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This repor t  deals with a theoret ical  and experimental  study concerning the m e a s u r e -  
ment of local values of mean film thickness throughout the film length and with theo- 
re t ical  relat ions derived for determining the film thickness in the laminar-wave as well 
as in the turbulent region. The experimental  studies have also covered local charac -  
te r i s t ics  of wave motion on the film surface as well as the velocity field in the continuous 
layer,  the local hea t - t rans fe r  coefficients along the height of a ver t ica l  channel, and a 
cr i t ical  relat ion for determining them has been derived. 

Nusselt  [1, 2] was the f i r s t  one to thoroughly study the flow of liquid fi lms along ver t ica l  surfaces  un- 
der  the influence of gravity. He has derived theoret ical  relat ions for the film thickness,  the velocity d is -  
tribution ac ros s  it, and the hea t - t rans fe r  coefficients in a laminar steady flow, where the forces  of gravity 
a re  in equilibrium with the forces  of friction. Later  studies [3, 4, 5] have shown that under real  conditions 
and a l ready at low ra tes  of liquid flow there appear spatial waves in an i r regular  pattern on the film s u r -  
face. A theoret ical  study of laminar liquid flow has been conducted in [3, 4] with these waves assumed to 
be planar and sinusoidal. 

The region of complete turbulence was studied experimental ly [5, 6, 7, 8, 9] in relat ively short  tubes. 
The object of these studies was to determine the mean-over - the-he igh t  equilibrium thickness of a film and 
to find empir ical  relat ions for calculating it. Fur thermore ,  changes in the wave charac te r  on the surface 
of a film flowing along a ver t ical  wall were r e fe r red  to qualitatively without any quantitative generalizations.  
Changes in the flow conditions along the channel height should certainly be reflected in the local values of the 
hea t - t rans fe r  coeff icient .  However, all known methods based on empir ical  relat ions yield only the mean-  
over-channel-height  coefficient of heat t ransfer  to a descending liquid [7, 8, et al.] and a re  not applicable 
to conditions different than those in a part icular  experiment.  Even in [7], where local values of the heat-  
t ransfer  coefficient had been determined direct ly  and considerable variat ions along the height had been 
found under several  sets of conditions, the evaluation was based on mean values. In the conclusion, severa l  
cr i t ical  equations have been derived, each one valid for  a narrow value range of basic parameters .  

The repor t  covers  a theoret ical  and experimental  study of local film flow charac ter i s t ics  in the 
laminar-wave region {Re 5 < 400) as well as in the complete turbulence region (Re 5 > 400) and an exper i -  
mental study of local hea t - t rans fe r  coefficients. 

When changes in the mean-over -channel -he ight  film thickness a re  determined theoretically,  it is 
assumed that the liquid enters  through the orifice of a nozzle at a velocity uniformly distributed ac ross  the 
orifice. As the liquid flows, there builds up a boundary layer.  Outside this layer the liquid is accelerated 
by the force of gravi ty  and is driven away f rom the wall. This continues until the boundary layer occupies 
the entire film thickness over a distance x = Lboun d f rom the inlet. Where x > Lbound, the liquid either 
acce le ra tes  or decelerates  until the forces  of gravi ty and the forces  of fr ict ion a re  in equilibrium. As-  
suming that the profile of relat ive velocity (local velocit ies r e fe r red  to the velocity at  the film boundary) at 
x > Lboun d remains  s imi lar  and can be described by a th i rd -order  polynomial where Re5 < 400 but by a 
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Fig.  1. Var ia t ion  of l o c a l - a l o n g - c h a n n e l - h e i g h t  c h a r a c t e r i s t i c s :  1) 6; 8) 5cont; 3} h; and 4) f, see  -~. 

Fig. 2. D imens ion l e s s  f i lm th ickness  as  a funct ion of the  Re6 number :  1) a c c o r d i n g  to the d a t a i n  [8];2) 
a c c o r d i n g  to t~cl; (3); 3) a c c o r d i n g  to the dam in [6]; 4) a c c o r d i n g  to Eq. (2); S) a c c o r d i n g  to the Nusse l t  
equat ion [5]; I) ~est data  MVTU; II) data [3, 41; III) data [11]; IV) data [10]; V) data [12]; VI) data [13]. 

p o w e r - l a w  r e l a t i o n  in the r eg ion  of comple te  tu rbu lence ,  we obtain the fol lowing exp re s s ions  for  the l ocaD 
a l o n g - c h a n n e l - h e i g h t  va lues  of mean  f i lm th ickness :  

I In A "~ 2- - -  arctg B = ~. ( t} 

w h e r e  

A =  (6,~=--5~)a �9 B = - - -  
3 } 

61im-- ~p 

F o r  lami,~ar flow (Re 5 < 400) 

b6~tmV-3 arctg 6tim V~_ 

F o r  turbulent  f low (Re6 > 400) with the exponent  in the power law r e p r e s e n t i n g  the ve loc i ty  in d i -  

mens ion les~  coo rd ina t e s  n = 1 / 7 ,  we have 
3 - -  7 

{~= 63 g 8 , .  ~ , /  - -  

In Fig.  1 we c o m p a r e  the va r i a t i ons  ol the mean calcula ted  and the m e a s u r e d  th ickness  fo r  a water  
f i lm along a v e r t i c a l  tube with a t r i ck l e  in tens i ty  P = 8.22 N / m .  sec  at  a l i lm t e m p e r a t u r e  tf = 15~ A 
c lose  a g r e e m e n t  between ca lcu la ted  and tes t  r e s u l t s  is evident  here .  The init ial  r ange  within which 5 d i f -  
f e r s  f r o m  51i m c o n s i d e r a b l y  is sma l l  and depends on the liquid flow ra te .  It does not exceed 100-300 m m  
fo r  a l l  the t r i ck le  in tens i t i es  cons ide red  here .  

The e x p e r i m e n t s  w e r e  conducted on a ~peeia l ly  equipped tes t  s tand,  whase  ac t ive  par t  cons i s ted  of 
a v e r t i c a l  tube 3 m long with a 61.2 m m  out~ide d i a m e t e r  and made  of 1KhldNgT steel .  F r o m  an overhead  
tank with a f r e e  ~ar face  the worMng  liquid (dt~tiited water)  was f lowing down dee to g rav i ty  a long the ~a~tte~ 
s u r f a c e  of the expe r imen ta l  sec t ion.  The oct[ tee in these  tes t s  was 1 m m  w t d e  The tubes w e r e  heated by 
hot ~va~er [~owing ins ide  th6m ~ ~he ~apwarv~ d i rec t ion .  T~e tBrr, pera.~ure <)r ~he tiq~id du~'i~g ~ % h e r r n a [  [i~m 
flow tes t s  was vayie8  wi th in  the 4-38"C;  whach eDrregpcmds to the mos t  6rastSc v a r i a t i o n  in its v i s c o s i t y  
The weight  in lens i ty  ~f the t r i ck le  in these  tes t s  wag P = 0.881-17.35 N / m  see and Re 5 var ied  between 55 
and 1560. 

The local  h e a t - t r a n s f e r  coef f ic ien ts  w e r e  studied at a liquid inlet  t e m p e r a t u r e  of 6-65~ The in -  
t ens i ty  of t r i ck le  in these  t e s t s  was  va r i ed  f r o m  4.82 to 12.74 N / m .  sec.  
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The charac te r  of film flow and its local parameters  were studied by the capacitance method. The 
t ransducer  was a capacitor  whose one plate consisted of the active tube portion and the second plate con-  
sisted of a movable metall ic plate 2.5 x 4 mm 2 large mounted in such a way that the separat ion between 
both plates remained always much grea ter  than the maximum wave height in the test  region. The capacitance 
of such a capacitor var ies  as a function of the instantaneous liquid film thickness between its plates. The 
capacitance variat ions were measured with an ES-1 instrument,  which has a 10-4-50 pF :~ 1-5% range, in 
se r ies  with a null indicator connected to an N 700 loop oscillograph. F r o m  the osci l lograms obtained in this 
way it was possible to determine 5, 5cont , 5wave , and the frequency of wave motion f. The mean film 
thickness was determined by averaging the instantaneous thicknesses over a period of 1 sec. The frequency 
was counted direct ly  on the osci l logram, disregarding the smal l - sca le  pulsations at a 150-200 sec -1 f r e -  
quency. 

The velocity field in a continuous layer was studied by means of a thermoanemometer  with a tungsten 
filament 10 p in diameter  and 2-3 mm long operating on alternating current  on the cons tant - res is tance  
principle. The thermoanemometer  filament was mounted in a horizontal position and was shifted by means 
of a mic romete r  screw relat ively to the wetted surface and perpendicularly to it. The velocity averaging 
effect due to the s traight  filament approaching a curved surface was overlooked here,  which is entirely pe r -  
missible  under such part icular  test  conditions (diameter of the active tube section approximately 61 mm, 
length of fi lament 2-3 mm). 

The hea t - t r ans fe r  coefficient was calculated f rom the expression 

a== q (4) 
At 

The local thermal  flux density q was measured over a 200 mm long section. In order  to determine the 
quantities which appear in Eq. (4), the tempera tures  of the heat c a r r i e r  th, of the wall tw, and of the film 
tf were measured with C h r o m e l - C o p e l  thermocouples which had been installed at respect ive locations along 
the channel height. The thermocoupie readings were taken with PP 63 Class 0.05 instruments.  Tempera -  
ture t h was measured  with bare- junct ion thermocouples placed in the s t r eam through a sleeve 2 mm in 
diameter .  The wail tempera ture  was measured with thermocouples which had been formed by two bare 
e lectrodes  0.2 mm in diameter  and separa te ly  welded to the wall in a normal  position with a 2-3 mm dis-  
tance between them. A systemat ic  e r r o r  was incurred here in the tempera ture  determination on account 
of heat leakage along the thermoelectrodes .  The magnitude of this e r r o r  was calculated on a computer and 
an appropriate  cor rec t ion  was added to the measured value of wall temperature .  In this way, the impos-  
sibility of locating the hot junction was overcome and maximum simplicity in the thermocouple preparat ion 
was ensured. Perturbat ions caused by the presence of electrodes in the s t r eam were assumed to be negli-  
gibly small  in compar ison with the total perturbations due to wave flow. Tempera ture  tf was measured with 
a thermocouple having a bare junction approximately 0.1 mm away f rom the wall. It was taken into con- 
sideration here  that, as a resul t  of much displacement occurr ing during wave motion, the tempera ture  r e -  
mains a lmost  constant ac ros s  the film thickness - except for a v e r y  thin layer at the wall [7, 8]. The 
diameter  of the thermocouple bead was 0.2-0.3 mm. 

The flow ra tes  of the hot heat c a r r i e r  and of the liquid in the film were measured with standard and 
precal ibrated flow diaphragms. 

The thermal  flux was calculated on the basis of the heat supplied to the hot c a r r i e r  liquid and was 
checked on the basis of the heat received by the liquid in the film. The imbalance never exceeded 4-5%. All 
measurements  were performed at 12-15 sections along the active region. 

The au thors '  experimental  data and the relat ions (2), (3) derived by them theoret ical ly a re  compared 
with the experimental  data obtained in [2, 3, 4, 10, 11, 12] as well as with the theoretical  relat ion derived 
by Nusselt [2] and with the empir ical  relat ions in [6, 8], all shown together in Fig. 2 where 5-graphs a re  
plotted for the film flow of a tr ickling liquid in the laminar-wave and in the turbulent region. Relation (2) 
agrees  sufficiently well with the experimental  data in the studies re fe r red  to and, s t ructural ly ,  it c o r r e -  
sponds to the Nusselt  equation, but it differs f rom the latter by a constant factor  and for the same star t ing 
conditions, therefore ,  5 will be approximately 10% higher than according to the Nusselt equation in [2]. 

As is indicated in Fig. 2, however, the test  data in [2, 3, 4, 10, 11] for laminar and for wave flow 
as well as our resul ts  over most  of the entire range yield higher values than the theoret ical  relation in [2]. 
The test  data in [12] a re  interpreted best in t e rms  of the theoret ical  Nusselt  relation. 

488 



~-~con~ 
o,+ I 
o,2 

+ 
0 

m+l I I .  

qa 

o,0 

o,2 

o 

�9 - - I  o - - l l  o-- I l l  

It  

1 

0 

_4L 

o o q ,  . - -g-~  ~ 

~Z ,, �9 

o; a 
0 

o,e ' o o $ o  o 

o q ,  o,8 ~,z ~,o 2,o 2,<, e,o ,'. 

Fig. 3. The quantity 5 - 6cont as  a func- 
tion of the path length t raversed  by the 
fi lm at var ious tr ickle intensities: 1) F 
: 0.992; 2) 3.33; 3) 4.87; 4) 8.22; 5) 9.65; 
and 6) 11.35 N / m . s e c .  Solid line c o r r e -  
sponds to Eqs. (6), (7), and (8). Exper i -  
mental data MVTU {Moscow Technical 
College): I) tf = 5; II) 15; III) 35~ 

Within the turbulent flow region (Re 6 > 400), according to Fig. 2, curve 2 represent ing the theoretical  
relat ion (3) agrees  closely with the empir ical  relat ions derived in [6, 8] and it also very  well descr ibes  our 
experimental  data. 

Waves of var ious amplitudes and frequencies appeared on the film surface under all flow conditions 
which have been studied. A slight ripple was noted a l ready immediately near the entrance into the active 
region. As the liquid film moved along the ver t ical  surface,  the wave pattern changed. This is i l lustrated 
in Fig. 1 showing the charac te r i s t i c  variat ion of 5, 6cont , h = 5wave - 5cont , and f along the height of the 
experimental  section for F = 8.22 N / r e .  sec and at a liquid tempera ture  tf = 15~ which corresponds to 
complete turbulence (Re 5 = 730). The mean thickness of the continuous layer 6cont changes along the chan- 
nel and tends toward a limit which depends on the intensity of tr ickle F and on the physical propert ies  of 
the liquid. The stable region is much larger  than for 5 and it increases  with F. The limits of 5cont can, 
with sufficient accuracy ,  be found f rom the approximation 

(6- -6  ..... ) ,m:  0"42"F~ (5) 

It follows f rom Fig. 1 that the height of a wave c res t  increases  with the distance f rom the inlet. This 
increase  becomes grea te r  with a g rea te r  tr ickle intensity. The rate at which h increases  becomes gradually 
smal le r  and tends toward a definite value which depends on F as well as on the liquid temperature .  The f r e -  
quency of waves also depends on the path length t raversed  by the film and on the tr ickle intensity. The 
maximum frequency f is attained immediately  at the inlet (see Fig. 1) and it increases  with grea te r  F. As 
the film moves down the channel, the frequency drops to a cer ta in  value (18-24 sec -1) independent of F. 

A compar ison of 6 - 6cont values (Fig. 3) shows that this quantity is a lmost  independent of the liquid 
tempera ture  and is determined by the tr ickle intensity F as  well as by the path length x t raversed  by the 
film. In [(6 - 6eont)/0.8(5 - 5cont)lim; x/L0.8] coordinates this relation can be approximated by a general  
curve whose equation is 

0.8(8-8 .... )~m (6) 

( 6 -  6 .... )urn = 6,,m---6 ..... 

The following relation was found suitable for determining L0.8: 

Lo.8 : 1.85 F ~ (7) 
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Fig. 4. Variation of the local hea t - t rans fe r  coefficient a (W/m 2 .deg) along the experimental  
channel height L (m), for  F = 8.13 (1) and 12.75 N / m -  see (2). Points indicate test  values; solid 
lines correspond to relat ion (12). 

Fig. 5. N u / P r  ~ as a function of Reeq. 

The base a of the logari thm in express ion (6) is defined by the linear relation: 

a=0,45(L-L0~-8.8 + l )  ,'--1.1. (8) 

The values of 5 - 5cont = f(L) determined f rom expressions (6) and (8) are  plotted with solid lines in 
Fig. 3. 

The relat ions obtained for the local values of 5 and 5cont a re  accura te  enough to be used also for 
i so thermal  flow, as has been verified experimentally,  if Re 5 and u are  determined by the tempera ture  at a 
given section. 

The velocity of the liquid could be measured only in the continuous-layer  region. The mean -ove r - t he -  
section velocity values found by test  agree  closely with the values calculated f rom the flow rate  and the 
mean thickness 5cont of the continuous layer at a given section; they a re  also much higher than the values 
calculated f rom the flow rate  and the mean thickness 5. Thus, the magnitude of the continuous layer is be-  
coming the cr i te r ion  for  the actual velocit ies,  including the velocit ies which apparently should be con- 
sidered in the evaluation of hea t - t rans fe r  processes .  

The variat ion of the hea t - t rans fe r  coefficient along the channel height, according to two tests,  is 
shown in Fig. 4. In all the modes which have been studied one observes an increase  of a as the film flows 
down the channel wall. The resul ts  of the experiments have been evaluated in t e rms  of the relation: 

Nu = A Re~qPr'. (9) 

The mean film thickness 5 was taken as the charac te r i s t ic  dimension. The Nusselt  number here was 
NU = a S / k .  

The film tempera ture  was taken as the charac te r i s t ic  temperature .  The mean velocity in the con- 
tinuous layer Vcont was taken as the charac te r i s t i c  velocity. ~ , i s  would make the equivalent Reynolds 
number 

Recq= Ue~ �9 (10) 

It is not difficult to ascer ta in  that Re 5 = r/~?, which is commonly used in film flow analysis,  is r e -  
lated to Reeq as follows: 

6 
Reeq= he0  c--on  (11) 

An evaluation of the relat ion Nu = f(Pr) at a constant Reeq has shown that n = 0.4 is sufficiently a c -  
curate.  
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The re la t ion  N u / P r  ~ = f(Reeq ) has been plotted in Fig. 5 to a logar i thmic  scale .  The graph indi-  
cates  that this re la t ion  is c lose ly  enough approximated  (deviations ~20~c) by a genera l  power function with 
exponent ra = 0.8 and coefficient  A = 0.012. Equation (9) becomes  then 

Nu = 0.012 Re, q~ Pr~ (12) 

According to Fig. 4, the values  of a f r o m  (12) ag ree  c lose ly  with the exper imenta l  data, 
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N O T A T I O N  

the path length t r a v e r s e d  by the f i lm, m (ram); 
the path length down to where  boundary l ayer  becomes  f i lm thickness ,  m (ram); 
the mean  f i lm thickness ,  ra (ram); 
the f i lm thickness at x = Lboun d, m (ram); 
the l imit  (equilibrium) mean  fi lm thickness at x ~ % m (ram); 
the mean  thickness  of continuous layer ,  ra (mm); 
the mean  height of wave c res t ,  m (mm); 
the s table  mean  thickness  of continuous layer ,  m (mm); 
the path length t r a v e r s e d  by f i lm, corresponding to 5 - 5cont = 0.8(5 - 6cont)iim , 
(mm); 
the k inemat ic  v i scos i ty  of t r ickl ing liquid, m2 / sec ;  
the dynamic v i scos i ty  of t r ickl ing liquid, N / m -  sec;  
the mean  f i lm veloci ty  a t  a given section,  m / s e c ;  
the weight ~ntensity of the t r ickle ,  N / r e .  sec;  
the Reynolds number  for  liquid f i lm flow; 
the Nussei t  number;  
the Prandt[  number ;  
the local f i lm t e m p e r a t u r e  of t r ickl ing liquid, ~ 
the local wall t empera tu re ,  oc; 
the t e m p e r a t u r e  of heat c a r r i e r ,  ~ 
the local t e m p e r a t u r e  drop f r o m  wail to liquid f i lm, ~ 
the mean veloci ty  in the continuous layer ,  m / s e c ;  
the t he rma l  conductivity of f i lm, W / m  deg; 
the local h e a t - t r a n s f e r  coefficient,  W / m  z . deg; 
the local t he rma l  flux density,  W / m  e . 
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