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F R E E  L A M I N A R  C O N V E C T I O N  OF A L I Q U I D  

IN A R I B B E D  S L O T  

N. V. M u k h i n a  UDC536.25 

Free  convection in the vert ical  gaps of technical apparatus and constructions often occurs in layers 
having walls with complex geometry. Transverse  projections on one or both walls of a liquid or gas layer 
may overlap par t  of the width of the layer.  It is obvious that the presence of such projections may change the 
flow pattern in the gap and may lead to a change in the heat t ransfer  from the hot to the cold wall. 

We used the arrangement  shown in Fig. 1 to investigate f ree  convection in a ver t ical  channel with pro-  
jections. The walls were copper plates 1 (plate thickness 15 mm), placed in a container 2 with the working 
liquid (ethyl alcohol, P r  = 16). In all the experiments we used a channel of height H = 342 mm and depth B = 
56 mm. Its width was changed using a thickaess-eal ibrated attachment made of Plexiglas, trapped between 
the working surfaces of the plates. The temperature  of each of the heat exchangers was maintained constant 
by circulating water from thermostats through the cavity situated behind the working plates. The c(mstancy 
of the plate temperature  along the height was monitored by means of five Nichrom e-Constantan thermocou-  
ples (diameter 0.2 mm), embedded flush with the working surface. 

To measure  the temperature  in the layer we used a Ntchrome-Constantan thermocouple 0.06 mm in 
diameter.  The thermocouple wires in PVC insulation were placed in a thin-walled capillary of stainless steel  
along the r ea r  ver t ica l  end of the layer,  which was shifted by means of an external coordinate reference  sys-  
tem in a ver t ical  direction with a reading accuracy of 0.1 mm. The junction of the thermocouple was intro- 
duced into the middle depth of the layer through the bent end of the capillary. The junction was displaced in 
a fixed horizontal plane by rotating the metal  capillary. The coordinates of the thermocouple were found us-  
ing a KM-6 cathetometer with an accuracy of 0.03 mm. The emfs of the thermocouples were measured with 
a R348 low-resis tance potentiometer (class 0.002). The thermocouples were calibrated against a standard 
platinum resis tance thermometer  with an accuracy of up to O.01~ in the temperature  range 15-60 ~ C. 

For hydrodynamic investigations the method of stroboscopic visualization was used. Aluminum powder 
in the form of spheres with dimensions of 5 ]~ m was used as the marker .  Visual obse rvations and photographs 
of the s t ructure  of the flow were made in reflected light through the t ransparent  wall of the container 6. Par t  
of the layer near the middle was illuminated from the side through a narrow 2-mm vert ical  glass insertion 3 
in one of the plates and a t ransparent  window 4 in the side wall of the container. The illuminating flux was 
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Fig. 2 

f o rmed  using an  LG-75 l a s e r  with the aid of a lens s y s t e m ,  which f i r s t  conver ted  it  into a pa ra l l e l  b e a m  of 
d i a m e t e r  2.5 c m  and then conver ted  i t  by m e a n s  of a cy l indr ica l  lens into a ve r t i ca l  converging b e a m  focused 
onto the plate opposi te  the window. Hence,  a plane v e r t i c a l  p a r t  of the l aye r  was  i l luminated through the win-  
dow. In the plane where  the light b e a m  had the l eas t  c r o s s  sec t ion  it  p a s sed  through a s y s t e m  of openings uni-  
f o r m l y  s i tuated along the d i am e t e r  of a d isk  5 ro ta t ing  with cons tant  speed,  i .e . ,  the flow with the a luminum 
p a r t i c l e s  was  i l luminated by  l ight pu lses  with speci f ied  duty ra t io .  

Ini t ia l ly  we cons idered  the flow in a l aye r  with a s ingle p ro jec t ion  on the heated wall.  The  l aye r  of 
height  H = 342 m m  and width L = 10 m m  had a t r a n s v e r s e  p ro jec t ion  of Tex to l i t e  0.5 m m  thick in the middle  
of  the height  of the whole depth of the l aye r .  The  s ize  of  the pro jec t ion  along the width of the l aye r  was 2.4 m m  
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TABLE 1 

No. of sections of 
measurement 

1 
2 
3 
4 
5 
6 
7 
8 
9 

to 

Middle of projection 

Middle between projection~ 

Flow rate ,Flow rate lRatio of ?arameters of 
in ascend-in deseend-}flow rate~ 3peration 
ing flow, ing flow, [K 
~ma/~c mm3/sec [ 

t4,2 15,0 O,94 
t2,3 t3,6 0,90! 
1t,8 t2,2 0,97 
9,3 9,42 o ,99 t.,=2~.68~ 
8,6 8,9 (1.97 t~:~ 20+,75~ 

1t,4 t0,0 1.14 Ra=7.2>: 10 + 
t2,9 tt,3 t.14 
15,2 t4,0 1.08 
15,2 14.5 1,05 
14,9 t4,4 1.03 

/ 

0,63 ~ 0,71 0,8~+ t2~25,44~ 

L 
tx=20,3 C 

t,t2 i,34 0 .83 Ra=4,5X 16+ 
! 

Middle of projection 0,385 I 0.78 t2~2t,48~ 

I tx~ 20,58~ 
Middle between projections 0,965 i ,07 Ra= i, 7 >." tO 

and 5 mm, The qualitative picture of the flow is the same for all  values of the project ions:  Vortex s t ruc tures  
formed in the upper and lower par ts  of the slot  a re  super imposed on the genera l  c i rculat ion motion existing 
in the channel. Analysis  of the ra tes  of flow of liquid at unit depth of the layer  in the ascending anLd descending 
flows ca r r i ed  out for a project ion width of 5 m m  showed that in the section of the project ion in the flow rate  
is 2.5 t imes  less  than at a distance of 5 mm f rom it. Hence, a large par t  of the liquid part ic ipates  in the v o r -  
tex motions above and below the project ion and a smal le r  par t  par t ic ipates  in the genera l  c i rculat ion motion. 
The exper imenta l  values of the maximum ver t i ca l  component of the velocity at  a smal l  distance f rom the p r o -  
ject ion is 25% less  than the theore t ica l  value of the veloci ty  maximum [1], calculated for a relat ive height of 
the layer  h = H / L  equal to half the overal l  height of the channel. 

We then considered the flows in a layer  when there were  severa l  t r ansve r se  r ibs situated on one of the 
walls of the layer  at  equal distances f rom one another in height. The project ions were  in the form of r ec t ang-  
ular  r ibs  laid hor izontal ly  over the whole depth of the layer.  The working mate r ia l  of the project ions was 
Duralamin.  The f i rs t  group of project ions considered have the dimensions shown in Fig. 2. Figure 3 shows 
the flow pat tern  in the region of one of the middle project ions,  which is qualitatively s imi lar  to that observed 
in the case  of a single project ion:  the presence  of a genera l -c i rcu la t ion  flow in the layer  with superimposed 
eddy s t ruc tu res  formed between the project ions.  The t empera tu re  distr ibution between the project ions in the 
middle sect ion with r e spec t  to the depth for this mode is shown in Fig. 2. The exper imental  dimensionless  
h e a t - t r a n s f e r  coefficient  was found f rom the measured  tempera ture  gradient  near the wall. In the middle s e c -  
t ion between the project ions  the Nusselt  number Nu = 1.6, and for the same Rayleigh number Ra in a channel 
without project ions ,  Nu --whose exper imental  value is identical with the theore t ica l  one determined by the 
different ial  equation for the t empera tu re  [1] on the wall - is 2. The presence  of t r ansve r se  r ibs  on the s u r -  
face leads to a slowing down of the flow, a reduct ion in the amount of liquid part icipating in the general  c i r cu -  
lation motion, and to a reduct ion in the heat  t ransfer .  The part ia l  closing of the flow between the r ibs faci l i -  
ta tes  a local  increase  in the longitudinal t empera tu re  gradient  in these parts .  Figure 3 shows profi les  of the 
ver t i ca l  component of the veloci ty u in a s e r i e s  of horizontal  sections near a project ion,  the upper exper i -  
menta l  profi le re lat ing to the middle sect ion between two project ions.  The theore t ica l  velocity profile,  shown 
above the exper imenta l  ones,  was calculated for the whole height of the layer  and has a maximum value 25% 
grea te r  than the exper imental  value. We calculated the flow rate  of the liquid in the ascending and descending 
flows through the sections shown in Fig. 3. The dimensions of the section over the depth of the layer  were  
taken to be 1 mm. The resu l t s  of the calculations are  shown in Table 1. 

In the region of the project ion the profile is symmet r ica l ,  and the ra t io  of the flow ra tes  in these flows 
K = 0.98. At a re la t ive  distance of I (the distance from the project ion to the c ross  sect ion considered r e -  
f e r red  to the height of the projection),  K = 1.14. The d i sagreement  in the flow ra tes  in the ascending and de-  
scending flows indicates that the flow has a th ree-d imens iona l  s t ructure .  The three-d imens ional  nature of the 
eddy flows behind project ions  for forced motion has been known for a long t ime [2-4], but for free convection 
th ree -d imens iona l  eddy formations have not been observed.  

To investigate the flow at lower values of Ra we used a layer  geometr ica l ly  s imi lar  to the preceding 
one: In a layer  of width L = 5 m m  project ions of height 1.6 mm and thickness 1.5 mm were  fixed to the heated 
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u, mm/sec 

3 

2 

u, mm/sec 

F~. 3 

T A B L E  2 

Section of mea- 
surement 

Lower projection ! 
Halfway between pro- 

]ections 
Upper projection __ 

Lower projection 
Halfway between pro- 

jections 
Upper projection 

Lower projection 
Halfway between pro- 

jectiom 
Upper projection 

Flow rate 
in ascend- 
ing flow, 
mm3/see 

I, i  

t,09 
1,29 

0,75 

0,88 
0,74 

0,543 

0,81 
0,6 

F -" r-re ]Rati~ of 1uw a ] ~ o  
in descend-1 "" t w _ 
ing flow, [ra es K, 
mm3/sec I - 

t,57 ~ 0,7 

1,98 I 0,55 
1,8~ / o,7 

1,14 i 0,65 
1,26 0,7 
1,t6 0,63 

1,41 0,38 

1,47 0,55 
t ,3t 0,46 

Parameters of 
opemdon 

t2=2i,4t~ 

tx=20,23~ 
Ra= t04 

t2=20,99~ 

tx=20,2i~ 

Ra=6,6X I03 

t.:=20,67~ 

Lc= 20,20~ 
Ra=3,9X t03 

p l a t e  wi th  a s t e p  of  16 m m  in  h e i g h t  b e t w e e n  t h e m .  T h e  q u a l i t a t i v e  p i c t u r e  o f  t he  f low w a s  the  s a m e  a s  b e f o r e ,  
b u t  t h e  d i s a g r e e m e n t  in  the  f low r a t e s  in  t he  a s c e n d i n g  and  d e s c e n d i n g  f lows  i n c r e a s e d .  T h e  r a t i o s  of  the  f low 
r a t e s  in  t h e s e  f lows a r e  shown  in the  s e c o n d  p a r t  o f  T a b l e  1. T h e  e f f e c t  of  a r e d u c t i o n  in  t he  s t e p  b e t w e e n  the 
p r o j e c t i o n s  on  the  f low w a s  c h e c k e d  in  a l a y e r  of  w id th  5 r a m ,  w h e r e  r i b s  w i t h  a t r a n s v e r s e  c r o s s  s e c t i o n  of  
1 Xl  m m  w e r e  a r r a n g e d  w i th  a s t e p  of  3.5 m m  in  he igh t ,  L e ,  the  r e l a t i v e  d i s t a n c e  b e t w e e n  t h e m  w a s  r e d u c e d  
b y  a f a c t o r  o f  3 c o m p a r e d  w i th  t he  p r e v i o u s  c a s e .  T h e  f low p r e s e r v e d  the v o r t e x  s t r u c t u r e  b e t w e e n  the  p r o -  
j e e t i o n s  on a b a c k g r o u n d  o f  g e n e r a l - c i r c u l a t i o n  f low.  T h e  c h a r a c t e r i s t i c s  of  t h e s e  f lows in  t h i s  l a y e r  and  
t h e i r  r a t i o  i n  the  r e g i o n  o f  two n e i g h b o r i n g  p r o j e c t i o n s  a r e  shown in  T a b l e  2. 

T h e  t h r e e - d i m e n s i o n a l  f low p a t t e r n  b e t w e e n  the  p r o j e c t i o n s  when  t h e r e  i s  a s m a l l e r  s t e p  b e t w e e n  t h e m  
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is m o r e  pronounced:  The ve loc i t yp ro f l l e s  in the f lows a r e  not the s a m e  in a l l  the sec t ions ,  and the r a t io  of 
the flow r a t e s  K in the m a j o r i t y  of  the sec t ions  is  l e s s  than 0.7. The  tabulated data  a l so  conf i rm that  a r e -  
duct ion in Ra is accompan ied  by an i nc r ea s e  in the t h r e e - d i m e n s i o n a l  na ture  of the flow. 

Hence,  the p r e s e n c e  of t r a n s v e r s e  r ibbing on one of the wal ls  of a v e r t i c a l  convect ion layer  of liquid 
cause s  the appea rance  of t h r e e - d i m e n s i o n a l  flow. The  p r e s e n c e  of this  phenomenon in the flow e l imina tes  
the poss ib i l i ty  of calculat ing the flow p a r a m e t e r s  using methods  appl icable  to p l ane -pa r a l l e l  flows and r e -  
qu i r e s  a spec ia l  study. 

The  author  thanks A. G. Ki rdyashk in  for  sugges t ing  the invest igat ion.  
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D R A I N I N G  L I Q U I D - F I L M  S O L I T O N S  

L .  N. M a u r i n  a n d  A.  A .  T o c h i g i n  UDC 532.592 

One-d imens iona l  so l i t a ry  waves  (solitons) which can  move on the su r face  of a thin l ayer  of a v iscous  
liquid, dra ining in a ve r t i c a l  plane,  a r e  invest igated.  The  f i r s t  ( exper imen ta l )  desc r ip t ion  of such waves  was 
given in [1] ; l a te r ,  quant i ta t ive m e a s u r e m e n t s  of  the i r  c h a r a c t e r i s t i c s  w e r e  c a r r i e d  out [2, 3] and a t t empt s  
w e r e  made  to explain  them theore t ica l ly .  In [4-6] the nature  of these  waves  a r e  d i scussed  and some  of thei r  
p r o p e r t i e s  a r e  pointed out. In [7] the view is put fo rward  that  a s ta t ionary  solution is the l imit ing solution of 
a quas iha rmonic  type as  the wave number  is  reduced.  In this paper  we c a r r y  out a qual i ta t ive ana lys i s  of the 
evolut ion of a nons ta t ionary  sol i ton and on the ba s i s  of the ana lys i s  we explain its shape.  The  fundamental  
c h a r a c t e r i s t i c s  of a s t a t ionary  sol i ton (the ampli tude and velocity) a r e  ca lcula ted  and the r e su l t s  obtained a r e  
c o m p a r e d  with e x p e r i m e n t a l  data. 

1. The  equat ion ibr  the waves  in a ve r t i ca l ly  draining f i lm of v i scous  liquid for low Reynolds numbers  
is wel l  known and can  be  obtained by  dif ferent  methods .  Assuming  long weakly  nonlinear waves ,  the equation 
takes  the f o r m  

(Pt q- 3(Pz q- q)~x ~ Re ~0xx -]- W~xxx ~ = O, (1.1) 

where  r = 6 ( h -  ( h > ) / (  h) ;  h is the local  th ickness  of the f i lm, ( h )  is the th ickness  of the f i lm ave raged  
over  the length, t is d imens ion les s  t ime ,  x is the d imens ion less  v e r t i c a l  coordinate  (downwards) (the sca le  
for  m e a s u r i n g  the length is (h> ,  the sca le  for m e a s u r i n g  t ime  is 3ug - l (h>  -~, v is the v i scos i ty ,  and g is the 
a c c e l e r a t i o n  due to g r av i ty ) ,  Re = 2g(h>a/5u 2 is Reynolds number ,  and W = (r/pg(h~ 2 is W e b e r ' s  number  ((~ 
is the su r f ace  tens ion  and p is the densi ty  of the liquid).  

Toge the r  with the B u r g e r s  and Kor teweg - d e  V r i e s  equations,  Eq. (1.1) belongs to the number  of  so -  
ca l led  nonl inear  evolution equations.  The  t r e a t m e n t  of the quanti t ies  r and (p2/2 as  the m o m e n t u m  densi ty  
and ene rgy  densi ty  is c o m m o n  to these  equations (this t r e a t m e n t  is r e l a t ed  to the Gal i lean invar iance  of the 
nonl inear  evolut ion equations).  By confining ou r se lves  hencefor th  to cons ider ing  only so l i t a ry  ~ a v e s  (solitons) 

for which ~ ~ 0 as  x ~ + ~o, in which case  there  a r e  in tegra l s  of the fo rm -~ (p~ (x, t) dx, ~ r (x, t) dx, 
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