered 
profile is very small at  large times. The newly arriving fluid particles due to 
interfacial wave-breaking tend to maintain a weak density gradient even at 

(vi) The bulk of the available potential energy fluctuations data cluster around 
the line A = 0 .59LiP .  According to oceanic observations of Crawford (1986) and 
Dillon & Park (1987), the proportionality constant between A and ?&$P can vary 
by a factor of 2 to 3, depending on the nonlinearity of the Thorpe profile. 

(vii) Examination of the magnitudes of the Thorpe displacements suggests that 
most of the overturning motions displace fluid particles over short distances. For 
instance, the occurrence of Thorpe displacements greater than 0.9(LT)max is less than 
about 4 %. 

Although the intention of the present study was to obtain information that is 
useful in modelling various geophysical-flow situations, it  should be noted that, at 
least in the oceanic context, the exact nature and strength of turbulence sources are 
not known and the extrapolation of the laboratory results to oceanic cases should be 
done with caution. 

Commonly quoted oceanic-turbulence-generating mechanisms are internal wave 
breaking, shear-flow instabilities such as Kelvin-Helmholtz billowing, flow past ob- 
stacles such as sea mounts and guyots, double diffusion and critical-layer absorption. 
Turbulence thus generated differs greatly from the oscillating-grid induced 
turbulence. Gibson (1980) has argued that oceanic turbulent patches are a result of 
powerful short-lived turbulence-generating events (‘big bangs ’), and the patches are 
usually in a ‘fossilized state’ during the observation; fossil turbulence is defined as 
‘remnant fluctuations in some hydrophysical fields which persist after the fluid has 
ceased to be turbulent at  the scale of the fluctuations ’. A contrasting notion, called 
the ‘ continuous-creation hypothesis’ has been proposed by Caldwell (1983). 
Accordingly, ‘the fluctuations of temperature and buoyancy are constantly being 
created on many scales at  various rates. A patch of water responds to an increase in 
driving by increasing its stirring, perhaps by entraining neighbouring pieces of 
water ’. The present flow configuration is akin to the latter mechanism and shows 
that the entrainment of neighbouring fluid is possible even if the stirring rate is 
constant. In  the continuous creation hypothesis, the vertical scale for turbulence is 
considered to be L,, whereas in the ‘big-bang ’ view it is L,. The vertical scale plays 
an important role in estimating certain quantities, for example, the vertical eddy 
diffusivity. With respect to each view, the eddy diffusivity becomes, L$N or LiN. 
Since L, is about 3.7 times larger than L,, the two estimates differ by a factor of 
about fourteen. It is also noted that the determination of the sizes of oceanic patches 
is a difficult task. According to Caldwell(1983), L, is usually determined by studying 
vertical temperature-gradient profiles for the extent of ‘active ’ regions, i.e. regions 
in which the temperature gradient seems to remain non-zero while switching back 
and forth from positive to negative. 

The present results show that such ratios as L,/L,, (LT)max/Lp are strongly 
dependent on the evolutionary state of the patch and the mixing never goes to 
completion. By analysing the oceanic microstructure data of Desaubies & Gregg 

Not > 2000. 
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(1981)’ Gregg (1987) has also concluded that oceanic mixing can never produce a 
completely mixed patch. 

In the present work the growth of the patch is one dimensional as opposed to the 
three dimensionality of the geophysical situations. In the latter case the mixed fluid 
collapses to form a horizontal intrusion. The ‘lost ’ fluid from the patch is replenished 
by return currents (if the stirring is sustained) and the process is more complicated. 
The present work can be considered as a first step towards an understanding of such 
intricate processes. 
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