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Abstract-Unsteady natural convection in a nonuniformly stratified, finite depth, layer of water heated from 
below has been studied. Laboratory experiments were performed using a Mach-Zehnder interferometer as a 
diagnostic tool for measuring temperature and a shadowgraph technique for flow visualization. A l-dim 
model in conjunction with a two-differential equation k-r. turbulence model is used to predict the dynamics 
of the mixed layer which develops when the thermally stratified fluid is heated from below. Good agreement 
between data and predictions have been obtained using the model. However, the entrainment processes at 
the interface between the mixed layer and the stable region as well as turbulence in the interracial layer must 

be better understood for more realistic modeling of turbulent natural convection in nonuniformly stratified 
fluids. 

Unsteady natural convection heat transfer and mixing which occur when either a thermally stratified layer 
of liquid is cooled by air flow over the free surface or a layer of liquid is simultaneously heated by an external 
radiation sour= and cooled by air flow over the free surface has beyn studied both experimentally and 
analytically. Temperature measurements were made using a Mach -Zehndcr interferometer, thermocouples 
and a thermistor. The flow structure in the fluid was visualized using a black-blue dye and “fish-scales” as 
tracers. and also by shadowgraphic techniques. An unsteady I-dim. model has been developed for predicting 
the temperature structure in water irradiated by an external source and simultaneously cooled by air flow 
over the surface. Turbulent mixing was calculated using the k-c model of turbulcnoz:. The results obtained 
show that deposition of radiation in water plays an important role on buoyancy and wind shear induced 
mixing prtrcsses in the surface Iaycrs during simultaneous hcatinp by radiation and cooling by convection. 
The mixed layer depth was ovcrpredictcd by the turbulence model because it dots not adcquatcly simulate 

the entrainment process in the interfacial layer bctwccn the mixed and stable regions. 

specific heat of fluid ; 
layer depth ; 
local radiation flux ; 
gravitational constant; 

thermal conductivity of fluid or kinetic en- 

ergy of turbulence; 

effective (molecular plus turbulent) thermal 

conductivity, kc,, = k + k,; 
Prandtl number; 

pressure ; 
heat flux; 

time averaged temperature; 

time; 

time averaged velocity in the x-direction ; 
time averaged velocity in the y-direction ; 
air velocity at the center of the channel; 

coordinates in the horizontal plane; 

coordinate in the vertical direction (meas- 

ured from the bottom for heating from 

below or measured from the interface when 

the cooling is from above); 

Greek symbols 

01. absorptivity; 

8. thermal expansion coefficient ; 

turbulent kinetic energy 

wavelength or spectral; 

dissipation; 

dynamic viscosity of lluid; 

etTective (molecular plus turbulent) viscosity 

of fluid, 14~,, = 14 + 14,; 

density of fluid ; 
shear stress; 

relative humidity of air. 

Subscripts 

b, refers to bottom of test cell; 

f, refers to heating fluid; 

inc. refers to incident; 

9 refers to initial; 

s, refers to surface; 

t. refers to turbulent. 

AN UNlxHSTASI~IS(I of the flow and thermal structures 

in fluids heated and/or cooled from above is needed in 

many areas of current engineering and geophysical 

interest. Examples include natural waterbodies (e.g. 

lakes, ponds, reservoirs and estuaries), shallow and salt 

gradient stratified ponds. artificial lakes for seasonal 

energy storage, sensible energy storage systems [l-7] 
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and many others. For example. in natural waterbodies 

the flow and thermal structures have important effects 

on chemical and physical properties, dissolved oxygen, 

biological and chemical oxygen demand, aquatic life, 

chemical and thermal pollution. ecology and mixing 

processes in water. Energy transfer and mixing pro- 

cesses in water often provide the basic information that 

leads to a better understanding of such phenomena. 

The thermal conditions in shallow and salt gradient 

stratified solar ponds [2.5.6] are strongly affected by 

the existence of buoyancy-indu~d flows. Such flows 

exist when the liquid layer is destabilized due to 

heating from below and,‘or cooling from above. In 

ponds the heating from below is produced by the 

absorption of solar radiation by the pond bottom. The 

maintenance of stratification in solar ponds is a 

problem of current concern. The behavior of the hot- 

cold transition zone (‘thermocline’) and the mainten- 

ance of stratification between the hot and cold fluid 

layers in large thermal energy storage units [7] and in 

artificial reservoirs [3] for residential and industrial 

process heat storage are topics of current research 

activity. The work reported in this paper is concerned 

with ex~rimental and analytical modeling of heat 

transfer in buoyant flows of the type that arises in 

impounded waters such as lakes, ponds and reservoirs, 

as well as solar ponds. 

During the past decade there has been great interest 

in modeling the hydrodynamics and thermodynamics 

of natural waterbodies as evidenced. for example. by 

the international seminar [4]. There have been nu- 

merous studies concerned with modeling of radiation 

transport and associated thermal stratification [ 12. 
13). cooling (free)of thermally stratified (by radiation) 

water from the surface [ 14, 151. buoyancy-generated 

flow due to cooling of water from the free surface [IO. 

IS], dynamics of the surface mixed layer (16, 171. and 

sensible and latent energy transport [IS. 191 and also 

with the effects of waves of a wavy air-water interface 

on evaporation from the surface [ZO, 211. Recent 

reviews of the internal transport processes in waters 

and interactions at the air-water interface on both 

micro and macro turbulence levels [22] as well as of 

laboratory studies [23] are available and will not be 

repeated. Experiments concerned with internat trans- 

port processes in water and the interactionsat the air- 
water surface have not been reported in the literature. 

Energy transfer processes of internal absorption of 

solar radiation, buoyancy and shear induced mixing, 

and advcction strongly inllucncc the hydrodynamic 

and thermal conditions in waters. They are difficult to 

model because the processes are very complioatcd. 

There arc both experimental and theoretical 

difficulties in scaling natural transport processes, and 

the interactions at the air-water interface cannot be 

ad~quat~ty simufated in a laboratory. 

The purpose of the present paper is to report on an 

experimental and mathematical modeling of thermal 

structure and mixing in thermatiy stratified. buoyant 

water flows. Theemphasis of the work ison k~boratory 

modcling of the b~ioy~Incy-driven mixed (‘convcotive’) 

layer dynamics and entrainment of heat and fluid into 

the mixed iaycr from the stably stratified region under 

two conditions: (I) heating from below of a stratified 

fluid layer and (2) cooling from above of a stratilicd 

fluid layer. Thermal stratification of the water Inycr 

prior to the expcrimcnt was achiovcd by radiant 

heating from above and/or cooling from below. The 

cooling of the water surface from above by convection 

and latent energy transport was accomplished by 

forcing air over the free surface, A number of diffcrcnt 

experiments and supp~~rt~ng analyses have been per- 

formed to obtain understanding of the transport 

processes. Knowledge of the prosessils intractions 

between the processes is necdcd for developing pre- 
dictive models for such energy related systems as 
natural and artificial cooling lakes, solar ponds, and 
long-term energy storage systems. 

2. HEATING OF A THER>tALtY STRA’I’IE’IEI) 
FLUID FRO&l BELOW 

Labor~ltory modeling of atmospheric ~net~~tive 

convection in a tank of water which was continuously 

and uniformly stratified (e.g. linearly varying tempra- 

ture with depth) was performed by DeardorfTrt ul. (81 

and Heidt [9], The water was heated from bciow by 

circulating a warm fluid through passages at the 

bottom of the tank. In a careful laboratory study 

Dcardorlfer ul. [8] have measured the vertical profiles 

of horizontally averaged temperatures and heat fluxes 

and havedetermined the mixed layer growth. A similar 

study was performed by Hcidt [93 who in addition 2.1. Experiments 

employed a shadowgraphic technique to observe the 

region between the unstable and stratified water layers. 

Relatively simple .mathematical models have been 

developed to predict the mixed layer growth in pene- 

trative convection that yielded good agreement with the 

observations [S. 93, A detailed experimental study of 

the steady temperature structure in the top surface 

thermal boundary layer of quiescent water was re- 

ported by Katsaros et al. [IO]. They have also 

presented a thorough review of the relevant literature. 

Buoyancy-driven tlows have been discussed by Turner 

El11 and there is no need to repeat this comprehensive 

review. mirrors produced a collimated beam. 

2.1.1, Test appurutu.~. A Mach-Zchnder interfero- 

meter was selected as a diagnostic tool for m~suring 

the unsteady temperature distribution and inferring 
the fluid motion. The interferometer is an ideal instru- 
ment to study 2-dim. transport phenomena (241. Since 
the instrument senses differences in the refractive index 
of a fluid, it requires no physical contact of a foreign 
object with the fluid and therefore does not disturb or 

distort the temperature field. The interferometer used 
in the study was of typical rectangular design with 
25cm dia optics. A He-Ne laser served as a light 
source, and a system of lenses with 25 cm dia parabolic 
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The fluid motion was observed using a shadow- 

graph technique. This was achieved simply by blocking 

the collimated beam in the reference leg of the 

interferometer. The beam in the test leg of the in- 

terferometer (which passed through the test cell) 

created a shado~~raphic image which was photo- 

graphed. A calibrated thermistor (YSIJIIOI with a 

0.2 cm dia bead) was installed approx. 0.6 cm above the 

inside bottom of the test cell to detect local tempera- 

ture fluctuations caused by fluid parcels departing 

from the vicinity of the plate. 

A r~tan~u~r test cell (Fig. 1) with inside dimen- 

sions of 1Ocm along the optical path, 25 cm wide. and 

20cm high, was placed in the test leg of the in- 

terferometer. Optical quality glass windows. I5 cm 

wide and I.5 cm thick, were installed into the Plexig- 

las walls. A larger test cell would have been desirable 

but, unfortunately. the choice of diagnostics and the 

size of the interferometer optics did not permit the use 

of one. The bottom of the cell was coated with a black 

paint to simulate a highly absorbing. well defined 

boundary condition. Two calibrated type-T thermo- 

couples were epovied into the inlet and outlet tubes of 

the heat source-sink and a type-T t)~crm~~l~llple WZIS 

installed in the ccntcr of the bottom plntc. Styrofoam 

insulation, 3cm thick, was used to cover tht side wnlls 

and the optical windows. The bottom of the hsat 

source -sink was insulated with 2.5 cm thick glass wool. 

The insulation from the windows could be easily 

rcmovcd in order to take p)l~)to~r~lpl~s of the in- 

tcrfcrcnce fringe pattern. 

2. I.2 f’rowth~ trrd thrrcc rrd~w~iort. The test cell was 

clsancd and tilled with distilled w:ttcr, covered. and MI 

undisturbed for some time to eliminate convective 

currents which are normally present and also to attain 

a unifl~rm tem~rature equal to the ambitnt room 

temperature. The water was then simultaneously 

cooled from below and heated from above in order 

I Y 
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FIG;. 1. !%hemaiic diagram of test cull. 

to achieve desired stratification conditions. The water 

was heated from above by means of two high tempera- 

ture tungsten filament lamps in parabolic retlcctors 

with known spectral radiation characteristics. The 

reflectors were designed to provide a radiation beam 

within a 5 cm wide. 25 cm long rectangular region. The 

fiuid circulated through the passages was supplied 

from a constant temperature bath and its temperature 

and flow rate were regulated. 
After the desired stratification was achieved, the 

water was then heated from below by circulating a 

coolant through the heat sour=-sink from a constant 

temperature bath. The heating rate was controlled by 

regulating the coolant how and inlet temperature to 

the heat source-sink. The heating rate at the bottom of 

the test cell was determined from the measured mass 

flow rate and the temperature drop of the coolant. The 

rate was corrected for the loss from the source -sink 10 

the ambient laboratory environment through the 

insulation on the bottom of the cell. 

At desired intervals. the intcrferance fringe patterns 

were photographed with a 35 mm camera. and the 

rekrence (as well as otticr) thcrmocouplc c.m.f. output 

and the coolant flow rate wcrc sirl~~llt~l~lc~~usly 

rccordcd. 

The position of the inturfercnce fringes was 

mcasurcd using a vsrnicr microscope uccuralc to 

+O.Ol mm (which corresponded to an actual distance 

of approx. rf: 0.025 mm). Suhscquently, the intcrfcro- 

grams wrre intorprcted using the relation bctwozn 

index of r&action and tct~~~ratljrc data [25] to 

obtain the tcmpcrature profiles. The single rofcrsncc 

tcmpcrature needed to interpret the intcrfcrograms 

was mcasurod with a calibrated type-T thermocouple 

located 3.5 cm above the bottom plate. The estimated 

accuracy of the tempsraturc measurcmcnt was about 

+O.l C. A more dctailcd discussion of the data 

reduction procedure used can bc found elscwhora [23]. 

When an initially quicsccnt. thermally stratified 

fluid is heated from b&w a thin layer of warmer and 

thrrrforc lighter ff uid is created adjacent to the bottom 

by conduction of heat. As soon DS the critical Kayleigh 

number has been exceodcd. this layer breaks up into 

thermals (*mushroom’ like convection clcmcnts) which 

pcnctrats the underlying stable layer. Through turbu- 

knt mixing the thermals produce a layer of fluid which 

is at a relatively unif~~rm tcm~rature, The dynamics of 

this layer, e.g. incrcasc in its depth and msan tcmpera- 

lure with time. under the imposed thermal conditions, 

is of considerable prxtical importance in the under- 
standing. design and performance of many systems 

which are of geophysical and technological interest, 

The two-ditliirential equation (e.g. for the turbulent 

kinetic energy I; and the turbulent kinetic energy 

dissipation l:) model of turbulence [26] WBS used in 

conjunction with the unsteady. l-dim. (horizontal 
advection is ncgligiblc) conservation equations of 

momentum and energy [27] to predict the unsteady 
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temperature distribution in the mixed layer and the 

stable region above. Based on the flow visualization 

using a shadowgraph and the interference fringe 

patternsreported. the i-dim. assumption appears to be 

a good approximation. 

If all thermophysical properties (except the density 

in the buoyancy force term) are temperature inde- 

pendent and the Boussinesq approximation is assumed 

valid. the I-dim. conservation equations for momen- 

tum and energy transport reduce to 

and 

The models for predicting the turbulent viscosity, /1,, 

and the turbulent thermal conductivity. I;,, arc pre- 

sented below. The radiation flux divergence ?F,PZ is 

included here for generality since str;lti~c~Iti~~n by 

radiation is not mod&d. 

The initial conditions for an initially stagnant layer 

of water arc assumed to hc: 

7‘(z,Of = 7;,(:) (41 

and 

H(Z) = (‘(:) = 0. (5) 

The boundary conditions for a layer of water with a 

free surface (i.e. air-water intcrfucc) can bc cxprrsscd 

as 

and 

u=I’=O 

at the bottom : = 0 and 

(7) 

k& (F 
(= :z[j 

= 4, = 4WlilY + 4irz + YIild (8) 

as well as 

u=L’+O 

at the free surface 2 = D. 

(9) 

The turbulent viscosity, 11,. is calculated using the 

k-c model of turbulence [26]. The equations for the 

turbulent kineticenergyk and turbulent kineticenergy 

dissipation f: are 

(IO) 

Constants and parameters in equations (to) and { 1 I) 
are from the literature [26.27-J. In terms of k and r_ the 

turbulent viscosity. /I,, can be expressed as 

PI = c,[Jk’jC. (Q1 

The initial conditions for the turbulence model are 

evaluated by assuming that the initial level of turbu- 

lence is negligible in the water and can be represented as 

and 

/&(-_. 0) = 0 (131 

I;(L!.O) = t:(:.O) = 0. (14) 

The momentum. energy and turbulence equations 

were solved numerically using the GENMIX com- 

puter program for 2-dim. parabolic partial differential 

eyuations [%]. 

2.3. I, Qlrft/ilofitr* rli.sc~rr,ssiorr of’clhsc~rlr*tl ph~~frontolcr. 

A number of cxpcrimcnts in which the initial water 

tcmpcraturc varird almost linearly and nonlinearly 

have been pcrformcd but only one expcrimcnt (expcri- 

mcnt I) is discussed hero for the sake of brevity and 

also bccausc ths physical prtrcsscs which can be 

infcrrcd from the intcrfcr~~gr;ln~s arc very similar for 

dilfcrcnt initial thermal stratifications. In this par- 

ticular experiment the initial temperature increased 

almost linearly with the distance from the ccl1 bottom. 

Two photographs illustrating intcrfcrcnce fringe pat- 

terns are shown in Fig. 2. The rckrcnce thermocouple 

seen in the photographs was located about 3.5 cm from 

the bottom. The photographs show the entire tluid 

laysr and indicate that the free surface of the water is 

effectively insulated. because a thin, nearly uniform 

temperature layer exists just below the surface. Exam- 

ination of the intcrferograms recorded earlier (f < 

30 s) showed that the distance between the bottom few 

fringes increased, but they remained parallel indicating 

purely conductive heat transfer. Since the bottom plate 

was warmer than the fluid immediately above it, 

conduction of hcst into the water produced a tcmpera- 

ture rLversal in the water just above the plate. After 

about 45s from the start of circulation of warm 

fluid through the passage, the bottom few fringes 

started to become wavy and moved very rapidly away 

from the plate. This indicated the onset of natural 

convection. After the onset ofconvcction (i.e. Rayleigh 

number exceeding a critical value), the fluid layer 

adjacent to the plats became unstable and thermals 

broke away from the surface and plunged into the 

thermally stratified stahlc layer above (see Fig. 2a). The 

figure shows that the breaking away of thermals from 
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FK;. ‘(;I). Photograph of intcrkrcncc fringe patterns for cnpcrimcnt I. D = 9.56cm. 7; = 27.0 C. T,,,, = 

17.1 C and I = 2 mm. 
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the plate creates mixing and agitation which in turn 

creates a relatively uniform temprature (‘mixed’) layer 

of water which is about ‘cm deep. 

The generation of the thermals are due to the 

instability created in the layer adjacent to the heated 

surface. This is clearly evident from Fig. 2(a) which 

shows that the thermals are at a temperature different 

from that of the bottom plate. The start of the 

ascending warm water appeared at random locations 

and no characteristic wavelength (wavenumber) could 

be defined for the process (see Figs. Za and Zb). The 

temperature of the thermals was not uniform across it 

and there was a considerable temperature ditkrence 

(1°C) between the center and the outer edge of 

thermals. The voltage output of the thermistor located 

a few millimeters above the plate indicated that the 

upward moving thermals were approx. 0.4-2.0 C 

warmer than the surrounding bulk mean tcmprature. 

As the ascending thermals reach the stratifcd 

region, a parcel of this warmer kid plunges into it and 

disturbs the interface bctwccn the mixed and str~~tificd 

layers. As a result of this bombardment. the warmer 

fluid in the stable region is cntraincd into the mixed 

layer. and the Iaycr grows nt the cnpcnsc of erosion of 

the bottom of the stratilicd tluid. The frings at the 

bottom of the stratiftsd region bccamc wavy and 

distorted owing to the b~~n~b~lrdn~l~t of the interface 

by the thermals which plunge into the stahlc region 

before spreading along the intcrfacial loycr. Shadow- 

graph images which wcrc photographed by blocking 

the test beam in the rofcrcncc Icg of the inrcromrtcr 

provide clearer evidence than thr intcrfcrcncc patterns 

that the flow is 3-dim., i.e. the thermals gcncratrd arc 

not plane ~r~ndicul~ir to the test beam. The photo- 

graphs clearly indicate that as a thermal rises through 

the relatively quisscent lluid environment, its Icading 

edge is blunted and folded back. producing a ncariy 

hemispherical cap and giving ;I mushroom-like ap- 

pearance to the thermal as a whole. 

2.3.2. Conzpurisotl of predicriotrs wit/l ciuru. Before 

proceeding to the predictions based on the k--r: model 

with the experimental data, it should bc mcntioncd 

that the empirical model constants were established 

using data from one of the experiments described by 

Deardorff er ul. [g]. and no adjustments in these 

constants were made when predicting the trmperature 

distribution for the experiments dcslribod in this 

paper. The values of the constants. with the exception 

of CJr as recommended by Launder and Spalding [Zb] 

were used. C,, = 0.8 yicidcd best agrccmcnt with 

Deardorffs et af. data and was thcrerore used 

throughout the calculations. However, it should be 

emphasized that the empirical constants C,. C,,. Czr 

and C,, have not been as firmly established for 

buoyancy than for shear dominated flows [29]. it is 

sufftce to note that 40 nodes were used in the numerical 

calculations. The computational details can be found 

elsewhere [23]. 

Comparisons between the measured and predicted 

T (“cl 

FK; 3. Comparison between measured and predicted tem- 
perature distrjbuti~~ns in the bottom mixed layer during 
heating from below for experiment 2 D II: 14.8cm. T, = 

21.9’C. T,,, = 16.8‘C. 

tcmporature distributions for experiments 2and 3 with 

diffcrcnt initial tem~r~iture profiles are shown in Figs. 

3 and 4, respectively. For reasons ofclarity, data points 

arc purposely not shown at ail the times for which the 

tcmpcraturc profiles are calculated. The agreement 

bctwccn data and analysis is very good for all times 

(Fig. 3). In this particular experiment a relatively 

uniform layer of water was seen to overlay the stratified 

Iaycr. The experimental results show that the tempera- 

ture of this uniform layer of water (2 > 6 cm) increases 

slowly as the heating continues. However, the model 

predicts no change in the temperature of this layer. 

This discrepancy may. in part, be due to the modeling 

of the air-water interface as being insulated. Within 

the first few millimeters of the bottom analysis over- 

rkm) 

5 

0 
14 16 20 22 24 

TPC) 

FIG. 4. Comparison between measured and predicted tem- 
pcrnture disIrjbuti[~ns in the bottom mixed layer during 
heating from below f(w experimenl 4, D = 14.6~~ T, = 

25.4‘C. T,,” = i4.6”C. 
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2 km) 

5 

0 80 100 

FIG. 5. Predicted dimensionless elective velocity profiles for 
experiment 4 (see Fig. 4 for conditions). 

predicts the temperature. This appears to be the con- 

sequence of inadequate modeling of turbulence near 

the solid boundary. particularly in the thin ‘con- 

duction’ layer a few millimeters in thickness located 

above the heated bottom. When the fluid is more 

intensely stratified initially (Fig. 4) the model predicts a 

clear ‘overshoot’ right above the mixed iayer. The 

overshoot was not observed intcrfcrometrically be- 

cause of the averaging of temperature along the test 

beam; howLTer. other investigators [8] using thcrmo- 

couples for measuring temperature have observed 

and discussed the overshoot. The predictions show 

that the magnitude of the overshoot increases as the 

heating continues. 

The reason the temperature in the mixed layer is 

rather uniform is because the et~~~tivevi~osity.~~=rr (Fig. 

5), and the effective conductivity, keffr over an order of 

magnitude Larger than the molecular viscosity, 18. The 

reasonably good agreement between data and pre- 

dictions suggest that the predicted effective viscosities 

model the general trends and relative order of magni- 

tude of turbulence at diKerent times as the heating 

continues. As is clearly evident from the figure, the 

peaks in the ~~~~~ profiles move upward with time. This 

is due to the growth of the mixed layer. The upward 

heat flux decreases with depth z. resulting in a small 

potential for turbulence driving force at larger z. As a 

result there is a sharp increase in the viscosity near the 

bottom of the fayer and the peak is shifted down. The 

results presented here, and those availabk elsewhere 

[23], show that the initiai temperature distribution (i.e. 

intensity of stratification) and the heat input into the 

mixed layer at the bottom are important factors 

controlling the mixed layer temperature. mixed layer 

dynamics and level of turbulence in buoyancy-driven 

flows. 

A comparison between measured data for two 

experiments and predictions for mixed layer depth and 

temperature is presented in Fig. 6. The agreement 

between experimental data and the model for both the 

mixed tayer depth and temperature is good for all 

experiments. The predictions are consistently higher 

for both the mixed layer depth and temperature at 

early times and also somewhat higher at later times. 

This is due to the fact that early in the experiments the 

turbulence is not yet fully developed. and therefore the 

model overpredicts the mixed layer height and tem- 

perature. Also, at early times the model yielded a 

relatively rapid growth rate for both the dissipation 

and production terms of the turbulent kinetic energy. 

and therefore resulted in overprediction of both the 

temperature and the depth of the mixed iayer. 

The relatively rapid initial growth of the dissipation 

term in the model equations results in a decrease of the 

total internal energy of the mixed layer which in turn 

causes a decrease in the time rate of change of the 

mixed layer temperature predicted by the model. As a 

consequence. this results in underprediction of the 

mixed layer temperature at later times. As discussed 

earlier. the values of the constants in the model used 

were established in accordance with the experimental 

results of Deardorff vf (II. [g]. However, their experi- 

ments were performed in a system with uniform initial 

strati~cation of water while in the present study the 

stratification of water was not uniform. Use of the 

constants based on an experiment with uniform strati- 

fication may partially account for the discrepancy 

between the model prodictions and data. 

3.1.1. Test crppururus. The expcrimcntaf apparatus 

for simulating the cooling of thermally stratified water 

from above is shown in Fig. 7. The apparatusconsisted 

of a cell with an air channel above it to model cooling 

and wind shear at the water surface. Solar radiation 

was simulated using high tempcratttre tungsten fila- 

ment lamps in parabolic reflectors of known spectral 

radiative characteristics. 

The test cell used in the expsrimcnts was designed 

for photographic and optical observations of flow and 

mixing processes. The cell was 33 cm deep, 25 cm long 

and 10 cm wide. Two sides of the cell were 45 x 30 cm 

in size and were of 2.5 cm thick higherquality optical 

glass, The other sides and the bottom were of 2.5 cm 

thick Plexiglas. The sides and bottom of the test ceil 

were milled together to lOcm( ~O.~iScm) toinsurea 

uniform cell width. A layer of removable fcm thick 

Styrofoam insulation covered the faces and sides of the 

tank. 
A channel for inducing air flow over the water 

surface was designed as part of the cell and installed on 

its top. To ensure a smooth transition of air flow over 

the water surface and to enable observation, the optical 

sides were also the sides of the air channel. This 

channel consisted of five sections: an entrance with 

flow straighteners, a working length, a fan entrance 

with flow straighteners, a fan duct. and a fan. The cross 

section of the air channel was 10 x IOcm and the total 



855 Heat transfer and mixing in thermally stratified buoyant flows 

- hkm) 

-6 

-4 

FIG. 6. Comparison between measured and predicted mixed layer heights and mean temperatures for 
experiment 1 (see Fig. 4 for conditions) and experiment 2 with D = 13.4 cm. T, = 24.7”C. TbO x 21.7”C. 

length of the channel wu about 2 m. The top wall of 

the wind channel above the wutcr surface was of clear 

float glass. A much larger test cell and air channel. e.g. 

of the size used by other investigators [IX, 201, would 

have been desirable. Unfortunately. the need to uni- 

formly irradiate a large surface of water and the choice 

of optical diagnostics for visualizing the flow field 

made the usage of such a cell impossible. 

Solar radiant heating of water was simulated using 

two tungsten filament lamps with parabolic reflectors 

which were described in the previous section. The 

spectral transmission characteristics of transparent 

(glass) covers forming the top of the wind channel were 

measured. The spectral characteristics of the radiant 

heaters (with the tungsten filament operating at tem- 

peratures between 2800 and 3250 K) were known, and 

the total radiation flux incident on the water surface 

was measured with a radiometer. 

The instrumented test cell was placed in one leg of a 

Mach-Zehnder interferometer which was already de- 

scribed. Because the interferometer could not accom- 

modate the entire lower part of the test cell, numerous 

TUNGSTEN 

VARIABLE 

FIG. 7. Schematic diagram of test apparatus. 

thcrmocouplcs (including those used for references) 

were installed in it. In the lower part of the cell, 

tcmpcraturc measurements were made with therrno- 

couples only. Before and after each experiment the 

distance between a reference thermocouple was meas- 

ured with a cathctometer. 

A calibrated thermistor with a 2 mm dia. bead 

(installed about I cm below the surface) was used to 

detect temperature fluctuations. This thermistor was 

carefully calibrated. A traversing Pitot-type probe was 

used to measure the stagnation and total pressure of 

air with a micromanometer with a minimum re- 

solution of +0.0025 mm of fluid (n-butyl alcohol) and 

an estimated accuracy of about f0.005 mm. 

Attempts to use a hot-film anemometer (DISA. 

Model 55M) system with a temperature compensator 

bridge and a hot-film dual probe to measure velocity of 

water were unsuccessful. At low velocities (~0.2 cm 

s-‘) the anemometer was not sufficiently sensi- 

tive and, also, the free convection velocities in- 

duced by heating of the probe were of the same order of 

magnitude as the imposed forced flow velocitiesduring 

calibration. Therefore, flow visualization methods had 

to be employed [31]. Flow of water in the test cell was 

visualized using black-blue dye, ‘fish-scales’ particle 

tracing, and shadowgraphic methods. The details of 

the experimental procedures and results are given 

elsewhere [31]. 

3.1.2. Tcsr procedltrr. The test cell was cleaned, 

flushed and filled with distilled and deionized water, 

covered and left undisturbed for some time to eliminate 

all convection currents which are normally present and 

allowed to attain a uniform temperature equal to that 

of the surroundings. After it had been determined that 
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all the convection motions in the tank were settled out. 

the interferometer was adjusted to an infinite fringe. 

The water in the tank uas thermally stratified by 

irradiation of its surface from the radiant heaters 

located above the test cell. After the desired thermal 

stratification condition was reached two different 

types of experiments were performed : (1) the radiant 

heating was terminated and the water surface was 

cooled by forcing ambient room temperature air over 

the surface. or (2) the radiant heating was continued 

and the cooling of the water surface was initiated. 

The interference fringe patterns at prescribed time 

intervals were photographed (by quickly removing the 

removable insulation and then immediately replacing) 

with a 35 mm camera. The fringe data were reduced in 

the same manner as described in the previous section. 

The air velocity protiles in the air channel were 

mcasurcd using a traversing Pitot-type static probe 

and a static top. The probe had been previously 

callibrated for dilLrent blower speed settings. 

A dctailcd discussion of the internal transport 

procccsscs in waters and inferactions at a water SllrfilW 
hwc been prcscntcd [X], and thus only ;I physical 

mathcm;Itical model is dctailcd. I%ascd on Ilow 

visualization results obtained. it isassumed that energy 

transport in the water is I -dim. (horizontal advcction is 

noglcctcd) and the mean velocity in the vertical dircc- 

tion is ncgligihlc in comparison to the horizontal 

components. Internal waves. natural currents. and 

Coriolis forces are also neglected. It is further assumed 

that there is no variation in the horizontal distribution 

of heat and momentum tluxes at the air water in- 

terface and that all physical properties (except for the 

density in the buoyancy force) arc tcmperaturc indc- 

pendent and the Houssinesq approximation is valid. 

Based on the above idealizations. the identical 

equations to those given in the previous section, 

equations (I) -(3). were used. The analysis for predict- 

ing the local radiation flux f and its divergence C7F/k is 

dctuilcd elsewhere [32]. Suffice it to say that the 

radiation incident on the water surface was resolved 

into diHTuse and beam components and a forward 

scattering approximation wasemployed tosolve the l- 

dim. radiative transfer equation. The air water in- 

terface was considered as optically smooth, and the 
radiation characteristics were predicted from Fresncl’s 

equations. The bottom was assumed to be a diffuse 

reflector. Calculations were performed on a spectral 

basis using the spectral absorption coefficient of 

distilled water. 

The initial conditions before the start of the radiant 

heating arc identical to those given by equations (4) 

and (5). With the coordinate origin at the water 

surface. conditions at the air-water interface (‘s’) are 

given by 

(15) 

(16) 

Heat transfer at the air-water interface is by con- 

vection, latent energy transport. and long-wave length 

radiation. Empirical relations have been used to 

predict momentum and energy transport at the in- 

terface [23]. At the bottom of the layer (-_ = D) the 

boundary conditions are 

u=r=O (18) 

‘, 

a,,F,(-_ = D) di.. (19) 
0 

Equation (19) states that the bottom is insulated and 

absorption of radiation is balanced by heat conduction 

into the water. 

The turbulence model is identical to that described 

in Section 2.2. The momentum, energy and turbulence 

equations were solved numerically using the GEN- 

MIX computer code [ZX] for z-dim. parabolic partial 

difTercntial equations. The cmpirioal correlations u.scd 

to determine the convcctivc heat and mass transfer 

coefficients arc given elsewhere [23]. 

3.3. I. f;low ~‘isIcclli,-[rliorr. A number of tlow ViSUilliZ- 

ation cxpcrimcnts which have been performed are 

dcscribsd elsewhere [3l] and need not be rcpcatsd 
here. Suflice it to note that the results obtained using 

blue -black dye and lish-scales tracer visualization 

methods show that the Ilow in a thermally stratified 

layer of water cooled from above by air flow over the 

free surface is confined and mixing occurs only in the 

upper surface layer. Flow visualization experiments 

pcrformrd showed that when thermally stratified 

water (by radiant heating) is cooled from the surface, a 

mixed layer of nearly uniform depth along the cell 

dsvcloped. As the cooling continued the layer grew in 

depth at the expense of the underlying stratified region 

below. The stable stratification in the underlying layer 

resisted and confined the Ilow. The entrainment of 

warmer water from the stable region into the mixed 

layer contorted tho interface between the convective 

and stable layers. Parcels of warmer water penetrated 

the underlying layer and bombarded the interface. 

Photographs of the shadowgraph and Mach -Zehndcr 

intcrfcromcter images (also the thermistor output) 

conlirmcd the smdll scale circulation patterns and 

plume activities in the mixed layer. Circulation in the 

mixed layer was also evidenced by the alignment of 

tracer particles (fish-scales) with the roll patterns. The 

small scale circulation patterns and plume activity 

were also confirmed by the output of a thermistor 

which was located about I cm below the free surface. 

A typical photograph of the interference fringe 

patterns recorded during one experiment is illustrated 

in Fig. 8. The photograph shows only about the upper 
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boundary layer heat transfer is Fr~domin~ntly by 

moleculxy diffusion. Below the boundary layer lies a 

relatively umform temperature mined layer whose 

thickness Pro&s with time. !klking in this layer is 

primarily induced by buoyancy forces in the water and 

mechanical shear stresses at the surface. The How 

structure in this layer was initially m the form of rolls 

which later broke into an iriegular motion (Fig. 8). h 

similar tlow structure was observed during the cooling 

from above of a thermally stratiiicd water in the 

absence of forced air flow over the surfxy [33]. 

3.3.7. ~~~~~~~‘~~i.~~Jt~ t$ ~,.~~t~~~~~t~f~r~~~ clatcl rt.illl prr- 

Jicrims. A comparison between model predictions and 

data for experiment B is given in FIN. 9 and ttf. In this 

particular eaperimcnt the water was heated by radi- 

ation and simultaneously cooled by forced air How 

over the surface. Figure 9 gives a comparison of the 

measured and predicted temperature distributions 

during this cycle. kxause of the intense stratilication 

(at I = 3Omin) and the high fringe density, the 

intcrferograms could not be interpreted. and thus the 

tempcrtlturc profile at this time wzs measured with 

thcrmocoupks. The good agrtxmcnt hctwccn the 

~~p~ritt~~~~t :md atxtlysis during str~ltifi~~~t~~~n of water 

by r~~~~l~tti~~n conlirms the rclkrbility and xcurxcy ol 

the r;:diation mttdef for laboratory capcriments with 

distilled wsicr. 

A comparison between predicted itrld mc;~surcd 

tsmpcraturc distributions during ths cooling ph;lsc of 

thcexpcrimcnt (with radiant hcatcrs turned olljshown 

in Fig. IO reve;lls good ;tgrccmcnt ; howcvcr. the mixed 

layer tsmpcr;tturoat f E -IS min iso\crrslini~~t~d. while 

at f = 60 min it is slightly undcrsstim;ktcd. The model 

overpredicts the depth of the mixed layer. The discrcp- 

ancy between the data and predictions in the rempat- 

ture distributi~)n and the depth of the mised lrrycr is 

attributed to iti;ld~qu~te modeling of the sensihlc and 

latent heat transfer at the water surfxc and the 

entrainment process between the mixed :md the stably 

stratified regions. With cooling and application of 

wind shear al the water surfacc, the e1Tcclivc viscosities 

calculared [?_I] show rhat the turbulcnca intensifies 

and that /I~,, IL reaches L( maximum ulw ofabout 3 at 

f = 70min. 

The results of calculatbs hate shown that in the 

prcscnce of wind shear ;!I the surface. evc’n for ;t 

thermally stratified layer of water. the production of 

turbulence term in the k-equ;ttiun. cqt~;tf~on f IO) 

(second term on the RI-IS of the equation). is the most 

impertzmt tam. Tttis tam is !lCilrl~ h;il;tllcd out. 

mainly by the dissipation of’ turbulent kincric cnrrgy 

term I: The dilfusion of turbulent kinetic energy and 

the production of turbulent kinetic cncrgy by density 

(tcmpcraturr) gradient terms arc relatively unimpor- 

tant. The buoyancy term in the k-equafion is positive 

ncnr the surface which implies production and then 

becomes ncg;ttnx auuy from the mtcrfacc indrcating 

dissipation. In the i:-equirtit>n. equation f II ). the 

production term (wcond term on the Rt IS of the 

equation) is also the most impcrrtxtt one which is 

nearly balanced out by the dissipation &am (last term 

on the RWS of the equation). The diffusion of dissi- 

pation of turbulent kinetic energy is signitiant only 

near the interfar. The ctTect of buoyancy in the k- 

equation is more pronounced than in the ;:<qu;ttion. 

The negative temperature gradient away from the 

interface, which corresponds to thermally stable strnti- 

fication, retards the development of turbulence in this 

region. This is in agreement with the expcrimrntal 

observations discussed prc\iously. 

The temperature distributi~)tl in the water dipcnds 

strongly on surface boundary conditions and turbul- 

ence in the mixed layer. Ths overall validity of the 

model prediction is examined in Fig. I I where the 

calculated mixed layer depth and temperature are 

compared with the mcasurcmcnts. Good agrccmcnt is 

obtained between the c;tlcul;~ted and nlcasurd mixed 

layer depth. Since it was impossible to dctormine the 

surfaco temperature nccurnrcly (due to the Inrgc in- 

tcrfcrcnce fringe density). the tcmpcrature measured 

with ;I thcrmocoupk 3 mm below the interface was 

u.scd for campxison. 

A comp:trison bctwctn the predicted :rrid mcxiurcd 

tcmpcr;tture profiles for cfpcrimcn t I‘ is shown in Fig. 

I?. In this particular ~~~~rin~~i~t an initially stagnant 

layer of water was first 5lr;itificd thermally by radtxnt 

hcatinpfor 30 min.Thcn hating H;Is~Isco~~~I~~~I~~ and 

the water sotrlcd by forced air I~CW over the surfacc 

from I = 30 min to f = 00 min. At f = 00 min the 

rxh:mt Iic;Iti~ig of the u;itcr ws rcs~;~rtod and con- 

titled for 30 min until the kst U;LS tcrmkutcd. The 

purpose of the cxpcrimcnt was to mod4 the insulation 

and cooling proccsscs of nalural waters. 

The results of Fig. 12 show that during the cooling 

phxx the model ovsrprcdicts the depth and tempcrrt- 

turn of the mixed layer. Tftc discrepancy is partially 

due to imrdcquatc modeling of t~lrb~llen~e :ind of the 

heat trxrl5li.r proccsxs at the :tir water intt’rfacr. At f 

= Xi min thr calculated tot3l thcrm;tl energy content 

of H':I~CX is higher than that mc;tsurrd cxprrimcntally. 

This suggests that the model cqua~ions underprcdictcd 

the surface heat tlux, The expcrimcntal and numerical 

results indicate that the temperature distribution at 

depths greater than I5 cm ci~;~ngc little during the 
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TIME MTA ANALYSIS 

FIG. 12. Comparison of measured and predicted temperature 
distributions during the cooling (30 < f < 60min) and 
reheating (60 < r < 90 min) phases for experiment C, F, = 
17.3.C. 7, = 189’C. V, = 4.8 ms-‘, r#~ = 64’;/, and F,,, = 

2030 W m-s. 

experiment. The calculated temperature distributions 

during the restratification (simultaneous radiant heat- 

ing and cooling) phase of the experiment (I = 75 min) 

suggest. that the model is capable of fair predictions. 

The calculated elTective viscosity protiles are illustrated 

in Fig. I3 and show that at I = 75 min the peak value ol 

the elEctive viscosity is 30‘;/, lower than at I = 45 min. 

This is due to suppression of turbulence by deposition 

of radiant energy in water during restratification. 

Although at this time the turbulence level is lower, the 

mixed layer deepens as a result of surface cooling and 

turbulent entrainment of water from the stable region. 

4. COSCLUSIONS 

The temperature distributions, mixed layer heights. 

and mean temperatures predicted with the l-dim. 

model inconjunction with thek-cdifferentialequation 

model of turbulence agreed well with the experimental 

data. The discrepancy between predictions and data is 

attributed to the uncertainty in the turbulence model 

constants and their dependence on stratification con- 

ditions. The entrainment processes in the interracial 

region between the mixed layer and the overlaying 

stable region above it do not appear to be modelled 

adequately. 

The Row in a thermally stratified layer of water 

cooled by air flow over the surface is confined and 

mixing occurs only in the upper region, but the stable 

region erroded as the cooling continued. Internal 

absorption of radiation plays an important role in the 

tlow and the thermal structures in water simul- 

taneously heated by radiation from an external source 

and cooled by forced air tIow over the surface. The 

interaction ofradiation and turbulent mixing in a layer 

of water which is cooled from the surface has impor- 

o 
I 

5 IO 15 20 25 20 35 
2 (cm) 

FIN;. 13. Predicted etfective viscosity distributions for con- 
ditions of experiment C (see Fig. 12 for conditions). 

tant bearing on the mixed layer dynamics. The k-r: 

model of turbulence is not completely satisfactory for 

predicting the temperature structure and the dynamics 

of the mixed layer during simultaneous radiant heating 

and cooling or during cooling of thermally stratified 

water. There is uncertainty in the model parameters for 

buoyancy and shear driven mixing. and the entrain- 

ment processes in the interracial layer between the 

mixed and stable regions do not appear to have been 

modeled adequately. 
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ETUDE EXPERIMENTALE ET ANALYTIQUE DU TRANSFERT THERMIQIJE ET DU 
MELANGE DANS DES ECOULEMENTS THERMIQUEMENT STRATIFIES 

R&amu!-On ttudie la convention naturelle instationnaire dans une couche d’eau strati&. de profondcur 
finic et chaufftc par le bas. Descxpiritncesde laboratoire sont men& avec un interferometre Mach-Zehnder 
pour mesurer la tcmp&ature et une technique des ombres pour la visuaiisation. Un modele monodimension- 
nel en conjonction avec un modelc de turbulence k-c est utilise pour predirc la dynamique de la couche de 
m&tnp qui si dlicloppe quand la fluide thermiquement stratihe est chat& par le bas. Un bon accord entre 
Iesmesureset lescakvlsaete obtenu. Lesmecanismesd’entrainement a I’interfaccentre lacouche de melange 
et la region stable,et la turbulence 1 la couche interfaciak peuvent etre mieux comprispour une modelisation 
plus realiste de la convection naturelle turbulente darts des fluides non uniform~~nt stratifies. La convection 
naturelle et Ie melange sont Ctudies expirimentakment et th~orique~nt quand une couche strati& de 
liquidcs est refroidie par un Ccoulement d’air sur la surface libre, ou quand une couche de liquide est 
simultanement chautT& par unc source radiativeet refroidie par un ecoulement d’air d la surface. Des mesures 
de temwratures utilisent un interferometre Mach-‘Zehnder, des thermocouples et un thermistor. La 
structure dYcoukment du Huide est visualis& par des traccurs et par la technique des ombres. Un modele 
monodimensionnel et non stationnairc est diveloppl pour prtvoir le champ de temperature dans ltau 
irradi& par une source externe et refroidieen surface par l’air. Le milange turbulent est calcult avec le modtle 
I;+ Les resultats montrent que le rayonne~nt joue un role important. La profondeur de la couche de 
melange est surevaiude par Ie modele de turbulence parce qu‘il ne simule par correctement le mCcanisme 

d’entrainement dans la couchc intermediaire entre les regions melangee et stable. 



Heat transfer and tmxing in thermally strat~tied buoyant flows 

EXPERIMENTELLE LJND ANALYTISCHE UNTERSUCHUNG DES 
WARMEUBERGANGS UND DER 

Zusammenbssung-In einer von unten behetzten. ungleichfiirmig geschichtrten Wasserschtcht endlicher 
Tiefe wurde nicht-statlonurefrele Komektion untersucht. In den Experimenten wurdenein hlach -Zehndcr- 
Interferometer zur Temperaturmessung und ein ~hatten~hlicrenverfahren zum Slchtbarmachen der 
Striimung benutzt. Zur Beschreibung des dynamlschen Verhaltens der hllschungsschicht. die such 
entwickelt, wenn em thermisch geschichtetes Fluid van unten beheizt wird. wird em andimenstonales Model1 
in Verbindung mit einem Zwet-Gleichunps-k-t:-Turbulenzmodell benutzt. Dieses Model1 lieierte cute 
Ubereinstimmunp mit den MeDwerten. Fiir eine noch realistischere Modellierung der turbulcnten trelen 
Konvektion in ungleichfcirmig geschichteten Flulden mubjedoch noch mehr Einstcht in den Austauschvor- 
gang an der Ubergangsflclche zwischen Misch-Schicht und dem stabilen Gebiet. wie such in die Turbulenz in 
der Grenzllachenschicht gewonnen werden. WIrmeiiberganp und Durchmischung bei nicht-statlonarer freier 
Konvektion. die auftreten. wenn entweder eine thermisch geschichtete Fllissigkeitsschicht durch Luftstrii- 
mung iiber die freie 0bertl;iche pektihlt wlrd oder wenn eine Fliissipkeitsschicht gleichzeitip durch aul3ere 

Strahlung behelzt und durch LuftstrGmung iiber die freie Obertliche gekiihlt wird. wurden sowohl 
experimentell wie anulytisch untersucht. Die Temperuturen wurden mit einem Mach-Zehnder-lnterfero- 
meter. mit Thermtwlementen und mit einem Thermistor gemessen. Die StrGmung in der Fliissigkeit wurde 
mit schwarzblauem Farbstoffund mit Fischschuppen als Indikatoren. wieauch durch Schattenschlierenver- 
Vahren sichtbar pemacht. 

Zur BestimmungdesTemper;~turverl;~ufs in Wasser. dus einer iiul3eren Strahlungsquelle ausgesettt ist und 
gleichzeitip durch eine Luftstrdmunp i&r die Obertliche gekiihlt wird. wurde ein nicht-stationtires 
eindimensionales hlodell entwickelt. Die turbulente Durchmischung wurde mittels dcs Ii-(-Turbulenz- 

Modells berechnet. Dlc Ergebnisse zeigten. da0 bei gleichzeitigcr Bcheizung durch Strahlung und Kiihlunp 
durch Konvektion die Strnhlunpsaufnahme in Wasser bci durch Auftrieb- und Windschubspannunp 

bedingtcn Mischvorgiingen in 0bcrtl;ichenschlchtcn eine wichtige Rolle spielt. Das Turbulenz-Model1 
lleferte filr die Tiefe der Mtschunpsschicht zu prolle Wcrte. weil es don Austauschvorpanp in der 

Oberpanpsflache zwischcn den durchmischten und stabilcn Gchietcn nicht ungcmesscn wiedcrpibt. 

3KCHEl’MMEHTAnhllOE M AtIAJlMTML(ECKOE MCCJlEflOBAHME TEflJlOflEPEII0C.A 
M flIiPEMEIlIMBAtIMII TEPMM’IECKM CTPATM~OML~MI’OBAtItiblX IlO~-bEMHIJX 

flOTOKOB 

AIIHOT~IIII~ - ~cc,lc~w~~~~a tlecr;LIw~ll~ptlmI eCTecTRetlllBR KOIIIIeKIII!Y B 1lcoJl11opoJ1l1o c~pa rnlbw- 
l,nposalllloh4 1131 peR”‘M”M CIIH’ly c,loe R‘,,,LI Kollerlloii TOJllllllllLl. M~~idepeilrtn TCMllepl rypbl IIpoHo- 

~H:IHCL c II~M~~I.H~ HII repcbepoMerpa Maxa-1[c11;1cpe. a rewille nnlyann’lHponl:lc~~ relle~l.ls4 

t.ieToJloM. hcwr JI~~~~;LMIIKH c:loK cMel~lelltw, o6pa3ywwlel ocK llpti tar peea:ltln cliwly Tepb4I~ieC~H 

cTpa rlcl~wl~poauitlo~ xtiJl~0CTt4 ~~poro;ati~~Cn 110 o,~tlo~eplloR Mo:leJlt4 I4 h4oJIewI Tyfiydetl rlloCTH 
k - I:. Cot-ronllceii HT ~wyx n~I~~~epolrl~~;lt.tll~lx ypaslletltrii. noJlyrell0 xopolllec coBl~;l;leIl~e h4cm;ly 

‘~KCllepl1Metl~r~JlLtlLlM~ J~~~I~ILIM~~ H pe3yrlLra IBMH pacwlos. OJIII~KO. JUR IIOCT~O~IIHK 6o;lee pea~lll~r~- 

recKoi\ MoJleJlH TY~QJI~II rltoii ecrecrnewloA KollBeKllwI II lleoJ:lloponllo cTpil rwl~lillllpo~arltll.lx suIf;l- 

KOCTIIX lleO6XOJIilMO nyrulee ~I~IIHM~~IH~ rwIpo~wi3ww2CK~x llpolleccoe Ilil ~pallalle h4ex:Iy CJIO~W 

cMeluetlllK I4 ycroiiwsoii ohacrb~~. il i3Kxe ~ccjle.~o~all~e xapaKTepnc+nK TypGy:letl lllocrI1 B ripo- 
Me~yTO’(IIoM CJloe. 

AWJIHW’ICCKH H ‘~KCIIeptIMeHr~JlLIlo HCCJlenOHilnHCb TellJlOllepllOC rlpH lleCT~~lIiOll~ptl~fi eCTeCTBell- 

HOij KOIlHeKllllN H IlpOlleCC CMelllellWR II CJlyWe OXJli8~LleIlHW TepMH’leCKH ~r~~l~l~llll~l~~H~llllOlO C,,O,l 

lYIIJlKOC7H llOTOKOM BO’lJlyX~ H~JI CRO6OJlllOii IIOBepXIlOCTLM. il T3KYe B CflyWe OJUlOBPC’.Me11llO1‘, 

IWI ~Blltl4K CJIOR BllelllllWM HCTO’IIIHKOM H3:ly’lellt4!4 W el0 OXJ13~K:lellHR IIO~rOKOM tl"'JJIyXi, 110 CBO6OJlllOil 

lloBepxtlocTH. Te.wneparypa InMepKJlacL tItlTep$epO%4erpOM Maxa-~ell;lepu. TepMollapablll H rep- 
fwt~cropoh4. C~py~~ypa IloroK~ sw3ya:lw~llpoeanacb ~iieceil~csi II *twKoCTb reulloClIileir KP;ICKH w 

pL6beii relllyti. a TaKxe Tellenl~lM h4eTonok4. Palpa6oratia tiecTaium~l;l~uiln ouuoh4eprrax s4o:te;tb JUIR 

piuzqera retwlleparyptlolo 110;lw 8 crloe BOJTLI, 060rpesaerdoh4 Blleunlw4 wrowliKoM t43;ly~eli~lK II 
o;IIlonpeMeIllIo OXmwI~eMo.w 110~0~0~ no3ilyxa Bao;lb cao6o,‘ulo~ llosepxllocTn. Tyfiy:I~~~rlloe 
CMeIIIeIlHe ~ICC’lHrLIH~,lOCb C IIOMOlllLIO MOIICJIH TyPi)y;lellTIIOCTH k - I:. flOJly’leIitlLle ~,y;lLTaTL, 

IIOK;nLlRL1iOr. ‘(TO II,N4CyTC-WHe Hl;ly’lelIHW CHJILIIO E.lHleT IIB IIO,lbeMll0e H O6yCJlOHJlellllOe ReTpOM 
cnfsw 0Iioe TevellliK. BL~~II~~IIIILIC II~OII~CCUI~ l~epe~ew~n~llllK 13 l~~~ep~lloc~llb~~ CJIOIIX 130:Ibi ilpli 

omionpew3~iioh4 14a1 pese wuyqeweu u OXilO)(I,leHHH Kotwwx~twii. flpn ~II~~~L~oB~II~III Mo;lenN 

TypC,y:lell~rtlocTn llo:Iy~alr~rcn ~lanl.illlelillble 3113~ew4n rny6wlLl cnow c~elllellwI. TBK K~K 3ra Mone:lb 

tie nocu row10 nrpt10 olwcl.ln3er i 11;1po:llw3h4i4Ky II rlpowe.*cyT owlos4 uoe Me*;ly 06:lacTbIo crdelue- 
HHY H yCTOir’lllB0~ OhWZTbtO. 
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