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Abstract Results from a grid-mlxing expcrlment in a dllfus~ve thermohahne system are described. A 
model is proposed to separate the erects of mterfaclal Hux and lnterfacial movement (entramment) on 
property changes in the mixed layer and the present results for heat and salt fluxes are compared with 
prc\ious studies in unstirred diffusive systems. Comparison of an eddy time-scale and a time-scale for 
development of instability In the interfacial boundary layers suggests a means of determining whether 
stirring or double-diffusive instability controls the interfacial transports. For the present conditions there 
was a negligible effect of diffusive stratification on entrainment rates. and mterfacial fluxes were increased 
by the stirring. It is suggested that the ratio R,,R,,. where R, is the mterfacial flux ratio and R,, IS the 

interf’acial stabihty ratio, should be a function of the overall bulk Richardson number-. Ri. 

1. INTRODUCTION 

MIXING AND property fluxes across a density inter- 
face have received considerable attention, in large part 
due to their importance in affecting the stratification 
of fluid systems. Modeling the oceanic mixed layer, the 
atmospheric boundary layer, stratification of water 
storage reservoirs or the operation of salt gradient 
solar ponds are just a few examples where a knowledge 
of interfacial mixing is needed. Fluxes of fluid proper- 
ties such as heat and dissolved mass must be known, 
as well as movement of the interface itself. These all 
affect the overall structure and quality of a given fluid 
body. 

The present work is concerned with a “difTusive” 
thermohaline system, where salinity is stably stratified 
while the temperature distribution is unstable. This 
type of stratification is found in various systems such 
as oceans, bottom-heated saline lakes, Antarctic lakes, 
liquified natural gas storage tanks and solar ponds. A 
number of models have been proposed for calculating 
the property Huxes across a diffusive interface, starting 
with the pioneering work of Turner [I], who heated a 
salinity gradient from below and deduced relation- 
ships for the heat and salt fluxes across the interface 
which developed. His results indicated that the buoy- 
ancy flux ratio, R, , was a constant equal to about 0.15 
when the interfacial stability ratio, R,,, was between 2 
and 7. These parameters are defined as : 

where ps = interfacial salt flux. p,, = interfacial heat 
flux, AS = interfacial salinity step, AT = interfacial 
temperature step, r = - 1 ‘po(Sp/iT) = thermal 
expansion coefficient. /? = l/p,(Sp ‘is) = saline 

expansion coefficient, /, = density. p. = reference 
value for p, and c, = specific heat. The temperature 
and salinity steps are defined as positive when the 
property increases downward. Turner’s results also 
showed that RI. increased sharply when R,, was less 
than 2. This was interpreted as being a result of 
increased turbulent transport as the interfacial con- 
ditions became less stable. 

Subsequent studies have suggested that R, should 
depend on the ratio of molecular diffusivities, or Lewis 
number, T = X-,/k-,-, where k, = salt dXusivity, and 
X, = heat diffusivity. Turner et al. [I] deduced 
RF = T' lRi,. while Shirtcliffe [3] found RF = T' '. Lin- 
den and Shirtcliffe [4] developed a mechanistic model 
of the interface which also supported R, = 7’ l. Their 
model was based on the process of development of an 
unstable boundary layer due to the faster diffusion of 
heat, compared with salt. Fernando [5] adopted a 
simiiar approach, except he argued that convective 
motions in the mixed layers scour the developing 
boundary layers before instability develops. His model 
results in R, = T’ ‘R,,, as above. 

Relatively few studies have looked specifically at 
the problem of entrainment in diffusive systems. com- 
pared with the numerous studies of mixing at density 
interfaces in singly-stratified systems (see ref. [5] for a 
recent review). Oscillating grid experiments have been 
useful in gaining general understanding of interfacial 
turbulent mixing, with some of the important studies 
in this area reported in refs. [h-12]. Major problems 
addressed in these studies concern the physical 
entrainment mechanism and the proper form of the 
entrainment lah : 

E = !!? x Ri-” (2) 
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constant pressure specific heat 
dimensionless entrainment rate 
grid oscillation frequency 
interfacial flux 
gravity 
mixed layer depth 
heat content per unit volume 
idealized interfacial heat flux 
molecular diffusivity 
length scale 
ratio of interfacial thicknesxev 

exponent 
Peclet number 
buoyancy flux ratio 
interfacial stability ratio 
critical Rayleigh number 
bulk Richardson number 
grid oscillation stroke 
salinity 
time 
eddy time-scale 
temperature 
velocity scale 
volume 

NOMENCLATURE 

-g distance below mean grid position. 

Greek symbols 

; 

thermal expansion coefficient 
saline expansion coefficient 

ci interfacial thickness 
K molecular thermal conductivrty, or 

transfer coefficient 
,L ratio of eddy and convective velocities 
I’ kinematic viscosity 

I’ density 
T Lewis number, ratio of ditfusivities 

r ratio of depths. 

Subscripts 

: 
convective scale 
diffusive scale 

e entrainment value 
H heat 
0 reference value 
S salinity value 
T heat, or temperature value 
1 turbulence scale. 

where u, = dh/dt = rate of mixed layer growth, 
/I = mixed layer depth, u, = turbulent velocity scale 
and Ri is a bulk Richardson number defined by : 

where ,q = gravitational acceleration, AQ = interfacial 
density step and I, = turbulent length scale. Different 
values for the exponent n in (2) have been reported. 
ranging between about 1 and 1.75, with some depen- 
dence on whether heat or salt was used as the strati- 
fying agent. 

Crapper [ 131 studied grid-mixing in a diffusive sys- 
tem for cases with relatively low R,. His results showed 
higher values for R,- than in unstirred systems and 
also that f-s was increased when AT was higher. This 
latter result is consistent with other expressions 
derived for F, [14]. Other studies performed to evalu- 
ate entrainment and mixing in diffusive systems 
mclude Linden’s [ 151 analysis, which incorporated the 
entrainment formula (2) with IZ = 1.5, to predict the 
relationship between RF and R,, resulting from Tur- 
ner’s data [l]. Murota and Michioku [ 161 heated a 
stable salt gradient from below and measured the 
growth of the developing mixed layer. They defined 
the convective velocity scale u,, associated with insta- 
bility driven by the bottom heating, as the scaling 
velocity (u,) and obtained an entrainment relationship 
similar to (2), with n varying between 1 and 1.5. 

Additional models of convective-driven mixing in a 

diffusive system have been proposed [ 177191. Witte 
and Newell [18] developed a thermal burst model 
based on development of boundary-layer instability, 
similar to the model of Linden and Shirtcliffe [4]. They 
assumed that the unstable Auid in the boundary layers 
is incorporated into the mixed layer, thus increasing 
the layer depth at a rate interpreted as the entrainment 
velocity. There are several difficulties with this model, 
as pointed out in [ 17, 191, perhaps the most important 
one being the neglect of the role of convection in 
the bottom layer. Hull and Mehta [17] performed 
a mathematical stability analysis incorporating the 
effects of periodic temperature variations on the 
boundary of a diffusive layer, meant to simulate the 
effect of thermals rising from the heated bottom. 
While some interesting results were presented, inter- 
facial movement was not specifically addressed. Zan- 
grand0 and Fernando’s model [19] is based on the 
development of salinity and temperature diffusive 
boundary layers. assuming that they become scoured 
by turbulent eddies before instability can develop [20]. 
Therefore, interfacial fluxes and movement depend on 
an eddy time-scale rather than an instability time- 
scale. 

In the present study we examine the entrainment 
and interfacial fluxes of heat and salt resulting at a 
grid-stirred diffusive interface and present results 
which extend the parameter range considered in ref. 
[ 131. The results are interpreted in the context of pre- 
vious studies as reviewed above. particularly the inter- 
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facial flux models proposed for diffusive interfaces. A 
procedure is first developed to distinguish between 
interfacial and entrainment fluxes. Results for the par- 
ameter ranges considered here indicate: (1) a neg- 
ligible effect of double-diffusive stratification on 
entrainment rates ; and (2) increased interfacial fluxes 
of heat and salt, compared with unstirred systems. 
These increases are explained in terms of reduced 
interfacial thicknesses, with the fluxes still consistent 
with molecular diffusion. A time-scale comparison 
is also suggested as a means of determining when 
double-diffusive effects would be expected to become 
important. 

2. EXPERIMENTS 

Experiments were conducted in a rectangular tank 
made of 1.3 cm thick plate glass with 10.2 cm 01 
Styrofoam insulation on all sides. An outer jacket of 
0.8 cm plywood held the insulation in place and fur- 
ther minimized heat losses. The inside dimensions of 
the tank were 41.3 cm square in plan view and 50.8 
cm high. Windows were cut in the front and back 
which could be removed for short periods for obser- 
vation. During an experiment the mean grid position 
was about 4 cm below the water surface and insulation 
was floated on the surface to further reduce heat loss. 
Two-layer stratification was used, with the initial 
interface position about 7 or 8 cm below the grid. The 
basic apparatus is sketched in Fig. 1. 

The experiments were conducted in a “run-down” 
fashion, that is, there was no heating of the bottom 
layer once the tank was filled and there was also no 
attempt to maintain a constant interfacial position. 
For each test the bottom layer was first filled with 
solution of the desired salinity and heated to the 
desired temperature. The upper layer was then care- 
fully poured on top. Some diffusion of the interface 
was inevitable during the filling process, but it was 
quickly sharpened once the grid was started. All 
measurements reported here correspond with an inter- 
facial position 10 cm below the mean grid position 

I to eccentric drive 

thermistor and 
conductivity probes 

/--- 41.3 --q 

FIG. I. Schematic of experimental apparatus ; all dimensions 
are in cm. 

(center of stroke). This depth represents the minimum 
distance required in order to insure turbulent motions 
[21], but is also such that u, is not too small. This 
procedure eliminates possible problems associated 
with ambiguities in estimating the turbulent velocity 
and length-scales [I 11. Also, in order to reduce the 
number of variables, all tests were conducted with 
constant grid oscillation stroke and frequency, s = 1 
cm and .f‘= 5 Hz, respectively. Thus, all results 
reported here have the same U, and 1, values. 

The grid was composed of square plexiglass strips, 
0.95 cm on a side and 40.5 cm long, joined together 
in a square array with 5 cm spacing. The middle of 
the grid was reinforced to make the connection with 
the driving rod as rigid as possible and the overall 
geometric solidity of the grid was 39%. The motor. 
eccentric wheel and joint connections were suspended 
above the tank and the only physical connection to 
the tank was between the driving rod and the Teflon 
bearings in the tank top. 

Temperature and salinity values were measured 
with a thermistor and conductivity probe mounted at 
the end of a stainless steel tube passing through a hole 
in the bottom of the tank. The tube was connected to 
a point gage and could be moved to record values at 
different vertical positions. A potentiometer provided 
probe position data. Details of the salinity and tem- 
perature probe construction and calibrations are given 
in ref. [22]. Data accuracy is estimated to be &O.l”C 
for temperature and k 0.1% (by weight) for salinity. 
An equation of state was used to calculate density as 
a function of T and S. This relationship was based on 
least-squares fitting of data from ref. [23]. A separate 
series of tests was performed in which p was measured 
directly using a hydrometer in solutions of varying T 
and S. Values calculated with the equation of state 
were found to be within l-2% of measured values. 
The calculations were also nearly identical to results 
from ref. [ 131, which were based on a multi-regression 
fit to standard tabulated values. 

Deepening of the mixed layer was monitored for 
each test by observing interfacial movement over time. 
lnterfacial positions were determined either by cal- 
culating the location of the maximum density gradient 
from the temperature and salinity probe output or by 
flow observation, with dye or shadowgraph tech- 
niques used to identify the interface. The flow vis- 
ualization procedure tended to produce somewhat 
smoother results since each reading was visually aver- 
aged, whereas the probe output reflected more of a 
local value and was subject to perturbations induced 
by deflections of the interface. It was found that simple 
power-law curves could usually be fitted to the inter- 
facial position data and u, was calculated as the slope 
of those curves at any given value of zg = distance 
from grid. Following a suggestion by Nokes [I I] to 
evaluate more accurately correct values for u,, only 
those data centered around the desired value of 
- = 10 cm were used in these calculations. Based on -8 
the variability obtained when using different points in 
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this analysis, values for u, are estimated to have an 
average accuracy of about k 20-30%. 

A laser-Doppler anemometer (LDA) was used to 
measure velocities. Vertical profiles of the horizontal 
velocity component were obtained at several different 
locations within the tank and averaged to determine 
the desired scaling velocity. These data were measured 
without density stratification in order to avoid prob- 
lems with index of refraction fluctuations. That this 
procedure provides appropriate scaling quantities for 
the entrainment tests was suggested by McDougall 
[IO] and later confirmed by Carruthers and Hunt [24]. 
The measured velocity profiles were reported pre- 
viously 1211. with a reasonable fit to the data given 

by : 

For the present experimental conditions, u, = 0.37 cm 
5~’ at zB = 10 cm. The variability of u, values obtained 
for the different profile positions was about &30%. 
The accuracy of the depth measurements is estimated 
to be k2 mm (2%). Values for I, have been shown to 
be proportional to zgr both from direct measurements 
of the autocorrelation length scale based on hot-film 
data [25] and by inference from LDA data [8], with 
the proportionality coefficient equal to 0.1. 

3. RESULTS 

A summary of experimental results is shown in 
Tables I and 2 for salt and diffusive stratification, 
respectively. Figure 2 shows a plot of E as a function 
of Ri, where it can be seen that thcrc is no apparent 
difference between the results for the two types of 
stratification. This is true even for relatively large AT 
(up to 14 C). Although the temperature step slightly 
modifies the density step resulting from salt strati- 

Table 1. Data summary for salt-stratified tests 

AS 
Test (?G) Ri lc ( x IO’) 

S1 0.5 2.89 9.36 
S2 0.4 2.07 16.5 
s3 0.7 3.82 X.06 
s4 0.9 4.80 5.88 
ss 06 3 II 6.90 
S6 1.3 39.9 0.872 
S7 5.2 28.2 1.19 
S8 3.x 20.7 0.919 
s9 2.9 15.6 2.21 
SlO 8.9 48.8 0.788 
Sll 2.3 12.6 1.30 
Sl2 5.S 30.0 1.30 
Sl3 x.2 44.9 0.670 
s14 5.9 32.2 0.861 
s15 2.6 14.4 1.93 
S16 1.5 8.03 3.45 

fication, the salinity interface still controls movement 
of the interface. It might be expected that E should 
increase, relative to the salt-stratified results, when the 
buoyancy step due to temperature is increased. This 
implies a lower value for R,, but also lower values for 
Ri. since it is based on the net interfacial density step 
(note that R,, -P 1 implies Ri + 0). At low values of Ri 
the turbulence is relatively strong and molecular 
etfects will be less important. Thus, there is less like- 
lihood of any difference in entrainment results fat 
systems with different stratifying components to be 
seen at low Ri (see also ref. [ 121). 

A least-squares analysis of the data in Fig. 2 indi- 
cates that for Ri > 5 the value for the exponent n in 
(2) is about 1. l- 1.2, which is close to previous values 
[IO. I I]. (Points corresponding to low Ri show a “flat- 
tening” of the entrainment curve, which is consistent 
with [12].) A least-squares regression for double- 
diffusive data only for the same Ri range results in a 
slightly lower value, n N 1.0, but this is not sig- 
nificantly different than the value corresponding to the 
full data set. Although the presence of the temperature 
gradient should weaken the interface locally. there is 
no significant effect on the rate of interfacial move- 
ment. As shown below, there is however an effect of 
the stirring on the interfacial fluxes of heat and salt. 

Before interfacial fluxes can be evaluated, a dis- 
tinction must be made between those changes in T 
and S of the upper layer which are due to entrainment 
and those due to interfacial fluxes. This is done using 
a model for the changes in AS and AT over time. We 
first consider a system consisting of two well-mixed 
reservoirs, one over the other, separated by a thin 
interface and isolated from the environment. The tem- 
perature and salinity of the lower reservoir are higher 
than the corresponding values in the upper reservoir. 
The only heat and salt transfer in the system are 
accomplished by interfacial diffusion or by entrain- 
ment. Further. it is assumed that mixing in the upper 
layer causes entrainment and U, = dh,/d( = -dh,’ 
dt > 0, where !z is layer depth and subscript ,, refers 
to the upper layer and subscript , refers to the lower 
layer. The bulk heat balance for the two reservoirs 
is : 

(5) 

where Y = volume = /IA. .d = area. H = pcpT = heat 
content per unit volume, (‘p = constant pressure spec- 
ific heat and I<,- = interfacial heat transfer coefficient. 
A heat transfer coefficient is introduced because the 
mterfacial thickness is unknown and. ideally. 
approaches zero. However. this term represents 
molecular diffusion across the interface. as will be 
demonstrated below. The entrainment term represents 
the contribution of turbulence to the interfacial flux. 
Since A is constant. (5) is rearranged to obtain : 



AS AT 
Test (%) ( C) 
~~~~_~ _._~_._~~~~_...~~Ri~ 

DI 2.7 1.2 47.9 14.5 
D2 0.4 2.6 2.26 1.10 
D3 0.3 3.3 1.48 0.515 
D4 14.9 14.2 19.0 77.1 
D5 14.0 14.8 18.0 72.4 
D6 10.7 1.0 437 58.4 
D7 9.6 2.5 I03 52.0 
D8 Y.9 5.5 40.5 52.8 
D9 10.7 3.8 56.4 57.3 
DIO 11.0 5.7 32.8 58.3 
Dll 6.3 1.2 I61 34.4 
Dl2 74 6.4 25.3 40.3 
D13 7.8 3.7 42.2 41.4 
D14 7.5 6.6 23.5 41.2 
Dl5 7.5 4.2 35.7 39.5 
Dl6 5.0 I.5 90.0 27.1 
017 4.8 2.5 54.3 25.9 
D18 4.5 10.5 7.84 21.3 
D19 3.0 3.0 25.0 15.7 
D20 3.3 0.8 II6 18.0 
D21 3.3 II.8 4.97 14.4 
D22 2.2 11.8 3.33 8.37 
D23 I .9 5.3 9.62 13.2 
D24 I.1 1.9 17.9 5.72 
D25 0.6 5.1 2.39 I.81 
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Table 2. Data summary for double-diffusive tests 

( .T02) (W 
KT KS FH 

m 2 C ‘) (ms lx IO”) (Wm ‘) 
Fs 

(% m 5-l x 10’) 
_ 

F,,‘Hs 

and 

KTAT+JHI-HJ$+ I > 

dH, _= 
dt 

-FAT. 
I 

2.75 
14.5 
25.9 

0.494 
0.673 
0.341 
0.494 
0.505 
0.486 
0.559 
0.635 
0.635 
0.722 
0.808 
0.932 
0.916 
1.39 
1.32 
1.71 
1.30 
2.45 
4.07 
2.97 
3.53 

14.3 

85.3 
91.2 
54.6 

116.2 
31.7 
4x.3 
41.0 
49.1 
52.5 
39.7 
66.0 
45.5 
65.7 
55.5 
40.4 
44.4 
51.3 
45.4 
55.8 
69.8 
X8.3 
65.8 
58.6 
79.8 

(6) 

(7) 

Assuming (PC,) 1 pocP is constant, then subtracting 
(6) from (7) and dividing by pOc,, results in : 

EAT= ---(%+:)67. (8) 

where c = (h,,h,)~(lz,,+ h,). A similar analysis for salt 
stratification gives : 

3.3 
5.1 

1.3 
0.084 
0.75 
0.50 
0.25 
0.071 
0.065 
0.34 

0.24 

0.009 

0.089 
0.20 
4.8 

0.31 
5.2 

222 
301 
775 

I720 
31.7 

121 
226 
I87 
299 

41.6 
422 
I68 
434 
233 

60.6 
III 
539 
136 
44.6 

824 
1042 

349 
Ill 
407 

1.2 0.68 
1.5 0.60 

18.0 0.79 
0.91 3.90 
7.2 7.49 
5.0 2.40 
2.7 1.70 
0.78 0.28 
0.41 1.17 
2.5 0.62 

I x 

0.048 

0.30 
0.66 

I I.1 

0.34 
3.0 

0.40 
0.81 

_ Ap,, 

0.50 
0.49 
0.15 
0.32 
0.26 
0.29 
0. IX 
0.25 
0.22 
0.31 
0.27 
0.23 
0.26 
0.27 
0.29 
0.26 
0.17 
0.25 
0.50 
0.21 
0.27 
0.29 
0.38 
0.36 

(9) 

where ps = pS = salt density and I+ = interfacial salt 
transfer coefficient. 

Values for K, and tis were found by matching (8) 
and (9) to experimental data for AT and AS, respec- 
tively. over the course of each experiment. This was 
done with an iterative numerical procedure using 
observed values for U, (time-varying) and initial values 
for II,,, h,, AT and Aps. Equations (8) and (9) were 
then solved using a forward-stepping finite difference 
procedure and K, and tis were chosen so that the final 
values of AT and Aps were reproduced for each test. 

I 

0.001 j I ,~~~~~ _-_-_-__+__---___~ ~~~~ 
0.1 1 10 

Ri 

Flti 2. Entratnment results for both salt stratitied (S) and double-diffusive (dd) tests 
experimental uncertainty. 

bars indtcate average 
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FIG. 3. Variation of Interfaclal heat transfer coefficient with stability ratlo. 

Estimates for ICY and K~ are listed in Table 2. A blank 
entry means the calculated value was negligibly small. 
An implicit assumption in this procedure is that the 
parameters remain constant during each test, though 
it is probably reasonable to expect some dependence 
on T and S. For example, both ICY and K~ appear to 
depend slightly on R,,, as shown in Figs. 3 and 4. R, 
is chosen as the independent variable here since it has 
been shown in previous double-diffusive convection 
studies to strongly affect interfacial heat and salt 
fluxes. The increase in both K~ and KS with lower R, 
is probably an effect of the weaker interface. At this 
point it is not clear how varying values for K~ and K~ 

could be incorporated in evaluating equations (8) and 
(9) and the available data do not warrant such an 
exercise. However, the assumption of constant 
coefficient values for each test should not affect the 
results significantly. 

It can be shown that the values obtained for K~ and 
KS are consistent with molecular diffusivity values, as 
follows. The interfacial heat flux is FH = K,AT and 
interfacial salt flux is F, = K~AS. The interfacial heat 
flux resulting from molecular diffusion is ~(aT/?z), 
where K = thermal conductivity and (aT/az) is the 

vertical temperature gradient across the interface. 
Molecular salt flux is ks(dS/az), where k, = molecular 
salt diffusivity. If the interface is small the gradients 
may be assumed as approximately constant, 
(~T/~z) E AT/d, and (Bjaz) r AS/&, where & and 
6s are the thicknesses of the diffusive interface associ- 
ated with temperature and salinity stratification, 
respectively. Equating the flux expressions then shows 
6, = K/K~ and 6s = k&. With values for K* ranging 
between about 35 and 100 W mm2 ‘C’ and using a 
nominal value of K = 0.59 W m-’ ‘C’, then 8r = 
0.59-1.69 cm. Although detailed measurements of 
interfacial thicknesses were not made for all the tests, 
the probe profiles and also visual observations indi- 
cated an interfacial thickness in the order of 1 cm, well 
within the calculated range. Values for ICY are all small 
and show greater scatter. From Fig. 4 an average value 
is taken as 2.5 x lo-’ m SK’. Then, k, = 1.4 x 10m9 m2 
S ', the result is 6s = 0.56 cm. This is slightly smaller 
than observed, but of the same order of magnitude. 

Equation (8) and (9) can be combined to calculate 
changes in the net density step by noting that 
Ap = p,,-ctAT+j?AS). Dividing (9) by p and 
assuming CI and /I to be constant : 

0.01 k----- T 

0.001 1.- I___ .-~--_.-.-~~...___ J 
1 10 100 1000 

RP 
FIG. 4. Variation of interfacial salt transfer coefficient with stability ratio. 
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(l-R,) +FaAT(l-R,). ] ” 

(10) 
This last result is essentially a generalization of 
expressions derived previously [13, 201, by including 
the contribution due to entrainment. Note that in 
Crapper’s [ 131 experiments both layers were stirred 
and maintained at constant and equal depths, so 
u, = 0 and [ = h/2. With these substitutions (10) 
reduces to his result [his equation (6)]. The entrain- 
ment contribution in equation (10) is always negative 
since R, > 1. However, the flux contribution can be 
positive or negative, depending on the value of K, 
relative to 1. Values for R, are listed in Table 2 and 
plotted in Fig. 5 as a function of R,. No simple 
relationship between these two parameters is indi- 
cated, though it appears that RF generally increases 
with R,. Curves for several previous models are also 
shown and these, along with the scatter seen in these 
data, will be discussed in the following section. 

One other result of interest concerns the non-dimen- 
sional heat flux, FH/HSP, where HSP is the equivalent 
heat flux that would be expected if the interface were 
replaced with a solid, perfectly conducting plane. 
Turner [I] first introduced this concept and defined 

Hsp by : 
113 

HSP = O.O84p,c,k, AT4:3 , (11) 

where v = kinematic viscosity. A number of earlier 
studies in unstirred systems were reviewed by Atkin- 
son et al. [14], who showed that the empirical 
expression, F,/H,, = l.O9(R,- l)-’ 14, provided a 
good fit for all the data with R, between 3 and 30. 
From Fig. 6, however, it is seen that this relationship 
underpredicts heat flux except for low R,,. Further- 
more, the present dimensionless heat flux values are 
relatively constant, with an average value of 0.29. This 
result seems reasonable since F,/H,, is approximately 

proportional to K,/AT”~ [assuming other variables in 
equation (11) are constant]. Thus, there is a weak 
dependence on AT, but as previously noted there is 
also a slight increase in K* for higher AT (i.e. lower 
R,-see Fig. 3). While the conclusion is considered 
tentative at this time, it appears that the effect of 
increasing AT is approximately balanced by an 
increase in K,~, so that FH/HSP is about constant. This 
balance is apparently not maintained in a non-stirred 
system. 

4. DISCUSSION 

In order to discuss the effects of double-diffusive 
stratification on grid-induced entrainment and the 
effect of stirring on interfacial fluxes it is first useful 
to consider time-scales for these processes. Previous 
models of a diffusive interface have considered mixed 
or stratified layers on either side of the interface and 
finite or zero density steps. In most of these a stably 
stratified fluid is heated from below and convective 
mixing provides a well-mixed lower layer. Linden and 
Shirtcliffe [4] and Fernando [20] assumed that 
gradients vanished in both the upper and lower layers. 
Other studies [18, 191 assumed zero gradients in the 
lower layer and also no step at the interface (Ap = 0). 
For an initially stratified system with stirring in one 
of the layers these conditions are possible only if u, is 
very small ; otherwise a density step will form. Most 
of these models assume a sharp interface as an initial 
condition. 

With time, diffusive boundary layers develop at the 
edges of the interface. This process continues until the 
layers are swept away, either because of the devel- 
opment of instabilities [4] or because of entrainment 
by turbulent eddies [20]. Which of these processes 
actually occurs depends on a comparison of relevant 
time-scales. Fernando [20] argued that the entrain- 
ment occurred on a shorter time-scale and thus would 
control mixing. In a subsequent study [19] it was 

RF=R,, RF = rf12Rp 
10 

1 

rr” 

0.1 

FIG. 5. Dependence of interfacial flux ratio on stability ratlo ; also shown are three formulae relating R, 
and R,,. 
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l.O9(R,, -l)-1.14 

FIG. 6. 

0.1 

Variation of non-dimensional heat flux with stability ratio; rhe curve shows the empirical 
reported hy Atkinson c’f trl 131. 

result 

shown that this result was valid for the given exper- 
imental conditions, using the instability time-scale 
developed by ref. [ 181. However, this time-scale is not 
applicable for the present tests since it depends on 
non-zero gradients in the layer being entrained. Atkin- 
son et al. [ 141 developed an instability time-scale based 
on Linden and Shirtcliffe’s model [4] : 

’ 
(12) 

where Ru, is a critical Rayleigh number for the devel- 
opment of convective instability and has a value of 
about 1640. This time-scale may be compared with 
the eddy scale [20] : 

1, t, =-. (13) 
UI 

In other words. for an initially unstirred system to 
which mixing energy is slowly added, the stirring is 
expected to start to have an impact on interfacial 
fluxes when t, 2 t,. As mixing intensity is further 
increased t, will decrease and the stirring will dominate 
the transport process. 

Crapper’s [I31 data provide a means of checking 
this hypothesis. noting that the conditions in his exper- 
iment were similar to those assumed in ref. [4]. so that 
1% given by equation ( 12) is applicable. First. the time- 
scale ratio is : 

where i = 14,. U, and 14, is a velocity scale associated 

with convective motions generated by bottom heating. 

In Crapper’s experiments the quantity (14,/l,) was con- 

stant. If the time-scales are comparable. t, = t,. then 
i may be calculated as a function of t,. Using u, and 
I, from Crapper’s tests, AT between 3 and 10 C and 
representative values for the other parameters in equa- 
tion (12). i. is found to be between 0.07 and 0. IS. 

From Crapper’s results (his Fig. 5), a clear effect of 
the grid is seen at i. x O.l--0.2, although the fluxes are 
not completely dependent on the grid-mixing until 
1. > 1. Thus, the evaluation of mixing mechanisms 
in terms of time-scales appears to be supported by 
Crapper’s data. 

For the present tests t, = 2.7 s, while the lowest 
value of t, is 24 s. Therefore, interfacial convective 
instabilities should not be present and this explains 
the lack of effect of double-diffusive stratification on 
the entrainment results. In order for convective vel- 
ocity to have an effect, experiments would have to be 
conducted with relatively high AT (to reduce t,) and 
low stirring intensities. Increasing AT decreases the 
net density step at the interface, thus changing Ri 
slightly. with an accompanying change in E. A 
stronger effect, however, is a local weakening of the 
interface so that fluid becomes more susceptible to 
mixing. The model of Zangrando and Fernando [19] 
assumes this sort of mechanism and also that the 
sweeping away of the diffusive boundary layer leads to 
entrainment. In other words, u, = /<,/t,, where I, is a 
ditrusive length-scale estimated from ld r (kt,)’ ’ (k is 

diffusivity of either salt or heat). It is then easily 
shown that E z Pe ’ ‘% where Pe = 14,/, ‘k is the Peclet 
number. Zangrando and Fernando’s analysis also 
gives this result, though they account for the double- 
difrusive boundary layer structure in greater detail. In 
the present experiments the entrainment rate is faster 
because of the added mixing energy from the oscil- 
lating grid. Because of the relatively short time-scale for 
the eddies it appears that there is not an appreciable 
effect of the diffusing temperature profile on E. As 
above, this process would presumably be more visible 
for higher AT and lower stirring intensity. 

Referring to Fig. 5, it is clear that the present results 
do not support a simple relationship between R, and 
R,, another variable must be involved. The theor- 
etical curves shown in this figure include RF = T' ' [3, 
41, and Rk = 7’ ‘R,, [2, 201. Both of these models were 
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developed for non-stirred systems. With a few excep- 
tions at low R,, the present data fall between these 
two lines. At the other extreme, for a system in which 
interfacial mixing is completely dominated by entrain- 
ment, the flux ratio will equal the buoyancy ratio 
(RF = RP) and this line is also shown. Now, Crapper’s 
[13] data for RF show a dependence on jL as well as on 
R,. At low iL the curve is quite flat, with little depen- 
dence on R,,. The slope (proportionality between RF 
and R,J then increases with increasing i (his Fig. 3). 
Since iL is a measure of the relative strength of stirring, 
it seems reasonable that Ri might be used to try to 
collapse the present data for R,. The reasons for 
choosing this parameter include : (i) Ri is also :i mea- 
sure of the relative strength of stirring; and (ii) E 
clearly depends on Ri. Thus, at small Ri. RF should 
approach R,, since entrainment is proceeding relatively 
quickly. At large Ri, R, should be less than R,, and in 
the limit of very large Ri (when E + 0), R, should 
tend to the values observed for non-stirred systems. 

In Fig. 7 the ratio RF/R,, is plotted as a function of 
Ri. This ratio takes a maximum value of 1 when Ri is 
small. Also, by substituting from equation (1) : 

Therefore, RJR,, is equivalent to the ratio of salt and 
heat transport coefficients. With this interpretation in 
mind, it is to be expected that RF/R,, should decrease 
with increasing Ri since there is less energy available 
for lifting salt and contributing to ICY (K~ remains 
relatively higher because of the greater diffusivity for 
heat). As stirring energy decreases, a point may be 
reached where f, > t, and then a possible contribution 
of convective velocity to Ri would have to be 
considered. If buoyant convection provides enough 
energy for scouring the boundary layers, then the 
lower limit of RF/R, = 7’ 2 suggested by Fernando [20] 
should be reached. However, if the energy is 
insufficient then the limiting condition would be gov- 
erned by interfacial fluxes driven by boundary layer 
instability and R, may approach a constant value (e.g. 

t’ ‘). In this case RJR, would not necessarily have a 
minimum. 

Although there is still some scatter in Fig. 7, par_ 
titularly at large Ri, it appears that RF/R,, does indeed 
decrease with increasing Ri. It is also worth noting 
that Crapper’s [ 131 data are consistent with a decrease 
in RI, R, with increasing Ri. Four values of this ratio 
that may be deduced from his data are 0.18,O. 11,0.068 
and 0.048 (in order of increasing Ri). Unfortunately. 
it is not possible to calculate Ri directly from the 
information given in that paper, but these values are 
similar to much of the present data. This result is also 
consistent with a further interpretation of the ratio 
R, ‘R,,. by assuming that the transfer coefficients are 
equivalent to molecular diffusive fluxes across the 
interface, as previously suggested. Then. with 
I<~ = k,ib, and K,/flCp = k,l’h,. equation (15) 
becomes : 

RF 
R,, ’ (16) 

where L = 6,:&. Since T does not change much, a 
reduction in RF/R,, corresponds with a decrease in L. 
If the diffusive thicknesses are determined from : 

6 = (kt)’ ‘, (17) 

where t is time from an initial condition of zero thick- 
ness, then L _r z-“’ and RF/R, = z”~, which is Fer- 
nando’s [20] result. However, the temperature profile 
cannot diffuse ahead of the salt profile indefinitely 
it will be limited by the development of convective 
instability. Then it may be expected that L would 
be somewhat less than T-’ ’ since 6, could increase. 
relative to 6,. 

It is clear from Fig. 7 that RF/R,, reaches values less 
than z’ ‘. From the above discussion, this appears to 
be a result of different interfacial thicknesses than 
those assumed in the theoretical development. For 
example, Fernando [20] predicted interfacial thickness 
from equation (17), using t = I,, where t, corresponds 
with the layer stirred less vigorously (this is related to 
the fact that the interface will grow more into the layer 
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with less stirring intensity and gives a higher value 
for t,). For the present tests t, is estimated from the 
convective velocity-scale for the lower layer, which is 
determined from the net interfacial buoyancy flux : 

This results in u, = O.lLO.2 cm s ’ and t, = 175-350 s, 
giving 6, = 0.5-0.7 cm and 6, = 0.05 -~0.07 cm. While 
detailed interfacial thickness measurements were not 
made in these tests, profile data and observations sug- 
gest that slightly thicker interfaces were present, 
especially for the salinity profile. It is possible that 
the weak convection in the lower layer did not have 
sufficient energy to effectively scour the interface, so 
that the interfacial thickness was larger and the diffus- 
ive flux smaller than in the theoretical model. Since 
this effect is more pronounced with the salt profile, Rr- 
values are less than those predicted by the theory (i.e. 
RF/R,, < r”“). 

5. CONCLUSIONS 

The main results from this study show : (1) that the 
unstable temperature gradient has a negligible effect 
on salt-stratified entrainment, at least for the par- 
ameter range considered ; and (2) that the grid-stirring 
has a significant impact on the interfacial fluxes of 
heat and salt. The first result is not entirely surprising 
since many of the experimental values for R,, are larger 
than would normally be expected for double-diffusive 
effects to be important. It should also be noted that 
for small R,,, Ap -+ 0 and Ri is also small. ln this region 
molecular effects are considered to be secondary to 
turbulent mixing, so it may be argued that diffusive 
stratification should not have an effect on net inter- 
facial movement (compared with salt stratification) 
for all values of R, (> 1) and Ri. However, exper- 
iments should be performed to confirm this result, 
probably with greater AT and/or lower stirring inten- 
sity than in this study. 

The second result was explained in terms of the 
scouring of the interfacial diffusive boundary-layers 
resulting from the grid stirring. This prevents insta- 
bilities from developing so that there is no convection 
in the upper layer. Maintaining a relatively sharp 
interface also results in increased interfacial fluxes. for 
both heat and salt, compared with values reported for 
unstirred diffusive systems. Unlike unstirred systems, 
there is no simple relationship between RF and R, and 
it is suggested that Ri should also be considered. The 
ratio RF/R,,, chosen because of its interpretation as 
the ratio between salt and heat interfacial transport 
coefficients, appears to depend on Ri, decreasing as 
Ri increases. Although mechanistic arguments sup- 
port this type of relationship, there is some scatter in 

the present data and further experiments are needed 
to determine the exact relationship. This would be a 
worthwhile direction to pursue for field applications 
since in many situations external sources of mixing 
are present. 

The present study confirms that a comparison of 
time-scales for eddy motions and for growth of bound- 
ary layer instability provides a valid criterion for 
deciding which mechanism is more important in 
sweeping away the diffusive boundary layers and con- 
tributing to interfacial fluxes. This comparison was 
suggested previously [ 14, 19, 201 and is shown here to 
be valid for grid-mixing studies as well. This type of 
comparison should be helpful in evaluating results for 
larger Ri, where r, would be larger. 
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