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Introduction. Most of the proposed algebraic models of turbulent viscosity for 
film flows only approximate the real distribution of turbulence in the cross section of 
the film according to published experimental data. The existing models have a 
discrete layered structure, and the solutions of the heat and momentum conservation 
equations using these ratios are only numerical. An improved model of turbulent 
viscosity is proposed, and based on it, an analysis of thermohydrodynamic processes 
in liquid films during vaporization is carried out.  

Materials and methods. Physical modeling was performed in pipes: d = 22 x 1 
mm, L = 1,8 m, and d = 33 x 1,5 mm, L = 9 m. The bulk density of irrigation varied in 
the range of 0,05…0,55 10-3 m2/s in the pipe d = 20 mm, and 0,05…1,9 10-3 m2/s in 
the pipe d = 30 mm. Model liquids – water and sugar solutions with a concentration 
of up to 70% at atmospheric pressure and a vacuum of up to 0,86 bar. Heating was 
carried out with dry saturated steam. 

Results and Discussion. In engineering calculations, the integral characteristics 
of heat transfer in films during vaporization are often determined through the time-
averaged characteristics of the film, in the form 
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where q – heat flux; l– heat conduction of liquid; h= y/d– dimensionless transverse 
coordinates; t – temperature; d – film thickness; y – normal to the heat surface 
coordinate;  ,t  – turbulent and molecular cinematic viscosity coefficient, 
respectively; Prt, Pr – turbulent and molecular Prandtl number, respectively.  

109 
 

The main condition for the correct application of (1) is the adequacy of the 
turbulent viscosity model. A characteristic feature of film flows is the presence of a 
zone of suppression of turbulence by the interphase surface of the film.  Measurement 
data of velocity pulsations indicate a rapid attenuation of turbulence within the 
interphase surface [1], while in the wall region the shape of the turbulent viscosity 
curve corresponds to a single-phase flow, Fig. 1. 
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Fig. 1. Dependence of turbulent viscosity on the thickness of the water film (t = 
20 oC). when flowing down a vertical surface [2] Re = 1310, (method of stroboscopy 

of aluminum oxide microparticles). 
Most of the published algebraic models of turbulent viscosity for film flows are 

given in [2], but none of them correspond to the real distribution of turbulence in the 
cross section of the film, Fig. 1. To model turbulence and, accordingly, transfer 
processes in a vertically flowing film, consider the expression 

 22 1 

 t ,                                                         (2) 

where – e is the maximum value of the turbulence function at the top of the side-
shifted interphase surface of the parabola, which qualitatively reproduces the curve in 
Fig. 1. Taking Prt =1 under the boundary conditions h= 0, t = tw from (1, 2), we 
obtain the temperature profile in the film 
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and from (3), under the condition h=1, t = ti, the temperature on the interfacial 
surface ti 
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where 22 PrPr4 H ; HA PrPr 22  ; HR PrPr 22  ;  tw – pipe wall 
temperature. 

Expressing the heat transfer coefficient as , 
iw tt

q


 , we get 
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The film thickness d is present in expression (4), which is determined from the 
equation of motion 
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where tі – shear stress on the film interface; u– velocity; r– density of liquid. 
From (5) under the boundary conditions h = 0, u = 0, we get 
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Given that d= Гv / uav, the expression for finding the average thickness of the film 
takes the form 
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The function e was found by comparing experimental and calculated values of 
heat transfer coefficients in the mode of evaporation from the interphase surface 
using (4). For water and sugar solutions during vaporization in pipes of different 
diameters, an expression for the e  was obtained 
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where d is the diameter of the pipe; do = 0,02 m. 
Graphical interpretation of the results of calculations according to (4, 7) for 

freely flowing films of water in the mode of evaporation from the interphase surface 
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The function e was found by comparing experimental and calculated values of 
heat transfer coefficients in the mode of evaporation from the interphase surface 
using (4). For water and sugar solutions during vaporization in pipes of different 
diameters, an expression for the e  was obtained 
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where d is the diameter of the pipe; do = 0,02 m. 
Graphical interpretation of the results of calculations according to (4, 7) for 

freely flowing films of water in the mode of evaporation from the interphase surface 
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in pipes of different diameters and comparison with experimental data are shown in 
Fig. 2. 
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Fig. 2. Dependence of a =f(Re) for pipes of different diameters: 1 – data of the 

authors,  d = 20 mm; 2 –  d = 30 mm; 3 – , d = 32 mm,  water, t = 100 оС. 
In the presence of vapor velocity above the surface of the film, its thickness as well as 
the amplitude of the waves decreases, which leads to suppression of turbulence. 
Comparing experimental data on heat transfer to liquid films in the presence of 
interfacial shear stress with calculated data, we obtain an expression for the function 
of suppressing turbulence in the film by the vapor flow fu in the region We < 250 

  WeSfu 1086,1exp1,01  ,                                             (8) 
where 
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22  – the Weber number; u2, r2 – velocity and vapor density, respectively; s– 

surface tension.  The graphic interpretation of (8) is shown in Fig. 4. 
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Fig. 3. Dependence of  fu=f(u2) at atmospheric pressure: 
1 – Re = 1000, 2 – 3000, 3 – 6000, 4 – 9000. 

In the end, the algebraic function of the distribution of turbulent viscosity in 
falling films with accompanying vapor flow in the range We < 250, Гv < 0.6 10-3 m2/s 
for pipes with diameters from 20 to 32 mm (the investigated range) takes the form 
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Graphical interpretation of (9) for different phase costs is shown in Fig. 4 
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Fig. 4 Dependence  



ft  according to relation (9) for water at t = 100 oС, 
d = 0,02 m, u2 = 10 m/s, 1 – Re = 1356; 2 – 4068; 3 – 6780. 

The results of comparing the calculated values of heat transfer intensity for films of 
water and sugar solutions during vaporization with experimental data are shown in 
Fig. 5. 
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Fig. 5. Dependence a=f(u2) for water and sugar solutions for a pipe, d = 20 mm;  
1,2 – water, t = 100 oС, 1 – Гv= 0.5 10-3 m2/s, 2 – 0.3 10-3, Pr = 1.79; 3,4 – sugar 

solution, t = 100 oС, DM = 40%, Pr = 5.58. Lines – calculation according to (3, 5, 8) 

Conclusions 
1. An algebraic model of turbulent viscosity is proposed, which qualitatively 
reproduces the real distribution of turbulent viscosity over the entire thickness of the 
film flowing down the vertical surface.  
2. Based on the proposed model, analytical expressions for temperature and velocity 
profiles in the film and the corresponding integral thermohydrodynamic 
characteristics for both free flow and motion with a concomitant flow of steam (gas) 
are obtained.  
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Ammonia production using traditional Haber-Bosch technology using natural 
gas or coal emits large amounts of carbon dioxide and consumes a significant amount 
of electricity, its generation consumes a lot of fossil fuel and produces a large amount 
of emissions of pollutants and CO2. The transition to the production of "green" 
ammonia with the help of electricity from renewable energy sources and nuclear 
power plants will require a significant increase in their capacity. This will not only 
avoid CO2 emissions from NH3 production, but also avoid emissions of pollutants 
and greenhouse gases at thermal power plants by replacing their capacity with 
"green" capacity. Ammonia as a fuel has environmental advantages over traditional 
fuels, as it does not emit dust, sulfur dioxide, carbon monoxide and carbon dioxide. 
Only nitrogen oxides are formed, the emissions of which are reduced by the use of 
selective reduction technologies. Promising combustion of mixtures of ammonia and 
hydrogen. Co-combustion of coal and ammonia in existing boilers can significantly 
reduce emissions of pollutants and CO2. 

 
Боротьба з кліматичними змінами виводить на порядок денний у світі 

питання зменшення антропогенних викидів вуглекислого газу. До найбільших 
виробників діоксиду вуглецю традиційно відноситься теплова енергетика, 
підприємства якої споживають викопне паливо, головним компонентом якого є 
вуглець. Значний внесок у викиди вуглекислого газу дає і амонійна 
промисловість. У світі в 2020 р. було вироблено 144 млн т амоніаку [1]. За 
основною традиційною технологією виробництва амоніаку (процес Габера-
Боша при високій температурі і під тиском) споживається велика кількість 
природного газу або вугілля, тому в середньому при виробництві 1 т NH3 
викидається 3,45 т вуглекислого газу та споживається 414 кВт∙год 
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