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The results of experimental and numerical studies of the dynamics of the parameters of uniform 
turbulence of a stably stratified fluid for different molecular Prandtl-Schmidt numbers over a 
wide range of buoyancy times Nr  are given. The tank, the measurement apparatus used, and the 
experimental procedure are briefly described. The numerical modeling used a second-order model 
of uniform turbulence of a stratified medium. The influence of fluctuations of the turbulent mass 
(heat) flux q( Nr)  on the evolution of the statistical parameters of the velocity and temperature 
fields is analyzed, and an invariant equation is found for the parameters of the strong turbulence 
of the stratified fluid. It is shown that the statistical parameters of the turbulence, being smoothed 
with respect to the amplitude of the fluctuations, vary self-similarly with time after the collapse 
point. 

I n t r o d u c t i o n .  The investigation of the evolution of uniform turbulence of a stably stratified fluid 
is of interest for the development of the general theory of turbulence in a stratified medium. We note that 
the model of uniform turbulence of a stably stratified fluid describes well the elementary transfer processes 
occurring in the upper atmosphere and the thermocline region in the ocean. Both experimental studies of 
liquid and air [2-5] and direct numerical modeling [6-8] have been carried out in recent years to clarify 
the fundamental properties of the evolution of uniform turbulence of a stably stratified medium, which is 
described in detail description of which is contained in a monograph [1]. It was shown that  a turbulent vertical 
density flux eventually decreases to zero (conditional collapse of turbulence) and then assumes negative and 
positive values that  alternate with a certain period. It was established by a spectral analysis of data of direct 
numerical modeling that  the contragradient turbulent mass (heat) flux is connected with the conversion 
of the kinetic energy of pulsations to the potential energy of the density field and is an indication of the 
substantial contribution of internal gravity waves to the velocity field. In the cited papers, the limited size 
of laboratory experimental apparatus and the limited technical capabilities of contemporary computers, for 
reasonable amounts of computer  time, prevented the investigation of the evolution of turbulence parameters 
at sufficiently large values of the turbulent Reynolds number Re and the buoyancy time Nr .  The dynamics of 
uniform turbulence of a stably stratified fluid was investigated numerically in [9] on the basis of a second-order 
flow model (uiui) - ~u - (uip) - (p2) _ ~p for molecular Prandtl-Schmidt numbers a = 0.73 (air) and (r = 900 
(salt water). 

The purpose of the present work is an experimental and numerical investigation of the dynamics of 
uniform turbulence of a stably stratified fluid over a wide range of the parameter a in a relatively long 
interval of dimensionless t ime (1.25 ~ Nv ~ 3). We set the task of a detailed investigation of the dynamics 
of statistical turbulence parameters that enter in the second-order flow model. 
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Fig. 1. Diagram of the large tank for studying turbulence behind a grid in a stratified 
fluid: 1) lateral heat exchanger; 2) textolite plate; 3) grid; 4) electric motor; 5) pump; 
6) heat exchanger; 7) thermostat; 8) thermal stabilizing vessel. 

1. E x p e r i m e n t a l  I n v e s t i g a t i o n .  To investigate the turbulence behind a grid in a stratified medium, 
we used a water tank with a thermally stratified medium from the Department of Physical Hydrodynamics of 
Donetsk State University, equipped with nonstandard probes, a hot-wire anemometer for measuring velocity 
and temperature fields, and a system for data collection, storage, and processing. 

The tank (Fig. 1) had dimensions of 12 x 1.2 x 1.8 m, its bottom was made of stainless steel, and 
the side walls of plate glass. To create quasilinear thermal stratification, we used a scheme with lateral heat 
exchangers 1. Hot water was passed through the upper heat exchanger and cold water through the lower one. 
To create stable stratification, each heat exchanger was connected to a circuit consisting of a pump 5, a heat 
exchanger 6, a thermostat  7, and a thermal-stabilizing vessel 8. The tank walls were carefully insulated to 
eliminate convection, and the water temperature in the upper layer was kept close to the air temperature at 
the laboratory. The grid 3 with a size of 2.2 x 1.6 m and a cell size of 92 x 92 mm, made of stainless steel 
tubing 16 mm in diameter,  was lowered into the enclosed section of the tank on four cables fastened to the 
corners of the grid, and the medium was made turbulent by moving the grid using a special drive 4 mounted 
below the tank. 

Velocity and temperature  pulsations in the medium turbulized by the grid were measured by a probe 
consisting of a horizontally mounted disk. A vertical pylon 60 cm long with three hot-wire anemometer 
sensors located along it at a 50-mm interval was fastened to the bottom of the disk. The disk was rotated 
by a transmission and a vibration exciter, at a constant linear velocity of 13.4 cm/sec. Vertical temperature 
profiles were measured by a resistance thermometer. The rate of probing was 1.59 cm/sec, and the accuracy 
in measuring the average temperature  was 4-0.05~ 

To investigate the temperature distribution under the linear stratification conditions, heat exchangers 
were placed at the surface and at the bottom of the tank, and this prevented us from obtaining large 
temperature gradients over considerable dimensionless times Nr .  We therefore increased the region with 
a nearly linear temperature  distribution by mounting a textolite plate 2 in front of the heat exchangers 1. 

We used a direct-current hot-wire anemometer at a carrier frequency to measure velocity and 
temperature pulsations. The sensors were uninsulated platinum filaments. Two mutually perpendicular 
filaments 1.5 mm long were placed in a vertical plane at angles of 4-45 ~ to the stream. The third (horizontal) 
filament, connected to the circuit of a resistance thermometer was placed 2 mm in front of the projection of 
the point of intersection of the inclined filaments. The sensors were produced by etching the copper shell of 
a Wollaston wire up to the platinum core with a diameter of 8 gm. 
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The low turbulence intensity and the constancy of the average probe velocity enabled us to use a 
linear approximation of the hot-wire anemometer calibration curves, which made it possible to reduce the 
problem of finding the velocity and temperature components to the solution of a system of three equations 
for instantaneous values of the output  voltages of the two hot-wire anemometer channels and the resistance 
thermometer. Solving this system, we obtain two velocity components U = Aael + Ble2 - Cle3 and V = 
A2el - B2e2 - C2e3 and the temperature T = De3, where el, e2, and e3 are the instantaneous output voltages 
of the hot-wire anemometer channels and the resistance thermometer; A1, A2, B1, B2, C1, G'2, and D are 
calibration constants. The pulsation components of the signals were filtered in a 0.6-80 Hz band, amplified 
to a level of 4-5 V, and recorded on a magnetic tape. 

We used the method described to investigate the background parameters of velocity and temperature 
pulsations. The measurements showed that minimum amounts of interference for recording velocity pulsations 
in the tank were observed at a disk rotation rate w = 0.222 see -1 , corresponding to movement of the sensors at 
0.12-0.14 m/see. The constant disk rotation rate was set after 1/5 of the first rotation. The nonuniformity of 
its motion over the rest of the circumference was 4-3% of the velocity. The measurement frequency band had a 
lower limit of 0.6 Hz to reduce the interference from the nonuniformity of disk motion. In the 0.6-80 Hz band 
the background velocity pulsations together with instrument noise and vibrations comprised no greater than 
1 mm/see in the longitudinal velocity component and 0.5 mm/see in the vertical component. The standard 
deviation of the background temperature pulsations (including instrument noise) in a stratified layer with a 
temperature gradient of 18~ was about 0.028~ 

Stable thermal stratification was created in the tank using the lateral heat exchangers. The time of 
its establishment depended on the initial temperature profile and was 6-10 h. Arrival at the working regime 
was monitored by measuring vertical temperature profiles in the longitudinal cross section of the tank. After 
the given temperature distribution was reached, screens were lowered slowly into the water to cover the 
heat exchangers and prevent the liquid flow through them as the grid was lowered. Then, the temperature- 
regulating system was turned off and the temperature profile was measured. After about 0.5 h, turbulence 
was generated by lowering the grid to the bottom of the tank. The time when the grid passed the horizon 
in which the sensors were located was recorded on the tape. The velocity of the grid was determined from 
the interruption of a laser beam by a plate of a given length fastened vertically to the grid. The laser beam 
passed through the working section at the level of the moving sensors. The probe was triggered at a certain 
time (5--180 sec) after the grid was lowered. Signals from the hot-wire anemometer and pulses from the disk 
position indicator were recorded on the tape. 

Having made a full circle, the sensor entered its own wake and the recording of signals was stopped. 
The final vertical temperature profile was recorded 5 min after lowering the grid. The temperature-stabilizing 
system was then turned on to restore the original temperature profile. After 1-2 h the experiment was repeated. 
We thus accumulated a set of eight to ten realizations with the same time delay. 

To obtain sufficiently well-developed turbulence and achieve the longest observation time Nr we 
chose the maximum possible grid velocities under the given experimental conditions (Uoo -- 0.4 m/sec) and 
the maximum temperature drop over the tank height. At such a velocity we obtained uniform grid motion 
in the region of the thermocline in which the measurement were made. The range of short observation times 
was investigated at reduced temperature drops. The temperature profile was not fully restored over the time 
between successive experiments, and, hence, the temperature gradients had decreased slightly by the end of the 
test series. The average temperature gradient in the given test series was used in calculating the stratification 
parameters. 

The turbulence parameters behind the grid were measured at average temperature gradients 
dT/dx2 = 2.9-12.1~ The Reynolds number Reoo -- UooM/t/, calculated for the grid cell size M, was 
3.8- 10-4-4.0 �9 104, and the Froude number Fr - NM/Uoo varied in the range of 1.85.10-2-3.78 . 10 -2. Data 
on the investigated regimes are given in Table 1. 

Since the background pulsations were due mainly to the nonuniformity of sensor motion, vibrations, 
and electronic instrument noise, they were assumed to be uncorrelated with turbulent pulsations behind the 
grid. This enabled us to refine the spectrum of turbulent pulsations by subtracting from the spectrum of the 
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Fig. 2. Spectra of longitudinal (a) and vertical (b) velocity pulsations and temperature 
pulsations (c) for different stratification regimes: curves 1-4 correspond to regimes 1.1, 
1.2, 4.10, and 4.14 Ca and b) and curves 1-3 correspond to regimes 2.1, 4.10, and 4.14 
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signal of the corresponding spectrum of background pulsations. After subtraction of the "background," the 
pulsation spectra in the frequency range / > fb (fb is the lower boundary of the frequency range) were replaced 
by the dependence E( f )  .., f -7 ,  typical of the range of viscous dissipation. The spectra of longitudinal and 
vertical velocity pulsations and of temperature pulsations for different regimes of stratification of the medium 
(see Table 1) are given in Fig. 2. 

The results were processed on a personal computer. The instantaneous values of the signals from the 
outputs of the hot-wire anemometer and the resistance thermometer were converted by the algorithm given 
above to instantaneous values of the vertical and longitudinal velocity components V and U (relative to the 
direction of movement of the sensor) and to the instantaneous values of the temperature. The signal was 
made discrete with a frequency of 256 Hz. From realizations lasting 5 sec we calculated the energy spectra 
and the second moments of temperature and velocity pulsations. The data obtained were averaged over the 
set of realizations. 

The doubled kinetic energy of the longitudinal (horizontal) velocity pulsations (Ue2xp) = (u~) + (u]) and 
the doubled kinetic energy of transverse (vertical) velocity pulsations (V~p) = (u 2) were determined separately 
((V~p) and (U~p) ~re quantities obtained experimentally). Under the conditions of this experiment, we have 
(u~) = (u]) and (Uexp) = 2(u~), i.e., the doubled total kinetic energy of the turbulence was determined from 
the equation 

The statistical moments of the velocity and temperature pulsations were found from the frequency 

spectra obtained. Instead of the frequency f, it is more convenient to use the wavenumber kl = 21rf/Uoo, 
and instead of E(/) we can introduce the spectral function E1(kl) = U~E(f)/2~r. We therefore have (u~) = 
cr kupper 
/E,(k,)ek,= / 
O kiowe r 

Similarly, we can introduce spectral functions for the transverse velocity pulsations and the temperature 
pulsations: 

OO kupper  oo kupper  

= / I:> = / 
0 klowe r 0 klowe r 
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TABLE 1 

R e g i m e  Reoo 

1.1 
1.2 
1.3 3 .82  �9 104 

1.4 

2.1 
2 .2  
2 .3  3 .82  �9 104 

2 .4  

3.1 
3 .2  
3.3 3 .95  �9 104 

3 .4  

4.1 
4 .2  
4 .3  4 .03  �9 104 

4 .4  

4 .5  
4 .6  
4 .7  4 .03  �9 104 

4 .8  

4 .9  
4 .10  
4 .11  4 . 0 3 -  104 
4 .12  

4 .13  
4 .14  
4 .15  4 . 0 3 . 1 0 4  

4.16 

4 .17  
4 .18  
4 .19  4 .03  �9 104 

4 .20  

6 .62  

6 .62  

6 .46  

6 .32  

6 .32  

6 .32  

6 .32  

6 .32  

dT/dt, " C / m  

2.89 

3 .49 

4.65 

12.1 

10.9 

10.4 

10.7 

11.00  

S~ sec -1 

8.04 �9 10 - 2  

8 .92 �9 10 - 2  

1 0 . 4 2 . 1 0  - 2  

17.14 .I0 -2 

1 6 . 3 3 . 1 0  - 2  

1 5 . 9 5 . 1 0  - 2  

1 6 . 1 4 . 1 0  - 2  

16.4 �9 10 - 2  

Fr 

1.85 �9 10 - 2  

2 .07  �9 10 -2 

2.3  �9 10 - 2  

3 .78  �9 10 - 2  

3 .78  �9 10 - 2  

3 .78  �9 10 - 2  

3 .78  �9 10 - a  

3 . 7 5 . 1 0 - *  

~/M 

71 

92 

114 
136 

66 
88  

110 
131 

132 
154 
176 
197 

135 
157  
179 
200  

272  
293  

3 1 5  
3 3 7  

401  
423  
4 4 4  
466 

Nr 

1.31 
1.72 

2.12 

2.52 

1.38 
1.82 
2 .27  
2 .72  

3 .18  
3 .7  

4 .22  
4 .74  

5 .34  
6 .22  
7 .03  
7.91 

10 .24  
11 .05  
11 .87  
12 .69  

14 .76  
15 .57  
16 .33  
17 .14  

5 7 8  2 1 . 5 4  
600  2 2 . 3 6  
6 2 2  23 .11  
6 4 4  2 3 . 9 3  

3 2 . 4 0  
3 3 . 2 2  
3 4 . 0 4  

Here El(k1), E2(kl), and ET(kl) are the experimentally determined, one-dimensional energy spectra of 
velocity and temperature pulsations, and klower and ku ku are the lower and upper limits of integration. 

The rate of dissipation of the kinetic energy of turbulence was estimated from the relation [2] 

k u p p e r  

h how~ 

Similarly, to calculate the rate of "smearing out" of the temperature pulsation gradients, we used the equation 

ku 

= jf k E (kl) dkl. 

k h w e r  

From the results of the measurements we calculated the normalized values of the turbulence parameters: 

' 
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exp e x p  ~Ar 0 (t2) ~. M 
(AT) 2' ~" = U~ ' e T =  Uoo(AT)2. 

Here Uoo is the velocity of the grid and A T ~ (OT/Ox2)M is the temperature drop over a height equal to the 
grid cell size M. 

The turbulent heat flux RVT = (u2t)/((u2)l/2(t2) 1/2) was calculated by a separate program ignoring 
background pulsations. 

2. Numer ica l  Model ing .  The model of uniform turbulence of a stratified fluid [9, 10] includes 
differential equations for the Reynolds stress tensor (uiuj), the doubled total kinetic energy of the turbulence, 
(uiui) (summation over the recursive indices is presumed here and below), the mean square of pulsations of 
the density, temperature, or concentration of the admixture (p2), the flux vector of the scalar considered (u~p), 
the rate of dissipation of kinetic energy ~ = v(-A~(uiu~))~=o, and the rate of "smearing out" of pulsations 
of the scalar, % = cr(--A~(pp'))~= 0. Along with the calculated parameters, we also consider their associated 
Taylor macroscopic and microscopic scales: 

Lu 5((q2))3/2 Lp = 6((q2))112(p2) 2 5v(q 2) 2 6~(P 2) (2.1) 

The macroscopic scales are expressed in terms of the corresponding microscopic scales by the equations 

Lu = ,~uRe, Lp = ApPe, Re = (q2)l/2Au, P e -  (q2)ll2Ap, (2.2) 
V Ot 

where Re and Pe are the turbulent Reynolds and Peclet numbers. We also introduce the corresponding time 
scales (q2) (p2) 

7-. = , v, = (2.3) 
~u ~p 

It follows from relations (2.1)-(2.3) that the equations for eu and ep can be replaced by equations for 
the corresponding spatial and time scales (in the authors' opinion, in problems of uniform turbulence it is 
convenient to use more compact equations for the time scales vu and rp). 

The system of differential equations for the turbulence parameters can be represented [9, 10] as 

) } d t V = - 2  d + ~ ( 1 - d )  3 - 1  + 1 + 4  E - -  ~ q  Fr a - - "  (2.4) 
T,,' 

d"~E=-2 l + q - ~ F r  2 ~-~; (2.5) 

d - 2 [ 1 - d / '  2r '~/' 3)  1 ~ ] F r 2 q T "  (2.6) 
d~ T. = (F,, - 2) ~,i'-~) ~,aT.wo + R,,oo "-E; 

[2 ( V  31_)] [ (1  VT,~) ( 53__) 1 T u l q  d 1 V d _ Fr20 - ( l - d )  + 2 5 ~ - ~ p  +2d  ar,,w~ - -"  (2.7) 
Fr e P ,o~ T.' 

d'-~ O = - 2  1 - q  Tp' 

d T ' - d 4 (  1 54wo') '  d-7 T. = - 2) + G1W.  3 
where the following notation is adopted: 

rUoo t = ~  M , 
7"uUoo TpUoo (u 2) (q2) (u2p) 

Tu= -~ , Tp= -~ , V- -~-~ ,  E = - - ~ ,  q=UooM(-d(p)/dx2)' 

(p2) = 3 [1-- ( 2~ ~3/21-' O 

R,~wo 5--~ \ 1 + a ] \ 1 + ~r] ~ ' 

(2.8) 

(2.9) 
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g . = 2 . 8 - 1 0  3, Re2=hRec~ET.,  Recr U~M F o l = F , ~ _ 2 _ 4 d  F p 2 = 2 + 4 d  Fr= N M  
v ' 5 '  3 '  ~-~" 

This system of equations was solved numerically. The initial conditions were taken from the experiments 
with appropriate correction for their self-consistency with respect to all the caiculated parameters. 

3. C o m p a r i s o n  of  N u m e r i c a l  and  E x p e r i m e n t a l  Resu l t s .  The normalized parameters U, V, 
E, and 0 used in the numerical modeling coincide with the corresponding experimental parameters. The 
normalized turbulent heat flux q is related to the experimental coefficient of correlation of the velocity and 
temperature pulsations q = -RvTVI/201]2, and the normalized time scales Tu and Tp are defined in terms 
of experimental parameters as Tu = E/eu and T o = O/eT. The dimensionless time of evolution t = rUoo/M 
in Eqs. (2.4)-(2.9) is related to the buoyancy time Nr by the relation t = Nr/Fr. 

Strong, evolving, uniform turbulence has been investigated earlier in experiments with salt water 
(a = 900) [4] and air (a = 0.73) [5]. In the present work we performed an experiment on ordinary water with 
a constant temperature gradient for a = 6.5, Fr = (2.0-3.78)- 10 -2, and M = 9.2.10 -2 m. This enabled us to 
obtain additional data for a molecular Prandtl number intermediate between the experimental values indicated 
above. The main difference in the experiment presented here consists in the longer time of observation of the 
turbulence parameters owing to the use of a large test tank. The dimensionless time of evolution Nr in [4] 
did not exceed 2.6, and in [5] it did not exceed 2.0, whereas in our experiment the maximum Nr was 34.0. 
The investigation of the evolution of turbulence parameters thus covers different stages both before and after 
the onset of conditional collapse of the vertical turbulent heat flux (by conditional collapse we mean the state 
of turbulence that  corresponds to the first zero value of the turbulent mass flux). 

Figure 3 gives experimental data from the present work for a = 6.62, data from [5] for a = 0.73 and 
data from [4] for a = 900, and also results of numerical modeling. The turbulent flux of the scalar quantity q 
(Fig. 3a), which determines the source terms in the equations for V, E, and Tu, undergoes oscillations about 
the position q = 0, with zero value first reached at Nr = 2.5-3.0. The oscillation period is estimated to be 
T ~ 0.52 TBV ( TBV is the Brunt-V~iss period, equal to 2x/N), and does not depend on the Prandtl number. 
The alternation in t ime of "natural" and Ucontragradient" mass (heat) fluxes is a fundamental property of 
uniform turbulence of the type under consideration, indicating active exchange between the kinetic energy of 
the velocity field and the potential energy of the density field. As is well known from [7, 8], such exchange leads 
to the generation of internal gravity waves in the turbulent medium and the formation of a mixed velocity 
field. The results of the modeling performed here show that this property is inherent to flows with any Brunt- 
V~is~l~ frequency N, no matter  how low. As we showed in [9], however, the amplitude of oscillations of this 
function decreases with decrease in the molecular Prandtl number. As regards the experimental confirmation 
of this property, one must bear in mind that for small a, the amplitude of oscillations of q is within the 
confidence interval of measurement, which complicates the determination of the oscillations directly from 
experiment. However, the results of the present work (Fig. 3a), obtained at evolution times after conditional 
collapse, confirm the presence of oscillations. The alternation of the sign of q, which is not evident in Fig. 3a 
at the adopted linear scale along the ordinate axis, is confirmed by the numerical values of a number of points 
on the abscissa axis. 

The oscillations of the function q cause oscillations of the kinetic energy of vertical pulsations of the 
velocity V (Fig. 3b), which in turn results in oscillations of the total kinetic energy E of the turbulence. 
Oscillations of the average horizontal pulsations of velocity U are less noticeable, since for them the 
stratification effect is manifested not directly but only by means of the exchange of the energies of the 
velocity components due to pressure pulsation. 

Note that the absence of vertical turbulent mass (heat) transfer at Nr ~, 30, observed in Fig. 3a, does 
not indicate suppression of the velocity pulsations, which, as follows from Fig. 3b, die out at an average (in 
oscillation amplitude) rate not exceeding the rate of degeneration of velocity pulsations of an unstratified 
fluid. 

The oscillations of the function q also affect the behavior of the density pulsations O (Fig. 3c). At 
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Fig. 3. Dynamics of transverse turbulent  heat flux (a), transverse velocity pulsations 
(b), and tempera ture  pulsations (c) for different Froude numbers and molecular Prandtl  
numbers: solid curves are the result of numerical modeling. 

N r  < 1, the parameter  O varies just  like a passive scalar in uniform turbulence [11], and at N r  ~ 2.5 it starts 
to die out, qualitatively similar to the damping of an isotropic passive scalar. A feature of the evolution of the 
dispersion of O, in contrast  to the isotropic case, is its oscillatory nature with a period equal to the period of 
oscillations of the vertical turbulent  mass (heat) flux. 

The oscillatory changes in the turbulence parameters in a medium with stable density stratification 
indicate the presence of internal waves in the total field excited by gravitational forces. It can be assumed that  
at N r  ~. 1, the contribution of random internal waves to the superposed velocity field becomes comparable to 
the contribution of turbulence itself. Starting with this value of NT, one should expect tha t  the dynamics of the 
parameters considered shows typical features of the turbulence of a stratified fluid. In fact, for N r  = 2.5-3.0, 
corresponding to conditional collapse of the turbulent  mass (heat) flux, one observes an abrupt  decrease in 
the rate of decay of velocity pulsations (see Fig. 3b). This is obviously caused by the generation of relatively 
low-frequency internal waves, which dissipate more slowly than the turbulence itself (this question is discussed 
in more detail in [12]). 

4. I n f l u e n c e  of  t h e  M o l e c u l a r  P r a n d t l  N u m b e r .  As follows from Fig. 3, in the near region 
(NT ~< 1), where the influence of buoyant forces on the field of velocity pulsations is slight, the turbulence 

543 



parameters behave similarly to the case of a passive scalar. The parameters of the velocity field evolve self- 
similarly and do not depend on the molecular Prandtl number ~. The dynamics of the parameters of a scalar 
field, particularly the quantities O and Tp, is determined by the initial values of the scale ratio R ~ = T~176 
which differ considerably from each other in experiments on air and water. In other words, the difference in the 
exponents in the laws of evolution of the turbulence parameters for the scalar field in the vicinity of Nr  ~< 1 is 
due to a difference not in values of ~ but in the initial scale ratio R ~ An analysis of system (2.4)-(2.9) leads to 
the same conclusion. In the near region (Nr  ~< 1), the turbulence is strong (the turbulent Reynolds number 
is large, Re >> 1). Here the parameter d is practically zero. Thus, the clear dependence of the turbulence 
parameters determined by this system of equations on the molecular Prandtl number disappears. 

We should note that  from Eqs. (2.5), (2.6), and (2.9) in the limiting case of strong turbulence (for 
d = 0) we obtain the equations 

Tu d 11 3 dTp I 
E dt (E/Tu) = 3Tu' 5Tp dt = T-:u" (4.1) 

The solution of system (4.1) leads to the invariant 

ET~ 1/5 ]T,~ = c o n s t .  (4.2) 

In the case of a passive scalar with Re >> 1, the conditions R = T~,/Tp =cons t  are satisfied and relation (4.2) 
becomes the well-known Saffman's invariant [13] 

ET~/5 = c o n s t .  (4.3) 

Thus, relation (4.2) should be treated as a generalization of Saffman's invariant to the case of strong 
(Re >> 1) uniform turbulence of a stably stratified fluid. 

The results of the experiment described and the numerical modeling at N~" > 1 pertain to moderately 
strong turbulence of the velocity field. At the same time, the turbulence of the scalar field is moderately strong 
for a ~ 1 and quite strong (the turbulent Peclet number is large, Pe ::~ 1) for a ::~ 1. In this connection it 
can be expected that  even for approximately equal Froude numbers but for considerably different molecular 
Prandtl numbers, the dynamics of the turbulence parameters will differ considerably. 

In the region of conditional collapse, as noted above, there is an abrupt qualitative change in the 
turbulence parameters under the influence of internal gravity waves. After this, the statistical parameters of 
the velocity field, being smoothed in oscillation amplitude, vary ~self-similarly." The rates of conditionally 
self-similar evolution of the corresponding parameters differ considerably for a ~ 1 and a ::~ 1, however. It 
follows from Fig. 3b, for example, that the exponent n of the decay rate of the kinetic energy of vertical 
pulsations averaged over the oscillation amplitude in the power law V -~ (Nr)  -n  is approximately 0.8 for 
salt water (a = 900) and 1.63 for air (a = 0.73). The relatively low decay rate for V in the case of a >> 1 
may be due to the larger contribution of the energy of internal gravity waves, capable of producing relatively 
larger-scale and hence more slowly dissipating inhomogeneities than in the case of a on the order of 1. 

The molecular Prandtl  number also affects the decay of scalar pulsations, and starting with Nr  
corresponding to conditional collapse, the rates of decay of the parameters V and O averaged over the 
oscillation amplitude prove to be the same for the same a (see Fig. 3c). 

For salt water (a >> 1), conditional collapse of the vertical turbulent mass flux occurs at a smaller 
value of N r  than for a fluid with Pr ~ 1 (see Fig. 3a). We can conclude that the amplitude of oscillations of 
the parameter q increases with increase in the Prandtl number. 

Conc lus ion .  The satisfactory agreement between the results of numerical modeling and experimental 
data over a broad range of buoyancy times N r  suggests that the use of the second-order flow model is efficient 
in the investigation of the parameters of the superposed field of intrinsic turbulence and internal waves. This 
model enables one to analyze the dynamics of uniform turbulence of a stably stratified fluid over a wide 
range of molecular Prandtl numbers, not presently accessible either to experimental investigation or to direct 
numerical modeling (see, e.g., [7, 8, 14]). 

As a result of the present investigation, we can draw the following conclusions: 
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(1) A fundamental feature of the evolution of the uniform turbulence of a stratified fluid is the 
oscillatory, sign-changing variation of cross correlation (u2p) with a period approximately equal to half the 
Brunt-V~iss period (alternation in time between gradient and contragradient mass fluxes). 

(2) The value of the turbulent mass (heat) flux averaged over the oscillation amplitude in the 
investigated range of buoyancy times for Froude numbers of the order of 10 -2 (see Fig. 3a) is contragradient 
for all investigated values of a and approaches zero with increase in the buoyancy time Nr. 

(3) In the near region, i.e., up to the buoyancy time that corresponds to conditional collapse of the 
turbulent scalar flux, the parameters of the mixed field vary with time almost independently of the molecular 
Prandtl number. The well-known Saffman's invariant for strong (Re >> 1) uniform turbulence was generalized 
to the case of a stably stratified fluid with a constant vertical gradient of the averaged density. 

(4) Starting with the value of Nr  that corresponds to the conditional collapse of the turbulent scalar 
flux, there is an abrupt change in the exponents in the power laws of evolution of all the statistical turbulence 
parameters averaged over the oscillation amplitude. The final stage, which corresponds to Re << 1 and Pe << 1, 
was analyzed in a monograph [1]. 

This work was supported by the International Science Foundation (Grant No. MX 2000) and the 
Belarusian Foundation for Fundamental Research (Grant No. T14-130). 
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