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A b s t r a d - - T h e  recirculating fluw patterns in the creeping flow range of an mcCmtpressible fluid in rec- 
tangular cavities with Iranslating top a~d bottom walls were obtained tmmerically arid by visualization, then 
were compared with each other. The aspect ratiu was put to be either one or two. 

Approximate solutions were obtahed for varicH,s boundary conditir by using the variational method. 
The streamlines near the sharp corners were compared with some analytical solutions and the regkm in 
which the analytical solutiuns ca[] salely be applied was confirmed. 

I N T R O D U C T I O N  

The cavity problem with a translating t~)p wall has 
been one of the classical prob]ems studied by Burggraf 
[t], De Vaht Davis and MaHinson [2], aud Pan and 
Acrivos [3]. [t has often been used to evaluate and test a 
newly developed numerical scheme. On the other hand, 
the top and bottom wall translating cavities have not 
been received much attention. Weiss and Florsheim [4] 
obtained an approximate solution of the symmetric flow 
solution at a low Reynolds number with a variational ap- 
proach to biharmonic equation. O'Brien [51 studied an 
unsteady symmetric flow induced by osci]latiJ]g plates in 
the same direction. Jagadish [6] also solved rmmerically 
the symmetric flow problem for the cavities having the 
aspect ratio of 1.0 and 2.0 with the Reynolds numbers 
up to 1000 nurnericaHy. A similar cases can be found in 
natural convective heat transfer in cavities with side 
walls held at different, but Lmiform temperatures 17]. 
However, little attention has been paid to the effect of 
the translating directions at~d the magnitude of tl~te 
movements on the recirculating vortices in a cavity. 

In this study we want to ilwestigate numerically and 
experimentally the streamlines and velocities in the cav- 
ities with translating top and bottom walls by changing 
the moving directions and speeds of ttTe top and bottom 
walls, and aspect ratios in the absence of apparent flux 
through the cavity. For the numerical convenience the 

*To whom all corresponde~lce should be addressed. 

scope will be limited to a creeping flows in rectangular 
cavities with aspect ratios of one and two. The result of 
this study will shed light oii the convectional influence 
ot~ the mass transport through the pore membrane with 
a small aspect ratio. 

G O V E R N I N G  E Q U A T I O N S  A N D  A P P R O X I M A T E  
S O L U T I O N S  

The steady motion in a fluid-filled rectangular cavity 
driven by the top and bottom wails in a uniform transla- 
tional motion can be described by the following equa- 

tions: 

V 2~ = _ r (i) 

o ( a r  a ( a , k  

where ~b and w are the dimensionless stream function 
and vorticity respectively and Re is the Reynolds num- 
ber. Tile variables have been scaled with the horizontal 
length of the cavity and the velocity of the sliding top 
wall as scale factors. The relations of stream function 
and vorticity to velocities are 

O~b O~ 
u = -  v (3) 

Oy c3x 

a v  a u  
~o (4) 

Ox ,gy 

The boundary conditions are 
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~b--0, 4 , . - 0 ,  at x=O (5) 

~b--O, ~bx-O, at x : l  (6) 

~:=0, ~by=u~, at y--O (7) 

~:=0, ~by=l, at y = H  (8) 

where H is the dimensionless height of the cavity (Fig. 
1). The horizontal velocity of the top wall is fixed to 1. 
Mille the horizontal velocity of the bottom wall, u,~, is 
varied to 2, 1.0, -1 and -2. The aspect ratio (A.R.) or H 
is put to be either one or two. 

A similar case is the creeping flow induced in a top- 
and-bottom-open cavity by a parallel shear fl, )w through 
cha,mels. Tv~ bare apprc, xinmle solutions sinust4dal 
velocky distributions are assumed b(Jth at t,,p, y = H, 
and at bott.m, y - 0. The maximunt horizr ntal veh,ci- 
ty at tup is pul t(~ be one. whi le the nlaxinlunl horiz(,ntal 
veh)ci~y at buttoln (u.,) is varied fr,,nl one h, two. Tim 
directi(,~ t,f the fh)w at butt . in is also, varied. Variati(mal 
rnetl)r is used in the same ma[mer as Weiss and Flor- 
sheim [4]. 

The b(,unda D' c(n~ditir used fl,r tile approximate 
sulutiuus are Eqs. (5). {6) and file fdMwing ~;nes: 

(~--0, (./'y=tlmSill:~(ZrX) at y = 0  (9) 

~b=0, d, s -  sin ~ (rrx) at y = t t  (10) 

The firsl {)rder appr,,ximale st,luti.ns fur u,,, = + 1 

(~, 1' ',X, y)  : 

-+ sin ,8 (H - y) s i nhay -  sin,By sinha ([t - v) sina (a'x) 
( a sin'8 H - ~ sinh a H ) 

and f,,r u,,, = +'2 

( lI)  
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Fig. 1. A model of the cavi ty  f low. 

( + 2 a  sin,8 H + '8  sinha H) sin'8 (H - y )  sinhay 

(b~ (x,y) - ( a s i n f l H •  {sinha { H - y ) - -  
(a 2sin2'8H - 

sinha (H+y) } s n~gy sin~ (~x) q2) 
,8 ~ sinh 2 a H) 

where 

2a" eos_20 ' , 8 = 2 e r  0 a = ~ 7  ~ 3T Z sin ~ ,  O = t a n  ~'V"2" 

(13) 

The velocities can be easily determined by substitution 
of the above results into Eq. (3). 

NUMERICAL CALCULATION 

To have a greater densily d grids in the b . u n d a ~  
layers adjacent to tile walls, the governb.g equathms are 
transformed with the folh~wing variables [7]: 

x) = 1  [ l ~ t a  n {{2x- Ii 7 / tan 7] (14) 
2 

7] l y ) = ~  ( l + t a n  { ( 2 y / H - 1 ) y f / t a n T ]  (15) 

Table 1 shows the nol>equidistant grid points (21 x 41) 
in (x, y) courdiuates whel~ A.R. - 2, ~" - . / 4 .  Tl~e ap- 
proxintations of Eqs. (1) and (2) thr(4tgh the centered 
space difference yield 

b ' ~ , +  & : ( & l  ....... 9 , , , + , G I ,  .... ~, , > -  
9 =  G ( & l  ...... 4 ,%1 . . . . .  ) +  

~ .y (~ Y I j ,  1/2 ,(~,, 1 -~ ~5' [ . . . . .  r  1) (16)  

,7,. ( ,y l  ....... +,.~1 ) 

R e  
. ' - 0 ,  , ~ , , ,  t /w!9 , .  - 9  ,) 

71- & ~ ' ~ -  l ~  ,9,+, '~ , , , , 

t- taJ ( 9 , , -  9~ , ) /~+ , -  /~ 1 9 , ~ -  9 , , ) t ,  ,1 

'Fable 1. Grid p o i n t s ( A . R . = 2 :  y = n / 4 ) .  

0.0 0.034 O. 

0.314 0.374 O. 

0.742 0.795 O. 

070 0.111 0.156 0.205 0.258 

437 0.500 0.563 0.626 0.686 

844 0.889 0.930 0.967 1.0 

0.0 0.033 O. 

0.266 0.312 O. 

0.629 0.688 O. 

1.064 1.127 1. 

1. 484 1.538 1. 

1. 819 1. 859 1. 

067 0. i03 0.141 0.181 0.222 

360 0.410 0.462 0.516 0.571 

749 0.810 0.873 0.936 1.0 

190 1.251 1.312 1.371 1.429 

590 1.640 1.688 1.734 1.778 

897 1. 933 1. 967 2.0 
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+ 772; (('~Y) ..... (Oj+ I ~- (T]y) .... "2[*)i 1 I 

(17) 

Grid speaciug of h : A  s~ =A ~;: 1/20 have beeu used 
here. 

The SOR (successive over-relaxation) method is wel l  
applied tu the ab~we equations. The relaxalion para- 
meters for the calculation of both r aud w are in the 
range {,f 1.2--  1.6. The convergence criterion is defiued 
as f{)ll{~ws: 

Z I f ; ,~ -  f/', ~ ' [ < s  118) 
5%: ~, 

where  

e =  1 . 0 •  ~ 1 0  

EXPERIMENTAL 

A schematic represeutatiCm of the experimental  ap- 
paratus Mr visua]izati{m is shown in Fig. 2. Tl~e outside 
wall of the b{,x was made of {}.{11 m thickHess acrvl 
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Fig. 2. Exper imenta l  apparatus .  

plate; four brass wheels,  two belts aud a cavity were 
placed in it. The cavity of the size of 0.06 • 0.06 x 
0.022m (A.R. = ]) was used taking it int() account that 
Mills [8] had a satisfactoD, results in a cavity with a 
span of 0.025m. After kneaded a luminium powder  was 

plastered it~ the cavity wa l l  t im cavity was fixed re} the 
one of the walls of the box. Diluted glyceriue (viscusity 
- 0 . 174  Pa.s, deusity = 1250 k ~ m  :r was filled ful ly t~ 
the top of the box. A photographic fi lm (0.035m) was 
used as belts aud the wheels were toothed tr fil the 
holes in the belts. Tensivns r the belts were c{,mr~,lled 
with adjustment of the calibration krl{,bs. Moving belts 
applied shear stresses to the l iquid in lhe cavity: which 
subsequentb/made tile l iquid move. The speeds aud the 
directions vf the belts were controlled by D.C. n~ot{,rs 
which were connected to the axes of the bottun] walls. 
The photographic system consisted of two 60 W electric 
lamp, a canlera {Nik{m FMII, Japan) with close-up leuses 
(KiI~gCU + 1, + 2 and + 4, JapauL and Kodak filru(ASA 
12.5L 

RESULTS A N D  DISCUSSION 

F l o w  P a t t e r n  for  A.R. = 1 
The calculated slreamlil]es for A.R. = 1 are sl/{}wn iu 

Fig. 3. The s t reandiues  at Re = 0.001 are symmetrical  
witl] respect t<) the vertical midplaue uf ti~e cavity. 
x =  1/2. We cm,m,t vbserve the iuertial effects iH the 
figure. The calculated s t reamlines  at tim same Re {,f the 
visualizatiuu experin~em do m,t si~ift much fr~.,m t l~se 
al Re -0 .001  because the visualizati~m experiu}ents 
have been executed under the h~w Re rauge r 6--2(! .  

Wheu u/~ = ]. eddies (or vortices) are formed iu al~ 
eveu number aud the fh,ws are symmetrical witl~ re- 
spect h, y - H/2, ti~e horiz{mtal luid-plaue. Ti lere exists 
a nJaxiluuln in each w~rtex (Fig. 3(b/) aJld m, fh,w {,tours 
acr~,ss the h<mzoutal mid-plaue. Tl~e ~ase seen~s smdlar  
t,.} a typical cavity prr with AR.  = I/2 [3]. except 
that the hurizumal veMcity at y -  H/2 is m,t zer,, h~ spile 
~ -  0 {,~1 it as. wilt be seel~, iu Fig. 5(a). 

Wheu ur, is h~creased frum 1 t{, 2. line h,wer w,r lex 
expands wider ai~d the upper w~rtex si~ril!ks (Fig. 3(a)). 
Oue ca]~ aIs,, find ~l~al the slream fuucti,,l~, at IiJe upper  
vortex center  decreases  while that tile stream fuDcti,.m at 

ti le h,wer ol le i~}creases ab~Jut tw(,f i, ld,frum 0.0878 t~, 
0.]84. Col~sideriJ,.g that the max in ium uf ti le strealu 
fu]~cli,.m is a measure  ,.}f the streugt[~ {,f the vr [2], it 
is interesti~N to note that the s~re~Nfl~ ,.ff Ibe upper  
vortex is weakened  by the expanded  boundary r the 
lower vortex. 

Whex~ u,,~ = -1,  fl]ere exists r vr with tw(, max- 
ima (Fig. 3(c)). The directiuus r the w~rtex is {~nlv uHe. 
The inax imum streanl function at the vortex i s -0 .120 
which is higher than wheu u/~- 1. lu the present case 
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(a) u~ : 2 ;  (b) u . , ~ l ;  ',c) u ~ = - l :  
',d) u~ ~ - 2 ;  (e) t,~ 0 

file mass  ,,r heat t ransfer  be tween  the  t~,p arid [i~e b,,i- 

t, ,ut wall is expected  t(J be e n h a n c e d  nlure iilaul t[Je case  

with u;~ - ] because  the  convec t ive  fh,w n, ta tes  all ~,ver 

tJ,e cavity. 

Wtieu  the magI~.itude r uf~ is changed  f m n 1 - 1  i , , -2 ,  

t he  t w o  m a x i m a  b e c o m e  o n e  a u d  t he  w.>r lex c e n t e r  

nt~,ves d o w n w a r d  (F ig  3(d)). 

Whe~  u;~ - fL s e c ,  udarv  eddies  at fl~e righl aud  left 

o , r u e r s  uf the br wall are detected eveu  "<,.ill~ <,ur 21 

x 21 m e s h e s  by tile c~,,.,rdiuate lrai!sf,,rnmti~,i1 (Fig. 

3(e)). 

Fig. 4(a) s h o w s  tlte horiz~,ntal veh,city pro,files ~,~1 liae 
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vertical centerl ine of the cavity, x =  1f2, for A.R. = l. 
T i e  point at which u = 0 corresponds  to the vortex 
center or saddle point. It is interesting to note that all the 
curves intersect each other  at y = (1.24. The horizontal 
velocity at this point is about u = - ( L l t  in alI cases. 
despite that the rotat ional  d i rect ions and veloci t ies of the 
lower  vort ices are different. When  u,~ > 0, the intersect- 
ing point  lies above the p r imary  eddy center nearest to 
the bot tom wal l  and when  u,,~< 0, the cr nverse is t rue  
F l o w  P a t t e r n  f o r  A.R.  = 2 

Fig. 5 shows the st reanl l ine patterns for A.R. = 2. By 
comparing Figs. 5(a) and 5(b) to Figs. 3(a) and 3(b), we 

find that the effect of the velocity at bottom wall on lhe 
streamline is reduced as tim aspect ratio increases. By 
increasing ue. from 1 to 2, the streanl function at the bot- 

tom w~rtex center  become approximately doubled, but 
the boundaLy between the w~rtices at the vertical mid- 
plane moves upward froni y = 1.0 to only y - ] . 0 &  
When  the direction of the n:oviug walls ::re opposite, a 
saddle p,Jint is found at {Jr near the cavily center  in the 
contours of the stream function (Figs. 5(c) and 5(d)). The 
point has local max imum value of the absvlute stream 
function iu vertical direction and has local miniriium 
value in horizontal directi,dn. There  are two eddy cen- 
ters witt3 opposite rotating directions. As; u:~ is chal:ged 
from - t  t o - 2 ,  the locathms of the vortex centers  are :wt 
muctn affected, the saddle puint moves frum y 1.0 t~) 
1.07, and tim flow patter~s are quite .<;imilar to eaci~ 
other. The horizontal velocity profiles ..,n the vertical 
centerplane is shown il: Fig. 4(b). The curves als<> in- 
tersect each other  at y = 0.25 with ti~e h{>rizontal veluci- 
ty of u = 0, approximately.  The point is not expected to 
cf a::ge nwch even if A.R. was higher  than 2 f{~r the 
point correspunds to the primacy eddy center  which is 
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(a) uB=2 ;  (b) u . = l ;  (c) u ~ = - l ;  (d) u ~ = - ' 2  
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known to be independent of A.R. when A.R. > 2 [3]. 
Flow Pattern by the A p p r o x i m a t e  So lut ion  

It has been found that the appruximate soluti~us, Eq. 
(11) and Eq. (12), coincide well with the numerical solu- 
tions both at A.R. -  l and at A .R . -  2. A typical stream- 
lines of approxiruate solutions are con/pared with those 
of numerical ones iu Fig. 6 when A.R. = 2 and tJ~ = -1. 
The eddy centers coincide with eaci~ other, alth(,ugh the 
patterns of the streamlines (Jr the rnaximui~ value uf the 
stream function at the eddy centers stlow a little dig 
ferences. The positions of the vortex centers are (0.50, 
0.30), (0.50, 0.70) at A . R . -  I and (0.50, 0.22), (0.50, 
1.78), at A , R . -  2, which are nearly tile same as the 
results of the numerical solutiuus shvwn ip. "Fable 2. But 
the strength of the circulations are weak: the maxin lum 
stream function at ti~e vortex centers are -0.0952 at A.R 
= 1 and -0.0829 at A . R . -  2, respectively. "l'lle dif- 
ferences may be due to the inaccuracy of the solution (Jr 
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Fig. 6. Comparison of s treamlines  between nu - 

mericai(  - -  ) and a p p r o x i m a t e ( - - - ,  

--) solutions for A . R . = 2 ,  u ~ = -  1. 

to the fact that tile mean velocity of the flow is low. The 
nlean l~orizontal velocity of the fluid which applies 
shear forces at top of the cavity is 

S' 
u . . . .  = sin~.,rx d x = 0 . 5  (19) 

Oue can find thai it is only a half of the velocity at top 
wa[] for the numerical solution. The reason why the 
value of the stream function from approximate solution 
is so low may be atlributed mainly to this tact. Never- 
theless, it is still uuticible thal the vortex centers coin- 
t ide well with each other in spite of the different boun- 
dary conditions. 
S t r e a m l i n e s  Near  the  C o r n e r s  

It is an interesting thing to investigate how far the 
velocity of the bottum wan will influence the streamlines 
in the corners. Two cases are considered. 

The first one is the upper corner where the vertical 
wall is stationary, while the horizontal wall is sliding 
over it with the velocity u - 1. The analytical solution of 
Muffat [9] is considered because the streanllines iu the 
region very close to the upper corner is expected 1o be 
independent of the other walls which are far away from 
the corner. Moffat's solution can be iaodified as fallows 
for the fitness of the coordinate system used here. 

]r 2 
r  { - ~  ( H - y ) +  {tall ~ ( H - y ) )  

x 

yt" ]r2 
( ~ - ( H - y ) - I  x ) l /  ( 1 - - 4 )  (20) 

At A.R. = 2, tim streamlines are found iu be indepen- 
dent of the bottom walls within radius of 0.2 when the 
corner point is taken as the origin; the influence of the 
direction or tile velocity of the bottom wall o1r the 
streamlines in this regioll is negligible, as can be seen in 
Fig. 7(a). The figure also shows that Moffat's soluli(m is 
successful to predict the stream funciion in it. 

At A.R = l, Fig. 7(b) shows that the streamlines near 
the moving plane are unaffected by tile movement of 
tl~e bottom wall up ~o the depth of about 0.08 fr(>r:a the 
upper plane. But the streandines show more differences 
upon u~j as one goes from the stationary wall to the ver- 
tical center-plane of the cavity. 

The second one is the corner formed by the vertical 
stationary wall and the horizontal ceuter-plane moving 
toward the vertical wall in a right angle. The situation 
occurs when the upper and bottom walls move in the 
same direction with the same velocity. The horizontal 
velocity gradient wi lh y is zero at the horizontal center- 
plane because of the symmetry about this plane. The 
problem is very similar to the two-dimensional flow 
near a point of zero friction described by Batchelor [lO]. 
The fol lowing equation can be applied to the stream 
function at the lower left corner of the upper halt plane 
of the cavity (Fig. 3(b), Fig. 5(b)). 
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Table  2. P o s i t i o n  o f  v o r t e x  c e n t e r s  a n d  b o u n d a r y  c e n t e r s .  

Vortex center  Boundary cemer  or saddle point 

IRe. Calculated Calculated A.R. u,~ Exp. 
Experimental Experimental 

Re=10 3 Re=Exp.  Ro=10 3 Re=Exp. 

(0.50,0. 16) (0. 50,0.21) (0 53,0.21) 
2 11.5 (0.50, 0. 59 

(0.50, 0.85) (0.50, 0.83) (0. 51, {). 83) 

(0.50, 0. 16) (0.50, 0.20) (0. 52, 0.20) 
1 17. 5 (0.50, 0. 50 

(0. 50, 0.84) (0.50, 0.80) i0. 52, 0. 80) 

(0.50, 0.31) {0. J,8, 0.35~ (0. 50, 0.20) * (0.50.0.30) 
- 1 1 9 . 8  ( 0 . 5 0 ,  0. 50) 

(0.50, 0.80) (0. !50, 0. 69) (0. 52, 0.65 ) 
�9 (0. !50, 0 . 7 0 )  

(0.50, O. 75) 
- 2  11.5 (0.50,0.26) (0..17,0.26) 10.50,0.60) 

{.0. 50, 0.21) 

(0.50, O. 60) (0. 50, O. 60) 

(0.50, O. 50 ) (0.50, O. 50) 

(0.50, 0.50) (0 50, 0.50) 

(0.50, 
6.3 

(0.50, 

(0. 50, 
8.6 

(0. 50, 

(0.50, 

- 1  11.1 

- 2  6.9 

(0.50, 

(0.50, 

(0 50, 

0.24) (0.50, 0.24) (0. !52, (I. 23) 
(0.50, 1.08) 

1.76) (0. !50, 1.76) (0. !52, 1.77) 

0.24) (0. !50, 0. 24) (0.51, 0. 23) 
!0.50, 1. O) 

1.76) (0.50, 1.76) (0.51, 1.77) 

0.24) (0. 50, 0.24) (0.48, 0.24 
* (0. 50,  0. 22)  cO. 50, 1.0) 

(0. 50, 1.76) (0.51, 1.77) 
1.76) * (0. 50,1. 78 ) 

0.24) (0.50, 0.24) (0. 48, 0.23) 
(0.50, 1.07) 

1.76) (0. 50,1. 76 } (0.51, 1.77) 

(0. 50, 1.06) (0.50, 1.06) 

(0.50, 1.0) (0.50, 1.0) 

(0.50, 1.0) (0.50, 1.0 ) 

(0.50, 1.07) (0.50, 1.07) 

*The vahies are 

0 
2. {} ..... 

i. gl 
t >- 

1.8 

F i g .  7. 

from the appro~mate solutkm. 
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r Ax (y -  H/2) ~ (21) 

where A means an arb i t ra l '  constant and we put A -  
]0. Because t,f the arbitrariness of A, direct o)mparis()c 
of tile values uf lhe stream ful/ction from analytical solu- 
ti~,u with those frum the numerical solutioJ~ is mean- 
ingles.,;: Fig. 8 is provided only to compare the flow pat-. 
terns ,)f these two cases. It is found that the turning 
angle ,d the streamlines from the analytical sulution are 
a little larger than those from the numerical calculation. 
There is little dependence of the patterns of l:l~e stream-. 
lines upon aspect ratios. However, values of the stream 
functi~n near the corner at A.R. = 2 i~ weaker that, 
flame .at A.R. - 1 in the order of 10. 
F l o w  Visua l i za t ion  

Fi~. 9 and Fig. 10 show photographs of steady-state 
fh,w patterns for A.R. = 1 and A.R. = 2. The Reynolds 
number based on the velocities of the top wail  are in the. 
range of 6.3--19.8 owing to the difficulty of the 
visualizatir in the creeping flow region. Thus flow par- 
terns shown in Figs. 9 and 10 do not reflect those of 
creeping flow regions in a true sense. Howew.'r, the sym- 
n,etrices observed with respect to the vertical mid- 

planes resemble those of creeping flow regions. Thus 
we assume that the recirculating flows in the creep- 
ing fl(,w range are similar to those observed here but 
perhaps with reduced strength. Table 2 compares the 
theoretical predictions at the experimental conditions 
and those at the creeping flows. The y-positions of the 
vortex center are in good agreement with each other, 
however, x-positions of the experinlental conditions 

[ 
~A; RE = 1 1 . 5 ,  u B = 2 

RE = % . G  ~:. -I ,~ Rs ,. 11.5, ~a 

Fig. 9. Photographs  of flow pa t te rns  for A.R. 1. 

(a) R e - l l . 5 ,  u, 2 ~b) I<e 17.3, u, 1 
(c) R e -  19.8, u, - 1  (d~ l<e 11.5, u, - 2  

(A .  R . =  1) (A .  R . = 2 )  

0.7(I!,. !!:!j,!....' q '~"''~'' ' L 'L -- Analytical i]1"2 
'", so lu t  ion t 

7. ', Numerical i 
~i~i \ solution ' 

I i i I ':)~ ',. A.R.  = 1, U~ : 1 1 
~" �9 ..... A. R. =2. U,=I  I 

k ,}', ', '-. 0.6 1.1 

>~ '),-0001 ~5.~' "~ "".~/ '~; ,, ~p:%:,? �9 ,, 

' , - -  ', ' . ' ,-0.00 1 ~" - . .  " - - -  " ........ , 

,,-0o00 i. ..... 
O. 5 ~-=:-~-~- --~ " . . . .  -'~': . . . . .  =:=.--ql 0 

0 0.1 0.2 
X 

Fig. 8. S treaml ines  in a corner between vertical  

wal l  and horizontal center-plane of the 

cavi ty .  

s 

Fig. 10. Photographs of flow ~atterns  for A.R. 

:2. 
<a) Re = 6. 3, u. 2 :b) Re 8. 6, ui~: 1 
',c) Re= l i . l , u ,  - 1  d :  Re :6.9. u, - 2  
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in higher Re are slightly shifted from 0.5 ,d the creep- 
ins flows. Moreover, Table 2 shows the con:parison 
of the vortex centers and saddle points from experi- 
men:s with those from calculations, The results 
seem to be successful except when A.R. = 1, u~,, < 0. 
When ue has a negative value the flow in cavity is 
thought to be hydrodynaufically unstable due to the in- 
flection point [11] as is shown in Fig. 4(a) and 4(b). But it 
is not clear whether this discrepancy is due to tt~e 
3-dimensionai effect or to the unstableness with ex- 
perimental error. More investigatiuus are required to 
clarify this. 

When A.R. = 1 and ui~ = I or 2. Figs. 9(a) and 9(b) 
show the vortex boundaries or flow patterns are much 
alike to the theoretical solutions shown in Figs. 3In) and 
3(b). No convective flow is observed througln this vortex 
boundary. When uB=2, the experimer:tally fourd 
y-postion of the boundary center between the vortices is 
0.59, which is well compared to 0.60 by the theory. The 
vorte~ centers, however, shifted a little upward compar- 
ing to the theoretical results. 

When UB = - 1 ,  the property of centro-symmetry is 
preserved and the outer streaklines are exactly the same 
as the predicted one (Fig. 9(c)). But the generated vortex 
centers locate at y = 0.20 and 0.80 and deviate from the 
theoretical results of y = 0.3I or 0.35, and 0.69 or 0.65. 

As ua is changed to -2, the upper vortex shrinks. It 
does not disappear completely (Fig. 9(d)), a small weak 
vortex is still observed. On the whole, however, the flow 
pattern agrees well with the calculated one; the convec- 
tive l ow sweeps all uver fine cavity actively 

Fig. 10 shows photographs of the flow patterns for 
A.R. = 2. Suprisingly, the visualization results are weIl 
in accord with the theoretical predictions. The barrier 
between lhe two vortices are sharply seen ill Figs. 10(a) 
and lO(b). Also Ihe saddle points are clearly observed al 
the center of the cavity in Figs. lO(c) and lO(d). 

CONCLUSIONS 

The following conclusions have been obtained 
under the conditions of AR. = 1 and 2, Re< 20 and -2 
us, <: 2. 
1. When u8 > 0, the eddies are formed in an even 

number and there is no convective flow through the 
boundary between the eddies. 

2. When ua <0,  the mass or heat transfer between tl-e 
top and bottom wails is expected to be enhanced 
be.cause of the convective flow rotating all over ti~e 
cavity. 

3. There exists a point at which tee magnitudes of u on 
vertical centerplane of the cavity are in accord with 
each other. When A.R = 1, y = 0.24 corresponds Io 
that point with a value of u =-0.11 and when A.P,. 
= 2, y -  0.25 does with u = 0. 

4. The Moffat's and Batchelor's analytical solution 
describe well the streamlines of the eddies near the 
comers. 

5. The flow patterns from visualization experiment is 
predicted well by the present nuruerical solutkm ex- 
eepl when A.R = 1, u/~ <0.  

NOMENCLATURE 

A,R.  

f 
H 
h 
L 
I~1, f'l 

Re 
U 

UB 

U T 

V 

X, y 

y 

)d 

~ ,  ~:~ 

aJ 

V 

: aspect ratio (-) 
: vorticily or stream function (-) 
: height of a cavity (-) 
: mesh size (-) 
: width of a cavily (m) 
: number of divisions in x-, y- directions (-) 
: Reynolds number, Lur/v(-) 
: x-direction velocity (-) 
: x-direction velocity of the bottom wall (-) 
: maximum x-direction velocity at bottom in a 

boundaw condition for the approximate solu- 
tion (-) 

: x-direction velocity of the top wall (m/s) 
: y-direction velocity (-) 
: x-, y-coordinates (-) 
: deformation parameter (-) 
: convergence criterion (-) 
: kinematic viscosity (m2/s) 
: transformation relation (-) 

(-) 
3 x '  Oy 

stream function (-) 
vorticity (-) 
del operator (-) 
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