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The occur rence  of convection in horizontal layers  of ethanol, distilled water,  and ethylene 
glycol heated f rom below was investigated by the in ter ferometr ie  method. The limits of ro l -  
l e r - type  convection and its effect on the magnitude of heat flux through the layer  were de-  
termined. 

The in ter ferometr ie  method described in [1] for investigating thermal  p rocesses  in liquids with the 
use of the IAB-451 instrument as a twin-wave diffraction in te r fe rometer  and a laser  as the light source was 
used by us to determine the l imits of occur rence  of convection in horizontal  liquid layers  enclosed between 
two rigid surfaces  and heated f rom below. The experimental device, experimental  method, and some p re -  
l iminary resul ts  were  descr ibed in [2-4]. Therefore ,  we will present  here the results  of general izing the 
data on determination of the l imits of occur rence  of convection and experiments on measurement  of the 
heat fluxes through the layer.  In passing we will discuss  the problem of the possibil i ty of occurrence  of 
convection in our experiments  due to nonisothermici ty  of the surfaces  bounding the layer,  which was men- 
t[oned in the art icle  of A. V. Lykov and B. M. Berkovskii  [5]. 

We will recal l  that the experimental  cell that enclosed the investigated layer  consisted of two hollow 
b ra s s  plates, two plane-paral le l  glass  plates, and two Teflon spacers .  Water f rom two thermosta ts  was 
passed through the b ra s s  plates and each was heated to the required temperature .  Determination of the 
transit ion f rom the heat conduction regime to the convection regime and the calculation of AT corresponding 
to this transit ion were  done f rom the in te r fe rograms  of the tempera ture  field in the layer.  Figure 1 shows 

Fig. 1. In te r fe rograms  of temperature  field in layer  
of distilled water  (d = 2.90 mm): 1) AT = 1.93 ~ , l~a 
= 580, conduction; 2) AT = 2.34 ~ Ra = 710, conduc- 
tion; 3) AT = 2.57 ~ Ra = 750, convection; 4) AT 
= 3.31 ~ l~a = 1000, convection. 
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Fig. 2. Cr i t i ca l  value of the t e m p e r a t u r e  gradient  (AT 
/d)cr,  deg/mm,  vs  l aye r  thickness  d, m m  (a) and gen-  
era l iza t ion  of this dependence (b): 1) ethanol; 2) d i s -  
tilled water ;  3) ethylene glycol. 

the i n t e r f e r o g r a m s  of the t empe ra tu r e  field cor responding  to the conduction and convection r eg imes .  On 
the bas i s  of the appearance  of the i n t e r f e r o g r a m s  we can s tate  that we observed not a th ree -d imens iona l  
hexagonal,  bu t  a two-dimensional  r o l l e r  s t ruc ture  of convection, the poss ibi l i ty  of exis tence of which was 
shown in theoret ica l  [6, 7] and exper imenta l  [8, 9] studies,  but the conditions of occur rence  of which have 
not been invest igated thoroughly. 

A determinat ion  of the l imi t s  of occu r rence  of convection in horizontal  l aye r s  of ethanol, dist i l led 
water ,  and ethylene glycol showed that d is turbance of the conduction reg ime  occurs  at R a c r  l ess  than 1700 
[3, 4], whereby the s m a l l e r  the thickness of the layer ,  the lower the values  of Rac r  at which this d i s tu r -  
bance occurs .  The occu r rence  of instabil i ty in the layer ,  r ecorded  f r o m  the in te r ference  pat tern  of the 
t empe ra tu r e  field, is not cha rac t e r i zed  by any pa r t i cu la r  value and depends  both on the layer  thickness  
and on the p rope r t i e s  of the liquid. Moreover ,  l aye r s  of the same thickness  filled with the same liquid had 
different  values  of Rac r  depending on the average  t e m p e r a t u r e  Tav at which the exper iment  was pe r fo rmed .  
We note that T a r  of the l ayer  was se lec ted  equal to room t e m p e r a t u r e  in o r d e r  to minimize  poss ib le  heat  
l o s se s  through the ve r t i ca l  boundar ies  of the layer .  

Exper iments  Showed that each [[quid has  its own m a x i m u m  layer  thickness  at which convection has a 
r o l l e r  s t ruc ture .  F o r  l aye r s  of g r e a t e r  thickness the c h a r a c t e r  of the [n t e r f e rog rams  changed markedly ,  
indicating a th ree -d imens iona l  s t ruc tu re  of convection (apparently hexagonal cel ls) .  F r o m  these  in t e r fe ro -  
g r a m s  it was  imposs ible  to calculate  the t empe ra tu r e  d i f ference  at the l aye r  boundar ies .  There fo re ,  we 
invest igated l aye r s  whose max imum thickness  for  ethanol was 3.10 ram, for  wa t e r  5.80 mm,  and for  e thyl-  
ene glycol 6.80 mm.  

The c r i t i ca l  value of the t e m p e r a t u r e  gradient  is plotted against  the l aye r  thickness d in a logar i th-  
mic coordinate  s y s t em  in Fig. 2a. The f igure shows that the exper imen ta l  points lie nicely on broken  
s t ra ight  l ines whose cor responding  sect ions for  the three  invest igated subs tances  a re  pa ra l l e l  to one another.  
The dashed l ines in Fig. 2a were  plotted on the bas i s  of the calculated points for  l aye r s  whose thickness 
exceeded the th ickness  of our invest igated l aye r s  and the occur rence  of convection in which was assumed  
to be at Rac r  ~ 1700. 

The data obtained (Fig. 2a) show that all three  broken s t ra igh t  lines can be superposed if the m e a s u r e -  
ment  r e su l t s  a re  p resen ted  in a s y s t e m  of d imens ion less  coordinates  with cha r ac t e r i s t i c  th icknesses  and 
gradients  cor responding  to the b r e a k  of the s t ra ight  l ines plotted for  the exper imenta l  points.  The resu l t  
of such genera l iza t ion  is shown in Fig. 2b, where  we can note three  r ec t i l inea r  sect ions  depending on the 
l ayer  thickness:  a section cha rac t e r i z ed  by the occur rence  of ce l lu la r  convection when d/d '  _~ 3 and two 
sect ions cha rac t e r i zed  by the occur rence  of r o l l e r - t y p e  convection fo r  l aye r s  of compara t i ve ly  smal l  thick- 
ness  when d/d'  _< 1 and d/d'  = 1-3. On the whole this broken  line s e p a r a t e s  the conduction reg ime  in the 
l ayer  (below the broken line) f rom the region of the convection reg ime  (above it). 
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Fig .  3. Re la t ion  be tween  the t e m p e r a t u r e  d i f fe rence  in the l a ye r  and t e m p e r a t u r e  
d i f f e r ence  in the ce l l  wal l :  1) hea t ing  f r o m  above; 2) hea t ing  f r o m  below. 

Fig.  4. I n t e r f e r o g r a m s  of t e m p e r a t u r e  f ield in ho r i zon ta l  l a y e r  of d i s t i l l ed  w a t e r  

with hea t ing  f r o m  above (d = 5.28 mm) :  1)AT = 0.89 ~ Ra = 1640; 2) AT = 3.15 ~ 
Ra = 5790; 3) AT = 5.63 ~ , Ra = 10,350. 

Taking into account that the ratio of the length of the layer horizontally to its thickness varied in our 
experiments from 4.5 to 27, we can assert that the results obtained are applicable not just to our experi- 
mental cell. 

We can make the following assumption concerning the occurrence of convection at values of Racr 
less than the value Racr ~ 1700 usually taken for a layer enclosed between two rigid boundaries. 

In analytic solutions of the problem of instability of a horizontal liquid layer heated from below, the 
layer was regarded as infinitely long horizontally. Therefore, the boundary conditions were assigned only 
on the horizontal boundaries. In our ease, as in all experimental investigations of a horizontal layer, ver- 
tical walls are necessarily present, the boundary conditions on which should undoubtedly be taken into ac- 
count. It is rather difficult to assign these conditions correctly, but it is characteristic that their consid- 
eration even in a knowingly simplified form [10] leads to a change of the stability limit. 

Quite interesting is the problem of the effect of roller-type convection on the heat flux through the 
layer. To elucidate this problem we fabricated a new experimental cell of steel 1Kh18N9T whose heat 
conductivity was considerably less than that of brass. It differed from the previous ceil also [n that the 
wall of one of the plates was 20 mm thick and I-ram-diam. holes were made in it at a distance of 15 mm 
for the junctions of differential thermocouples. 

The heat flux through the liquid layer and through the cell wall is written respectively so: 

eq AT 
q -= ~'~ d (1) 

q = ~s ATw (la) 
d w 

Neglec t ing  the heat  l o s s e s  f r o m  the v e r t i c a l  wa l l s  of the cel l ,  we can wr i t e  

eq AT ATw 
- -  = )~s ~ ( 2 )  

~1 d d w 

The t e m p e r a t u r e  d i f fe rence  at the b o u n d a r i e s  of the l iquid l a y e r  was  m e a s u r e d  f r o m  the n u m b e r  of 
i n t e r f e r e n c e  f r inges ,  and the t e m p e r a t u r e  drop in the ce l l  wal l  AT w by a d i f f e ren t i a l  t he r moc oup l e .  
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TABLE 1. Data on Measurement of Heat Fluxes in Horizontal Liq- 
uid Layers  

No. 

1 
2 
3 
4 
5 
6 
7 
8 

9 
l0 
ll 
12 
13 
14 
15 
16 
17 

Note. 

Substance 

H~O 
The same 

, t  . 

. n 

. N 

n . 

C~H, (OH)~ 
The same 

, ,  n 

d, mlTl] AT, ~ 

1,50 2,50 
1,50 2,90 
1,50 3,50 
1,50 4,07 
1,50 5,35 
1,50 5,55 
1,50 5,75 
1,50 6,00 

4,30 0,95 
4,30 2,00 
4,30l 2,60 
4,30 I 3,30 
4,30 [ 4,60 
4,30 4,80 
4,30 4,90 
4,30 5,00 
4,30 5,15 

ATw, ~ 

0,97 
1,18 
1,60 
1,80 
2,50 
2,66 
2,80 
2,98 

0,13 
0,27 
0,37 
0,44 
0,65 
0,70 
0,79 
0,84 
0,93 

AT ~ 
d ' mm 

1,32 
1,93 
2,34 
2,72 
3,57 
3,70 
3,84 
4,00 

0,22 
0,47 
0,60 
0,77 
1,07 
1,12 
1,14 
1,16 
1,20 

Tav ~ 

18,5 
19,0 
19,0 
19,5 
20,1 
20,2 
20,3 
20,5 

19,5 
20,0 
20,5 
21,0 
21,5 
21,7 
21,9 
22,3 
22,5 

1-4, 9-13) Conduction regime; 5-8, 14-17) convection regime. 

~:c 

1,00 
1,00 
1,00 
1,00 
1,05 
1,07 
1,09 
1,10 

1,00 
1,00 
,00 
,00 
,00 
,06 
,12 
,13 
,14 

Ra 

92 
112 
126 
163 
215 
233 
242 
256 

240 
520 
680 
890 
1300 
1370 
1430 
1500 
1560 

Equation (2) can be represented in the form 

A T =  ~,~eq ' ~ A T w  (3) 

The values of h s and d w remain constant in all experiments,  d is assigned after assembling the cell, 
and h~ q = h i ' r emains  constant as long as a conduction regime exists in the layer.  Thus, if we plot the e x -  
p e r i m e n t a l  points in coordinate sys tem AT -- ATw, under conditions of a thermal  regime they will lie on 
a s traight  line whose slope is determined by the numerical  value of the complex (;~s x]q) �9 (d/dw). In the 
case of theoceur rence  of convection in the layer the value of k~ q increases  in comparison with h 1 as con- 
vectton develops, as a consequence of which the numerical  value of the coefficient of AT w in (3) begins to 
change and the points on the graph deviate f rom a straight  line. 

Therefore ,  each experiment was car r ied  out both with heating of the layer  f rom below and with heat- 
ing f rom above. We see in Fig. 3 that the experimental  points obtained on heating the layer  f rom above, 
i. e . ,  under conditions of a conduction regime in the layer,  lie nicely on a straight line. On heating the 
layer  f rom below the points lie on the same straight  line as long as a conduction regime exists in the layer.  
Then as convection occurs  and develops an ever g rea te r  deviation of the experimental  points f rom a straight  
line is observed.  

The intensity of the convection p rocess  in a layer  is often charac ter ized  by the convection coefficient 
[11] 

ec ..... ~.1 q/k 1 (4) 

which is equal to unity under conduction regime conditions and increases  as convection develops. 

Table 1 presents  some data on measurement  of heat fluxes by the method indicated above in horizontal  
layer  of distilled water  and ethylene glycol.* 

As indicated , a ser ies  of experiments  was car r ied  out with heating of the layer  f rom above, i . e . ,  
when conditions for the occurrence  of convection are  absent, which was actually confirmed by the inter-  
f e rograms  of the temperature  field in the layer  and by thermocouple measurements .  Here we will dwell 
in slightly more  detail on this problem in connection with the following c i rcumstance .  

The possibili ty of occurrence  of convection in a horizontal cavity filled with gas or  liquid with heating 
f rom above was shown in [5]. For  this purpose it is sufficient to make the temperature  of the upper face 
either different over the surface or variable in time. It was indicated that convection can occur  at a r b i t r a r -  
ily small  deviations f rom isothermtet ty  and steadiness.  The authors explain by means of this effect the 
fact that in a number of experimental works,  including in ours [3], the occur rence  of convection in a hor i -  
zontal layer  was noted at values of Racr  less than the usually accepted value Racr  ~- 1700. 

�9 T. V. Gurenkov participated in conducting the experiments.  
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Without disputing the authors '  conclusions concerning the possibility of occurrence  of convection un- 
der the conditions presented above, we will show that in our experiments  the cause of convection could not 
have been deviation f rom isothermici ty  and stability, the proof of which are the results  of experiments  with 
heating of the layer  f rom above. 

It is known that on heating a horizontal  layer  f rom above the heat is t ransmitted through the layer by 
conduction no mat ter  how great  the temperature  difference between the boundaries of the layer.  It is un- 
derstandable that in a real  case the side walls can begin to have an effect under cer tain conditions and con- 
vectton can occur  ['n some part  of the layer  even with such a direction of the temperature  gradient.  How- 
ever,  the in te r fe rograms  of the tempera ture  field in the layer  (with heating f rom above) obtained by us 
(Fig. 4) showed a high degree of i sothermlci ty  of the surfaces  enclosing the layer,  although the temperature  
difference at the boundaries reached values corresponding to Ra ~ 104. 

The in terference fr inges,  which can be identified with isotherms,  represent  straight  lines parallel  to 
the layer  boundaries.  This indicates a conduction regime in the layer.  The degree of i sothermici ty  of the 
layer  boundaries can be charac te r ized  quantitatively by the fact that displacement  of the interference fringe 
at some place of the layer  f rom its original position by a distance equal to the width of the fringe (this dis-  
placement  can easi ly be noted visually) corresponds ,  for our experimental  conditions, to a change of tem- 
pera ture :  0.04 ~ for ethanol, 0.25 ~ for  water,  and 0.08 ~ for ethylene glycol. However, such deviations were 
not noted on a single in te r fe rogram of the temperature  field in the case of heating f rom above. 

The design of the IAB-51 instrument  allows not only photographing the investigated object but also 
continuous observation of it. Observation of the interference pattern of the tempera ture  field in the layer  
after  establishing the neces sa ry  tempera ture  difference at the boundaries showed the absence of any notice-  
able changes of the tempera ture  field with the course of time. 

It is c lear  that such a degree of i sothermici ty  of the layer  boundaries and steadiness of the tempera-  
ture field is retained also on heating the layer  f rom below, since in this case all experimental  conditions 
remained as before and only the direction of the tempera ture  gradient  changed. Therefore,  the disturbance 
of the conduction regime in horizontal  [[quid layers  occurr ing  on heating f rom below, which was noted in 
our experiments ,  occurs  by no means because of nonisothermici ty  of the layer  boundaries or  departure  
f rom steadiness.  

Thus we can note that by means of the interference method it was possible to record  the occurrence  
of convection in horizontal  liquid layers ,  to determine the s t ructure  of the convection flows, and to ca lcu-  
late ATcr  corresponding to the occur rence  of convection. Additional experiments  showed that the observed 
ro l le r - type  convection intensifies heat t ransfer  in the layer.  

ATcr  

Racr  
Tav 
d 
(AT/d)cr 

AT'/d' 

q 
dw 
AT w 
kl x~q 
k s 
% 

N O T A T I O N  

is the cr i t ica l  value of the temperature  difference corresponding to the occur rence  of con- 
vection in the layer; 
is the cr i t ica l  value of the Rayleigh number; 
is the average tempera ture  of the liquid layer; 
is the thickness of the liquid layer; 

is the cr i t ica l  value of the temperature  gradient corresponding to the occur rence  of convec-  
tion in the layer; 

is the value of the temperature  gradient  corresponding to the break  of the straight  lines 
plotted f rom the experimental  points; 
is the heat flux; 
is the 
is the 
is the 
is the 
is the 
is the 

distance in cell wall at which the thermocouple junctions are located; 
t empera ture  drop in the cell wall; 
coefficient of heat conductivity of the liquid; 
equivalent value of the coefficient of heat conductivity of the liquid; 
coefficient of heat conductivity of steel; 
convection coefficient. 
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