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Thermoconvect ive  waves have been exper imental ly  detected and studied in horizontal  a i r  
layers  uniformly heated f rom below. 

T ransve r se  waves and thermal  waves are  s t rongly attenuated in a layer  of fluid having uniform density 
[1, 2]. The amplitude of these waves drops by roughly a fac tor  of 540 over  a wavelength, and it is e s sen-  
tially impossible to speak of a wave process  in the propagation of tempera ture  fluctuations. 

Internal  waves produced by a negative ve r t i ca l -dens i ty  gradient  [3] propagate in a fluid that is in 
mechanical  equil ibrium in a gravitat ional  field. The limits of existence of internal gravitat ional  waves 
have been investigated in [4], while it has been shown in [5, 6] that in a fluid having a positive density 
gradient  heating f rom below may cause the propagation of weakly attenuated thermoconvect ive waves .  The 
conditions for  propagation of such waves in fluids: having various proper t ies  have been studied in [7-9], 
where thermoconvect ive waves were considered in a semi-infini te  layer  with no allowance for  the influence 
of the boundar ies .  The problem of thermoconvect ive wave propagation in a layer  with free boundaries has 
been analyzed in [10]. 

Here we repor t  the resul ts  of an experimental  investigation of thermoconvect ive waves in horizontal  
a i r  layers  of finite dimensions in the presence  of solid wails.  The experiments  were ca r r i ed  out on a 
hor izontal  a i r  layer  heated urliformly f rom below, with height 11.7 mm and width 50 ram. The l inear  di- 
mensions of the layer  were chosen so as to produce a stable convective s t ruc ture  in the superc r i t i ca l  re -  
gion, taking the fo rm of ro l le rs  having axes paral le l  to the sho r t e r  side of the cavity [11-12]. It was found 
in exper imental  studies [13, 14] that the polygonal flows appearing af ter  loss of mechanical  equilibrium by 
the layer  are  unstable; there is drif t  and al ternation of the convective s t ruc tures  over  the layer  of fluid. 
This p rocess  imposes paras i t ic  oscil lations of the local tempera ture  in the layer ,  owing, as it were,  to 
the a rb i t r a ry  drift  of the descending and ascending s t r e a m s .  In nar row layers ,  which are  defined in [11] 
as layers  having a shor t  side g r ea t e r  than the depth and a long side more  than twice the shor t  side, the 
c lea r  orientation of the axes of the ro l le r - l ike  convective motion el iminates d isorder ly  tempera ture  fluc- 
tuations at individual points of the cavity.  

The layer  was bounded f rom below by a copper plate having a nichrome hea ter .  The upper boundary 
was formed by a heat exchanger  consist ing of two bonded sheets of Plexiglas;  t he rmos ta t edwa te r  c i rculated 
in the gap between the sheets .  

A f ive-ram diameter  copper  tube was sealed into one of the shor t  wails; water  f rom the thermosta t  
was pumped through it to produce periodic tempera ture  fluctuations at the side boundary.  The tempera ture  
of this water  varied in time in accordance  with a p resc r ibed  law, and this determined the tempera ture  r e -  
gime of the side boundary.  Per iodic  modulation of the water  tempera ture  was provided by supplying the 
thermos ta t  e lec t r ic  heater  through a re lay  controlled by signals f rom two contact the rmomete r s  installed 
in the thermos ta t  and set  to the ex t remum values of tempera ture  fluctuations.  An overflow device was 
used to maintain constant  water  flow rate through the thermosta t  cooling coil.  In this way we obtained 
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Fig. 1. Distribution of oscil lat ion amplitudes over  l ayer  length: a) w = 1.10 -2 sec- l :  1) Ra = 0; 
2) Ra = 1200; 3) Ra = 1500; 4) Ra = 1660; b) l - w =  1.10 -2 sec - l ,  Ra = 1800; 2) w = 1.10-2sec -t ,  
Ra = 2400; 3) w = 8.10 -3 sec -1, Ra = 2400; c) Ra = 3400: 1) w= 1.10 -2 sec-1; 2) w = 8.10 -3 sec-1; 
3) w = 2.1-10 -3 sec -1. 

sinusoidal modulation of the tempera ture  at  the side boundary with an angular  frequency of w = 10 -1 �9 10 -4 
s e e  - 1  . 

The t e m p e r a t u r e - m e a s u r e m e n t  sys tem included the following: a) measurement  of the tempera tures  
at  the horizontal  boundaries of the layer;  b) recording  of the t ime-modulated temperature  at the side wail; 
c) recording of the tempera ture  oscil lat ions propagating in the layer .  

Twenty-four  copper-constantan  thermocouples ( 0 . l - r a m  diameter  wire) were used to measure  the 
tempera ture  distribution at the horizontal  boundaries of the layer  and to check on uniformity of heating. 
In all the experiments  the deviations f rom the mean temperature  did not exceed 2%. The nature of s ide-  
boundary temperature  modulation was reg i s te red  by five c o p p e r - c o n s t a n t a n  thermocouples  mounted uni-  
formly aIong the height of the wall.  A set  of seven c o p p e r - c o n s t a n t a n m i c r o t h e r m o c o u p l e s  (0 .05ram-diam-  
e ter  wire),  located at the center  of the layer  height, se rved  as the sensor  for  regis t ra t ion  of temperature  
osci l lat ions.  The sensor  was moved by a m i c r o m e t e r  screw.  The thermocouple readings were recorded  
by a type EPP-09  multichannel potent iometer  which simultaneously reg is te red  the modulated temperature  
of the side wall. 

The s t ructure  of convective motion was observed visually and photographed through the upper t rans -  
parent  heat exchanger .  The convective s t ruc tures  were visulaized with the aid of par t ic les  of an aerosol  
(tobacco smoke); this gave a contrast ing flow pattern under illumination by a hel ium-neon lase r .  A special  
e lec t romagnet ic  device was used to sweep the l ase r  beam over  the width of the cavity at  50 Hz in any hor i -  
zontal c ross  section of the layer .  

Let us consider  the resul ts  of experiments  for  a 150 mm long layer .  Under i so thermal  conditions 
the tempera tures  oscil lat ions excited in the layer  are  s t rongly attenuated, and at distance of 1.25 h f rom 
the side wall the amplitude is reduced by more  than a factor  of 25 compared  with A 0 (Fig. la ) .  With a 
tempera ture  drop corresponding to Ra = 1200 established between the horizontal  layers  of the boundary 
the amplitude curve changed shape: a minimum was observed a distance of N0.8 h f rom the side boundary 
of the layer  with a peak a distance ~, 1.25 h away. The temperature  oscil lat ions in the region of the peak 
a re  out of phase with the tempera ture  oscillations at the side boundary.  Heating of the lower boundary to 
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Fig.  2. Top view of convective s t ruc tures  in the layer  for ex t re -  
mum values of modulated tempera ture  (the a r row indicates the 
boundary having the variable temperature) :  a, b) Ra = 2300, w 
= 8 . 1 0  -3 sec- l ;  c, d) Ra =3400, ~ = 2 . 1 . 1 0  -3 sec -1. 

Ra = 1500 cor responds  to an amplitude curve having two peaks and minima; the tempera ture  oscil lat ions 
at  the next peak, at  distance ~2.25 h away f rom the side boundary, are  in phase with the oscil lat ions at the 
wall. With a fur ther  increase  in the temperature  gradient  (Ra = 1660) the amplitude curve exhibits three 
pairs  of ex t remum values of oscil lat ion amplitude.  They increased  by roughly a fac tor  of 4 at the peaks in 
this case,  as compared  with the i so thermal  reg ime.  The change in the frequency of the tempera ture  osc i l -  
lations at  the side boundary does not affect the amplitude in the layer  for  the subcr i t ical  range of Rayleigh 
numbers .  

There  is a sharp  increase  in the amplitudes of the oscil lat ions in the layer  upon passage through the 
cr i t ica l  tempera ture  gradient  (Ra = 1708) (Fig. lb) .  We define the depth of penetration of tempera ture  
oscil lat ions as the distance f rom the tempera ture-modula ted  s ide-boundary  at which A/A 0 = 0, 1, (i .e~, 
the amplitude in the layer  has decreased  by a factor  of 10 as compared  with the amplitude at the wall). In 
the Ra = 1708-2400 region, the depth of penetrat ion is 4 .5-5  h. A decrease  in the frequency of s ide-bound-  
a ry  t empera tu re -modula t ion  corresponds  to a significant increase of the oscil lat ion amplitudes in the layer .  
Fo r  the same tempera tu re -osc i l l a t ion  frequency fur ther  heating of the lower boundary has a lmost  no in- 
fluence on the distr ibution of amplitudes over  the length. As in the preceding modes,  at  even peaks (count- 
ing f rom the side boundary) the tempera ture  fluctuations are  in phase with those at the wall, while they are 
of opposite phase at odd peaks.  In the region of minimum amplitudes the amplitude curve exhibits t empera-  
lure oscil lat ions at twice the frequency,  2~. 

The mos t  interest ing exper imental  resul ts  were obtained for Ra > 2400 beginning at which a threshold 
increase  in oscil lat ion amplitudes was observed at all points in the layer  (Fig. l c ) .  Here the s ide-boundary 
tempera ture  modulation frequency determines  the magnitude of the oscil lat ion amplitudes and the penet ra-  
tion depth. Fo r  a modulation frequency w = 1 0  - 2  s e c  -1  the penetrat ion depth is 7.5 h. With a decrease  in 
oz to 8 �9 1 0  - 3  s e c  -1  the penetrat ion depth goes up to 8 h, while at a distance of ~2 h the tempera ture  osc i l la-  
tions have the amplitudes of those at the wall.  When w =2.1 �9 10 -3 sec -1 the penetrat ion depth equals the 
length of the layer ,  while the oscil lat ion amplitudes at the peak exceed the amplitudes at the wall up to a 
distance of 8 h. 

Let us consider  the features of thermoconvect ive-wave propagation using the resul ts  of tempera ture  
measuremen t s  and visual observat ions of the s t ruc ture  in the layer .  For  the 1200 _< Ra < 1708 range, with 
subcr i t ica l  tempera ture  gradients in the layer ,  temperature  modulation at the boundary disrupts hydro-  
dynamic stabil i ty in the region adjacent to the side wall. The value of ver t ica l  tempera ture  drop de ter -  
mines the width of this region, the number  of convection s t ruc tures  formed,  and, accordingly,  the peaks 
and minima on the amplitude curve (Fig. la ) .  The two-dimensional  convective ro l le rs  that have been 
formed reve r se  direct ion in synchronism with the tempera ture  oscillations at the side boundary.  A change 
in the sign of the ver t ica l  velocity component at a frequency equal to the frequency at which the side-wall  
t empera ture  is modulated produces local periodic tempera ture  oscil lat ions in the layer .  The ext rema on 
the amplitude curve are  accounted for  by the fact that the velocities of the resul t ing convective motions and 
the tempera ture  field are  periodic over  the length of the layer .  The maximum oscil lat ion amplitudes are  
reg i s te red  at distances that are  a multiple of the d iameters  of the ro l le rs  that have been formed,  while the 
minima occur  at distances of 0.5,  1.5,  and 2.5 t imes the ro l le r  d iameter  away f rom the side wall. 
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In the Ra 1708--2400 range, the layer  exhibits stable convective motion in the form of ro l le r - l ike  
ceils (Fig. 2a). If the s ide-wall  temperature  modulation amplitude does not exceed 10~ of the ver t ical  
tempera ture  drop, then at one of the ex t remum values of t empera tu re  at  the boundary an additional ro l le r  
forms that shifts the convective ceils into the layer  (Fig. 2b). The ro l le r  that forms rotates in a direction 
opposite to that of the convective motion in the cell  that had been next to the side wall.  The ordinary con.- 
vection s t ructure  re turns  (Fig. 2a) at the opposite ex t remum value of the modulated tempera ture .  T h e  
periodic formation of an additional convective ro l le r  produces osci l la tory motion in the x direction,  and 
this determines the propagation of t e m p e r a t u r e - v e l o c i t y p e r t u r b a t i o n s i n  the layer .  The grea tes t  changes 
in the ver t ical  velocity component of convective motion cor respond to the peaks of the temperature  osci l la-  
tions in the layer .  

For  Rayleigh numbers  exceeding Ra = 2400 the convect ive-motion s t ructure  takes the form of two- 
direct ional  convective ro l le rs  with axes paral lel  to the shor t  wall of the layer;  they are  stable in the Ra 
= 2400-8000 range. The p roces so f  thermoconvective wave propagation is of the same nature as it is for 
the ro l le r - l ike  cel ls .  Figure 2c, d shows the s t ruc ture  of convective motion for  the ex t remum values of 
wal l - tempera ture  modulation. As the tempera ture-modula t ion  frequency decreases ,  the amplitudes of the 
thermoconvective waves r i se ,  since the time during which velocity perturbations form becomes g rea te r .  
If the frequency drops below 2.1 �9 10 -3 sec -1 for Ra = 3400, there are no changes in the charac ter i s t ics  of 
the thermoconvective waves ( i . e . , ' w  = 2.1 �9 10 -3 sec -1 is the frequency limit for the given temperature  
mode). 

Analysis of the results  of numerous experiments  aimed at studying the charac te r i s t i cs  and pecul iar -  
ities of thermoconvective waves has yielded the following express ion for  describing the investigated wave 
process: 

T = B exp (--6x)[c + cos klx] cos (le2x - -  o)t). 

The exponential fac tor  charac te r i zes  the attenuation of tempera ture  oscillations with length. The propaga-  
tion of a thermoconvective wave may be interpreted as follows: it is a travell ing wave cos(k2x--wt), whose 
amplitude is harmonical ly  modulated in accordance with the law B [c + cos klx]. 

NOTATION 

w is the angular frequency of the oscil lat ions,  see- l ;  Ra is the Rayleigh number;  h is the layer  
height; x /h  is the d imens ionless -hor izonta l  coordinate; T is the deviation of the temperature  f rom the 
s tat ionary tempera ture  distribution in the layer;  B, c are  constants;  A, A o are  the amplitudes of t emper -  
ature oscilations in the layer  and at the center  of the height of the side boundary, respect ively .  
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