
C H A R A C T E R I S T I C S  OF G R A V I T A T I O N A L  F L O V q  OF 
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E .  G .  V o r o n t s o v  a n d  O .  M .  Y a k h n o  brDC 66.532.62 

I t  i s  shown expe r imen ta l ly  as  well as  analy t ica l ly  that  the gravi ta t ional  flow of nonuniformly 
d is t r ibuted  thin liquid l a y e r s  along the  ex te rna l  su r face  of a ve r t i c a l  tube is  a nonsteady f i lm 
flow which l a t e r  goes  over  into a jet  f low. 

The  gravi ta t ional  flow of a thin liquid f i lm along a ve r t i ca l  su r f ace  is  used  in some technological  de -  
v i ce s  [2,8].  The nonuniformity  of the dis t r ibut ion of the thin liquid l a y e r  along the sprayed  p e r i m e t e r  r e -  
su l t s  in a d e c r e a s e  of the heat and m a s s  exchange coeff ic ients  and in the case  of rup tu re  of the f i lm it 
l eads  to  a sha rp  d e c r e a s e  of the a r e a  of the contact  su r f aces ,  of the wall  and the liquid, liquid and gas;  
a s  a r e su l t  t hese  devices  become  ineff icient  [2]. T h e r e f o r e  the invest igat ion of the na ture  of the flow of:a 
thin l a y e r  of a v i scous  liquid with nonuniform init ial  d is t r ibut ion along the sp rayed  p e r i m e t e r '  i s  of definite 
i n t e r e s t .  An expe r imen ta l  invest igat ion of such a flow was ca r r i ed  out on an exper imenta l  equipment in 
which the outer  d i a m e t e r  of the sp rayed  ve r t i ca l  made of Kh18N10T s teel  was  25.4 m m  and the length of 
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F ig .  1. Dependence of the un i formi ty  of wetting Gmin /Gopt  
along the ve r t i ca l  tube on the re la t ive  eccen t r i c i ty  e /S of the 
d i s t r ibu to r  slit :  cu rve  a) H = 0.1 m,  b) 0.26 m,  c) 0.36 m,  
d) 0 .5  m ,  e) 0 .63 m;  I) reg ion  of f i lm flow. H) reg ion  of jet  
flow. 

F ig .  2. Dependence of the  un i formi ty  of wett ing (Gmin/Gopt) 
on s ta t ic  t h rus t  H of the liquid in the d is t r ibutor :  H, m.  
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Fig.  3. Charac te r i s t i c s  of jet  flow in the p resence  of eccen t r i c  distr ibution of the liquid: a) rup-  
tu re  of Uquid f i lm and format ion  of jet; b) twisting of the jet  dis tr ibuted nonuniformly along the 
length; c) intensification of twisting of the jet  and breaking of individual drops f rom it; d) s epa r -  
ation of the jet  f rom the surface  of the tube and i ts  f ract ionat ion into drops.  

the tube was 710 m m .  The spraying liquid (water) was distr ibuted into a f i lm at the upper  end of the tube 
by a cyl indrical  slit fo rmed by the outer  d iamete r  of the tube and the inner  d iamete r  of an interchangeable 
r ing.  The average  width of the d is t r ibutor  sl i t  was 0 . 5 r a m .  The interchangeable eccen t r ic  r ings  were  
made  on a p rec i s ion  lathe with high accuracy;  along the outer  d iamete r  the exit ape r tu re  of the f r a m e  of the 
d i s t r ibu to r .  The eccent r ic i ty  e of the dis t r ibutor  slit var ied in the range 0 .025-0.322 mm and was m e a -  
sured by cal l ibrat ion thickness  gauges with an accuracy  up to  3%. The maximum re la t ive  e r r o r s  in the 
measu remen t s  were  6%for e /S and 1.8% for  the flow ra te  of water .  The discharge Gve of the wetting 
liquid and stat ic th rus t  H in the dis t r ibutor  were  measu red .  The lower  end of the tube had eight teeth 
a r r anged  un i formly  over  the pe r ime te r ;  f rom each tooth the wetting liquid was fed into a separa te  tank, 
which made it possible to de te rmine  the minimum discharge of water  (Gmi n) f rom 1/8 p e r i m e t e r  for  the 
cor responding  computation of i ts  optimum discharge  (Gop t = Gve/8 ) . The uniformity  of the distr ibution 
of the liquid along the wetted p e r i m e t e r  was est imated b~}the ra t io  G m i n / G o p t .  The exper imenta l  depen-  
dence of the uniformity  of wetting Gmin/Gop t of the surface  of the tube along the p e r i m e t e r  on the re la t ive  

I - -  " i " i eccent r ic i ty  e, S of the slit is  shown in Fig .  1 for  different  stat ic th rus t s  H of the liquid n the d~str butor .  

F o r  a s t r ic t ly  concentr ic  d is t r ibutor  slit (e/S = 0) the uniformity of the distr ibution was G . - /G  ~ =1 mm 9p~ 
fo r  aU stat ic th rus t s  H (or fo r  aU flow r a t e s  of the liquid). The nature  of the gravitational flow of a fi lm 
in the case  of i ts  uni form distr ibution has been thoroughly investigated [2, 3, 8]. The p re sence  of eccen-  
t r i c i ty  for  all flow ra t e s  leads to a dec rease  in the uniformity  of distr ibution of the liqnid over  the p e r i -  
m e t e r  of the tube especia l ly  in the range 0 < e/S _< 0 .09-1 .  In this  range of e /S a bulged liquid f i lm e m e r g e s  
f rom the widest par t  of the sl i t .  I t  runs ver t ica l ly  down along the genera t r ix  of the tube and has a local 
convex wave f ront .  A l a r g e r  flow velocity is  observed in this  segment;  the waves develop e a r l i e r  and have 
l a r g e r  amplitude and f requency.  The flow occurs  mainly under the fo rce  field consist ing of gravitat ional ,  
v iscous  f r ic t ional ,  and surface  tension fo r ce s .  In Fig.  1 this  region is  bounded by the ex t remal  point 1. 

A fu r the r  inc rease  of the eccent r ic i ty  leads to an inc rease  of excess  body force  [6] contributing to 
the development of a comparable  tangential  veloci ty component bes ides  the axial,  and hence r e su l t s  in a 
twist ing of the flow. The flow gets acce le ra ted  and in r e spec t  of i ts  s t ruc tu re  as a function of the mean 
f r e e  path it  can be represen ted  in severa l  segments .  Close to the d is t r ibutor ,  where  the gravitat ional  
f o r c e s  predominate ,  over  a cer ta in  segment the flow has a weak s t ruc tu re .  This  can be called the segment 
of quas i rec t i l inear  flow. With the inc rease  of the axial velocity component due to the excess  body fo rce  
the  tangential  velocity component inc reases  leading to a curva ture  in the t r a j e c to r i e s  of the liquid par t i c les  
and to a twisting of the flow around the tube.  The bulged par t  of the fi lm begins to  get twisted with the 
axis  of the tube as  the twist  axis .  The main mass  of the liquid gets collected in the twisted bulged pa r t .  
The step of twisting dec r ea se s  with the mean f r ee  path of the f i lm.  All this  faci l i ta tes  a re la t ive ly  more  
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uni fo rm distr ibution of the mass  of the liquid over  the p e r i m e t e r  of the tube; the uniformity  of distr ibution 
Gmin/Gop t i n c r e a s e s  at f i r s t  rapidly  {up to point 2) and then somewhat slowly. In analogy with this p e r -  
haps one should expect  the p r e sence  of ex t remal  points 2' for  small  flow r a t e s  also (H _< 0.36 m); then the 
f o r m  of the curves  changes as  shown by dashes in Fig.  1 (unfortunately additional exper imenta l  points 
could not be obtained in the range 0.1 < e /S  < 0.225).  Natural ly,  the numer ica l  values of ex t remal  points 
2 and 3 will a lso depend on the mean f r e e  path of the f i lm.  

The exper imenta l  delSendence of the ex t remal  values  of the uni formi ty  of wetting (Groin/Gout) ext  on 
the s tat ic  th rus t  H of the liquid in the d is t r ibutor  is shown in Fig.  2 fo r  all eccen t r i c i t i e s  of the s" lit fo r  the 
mean  f r ee  path of the f i lm equal to  710 ram. Curve 1, which desc r ibes  the f i r s t  ex t remal  point, is  descr ibed 
by the empi r ica l  equation 

-G-opt- / ext.l =~ 0"92"H~ (1) 

with a sca t t e r  of ~6%;curve 2 cha rac te r i z ing  the obtained and expected points of the second ex%remum is 
descr ibed  by the equation 

Gmin) 
Gop-~/ext, 2 = 1.12.H + 0. I, (2) 

while curve  3 cha rac te r i z ing  the third external point is  well descr ibed by the equation 

Groin/ = 1.17.H -k 0.15. (3) 
G-~pt/ext. a 

The s ta t ic  th rus t  in the eccen t r i c  d is t r ibutor  can be de termined analytical ly [1, 9] if we take into con-  
s idera t ion  the i nc rease  of the vo lumet r ic  d ischarge  of the liquid in the eccen t r i c  slit compared to  an equiva-  
len t  concent r ic  slit [1]: 

T h e r e f o r e  with prespec i f ied  re la t ive  eccen t r ic i t i e s  e /S  and volumet r ic  d ischarge  of the liquid Gve formulas  
(1)-(3) enable us to compute the ex t remal  values of the wetting uniformity .  The shaded region between 
curve  1 and line 3 in Fig .  2 cha r ac t e r i z e s  the amount of i nc rease  in the uniformity  of wetting due to twisting 
of the flow for  different  H.  

Thus the gravi tat ional  flow of a nonuniformly distr ibuted thin liquid l aye r  along the ver t i ca l  surface  
of a tube occurs  mainly under  the action of the fo rce  due to gravi ty  causing an acce le ra t ion  f [5, 6]. How- 
ever ,  f o rces  due to the capi l la ry  p r e s s u r e  (Per) may also have a significant effect on the na ture  of the flow. 
The nonuniform distr ibution of the mass  of the liquid along the wetted surface  produces  an excess  body 
fo rce  which fac i l i ta tes  the twist ing of the flow. 

The magnitude of the excess  body fo rce ,  which changes depending on H and the ra t io  e /S ,  is  d e t e r -  
mined by both cor io l i s  and centr ifugal  f o r c e s .  The twisted liquid flow in the f i lm appearing as a resu l t  of 
th is  fo rce  may  be regarded  as  a spi ra l  flow with the pitch varying along the tube.  The angular  veloci ty 
fo r  this  motion is  proport ional  to (e/S) m, Where the power m (for external  wetting of the tube m > 0, as  a 
r e su l t  of which ~ i nc r ea se s  with the mean f r ee  path of the film; for  internal  wetting of the tube m < 0, which 
leads  to a de c r ea se  of ~ and to quenching of the spiral  motion due to viscous fo rces  [4, 9]) is de termined by 
the p rope r t i e s  of the wetting liquid and wettabili ty of the surface  of the tube.  The coefficient  of p ropor t ion-  
al i ty ~ depends on H and Reynolds number  Re,  i . e . ,  ~ =  ~ (H, Re) .  Thus the angular  velocity ~0is 

o = • (H, Re . (5) 

The veloci ty  vec to r  of the absolute motion of the liquid c a n b e  obtained f rom the formula  

~ = ~+ ~o x R, (6) 

where  ~ is  the veloci ty  vec to r  of the t ransla t ional  motion of the flow along the tube and ~ x R is  the veloci ty 
vec to r  of the rotat ional  motion.  
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In view of the condition of continuity of the flow the las t  fo rmula  shows that an inc rease  of the an-  
gular  veloci ty of the ~quid r e su l t s  in a dec rease  of the t rans la t ional  motion and vice v e r s a .  However;  as 
is  evident f r om formula  (5), an inc rease  of e /S  leads to  an inc rease  of w, i . e .  to an inc rease  of the twisting 
of the flow. The re fo re  w dec r ea se s  with the inc rease  of e /S .  

Thus for  e /S  > 0 a  complex field of body fo rces  acts  on the liquid flowing along the outer  surface  of 
the tube.  If the gravi ta t ional  fo rces  a re  constant,  the centrifugal  fo rces  inc rease  (decrease  for  internal  
wetting) along the genera t r ix  of the  tube.  Since the magnitude of the co r io l i s  fo rces  is proport ional  to the 
angular  speed, while the magnitude of the centrifugal  fo rces  is  proport ional  to  the square  of the angular  
speed, it follows that for  small  values of e /S  the cor io l is  fo rces  have a predominant  effect on the twisting 
of the flow. In this  case the pitch of the twisting is  v e r y  l a rge .  

With the inc rease  of the re la t ive  eccent r ic i ty  e /S  the centrifugal fo rces  become decis ive and the inten-  
sity of twisting i nc r ea se s .  The main mass  of the liquid col lects  in the bulged twisted par t  of the f i lm and 
moves  with a l a r g e r  re la t ive  veloci ty  than the thin untwisted pa r t .  F o r  the re la t ive  eccent r ic i ty  of the slit  
e /S  = 0.24 the continuity of the f i lm is disrupted,  i . e .  it gets  rup tured .  The f i lm flow goes over  into a jet  
f low. The angular  veloci ty of the liquid inc reases ,  which leads to an inc rease  of the iner t ia l  f o r c e s .  

The cha rac t e r i s t i c s  of the jet  f low in the p resence  of an eccen t r i c  distr ibution of the liquid a re  shown 
in Fig.  3. As the liquid flows out f rom the eccen t r i c  d is t r ibutor  slit the liquid f i lm gets ruptured and a 
je t  is f o r m e d  (Fig. 3, a). The liquid col lects  in the twisted par t  in a je t  distr ibuted nonunfformly alongthe length 
and having approximately  a cyl indr ical  shape which twists  around the tube (Fig. 3 ,b) .  

The t r a j e c to ry  of the jet  is  a spi ra l  with var iable  pitch h(x) along the tube.  The p a r a m e t r i c  equation 
of this  t r a j e c to ry  can be wri t ten in the fo rm 

x -- h (:-:) 2---7~- qp; y = Btr cos (p; z : Rtr sin % (7) 

The absolute veloci ty of the jet  is  
2 2 : 2 

W~y) ="I  ~:~(y). + w U (y) T wz (y), (8) 

where  the veloci ty  components Wx(y), Wy(y), Wz(y ) a re  given by the formulas  

[W=(y) [ = h (x) dqo h (x) 
dh d~ dh ~o, 

2n + - -  2r~ i 
dx dx 

I dq~ == (Rtr sin cp) (o, i~y(y) ! = Rtr sin ~ ~ 

d~ 
[W~(y) [ = Rtr cos rp ~ - -  = (Rtr cos cp) r (9) 

Then the absolute veloci ty of the jet  can be given by the equation 

/ '  o h 2" 

w~,(y) = o) 1 R ~  + dh / - - - -  ,2 �9 ( 1 0 )  
(2a -",- - / 

dx ,) 

At the same t ime  the jet  gets twisted a lso  around its own axis ,  which faci l i ta tes  breaking-off  of in-  
dividual drops f rom it l a t e r  (Fig. 3, c) and af te r  that the separat ion of the ent i re  jet  f rom the surface  of 
the  tube and i ts  f ract ionat ion into drops (Fig. 3, d). Additional special  exper iments  a r e  requi red  for  obtain- 
ing a sufficiently accura te  quantitative relat ion,  which would pe rmi t  a detailed analytical  descr ip t ion of 
the  observed phenomena.  

T h e r e f o r e  the flow of a v iscous  liquid along the outer  surface  of a ve r t i ca l  tube in the p re sence  of 
eccent r ic i ty  in the s l i t - type d is t r ibutor  r ep r e sen t s  a nonsteady f i lm flow in a complex field of body fo rces  
of var iable  magnitude,  which l a t e r  goes over  into a jet  flow (for sufficiently la rge  eccent r ic i ty) .  The flow 
is twisted with var iable  pitch and is  acce le ra ted  with increas ing  axial and tangential  veloci ty  components .  
The degree  of twisting is  determined by the angular  velocity which va r i e s  along the thickness  of the run-  
ning fi lm as  well as along the length of the tube.  In the exit section of the d is t r ibutor  w = 0 and in the 
sect ion where the jet  separa tes  w has its maximum value.  
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An analysis  of the equation of motion for  the investigated case  pe rmi t s  to  obtain the basic  c r i t e r i a l  
p a r a m e t e r s  cha rac te r i z ing  the descr ibed  flow. Among these  p a r a m e t e r s  a r e  the Reynolds number  Reci  r 
de te rmined  f r om the c i r cu l a r  veloci ty:  

Reci r _ m, ci r 6 ', (11) 

c r i t e r ion  Kce n cha rac te r i z ing  the effect  of the centr ifugal  fo rces  on the liquid flow: 

and c r i t e r ion  Kco r taking account of the effect  of cor io l i s  fo rces :  

Kcor= r176 

The degree  of twisting of the f i lm is given by the formula  [7] 

1 ~nax 
C = 2 wmax 

�9 1, araax ~2" 

In view of the fact  that w r = f(x), 

(12) 

(13) 

(14) 

C is also a function of x along which the overal l  motion of the flow occurs .  
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is the degree  of twisting of the film; 
is  the eccent r ic i ty  of the d is t r ibutor  sli t ,  m; 
is  the acce le ra t ion  vec to r  of the liquid due to gravitat ional  fo rces ,  m/sec2;  
is  the a r e a o f  the d is t r ibutor  slit  in plane, m2; 
a r e  the minimum and optimum flow ra tes  of liquid f rom 1/8 of the wetted p e r i m e t e r ,  
m~/sec;  
is  the vo lumet r ic  flow ra te  of the liquid through the eccen t r i c  sli t ,  m3/sec;  
is  the acce le ra t ion  due to gravi ty;  
is  the height of the s tat ic  th rus t  of the liquid in the dis t r ibutor ,  m; 
is  the pitch of the spiral  l ine,  m; 
is  the power index; 
Is the number  of wetted tubes; 
is  the capi l lary  p r e s s u r e ,  N/m2; 
Is the radius  vec tor ,  m; 
is  the wetted radius  of the tube, m; 
~s the mean width of the dis t r ibutor  slit ,  m; 
xs the veloci ty vec tor ,  m / s e c ;  
is  the absolute veloci ty vec to r  of the flow, m / s e e ;  
is  the maximum veloci ty of the flow, m / s e e ;  
is  the maximum radial  velocity,  m / s e c ;  
is  the c i r cu la r  veloci ty of the flow, m / s e c ;  
is  the coordinate  axis d i rected ver t ica l ly  downward; 
is  the propor t ional i ty  coefficient;  
is  the flow ra te  coefficient  for  concentr ic  slit; 
is  the kinematic  v i scos i ty  coefficient ,  m2/sec;  
Is the density of the liquid, kg/m2; 
is  the t ime ,  sec; 
is  the angle of rotat ion of the jet ,  deg; 
is  the angular  veloci ty  of the main liquid flow, 1 / s ee .  

I .  
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