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The article presents an analysis of the theoretical and experimental data on heat 
exchange with vapor condensation on a vertical surface, and it demonstrates the 
calculation of the heat transfer coefficients taking the transient zone of the 
flow into account. 

In addition to the purely empirical dependences [i, 2], the following approaches are used 
at present for describing the heat exchange by condensation in a turbulent falling film: 

i) analogy of heat transfer and momentum [3, 4]; 

2) numerical integration of the differential equations of motion and energy with speci- 
fied empirical or semiempirical coefficients of turbulent momentum and heat transfer, some- 
times with subsequent approximation of the calculation results by criterial equations [5-8]; 

3) approximate analytical solutions [9]. 

Table 1 contains the principal dependences suggested for describing heat exchange in tur- 
bulent flow of a film of condensate on a vertical surface. 

A feature common to all these works is the application of the regularities of turbulent 
flow in a pipe to flow in a film. Thus, in the works using the first approach, the descrip- 
tion of heat exchange in turbulent falling film is based on the following initial dependences: 

Nu=~RetPr '~, (1) 

= A R e - <  (2) 

It is usual to adopt the values n = 0.20-0.25, ~ ~ 0.8, and m = 0.3-0.4, with the proportion- 
ality factor being specified according to data on flow in smooth pipes. Usually, the hydraulic 
diameter is put equal to four times the thickness of the film. 

Most authors using the second approach assume that the distribution of friction across 
the thickness of the film is linear: 

= g(~' -- p')(6 -- U), (3) 
where 

T = (b + ~T) 0u (4) 
@ 

Domanskii and Sokolov [8] assume that friction across the thickness of the film is constant 
and equal to the friction on the wall. The equation of temperature distribution in the film 
is written in the form 

OT 
q = -- (X + ~T) --, (5) 

og 

where the heat flux q is usually considered constant and equal to the flow on a solid wall. 

The relation 

Re : S~ ~d~ (6) 
0 
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TABLE i. Dependences for Calculating Heat Transfer in Con- 
densation of Stationary Vapor on Vertical Surfaces in Turbu- 
lent Falling Film 

Literature Formula Re; Re.or 

Kirkbride [1] 

Colburn [3] 

Iqutateladze [5] 

Grigull [2] 

Labuntsov [6] 

Gudymchuk, Kon- 
stantinov [4] 

Dukler [7] 

Domanskii ,  Sokolov 
[8] 

Levin, Brdlik [9] 

Nu* ---- 0,0076 Re ~ 4 

Nu* = Re/[22Pr -1 /3(Re~ 8 _ 364) 

-~ 12800] 

N . . o /  u*=0,4Pr~]~/~l In . . . . . . .  + 
\ F~16--V~]6-- 11, 6 

-J- 4,65 Pr)/Re=~16(3,0+2,51m]6)--39 

Nu* = 2,08.10- ~ Re 1/3 

Nu* = Re/[2300~ 41Pr - ~  ,5(Re3/4 - -  

-- 89) (Pr/Prw~-~ ' 25] 

Nu* = Re/[21,6Pr - ~  S(Re~ 78__ 

-- 323) + 12740] 

Numerical  solution 

Nu* ---- Pr~]~/3/[5Pr q- 51n(1 q- 5Pr)q- 

1-- Pr+0,4Pr~l~ .] 
-1-2,5 In 1 @ 1 lPr 

Re = -%(3,0 q- 2,51n%) - -  64 

Nu* ----- 0,173 -~ (0,22Pr I/3 _ 

Re - -  400 
--0,173) - -  

Re 

Re = 4G/v; Rewa= 2000 

Re = 4Olv; Rewa = 1600 

Re = O/v; Rewa----_ 100 

Re ---- O/v; Rewa--_ 270 

Re = O/v; Rewa-~ 400 

Re = 4G/v; Rewa = 1800 

Re = G/v; R ew a=  115 

Re ---- G/v; Rewa ----- 280 

Re = G/v; Rewa = 400 

%0 / 
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Fig. i. Comparison of calculated 
and measured velocity profiles in 
films: i) calculation after [7]; 2) 

[8]; 3) measurements after [i0]; 4) 

=U l  ~ y16=nl% . [12]; 5) [ii]. , ~, 

serves for determining the thickness of the film. It is also assumed that 
and thermal diffusivity are equal, i.e., that the turbulent Prandtl number 

turbulent viscosity 

Pr T = i. 
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Fig. 2. Dependence of the Nusselt number on the Reynolds num- 
ber as calculated by different authors (Pr = 3.5): i) [15]; 
2) [14]; 3) [51; 4) [3]; 5) [6]; 6) [9]; 7) [81; 8) [7]. 

The principle differences of the works using the second approach concern the following 
tenets. 

In [5, 8] the velocity profile is assumed to be specified (in the laminar sublayer it is 
linear, in the remaining region logarithmic). In [6, 7] the velocity profile and the thick- 
ness of the film are found from the joint solution of Eqs. (3), (4), and (6). 

In Fig. i, which presents the velocity profiles for the same dimensionless film thickness, 
calculated after [7, 8] and compared with the experimental data of [10-12], we can see that 
the calculations and measurements do not agree well with each other. 

For the coefficients of turbulent transfer, various dependences containing empirical con- 
stants are being chosen. For instance, Dukler [7] uses Deisler's relation in the region near 
the solid wall (q < 20) for ~T and aT, and Karman's relationship for the remaining region. 
Kutateladze [5] adopts the following expressions (Prandtl's two-layer model) for turbulent 

, 2 du viscosity: for 0<g<ll,6v/Uwa ~=0, Uwa-=~Twdp, ~r y>ll,6v/Vwa FT=0.16p y ~. Labuntsov [6] 

uses two variants of multilayer schemes (after Lin and Schlinger). 

If different expressions are specified for the coefficient of viscosity and the velocity 
profiles in different regions over the section of the film, it leads to different expressions 
of the values of the critical Reynolds number (see Table i). For instance, according to Duk- 
ler, the value q = 20 corresponds to Recr = 115. In [8] the chosen boundary of the zone yields 
Recr = 280. Kutateladze [5] adopts the critical Reynolds number Recr = i00. 

The third approach is used in [12] with the following assumptions. 

i. To describe the friction stresses on the wall, Brauer's experimental dependence [13] 
is adopted. 

2. It is assumed that the thickness of the film and the velocity on the phase interface 
change exponentially with the same exponent equal to 1/2. The authors emphasize that the con- 
sequence is that the heat transfer coefficient in turbulent flow of condensate on an isother- 
mal surface remains constant. 

3. The critical Reynolds number Recr and the Nusselt number calculated for Re = Recr are 
taken to be constant and not dependent on the physical properties of the liquids. 

4. The transition from subcritical to turbulent flow and the corresponding change of the 
heat transfer coefficients occur by a jump. 

It must be pointed out that a characteristic feature of all the works is that the mean 
heat transfer coefficient over the length of the film in mixed flow is determined solely ac- 
cording to laminar and turbulent flow: 

Recr -]- Nu~ R e - -  Rear 
<Nu*> = ( N u ~ >  ~ < > Re ' 

w h e r e a s  i n  e x p e r i m e n t s  t h e  e x i s t e n c e  o f  an e x t e n d e d  t r a n s i e n t  r e g i o n  i s  o b s e r v e d ,  where  t h e  
heat exchange is practically independent of the Reynolds number of the film. 

Figure 2 presents the results of calculations of the mean Nusselt number according to 
models recommended by different authors, and these are compared with the experimental data on 
the condensation of Chladone-21 in [15]. 
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Fig. 3. Experimental data on heat exchange in the condensation of 
water vapor on vertical pipes (Pr = 1.75): i) [24] (Re = 24 -- 
1260); 2) [26] (Re = 115 -- i000); 3) [22] (Re = 27 -- 490); 4) [21] 
(Re = ii0 -- 435); 5) [23] (Re = 50 -- 180); 6) [25] (Re = 2.5 -- 44); 
7) [27] (Re = 275 -- 2370); Pr = i.I; 8) [24] (Re = 68 -- 2340); 9) 
calculation after [14]. 

Calculations according to Dukler's model, presented in these figures, were carried out 
by us on the assumption that there is no interphase friction, by our own program for Prandtl 
numbers for which experimental data are available. Our calculations agree with similar re- 
sults obtained by Dukler in his original work [7]. 

It can be seen from Fig. 2 that the divergence in the analytical dependences of < Nu* > 
on Re obtained by different authors occurs both in the transient and in the turbulent zones 
of falling film. All these calculations differ noticeably from the experimental data on the 
condensation of Chladone-21 [15]. The model of Domanskii and Sokoiov [8] obtains much higher 
Nusselt numbers than other calculations, apparently because, in distinction to most other au- 
thors, friction over the section of the film was considered constantand equal to the friction 
with the wall. Such an assumption leads to the following equation for the temperature: 

d0 1 

drl 1 / P r - - l ~ l /  d~ (7) 
dn 

For linear distribution of friction, which describes flow in a film more accurately, the cor- 
responding equation has the form 

dO 
dN 

1 

1 / P r -  1 + 1/ &p ~11~16.1/ &p 
d~q dr I 

(8) 

This equation is examined, in particular, in Dukler's scheme [7]. The difference between the 
velocity profiles after Dukler and [8] is shown in Fig. i. The difference of the temperature 
profiles in [8], and consequently also of the Nusselt numbers, is due, in addition to the de- 
rivative of the velocity, as can be seen from Eqs. (7) and (8), also to the fact that Eq. (7) 
does not contain the term ~/q6.1/(d~/dq). The numerical solution of the equation for the tem- 
perature, carried out by us without this term but by using the velocity profile calculated af- 
ter Dukler, leads to a dependence of < Nu* > on Re which practically does not differ from the 
dependence in [8]. It follows from this that the high Nusselt numbers in the scheme of [8] 
are due principally to the introduction of the assumption that friction over the section of 

the film is constant. 

The results of the calculations by the dependence of Domanskii and Soko!ov were compared 
by these authors only with their own measurements of heat exchange in the evaporation of films 
of liquids with substantially differing Prandt! numbers (Pr = 1.75-29.5). However, Struve 
[16] showed that these experiments differ noticeably (by up to 80%) from the experimental data 
obtained by other authors. 

It may be noted that the experimental data on heat exchange in the condensation of Kh-21 
[15], Kh-12 [17, 18], and carbon tetrachloride [19] agree well with Struve's experiments with 
the evaporation of Chladone-ll carried Out in the range Re 20-2000 and with approximately the 
same Prandtl numbers as in the experiments with condensation. The experiments using different 
methods in the investigation of condensation and evaporation agree satisfactorily with each 
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other, and according to them, we can confidently evaluate the reliability of the theoretical 
calculations.% In addition, this means that the existing self-similarity of heat exchange 
upon change of the specific flow rate within wide limits may be viewed as a general regularity 
in the heat exchange of falling films on a vertical surface, regardless of the direction of 
the heat flux. An analysis of this phenomenon and a quantitative evaluation of the heat ex- 
change in the self-similarity region were carried out in [20]. 

Figure 3 presents the results of experiments by various authors, obtained with the con- 
densation of water vapor [21-26]; these results agree satisfactorily with each other. Kuta- 
teladze and Shrentsel' [24] carried out their experiments with pipes 0.5 to 4 m long, at sat- 
uration temperatures of 95-152=C; this made it possible to change the Prandtl number from 1.87 
to 1.14. 

An exception among the presented experimental results are the data of [27] for Re>1400; 
this is apparently due to the particular method of arranging deposition that was used by the 
authors to obtain large Reynolds numbers of the film. The results obtained in this work for 
Re~ 2.103 are noticeably higher than the data of the previously quoted works on the conden- 
sation of refrigerants, although the Prandtl numbers of these refrigerants were twice as 
large. 

The analytical dependences in the range of high Reynolds numbers concerning condensation 
of stationary vapor are usually compared with the experimental data on the condensation of di- 
phenyl vapors [28]. However, it must be pointed out that the experiments of Badger et al. 
were carried out on pilot plant equipment, and this led to great scatter of the data. With 
the highest Reynolds numbers of the film in these experiments (Re ~7600), the velocity of the 
vapor at the inlet to the slit channel formed by the jacket and the segment attained 6 m/sec 
at a vapor density p" = 5 kg/m 3. Our evaluations showed that such a velocity of the vapor 
could lead to a doubling of the intensity of heat exchange in the upper part of the pipe. 
Moreover, this velocity might have led to the stripping of the wave crests, their fragmenta- 
tion, and subsequent falling of the liquid, not down the experimental pipe, but along the 
jacket, because the fragmentation criterion determined according to [29, 30] was more than 
twice as large as the critical value. Therefore, the results of experiments in this work can- 
not be considered without taking into account the effect of the vapor velocity, and they can- 
not be compared with the theoretical dependences describing the heat exchange of stationary 
vapor. 

It follows from the above data that in the transient region of falling film, the differ- 
ences between the theoretical and experimental dependences manifest themselves most clearly 
and attain as much as 200%. One of the causes of such divergence is the ambiguity in select- 
ing the critical Reynolds number Recr, A substantial cause of the divergence of the calcula- 
tions from the experimental data is also the exclusion of an extensive transient zone of film 
flow from the calculation schemes. A comparison of experiments and theoretical dependences 
shows that in the turbulent region of film flow with Re > 103 the mean < Nu* > number depends 
on the Reynolds number much more weakly than the calculated manner. There are no reliable ex- 
perimental data for the developed turbulent range of falling film (Re > 5.103). The litera- 
ture also lacks experiments carried out with large Prandtl numbers within a wide range of 
change of Reynolds numbers of the film. The conclusion is that it is useful to use the fol- 
lowing procedure for calculating heat exchange in condensation with mixed flow regime. 

The mean Nusselt numbers are calculated by the formula 

Rez~+ <N w> <Nu~> u* Recr--Rezw @ Re--  Re cr 
<Nu*> = (Nu~> Re Re Re 

Here < Nu~ > = 4/3(3Re) - I / a .  The boundar i e s  of the  laminar-wavy range (Relw , Recr) , and a l so  

the Nusselt numbers < Nu~ >, are determined analogously to [20] on the basis of the fact that 
the "residual" thickness of the film in dependence on the Reynolds number is constant. 

According to [13], laminar flow changes into laminar-wavy flow when 

Re/w= 2,3 Ar~/5 , (9) 

tThe data of [16-19] are not contained in Fig. 2 so as not to clutter up the figure. 
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TABLE 2. 
(13) 

Nusselt Numbers < Nu~ > Calculated by Formulas (ii)- 

~6 

60 I 1oo I 200 I 3oo I ,ooo I 4000 
Pr Re 

742 1516 3697 6047 24244 112432 

1 
2 
3 
5 
7 

10 

0,157 
0,212 
0,252 
0,307 
0,344 
0,382 

0.160 
0,223 
0,270 
0,332 
0,374 
0,418 

0,168 
0,245 
0,300 
0,377 
0,428 
0,479 

0,176 
0,262 
0,324 
0,410 
0,467 
0,523 

0,213 
O, 332 
0,416 
O, 532 
0,607 
O, 682 

0,285 
0,452 
0,572 
0,735 
0,841 
0,948 
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Fig. 4. Comparison of the experimental data with calcula- 
tion by the suggested procedure: i) condensation of Chla- 
done-21 [15] (Pr = 3.4; Re = 10-4250); 2) condensation of 
water vapor [24] (Pr = 1.75; Re = 25-1260); 3) condensation 
of water vapor [24] (Pr = 1.14; Re = 65-2340); 4) calcula- 
tion after Nusselt; 5, 6, 7) calculation by the present au- 
thors for Pr = 3.4, 1.75, and 1.14, respectively. 

and laminar-wavy flow changes into turbulent-wavy flow when 

Recr = 35 A r ~  5. (10)  

For  Re ~ Relw , t h e  mean t h i c k n e s s  of  t h e  f i l m  and t h e  r e s i d u a l  t h i c k n e s s  c o i n c i d e  and can  be 
d e t e r m i n e d  by N u s s e l t ' s  f o r m u l a .  In  t h e  l a m i n a r - w a v y  r a n g e  (Relw ~ Re ~ Rec r  ) t h e  r e s i d u a l  
t h i c k n e s s  does  n o t  depend  on Re, and c o n s e q u e n t l y  i t  i s  a l s o  d e t e r m i n e d  by N u s s e l t ' s  f o r m u l a  
for Re = Relw , i.e., ~res = (Re~w) I/a(3"U/g)I/a" In that case aw = ~/6res and < Nu~w >(aw/k) • 
( . z / g )  l /~  ( ~ ~ -1 /~  = 3Re,w, . As regards the determination of Nusselt numbers for turbulent flow 

(< Nu~ >), the following must be pointed out. In the case of heat exchange without phase 
transition, when the heat flux changes from zero on the surface of the film to the maximum 
value at the wall, transfer in the viscous sublayer is decisive. In condensation, however, 
the distribution of the heat flux across the section of the film is almost uniform, and there- 
fore the mechanism of turbulent transfer over the entire section of the film are of substan- 
tial importance. 

For a more detailed description of the mechanism of turbulent transfer, we will examine 
a model in which turbulent viscosity is approached piecewise by the dependences 

0 < 0 < 6 . 8 ,  ~=0; 6 , 8 < ~ < 0 . 2 ( 0 ~ - - 6 . 8 ) ,  

~T = 0.4 (0 -- 6.8) V1 -- 010~ ; 0,2 (0~ -- 6.8) < n < 06, (ii) 

~ = 0.08 ( 0 - -  6.8) V1  - -  0io~. 

In this model, the length of the path of displacement outside the viscous sublayer is subtract- 
ed from its conventional boundary n = 6.8 correlating with the value of the Prandtl--Karman con- 
stant ~ = 0.4. The dimensionless thickness of the film is correlated with the Reynolds number 
by the following dependence, obtained on the assumption that friction over the section of the 
film is linearly distributed: 
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R e =  1 f ~pO1) dtl 1 ~ h - - t l  &l d~l 
t16 . ~1~ . 1 -t- ~, (tl) 

0 0 0 

1 ~{'6 (~__ ~1)~ dtl. (12) 

The local and mean Nusselt numbers are calculated by the relations 

Nu~" = tl~/a &l - I  _ ; < Nu* > = ( t l~ - -  rl%~) -~ 
1 -6 Prg~ o %or 

Nu* dq~. (13) 

Table 2 presents the results of numerical calculation by formulas (11)-(13) for some integers 
as Prandtl numbers. 

Figure 4 shows a comparison between the dependence < Nu* > calculated by the described 
procedure and the experimental data. It can be seen that the calculations agree well with the 
experimental data. 

It should be pointed out that the Reynolds numbers Re/w and Recr, determined by (9) and 
(i0), are functions of the Archimedes number, and they noticeably differ from each other for 
different liquids and different saturation temperatures. Numerical calculation with these 
values of Re/w and Recr leads to qualitatively correct conformity of the theoretical lines 5- 
7 with the experimental results, where for Re > Re/w the experimental data slightly but dis- 
tinctly diverge for different substances. 

Thus, in mixed falling of a film, satisfactory results are obtained from calculating the 
heat transfer coefficient if heat exchange in the laminar-wavy range is determined from the 
"residual" thickness of the film, and if in turbulent fall it is determined by the suggested 
model. 

NOTATION 

Nu=--~-;r Nu*=-~--~ ('~-/l/a , Nusselt number; Re, Reynolds number; Pr, Prandtl number; p ~, 

density of the liquid; p", density of the vapor; 6, thickness of the film; g, acceleration of 
gravity; q, heat flux; ~, thermal conductivity; U, velocity of flow; T, temperature; ~, dynam- 

ic viscosity; ~-- v ~, dimensionless coordinate; ~, dimensionless thickness of the film 

(y = 6); w, kinematic viscosity; a, thermal diffusivity; ~, heat-transfer coefficient; x, co- 

ordinate along the surface; y, coordinate across the film; ~=U/~t-~j/p', dimensionless veloc- 

ity; 0 = [Cp(Twa--T)~--~a/pl/qwa , dimensionless temperature; Cp, heat capacity; Ar, = (aa/v~p3g) I/2, 

Archimedes number. Subscripts: wa, wall; T, turbulent; cr, critical; < >, mean lengthwise. 
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