
AN E X P E R I M E N T A L  S T U D Y  OF H Y D R A U L I C  R E S I S T A N C E  

TO T H E  A S C E N D I N G  F L O W  IN F I L M - T Y P E  D I S T I L L E R S  

V.  N.  S l e s a r e n k o  a n d  G. A. G u d a k o v  UDC 532.62 

The hydraulic d rag  coefficient in an ascending thin a i r - w a t e r  film was studied as a function 
of the wetting rate  and of the air  velocity. Formulas  have been derived for calculating this 
coefficient. 

When the thermophysica l  charac te r i s t i cs  of thermal  distillation of seawater  are  studied, for the 
purpose of improving the working p rocesses  in existing installations and for the purpose of developing new 
types of such installations,  it is a problem to design means by which the rate of heat and mass t rans fe r  
can be improved modally. 

A significant modal improvement of the heat t r ans f e r  is achieved in thin-fi lm apparatus with ascend-  
ing and descending flow. 

Data on the hydraulic drag in ascending thin g a s -  or vapor - l i qu id  films are  ra ther  s ca rce  [1-4] 
and often contradic tory .  

The authors have t r ied  to verify and refine existing data, to obtain new data on the hydraulic drag 
in an ascending a i r - w a t e r  film, to derive mathematical  relations for the hydraulic drag coefficient,  and 
also to visually t r ack  the stability of various flow modes. 

The active segment  of the test  apparatus consisted of a Pyrex glass  tube, 1300 mm long and with 
an inside d iameter  equal to 26 ram, around which a Nichrome hea te r  wire 2 mm in d iameter  had been 
wound with Nuvel and asbestos  rope a s  thermal  insulation. 

The end segments of the tube were inserted through packing seals  into special chambers ,  the lower 
one provided with a s tack assembly  to facilitate a stable ascending film flow: The initial film thickness 
was regulated by interchangeable stacks.  

The air  flow was stabil ized within an inlet segment  150 ram long into the lower chamber .  

In the upper chamber  we had installed a centrifugal separa tor  for separat ing the gas f rom the liquid. 
The incoming air and water  were heated with e lectr ic  heaters  installed between the flow meters  and the 
lower chamber:  the power of the water heater  was 7 kW, that of the a i r  heater  was 2.5 kW, and tha t  of the 
active test  segment was 6.5 kW. The air  heater  and the water heater  were energized f rom the ac network,  
while the heater  for the active test  segment  was energized from a dc genera tor  whose power output could 
be regulated smoothly f rom 0.5 to 6.5 kW. 

The tempera tures  of the water  heater and the air  heater  were controlled by readings of contact 
t he rmomete r s  and held stable within ~I~ The tempera ture  of water and air  in the lower chamber was 
checked with m e r c u r y  the rmomete r s  on a scale with 0.5~ divisions. The air  flow rate  was measured  with 
a s tandard diaphragm Dy = 50 mm and m d =  0.16; the water  flow ra te  was measured  with diaphragms 2 
mm and 4 mm in d iameter  which had been mounted on the 10 mm (diameter) tube and had been cal ibrated 
by the v o l u m e t r i c - g r a v i m e t r i c  method. All operat ing modes could be duplicated. 

The hydraulic drag was studied at an air  velocity WA ranging f rom 7 to 35 m / s e c ,  . referred 
to the total inside c ross  section of the tube, at a surface wetting rate  F v ranging f rom 5.5-10 -5 to 
55.2 .10 -5 m2/sec.  The initial film thickness 5 o lay in the range 0.5 to 2.5 mm. In order  to explore 
the effects of water  and air  v iscos i ty  on the hydraulic drag,  we varied the tempera ture  of Water 
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Fig.  1. Compar i son  between our 
r e su l t s  and the data in [1-4]: !) data 
in [1]; 2) [2]; 3, 4) our data; 5) [3]; 
6) [4]; a i r  ve loc i ty  W A ( m / s e c ) ,  
r e f e r r e d  p r e s s u r e  drop &p(d/ / )  -102 
(N / m2). 

and a i r  f rom 285 to 368~ The flow modes during boiling of the 
liquid were  a l so  analyzed.  The t es t s  were  p e r f o r m e d  under 
n e a r l y  a t m o s p h e r i c  p r e s s u r e .  

The values of a i r  ve loci ty  and wett ing ra t e  were  s t ipulated 
on the bas i s  of a model p e r f o r m a n c e  under n e a r l y  r ea l  conditions 
with an ascending f i lm flow. The lower  l imit  of the veloci ty,  
m o r e o v e r ,  was de te rmined  by stal l ing.  

Visual  inspection as well  as m e a s u r e m e n t s  of the said 
p a r a m e t e r s  have es tab l i shed  a s a t i s f a c t o r y  d e g r e e  of s tabi l i ty  
in the ascending f i lm,  over  the en t i re  range  of a i r  veloci t ies  
and wett ing r a t e s .  

At wett ing r a t e s  below (14-16) �9 10 -5 m2/sec  and a i r  ve loc -  
ities up to 13-16 m / s e c  the a scend ing  fi lm flow was l a m i n a r  
- u n d u l a r .  At veloci t ies  of 22-26 m / s e c  there  appea red  pe r iod -  
ical ly annular  segments  1-3 em wide which then ascended at  a 
ve loc i ty  of 2-3 m / s e c  without affecting the undular flow of the 
r e s t  of the f i lm.  A fur ther  inc rease  of the a i r  ve loc i ty  caused 
turbul izat ion and the film because  opaque. At wett ing r a t e s  

above (14-16) .10  -5 m2/sec ,  with the a i r  veloci ty  W A increas ing ,  the t rans i t ion f rom l a m i n a r - u n d u l a r  
to turbulent  flow occu r r ed  at  a i r  ve loci t ies  of 18-20 m / s e c .  

The desc r ibed  pat tern  of an ascending f i lm flow ag reed  en t i re ly  with the data in [5]. 

The amount  of liquid los t  behind the s e p a r a t o r  was negligible in all t e s t s .  At F v > (25-30) �9 10 -5 m 2 
/ s e c  and W A > 30 m / s e e  l a rge  drople ts  were  sp lashed away,  which we explained by a flow const r ic t ion  
behind the s e p a r a t o r .  After  a cone had been fo rmed  behind the s e p a r a t o r  400 m m  in height,  no drople ts  
we re  seen splashing beyond it even at the highest  wett ing r a t e s  and a i r  ve loci t ies .  

In o rder  to compare  these  data with o the rs ,  we evaluated then in t e r m s  of the re la t ion  

Apd _ f (WA)" (1) 
l 

An ana lys i s  of the resu l t s  has shown (Fig. 1) a c lose  quali tat ive a g r e e m e n t  with the data in [1-4] and a lso  
a quanti tat ive a g r e e m e n t  with [4]. As the d imens ion less  c h a r a c t e r i s t i c  of hydraul ic  d r ag  we have used the 
coeff ic ient  ~ in the Darcy  equation 

Ap = ~ - -  
d 2 (2) 

Dimensional  ana lys i s  applied he re  will yield the hydraul ic  d rag  coeff icient  

= A Re 7 .Re~. (3) 

If one cons ider  the effects  of water  and a i r  v i scos i ty  on the hydrodynamics  of fi lm flow, by in t ro -  
ducing a s implex  group which includes the k inemat ic  v i scos i ty  of wa te r  vf and of a i r  VA, then Eq. (3) r e -  
duces to 

An evaluation of the test results by the method of least squares on a model Minsk-22 computer has con- 
firmed the validity of expressing the coefficient ~ according to relation (4) and then in a final form suitable 
for numerical evaluation. 

For an air velocity W A from 8 to 20 m/sec, Eq. (4) can be generalized without regard to the initial 
film thickness. 

Thus, for the stipulated values of referred air velocity and with the thickness of the ascending film 
varied from 0.5 mm to 2.5 mm, the hydraulic drag coefficient can be expressed by the equation 
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Fig. 2. Evaluation of test  data in 
~(vf/vA)-0"7 Ref ~ Re A coordinates:  

TABLE 1. Coefficient A in 
Eq. (6) and Values of A for 
Various Film Thicknesses  

co,ram A A ,  % 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.5 25t,5 7,1 
l,O 240, I 6,0 
1,5 196,4 7,4 
2,O 200.0 7,6 
2.5 213,8 7,2 

1) 285; 2) 303; 3) 333; 4) 368~ 
turbulent  flow, the coefficient ~ is much less  affected by the v i s -  
cos i ty  of water and slightly less  by the v iscos i ty  of a i r .  

Evidently ' in this case the effect of water  v iscos i ty  on the hydraulic drag coefficient is attenuated 
by the appearance of d i spers ive-annular  s t r e a m e r s  of the two-phase medium and by the occur rence  of 
mass t ransfer  via droplets  moving between the film and the vaporous mains t ream.  

A comparison between the test  data and Eq. (6), evaluated in K~, Re A coordinates K~ = ~(vf/VA)-~ 
R e ~  -5~ ~ ReA, is shown in Fig. 3 .  

The segregation of tes t  points in Fig. 3 according to different film thicknesses can be explained 
by the different amounts of energy required for the accelerat ion of a liquid film, inasmuch as the mean 
film thickness is governed by such groups as the Reynolds numbers  Ref and Re A while the mass of liquid 
at the entrance is a function of 60. 

We have also evaluated the data in K0", Re A coordinates (K~ = ~Re~ 1/3 ~ ReA) , as shown in Fig. 4 
for the entire range of a ir  velocity and matching the resul ts  in [2-4]. 

The agreement  between all test  resul ts  is sa t i s fac tory ,  according to the graphs,  but the geometry  
of the active test  segment seems to have an appreciable effect on the ascending flow of thin f i lms,  a l -  
though the trend of the K 0" = ~Re -I /~ = f(ReA) relation is retained.  Conditions under which water  enters  
the active test  segment  have also an effect on the hydraulic drag coefficient,  as has been a l ready men- 
tioned ear l ie r .  

Since the effect of tube diameter  and tube length on the hydraulic drag coefficient have not been 
analyzed here ,  hence formulas (5) and (6) may be recommended for use only under conditions such as 
stipulated here.  

= 4.87. I0 ~ vf )0.TRe,/aRe~_ 23s (5) 

The standard deviation of test data from the theoretical values 
does not exceed 11%. 

The test data in K0, Re A coordinates (K 0 = {(vf/VA)-0.? 
Re~.1/3 ~ ReA) have been plotted in Fig. 2 against the theoretical 
relation (5). 

It is quite evident that our test data agree closely with the 
derived relation. 

For referred air velocities above the indicated critical 
level, the initial film thickness has an appreciable effect on the 
magnitude of coefficient ~, namely: 

7vf ~o.56 
= A l - - |  ReO.55Re-:-0.92 

] f A �9 (6) 

The value of coefficient A and the standard deviation of test re- 
suits & is shown in Table 1 for various values of the initial film 
thickness. 

An analysis  of relat ions (5) and (6) indicates that, during 
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Fig. 3. Compar i son  between tes t  data and the theore t ica l  re la t ion (6): 1) 60 
= 0.5 ram; 2) 1.0; 3) 1.5; 4) 2.0; 5) 2.5. 

Fig. 4. Compar i son  between data by var ious authors  accord ing  to re la t ions  
(5) and (6): 1) F v = 17 .5-10  -5 m2/sec ;  2) F v = 45 .10  -5 m2/sec  (tube d i a m -  
e t e r  13 m m  for 1) and 2) [3]); 3) 60 = 2.0 mm; 4) 60 = 0.5 m m  (F v = 52 -10 -5 
m2/sec  for  3) and 4), our data); 5) F v = 50.3 �9 10 -5 m2/sec  with tube d i a m -  
e te r  28 m m  [4]; 6) F v = 1 8 . 7 - 1 0  -5 m2/sec  with tube d i ame te r  17 m m  [2]. 

:kp 

l , d  

P 
WA 
Ref  = 4 F v / v  f 
Re A = WAdou t / u  A 

NOTATION 

is the hydraulic resistance in the active segment with a guide stack, N/m2; 
are the geometrical dimensions of the active segment, m; 
is the densi ty  of the a i r  s t r e a m ,  kg /m3;  
is the a i r  veloci ty  r e f e r r e d  to the total tube c r o s s  sec t ion ,  m / s e c ;  
is the Reynolds number  for the film; 
is the Reynolds number  for the a i r  s t r e a m .  

I .  
2. 
3. 
4. 
5. 
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