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HEAT TRANSFER FOR A FREELY FLOWING FILM 

V. I. Volodin and A. A. Mikhalevich UDC 536.242:532.517 

A numerical method has been applied to a turbulent-transport model to examine the 
cooling of a liquid film in a circular tube. 

Most previous studies of film processes have been concerned with the heating of films 
or with heat transfer involving phase transitions [1-8], but the methods are limited in ap- 
plication to various flow conditions; e.g., laminar flow was envisaged in [4], while wave or 
turbulent flow was considered in [5-8]. 

We have made a numerical study of the cooling of a freely flowing convective film of 
liquid within a vertical tube with laminar and turbulent modes of flow; this is of some 
practical interest, since film condensation in power systems usually requires supercooling 
of the liquid in order to ensure normal pump operation. Turbulent transport is assumed, and 
satisfactory results are obtained for the entire flow range. 

The steady-state axisymmetric free flow of the film on the internal surface of a verti- 
cal tube is considered subject to the condition that the mass flow rate and the physical 
parameters of the liquid are constant, while the longitudinal pressure gradient is zero. 
The following are the differential equations for conservation of momentum and energy: 

pu ~ -x  -~ pv - r~f~ + g (p= -- p~), 
' 0~, r Og 

OH OH _ 1 0 [ ( ~,t OH 0 ~ ) ]  (1) 
flu 0-7  +pv  Oy r OV r , Preff OV Fe~fu �9 

The total enthalpy is 

u ~ 
H :=cv(T' - -  T) + 

2 
where T' i s  the  i n l e t  l i q u i d  t empera tu re .  

The e f f e c t i v e  v i s c o s i t y  and P r a n d t l  number are  g iven by: 

ttef~ =~ ~t + lutt, Pr~ff ~ ~t~ff 
~_~_ .+. ~tt 

Pr Prt 
The v a l u e  of Pr t i s  t aken  as c o n s t a n t  a t  0.9 throughout  the  l a y e r ,  

The t u r b u l e n t  v i s c o s i t y  i s  der ived  from P r a n d t l ' s  m ix ing - l eng th  h y p o t h e s i s :  
0u 

(2) 

(3) 

(4) 
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This length was calculated for van Drist's model as modified for Re~<10 ~ [9]: 

If necessary, the roughness can be incorporated by superposition, with the surface re- 
placed by a hypothetical surface having a finite mixing length [i0]. 

The boundary conditions for momentum conservation are 

The energy equation for the boundary layer was solved subject to the following bound- 
ary conditions: 

I. Tw =cons t ,  T, = T,, (7)  

II. qw = ac(Tw --Te),  Ts = 7"8, (8)  

I O. (9) 
l ,  = 

The mass f l o w  r a t e  and  t e m p e r a t u r e  a t  t h e  i n l e t  w e r e  s p e c i f i e d  a s  c o r r e s p o n d i n g  t o  s a t u -  
r a t i o n  a t  t h e  g i v e n  p r e s s u r e ;  t h e  f i l m  t h i c k n e s s  was d e t e r m i n e d  f rom t h e  e q u a l i t y  b e t w e e n  t h e  
f o r c e  o f  g r a v i t y  and t h e  t a n g e n t i a l  s t r e s s  a t  t h e  w a l l .  

The P a t a n k a r - S p a l d i n g  method  [11] was u s e d ;  t h e  f o l l o w i n g  n u m e r i c a l  r e s u l t s  a r e  f o r  f r e e  
f l o w  o f  a f i l m  o f  N~O~. The p h y s i c a l  p a r a m e t e r s  were  t a k e n  f rom [ 1 2 ] .  The f o l l o w i n g  p a r a m -  
e t e r s  w e r e  u s e d :  P = 2 .2  �9 105 Pa ,  ~ = 0 . 0 1  k g / s e c ,  R = 10 -2  m, P r  = 4 . 2 .  The n u m e r i c a l  
s o l u t i o n s  were  o b t a i n e d  w i t h  a Minsk -32  c o m p u t e r .  The mean run  t i m e  was 5 min f o r  a c h a n n e l  
l e n g t h  ( f i l m  r a n g e )  o f  1 m. 

F i g u r e  l a  c o m p a r e s  t h e  mean f i l m  t h i c k n e s s  f o u n d  f rom t h e  s o l u t i o n  o f  t h e  b o u n d a r y - l a y e r  
e q u a t i o n s  w i t h  o t h e r  s o u r c e s  o f  d a t a ;  t h e  t u r b u l e n t - t r a n s p o r t  model  a u t o m a t i c a l l y  i n c o r p o r a t e s  
t h e  t r a n s i t i o n  f rom l a m i n a r  f l o w  t o  t u r b u l e n t .  The t r a n s f e r  o c c u r s  o v e r  t h e  r a n g e  Re = 1200-  
2400,  w h i c h  i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  [ 1 3 ] ,  where  s i m i l a r  r e l a t i o n s h i p s  were  g i v e n  
f o r  t h e  t a n g e n t i a l  s t r e s s .  

It is stated [14] that surface tension damps the fluctuations in the free surface in a 
turbulent flow; Fig. 2 shows that our turbulence model describes this phenomenon correctly. 

The surface curvature has a marked effect on the film thickness for ~/R > 0.I (Table I). 
This result is in agreement with published data [15, 16]. 

Figure ib compares the heat-transfer results subject to the boundary conditions of (7) 
..... with equations that have been fitted to measurements on the heating of films flowing on the 
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Fig. I. Variations in film thickness (a) and Nusselt number (b); the points are from 
our method; a: i) Nusselt; 2) [2]; 3) [15]; b: i) Nusselt; 2) [16]; 3) [17]; 4) [8]; 
~, I0 -n m. 

Fig. 2. Distribution of the turbulent viscosity over the film thickness: i) Re = 5614; 
2) 3089; 3) 1872. 
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Fig. 3. Effects of heat-transfer coefficient on film supercooling 
(Tc = 293~ Re = 1872): i) ~ = 5000W/m 2 �9 deg K; 2)1000; 3) 700; 

4) 300; x, m; T s -- Tf,~ 

Fig. 4. Effects of cooling-medium temperature on film supercooling 
(~ = 700W/m 2 �9 degK,Re = 1872): i) T c = 278~ 2) 293; 3) 308; x, m; 

T s -- Tf, ~ 

TABLE i. Effects of Surface Curvature on Film Thickness (Re = 
1872) 

R, I0-~ m 1,00 / 2,25 5,00 10,00 20,00 

6, 10 -~ rn 2,150 / 2,187 2,199 2,202 2,204 

6/R 0,215 t 0,097 0,044 0,022 0,011 
I 

outer surfaces of tubes. This comparison is permissible because the surface curvature does 
not affect the behavior for the given value of 6/R, while the sense of the heat flux is with- 
out effect if the physical parameters are constant. The heat-transfer coefficient from the 
film is 

q ( io)  O~f--_ 
T 1 - -  Tw " 

When waves are present, the heat transfer increases with Re from the value obtained by Kapit- 
sa [16] (which itself is 21% above Nusselt's value), where the limiting value for laminar 
flow is : 

N u  = 6 . 4 .  ( i i )  

This variation in Nu (for given boundary conditions) is due to gradual damping of the turbu- 
lent pulsations. 

We also calculated the heat-transfer coefficient for laminar flow in the form ~f = 
q/(T s -- Tw) ; in that case, Nu was taken as 3.97, which corresponds to heat transfer by con- 
duction alone (~ = ~/6). 

These model results allow one to evaluate the various cooling conditions; Figs. 3 and 4 
show results obtained with the boundary conditions of (8) and (9). The cooling of the film 
increases with the heat-transfer coefficient of the cooling medium and as the temperature de- 
creases. If the condition 3T/3y = 0 is met at the free surface of the film, the film tempera- 
ture falls throughout the flow length (pipe length). The temperature reduction is largest and 
the film temperature approaches that of the cooling medium. 

These results show that the attainable supercooling is only slight if the free surface 
is in contact with the vapor phase (T I = T s), and this occurs over the initial length of 
about 0.2-0.3 m; larger degrees of supercooling require adiabatic parts on the hot side ad- 
jacent to the free surface of the film. 

NOTAT I ON 

Cp, specific heat at constant pressure, g, gravitational acceleration; H, enthalpy; ~, 
mixing length; ~, mass flow rate; Nu = 4~a/%, Nusselt number; P, pressure; Pr = pCp/k, Prand- 
tl number; q, heat flux density; R, tube radius; Re -- 4{n/2~R~, Reynolds number; r, radial co- 
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ordinate; u, velocity component in the x direction; v, velocity component in the y direction; 
x, distance along the axis; y, distance from the free surface of film; y', distance from 
wall; ~, heat-transfer coefficient; ~, film thickness; %, thermal conductivity; ~, dynamic 
viscosity; p, density; n, shear stress. Subscripts: c, cooling medium; eff, effective proper- 
ties; f, film; G, gas; I, free film surface; L, liquid; s, saturation line; t, turbulent com- 
ponent; w, wall. 
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INFLUENCE OF VARIABLE VISCOSITY ON THE HEAT TRANSFER 

IN A LAMINAR FLUID FILM 

Yu. P. Gertsen and L. Ya. Zhivaikin UDC 536.24:532.54 

An expression taking account of the heat" flux direction during heat transfer in a 
laminar fluid film is obtained from the approximate solution of the equations of 

motion and heat conduction. 

The influence of a temperature change in the viscosity across the layer is not taken in- 
to account in the majority of papers [1-4] examining heat transfer in fluid films although 
experimental results on the cooling, heating, and also the change in the temperature drop 
yield different results. Some authors [5] use the factor (vf/Vw) ~ by analogy with heat 
transfer in pipes [6] or on the basis of the Bays experiments [7] conducted in short tubes. 

We attempted to estimate the influence of variable viscosity on heat transfer on the 
basis of an analytical solution of the fundamental equations. 

Stable two-dimensional flowof a laminar fluid layer along a vertical wall with a semi- 
infinite heating section is considered. The Ox axis of the coordinate system is on the solid 
boundary in the flow direction, while the Oy axis is perpendicular to the stream and the wall. 
For x < 0 the wall temperature is to, while for x:~O it is given by a smooth function tw(X). 
The change in the kinetic viscosity coefficient v(t) is approximated by a hyperbola. Heat 
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