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Abstract 

This paper is concerned with heat transfer calculation in a liquid film falling 
down a vertical surface. Heat transfer in laminar film flow is influenced by the 
cross curvature of the wetted surface, heat flux on the film surface and boundary 
conditions on the wetted wall. The analytical study evaluating the influence of 
cross curvature on heat transfer in laminar film has been carried out. Equations 
using correction factors for the calculation of heat transfer in laminar liquid film 
with respect to the cross curvature for different boundary conditions were 
established. An experimental investigation of heat transfer in the entrance region 
of the turbulent film has also been performed. The description of the 
experimental set-up is presented in the paper. The research has been carried out 
on a water film flowing down a surface of vertical tube with the Reynolds 
number ranging from 9.2·103 to 10.5·103. The results of experiments are 
discussed with respect to the local heat transfer dependence on the Reynolds 
number and initial velocity of the film. Heat transfer stabilization length was 
determined experimentally. 
Keywords: heat transfer, laminar film, cross curvature, correction factor, 
turbulent film, entrance region. 

1 Introduction 

In many technological processes that deal with heat and mass transfer, gravity 
driven liquid films are widely used. With liquid falling films one can obtain 
comparatively high heat transfer coefficient. This approach is employed for 
cooling and heating processes in chemical, food, pharmaceutical and other 
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industries. Prediction of heat transfer in liquid film flow is important from 
various engineering aspects. Even small improvements in heat transfer during 
technological processes may lead to significant energy and money savings. The 
growing awareness of environmental problems recently draw the efforts of many 
researches, including the field of engineering, to evaluate systems on the basis of 
heat transfer phenomena. 
     A lot of the heat exchange equipments are designed of vertical tubes with 
falling films on their external surfaces. In the case when liquid film flows down a 
vertical tube the curvature of its surface and the film itself effects heat transfer 
characteristics on the surface and correspondingly thickness of the liquid 
film [1]. Simultaneously the intensity of the heat exchange between a wetted 
surface and liquid film is influenced. 
     The heat transfer mechanism of a liquid film flowing down profiled 
horizontal tubes was studied in several works [2–3]. A method of its 
enhancement based on the breakdown of the thermal boundary layer by 
longitudinal fins and grooves was developed. The results of heat transfer 
research in evaporating falling films on a structured and smooth surface 
respectively are presented in [4–5]. The obvious change of the wavy film 
structure by using a profiled heating surface showed the improvement of heat 
transfer coefficient. Hydrodynamic and thermal liquid film flow study on vertical 
plate with grids was performed in [6]. The conditions for an optimum heat 
transfer in evaporating water film driven by gravity down a vertical heated plate 
were established. It was evaluated the influence of wetted surface geometry and 
operating parameters on the heat transfer enhancement. 

2 Analytical method 

2.1 Heat transfer in laminar film flow on a vertical surface  

Heat transfer across the liquid film takes place due to the temperature difference 
between the wetted surface and the film. In the case of laminar film flow the 
conduction may be viewed as a main mode of the heat transfer only. Thus, the 
equation known as Fourier’s law can be used to compute the amount of energy 
being transferred per unit time 
 

gradTq λ−= . (1) 
 
By substituting the expression of the temperature gradient for eqn. (1) and 
integrating, we obtain 
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The heat flux from a liquid film can be determined as follows 
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The mean temperature can be defined as 
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By defining the temperature difference between a wetted surface and the mean 
temperature of the film as 
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we obtain the following expression for calculation of local heat transfer 
coefficient 
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In order to define the regularity ( )yfqq w = , we use the energy equation  
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By integrating the eqn. (7) within the limits from 0 to y, we obtain the ratio of 
heat flux densities in the film 
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     Assume that dxdTxT f=∂∂  [7]. Then the ratio dxdT f  can be determined 
by the equation of heat balance in the film 
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Substituting of eqn. (9) by eqn. (8) leads to the following relationship 
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By substituting eqn. (10) for eqn. (6) and by employing the Nusselt number 

dNu , we obtain 
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Velocity in the laminar film flow one can calculate by the following equation 
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and the mean velocity respectively 
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Taking into account eqns. (12) and (13), we obtain the following expression 
from eqn. (11) 
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The above-mentioned equation could be solved numerically and the following 
result is obtained 
 

2353.8=dNu . (15) 
 
In case of heat transfer calculations, it is more reasonable to use modified 
Nusselt number MNu . Therefore, the following equation can be used 
 

3127.2 −= ReNuM .  (16) 
 
     As it is shown in [8], the application of eqn. (16) can be expanded using the 
corresponding multipliers. The curvature of the film flowing down a vertical 
tube surface and the heat transfer between film surface and surrounding medium 
of a gas or vapour, can be evaluated by correction factor RqC . Multiplier Prε  may 
estimate the variability of liquid physical properties. Then, the modified Nusselt 
number can be calculated by the following equation 
 

PrRqM CReNu ε3127.2 −= .  (17) 
 
The correction factor RqC  can be determined by equations: when constqw =  
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and when constTw =  
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     The variations of correction factor RqC  upon the range of relative cross 
curvature and external heat exchange between the film surface and surrounding 
medium according to eqns. (18) and (19) are shown in figure 1. 
     The variation of liquid physical properties across the film must be taken into 
account in a case of high value of temperature difference. The multiplier Prε  in 
eqn. (17) can be determined as an exponential function of the following ratios 

wf PrPr  or wf µµ . The results of numerical calculations showed that ratio 

wf PrPr  unambiguously does not evaluates the influence of physical properties 
variation for different liquids and the character of this influence practically is not 
dependent upon the values of qε  and Rε . This research showed that for 

15.0 −≤≤− Rε  and 24.0 ≤≤ wf PrPr  the multiplier ( ) 25.0
wf PrPr can be 
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used. The multiplier Prε  must be determined as a function of parameters wf µµ  
for more accurate evaluation of liquid physical properties variation. This 
parameter evaluates practically the influence of physical properties variation for 
water, transformer oil, fuel oil and compressor oil. The multiplier Prε  in such 
case can be calculated by equation 
 

( )nwfPr µµε = ,  (20) 
 
where ( ) 49.02315.0 −+= Rn ε , for 11.0 ≤≤ wf µµ  and ( ) 24.02325.0 −+= Rn ε , 
for 101 ≤≤ wf µµ . The similar data in [8] for 0=Rε  have showed that 
boundary conditions on the wetted surface have no influence to the character of 
heat transfer dependence on variability of the liquid physical properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Variations of correction factor on film cross curvature and external 
heat transfer: (a) boundary condition qw = const and (b) boundary 
condition Tw = const 1–5 – εR = 0; 0.25; 0.50; 0.75 and 1.0 
correspondingly. 

3 Experimental method 

3.1 Experimental set-up 

For heat transfer research in the turbulent film falling down a surface of vertical 
tube the experimental set-up (figure 2) was applied. 
     The arrangement was composed of a closed circulating loop that included 
liquid reservoir with feed and exhaust electric pumps and liquid tank. Working 
liquid with the aid of feed pump was supplied to the liquid tank provided with a 
slot distributive mechanism. The liquid from the distributor fell down a vertical 
tube (calorimeter). The stainless steel tube 30 mm in outside diameter with the 
length of 1000 mm was used in the experiment as a calorimeter. The fixing bolts 
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at the end of tested tube allowed the possibility to regulate and to guarantee 
verticality of the tube. After flowing down the test tube, water was gathered back 
to the reservoir. The gutter at calorimeter end ensured a smooth falling of the 
water into the reservoir. The surplus water was discharged to the sewerage by 
exhaust pump while the fresh water was supplied from water-supply directly. 
The location of thermocouple in the liquid distributor ensured the measurement 
of film temperature at the inlet. The thermocouple installed at the end of 
calorimeter had determined a film temperature at the exit correspondingly. The 
electric circuit consisted of calorimeter, voltage regulator, and shunt with 
milivoltmeter, rectifier and voltmeter respectively. The electric current supplied 
for the calorimeter provided a steady heat flux on the experimental section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Schematic diagram of experimental set-up: 1 – calorimeter; 
2 – liquid tank; 3 – slot distributive mechanism; 4 – feed-pump; 
5 – exhaust-pump; 6 – inlet thermocouple; 7 – outlet thermocouple; 
8 – centering bolts; 9 – gutter; 10 – liquid reservoir; 11 – voltmeter; 
12 – shunt; 13 – millivoltmeter; 14 – voltage regulator; 
15 – rectifier. 
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3.2 Local heat transfer for a turbulent film flow on a vertical surface 

The experiments were provided for Reynolds number ranged from 9.2·103 to 
10.5·103. The temperature of the tube (calorimeter) surface and the film, electric 
current, voltage were measured and recorded during the experiment. After 
registration of electric current I and voltage U, the heat flux density on the 
calorimeter surface was calculated dividing of heating power I×U by 
surface area A. When records of heated tube surface and film flow temperatures 
were performed, the difference of temperature T∆ (between the mean 
temperatures of film fT and tube surface Tw) was calculated. Local heat transfer 
coefficient was computed by formula 
 

Tqw ∆=α . (21) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Variation of local heat transfer coefficient in the entrance region of 
the film flow down a vertical surface: 1 – Re = 9240, ε = 0.89; 
2 – Re = 9300, ε = 1.15; 3 – Re = 10540, ε = 1.2. 

     Experimental data are presented in figure 3. Three different regions may be 
distinguished along the length of film flow in a case when initial average 
velocity of the film in the liquid distributor is less or exceeds an average velocity 
of stabilized flow. The significant decrease of local heat transfer coefficient 
while reaching minimal value at some distance from liquid distributor is seen at 
the first region. This phenomenon one can explain by the development of 
thermal boundary layer and its laminar nature. In the second region, fluid 
fluctuations begin to develop while heat transfer increases to a maximum value. 
The beginning of heat transfer stabilization takes place in the third region of the 
film flow. Augmentation of a thermal boundary layer terminates with the film 
thickness. The variation of local heat transfer in the entrance region, when initial 
average velocity of the film exceeds an average velocity of stabilized film is not 
so high. As we can see from figure 3, in all cases the heat transfer stabilization is 
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not larger than 0.5 m from the liquid distributor when Reynolds number ranged 
from 9.2·103 to 10.5·103. 

4 Conclusions 

The cross curvature and external heat exchange of the film has a significant 
influence on heat transfer rate from the wetted surface in laminar gravitational 
liquid film flowing down the outside surface of vertical tube. In this case 
equation for heat transfer intensity calculation in laminar liquid film falling down 
a vertical plane surface must be supplemented with multiplier CRq evaluating 
curvature of film and with multiplier εPr evaluating the variability of liquid 
physical properties respectively. 
     The turbulent flow can be useful in the sense of providing increased heat 
transfer intensity. However, the turbulent film flow is very complicated and 
difficult for the theoretical study. In this case, the only possible way is the 
experiment. The experimental data revealed that Reynolds number and initial 
velocity has a significant influence on local heat transfer. It is estimated that heat 
transfer stabilization takes place at 0.5 m distance from the liquid distributor 
when Re > 9·103. 

5 Nomenclature 

a  – thermal diffusivity, m/s2; b  – elementary width of the film; c  – specific 
heat, J/(kg·K); RqC  – heat transfer correction factor; d  – hydraulic diameter of 
the film, m; g  – acceleration of gravity, m/s2; Nu  – Nusselt number, αδ/λ; dNu  
– Nusselt number, αd/λ; MNu  – modified Nusselt number, (α/λ)(ν2/g); Pr  – 
Prandtl number, ν/a; q  – heat flux density, W/m2; Re  – Reynolds number of 
liquid film, 4 Γ/(ρν); T - temperature, K; w – film velocity, m/s; x – longitudinal 
coordinate; y – distance from the wetted surface, m; α  – heat transfer 
coefficient, W/(m2·K); Γ  – wetting density, kg/(m·s); δ  – liquid film thickness, 
m; ε  – relative film velocity, stabd ww ; Rε  – relative cross curvature of the film, 
δ/R; Prε  – multiplier for liquid physical properties; qε  – ratio of heat flux 
densities, (qs/qw); µ  – dynamic viscosity, (Pa·s); λ  – thermal conductivity, 
W/(m·K); ν  – kinematic viscosity, m2/s; ρ  – liquid density, kg/m3; 
Subscripts: d – distributor; f – film flow; s – film surface; stab – stabilized flow; 
w – wetted surface. 
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