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ABSTRACT 

In this paper an analytical model for calculation of entropy production for Nusselt model 

of condensation of pure substance vapour is given. Model development starts from basic 

two-dimensional integral equation for entropy production and describes film 

condensation on a vertical wall. Model covers entropy production, which is a result of 

two-dimensional heat transfer in a condensate layer, existence of velocity gradient and 

condensate layer viscosity. Entropy contribution of each of the members is explicitly 

derived in a closed form and the results of calculation are shown in the appropriate 

diagrams. Diagrams present film condensation of dry saturated water steam and dry 

saturated ammonia steam, both with saturation temperature of 100 °C with surface wall 

temperature of 98.5 °C. Obtained equations and presentation of the related results have 

shown that dominant entropy production is directly connected only with heat conduction 

in y-axis direction, where y-axis corresponds with thickness of condensate layer. 
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INTRODUCTION 

The theory of film condensation has been developed by Nusselt [1] in 1916. 

Presumptions in his model are laminar condensate outflow and constant physical 

properties of the condensate, vapour-liquid heat transfer is carried out only by 

condensation on a free surface and not with conduction on the steam side. Shear stress of 

the vapour-liquid on a free surface is ignored, as well as the momentum and advection heat 

transfer in a condensate layer. The result of those presumptions is a linear temperature 

profile in a condensate layer and velocity profile, which follows the principle of parabola. 
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Many authors presented different thermodynamic analysis and models in order to 

provide conclusions about the effect of condensation. Hygum et al. [2] developed model 

which is in a good agreement with the classical Nusselt equations for the laminar flow 

regime. Using the entropic lattice Boltzmann method extended with a free surface 

formulation of the evaporation-condensation problem, model for vapour condensation on 

vertical hydrophilic surfaces is developed. Li and Yang [3] performed thermodynamic 

analysis which presented the way the geometric parameter-ellipticity affects entropy 

generation during film-wise condensation heat transfer process. Reviewing the impact of 

viscous force, gravity and centrifugal force on condensation heat transfer, Wu et al. [4] 

elaborated a theoretical model. Elaborated model places emphasis on laminar flow for 

film condensation heat transfer of pure steam in the spiral coil tube. Wu et al. [5] also 

provided theoretical model of homogeneous flow to offer a solution for pure steam film 

condensation heat transfer of the shell side of the spiral coil. Charef et al. [6] directed 

their numerical study on the liquid film condensation from the vapour-gas mixtures 

inside a vertical tube. Within mentioned study an implicit finite difference method was 

used to give a solution to the equations for liquid film and gas flow. In order to examine 

the effects of vapour velocity and wall temperature on the condensate film thickness and 

heat flow rate in the laminar and wavy regimes, Lee and Son [7] performed numerical 

simulation of film condensation in a vertical downward channel flow by employing the 

sharp-interface level-set method. Also, an analytical model for the internal film 

condensation by including the effect of vapour flow in the Nusselt model was developed. 

In order to include the effects of interfacial slip, Pati et al. [8] extended Nusselt’s theory 

on film condensation over vertical surfaces and brought enhancement in Nusselt number 

as a consequence of an effective interfacial slip as compared to that in case of without slip. 

Ali et al. [9] numerically simulated the fluid flow and the turbulent/laminar water heat 

transfer through the annulus side of the conically tube. Two correlations were proposed 

for the prediction of the friction factor and the Nusselt number. Yang et al. [10] focused 

on the thermodynamic analysis of saturated vapour flowing slowly onto and condensing 

on an elliptical tube with variable wall temperature, Qu et al. [11] presented a numerical 

solution for film condensation on a vertical plate sintered with metallic foam. 

Many scientific papers presented experimental data on condensation of steam.  

Wu et al. [12] performed numerical simulation and performance comparison to establish 

the Spiral Wound Heat Exchanger (SWHE) partial geometric models with various tube 

diameters, pitches and spacing bar thickness. Ahn et al. [13] conducted an experiment on 

condensation heat transfer to develop a condensation model considering the structure of 

separated flow patterns. Also, Rajkumar et al. [14] presented experimental data on the 

condensation of steam on vertical bare copper tubes and lead coated copper tubes.  

In Yan et al. [15] research, comparing the simulation results (condensation section 

calculation) and the experimental values show that the simulated results are consistent with 

the experimental value and can predict the performance of the naphthalene heat pipe. 

Through a review of the papers it is possible to see overview of different studies 

regarding entropy analysis. Some studies [16] use the entropy generation minimization 

method to optimize a saturated vapour flowing slowly onto and condensed on an 

isothermal horizontal tube. Esfahani and Modirkhazeni [17] analyse the entropy 

generation number in forced convection film condensation on a horizontal isothermal 

elliptical tube. On the other hand, some studies [18] are focused on entropy generation 

and exergy destruction of condensing steam flow in turbine blade with roughness. 

Entropy generation and exergy loss of nanofluid refrigerant condensation is 

experimentally examined in Sheikholeslami et al. [19]. The results showed that with the 

increase of concentration of nanoparticles, the frictional entropy generation also 

increases. However, thermal entropy generation decreases with the increase of vapour 

quality, mass fraction of nanoparticles and mass flux.  
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Numerous studies numerically simulated heat transfer processes, especially process 

of condensation with emphasis on entropy analysis. Natural convective heat transfer and 

entropy generation of alumina/water nano-fluid in an inclined enclosure under the 

magnetic field was examined in Aghakhani et al. [20]. Heat transfer rate and entropy 

generation increases 2.69 and 3.77 times, respectively, by increasing the Rayleigh 

number, while they decrease with the increase of Hartmann number. Gholamalipour et al. 

[21] present impact of the horizontal and vertical eccentricity of the heat source for 

different values of Darcy and Rayleigh numbers on the entropy generation of natural 

convection flow of nanofluid. For low values of Darcy and Rayleigh number, entropy 

generation is highly affected by the increase of eccentricity. Volume of fluid model is 

used in Rashidi et al. [22] to investigate possibilities for improvement of a single slope 

solar still productivity and to simulate the condensation and evaporation in the solar still. 

Moreover, entropy analysis was also performed and the results showed that the maximum 

values of thermal and viscous entropy generation are located around the top and the 

bottom surface of the solar still. Aliabadi et al. [23] investigated the effect of water 

nano-droplets in saturated steam flow. The results showed that temperature, pressure, 

mass fraction of liquid and entropy increases with the increase in number of water 

droplets at the nozzle inlet. Vatanmakan et al. [24] presented numerical analysis of 

volumetric heating impact on condensing steam flow in the stationary cascade of turbine 

blades. Entropy generation increases with the increase of volumetric heating, but when 

liquid phase disappears, the entropy generation shows a descending trend. 

Many of the scientific papers and books which deal with entropy analysis of Nusselt’s 

film condensation conclude that generated, almost overall, entropy is a result of existence 

of the temperature gradient trending towards the thickness of condensate layer, but those 

papers do not present the explicit mathematical proof for that claim. Basic idea and 

motive for this paper is obtaining the explicit amount of entropy contribution of all 

members in overall entropy generation and their subsequent comparison, with the aim to 

validate the claims of many researchers. 

It can be confirmed, according to general Gouy-Stodola theorem [25], that overall 

entropy generation of an isolated system, which includes all relevant parameters of the 

observed process, directly effects the unwanted exergy destruction of valuable primary 

energy. This means that it is very important to conduct the processes in a way that they 

generate as less entropy as possible, thus consuming less valuable primary energy as well 

as producing less impact on the environment. Need for energy savings and environmental 

compartments protection during the thermal processes are one of the basic features of the 

energy-water nexus concept [26]. Since condensation process is significantly present in 

many heat facilities and it is therefore generating entropy, development of the entropy 

generation algorithm presented in this paper is of great importance. Based on the analysis 

of the obtained algorithm it can be concluded which significant parameters can be used to 

reduce the entropy generation. One of the main benefits of entropy generation decrease is 

the reduction of the heat load of an important natural resource − cooling water.  

This benefit is in accordance with sustainable development principles. 

DEVELOPMENT OF THE MATHEMATICAL MODEL 

An analytical mathematical model is derived for calculation of entropy production for 

Nusselt model of film condensation on the plane wall. Model covers entropy production 

which is a result of two-dimensional heat transfer in a condensate layer, existence of 

velocity gradient and condensate layer viscosity, as shown in the following chapters. 

Analysis of the effect of temperature gradient 

According to Nusselt [1], velocity and temperature profile in the condensate layer is: 
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����� � ��	
 � 	��
 ����� � ����� � 12 � ������� (1)

 

Velocity vx(y) on y = δ (x) is also maximum velocity which equals: 

 

���� � ����� � ��,maks � ��	
 � 	������2�
  (2) 

  

���, �� � � ! � ′ � � ���� � (3) 

 

Eq. (1) and eq. (3) are valid within the interval: 

 

0 ≤ x ≤ X (4a) 

  

0 ≤ y ≤ δ (x) (4b) 

 

According to Nusselt [1], thickness of the resulted condensate layer is calculated 

using the following equation: 

 

���� � "4�
$
��′� � ���%�	
 � 	�	
 &'( � )�'( (5a)

 
where constant (C) has a form: 

 

) � "4�
λ
��′� � ��%�	
 � 	�	
&'(
 (5b)

 
Eq. (1) to eq. (4) is valid as long as there is laminar condensate outflow along the 

vertical plane wall. According to Bejan [25], criterion which has to be fulfilled, for the 

case above is: 

 

*+,��� � �̄.��/�	
�
 0  30 (6) 

 
where velocity �̄. can be calculated from mass flow rate of condensate reduced to 

wall width (b): 

 456 � 75��′� � �/%  (7) 

 
On the other side, amount of value qm/b is gained from equation: 

 89 � 75��′� � �/ � 456 % (8) 

 
By inserting eq. (6) into eq. (8) followed by integration the requested value qm/b  

is obtained: 
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456 � 75��′� � �/%  (9)

 

Average convective heat transfer coefficient on a plane wall with given X is 

calculated according to Nusselt [1]: 
 

75 � 43 :"	
�	
 � 	��%$
;4�
��′ � � �/ &<
 (10) 

 

From eq. (9), eq. (7) and eq. (5), velocity [�̄�.�] is defined: 

 

�̄. � 75��′� � �/	
%��/�  (11)

 

and using eq. (6), value of Nusselt number is checked, i.e., fulfilment of criteria given in 

eq. (6) is controlled. 

Entropy production in convective heat transfer is a result of heat conduction and 

dissipation of mechanical energy. Their determination is relatively simple with presumed 

laminar condensate flow. In such laminar flow, both forms of entropy production rest on 

molecular level through values of thermal conductivity (λk) as well as dynamic viscosity 

(ηk), with existence of temperature gradients and velocity gradients. Based on that, the 

expression for local entropy production is Cengel [27]: 
 

=cond � $
�� "�B�B��� ! �B�B���& (12)

 

=dis � �
� D2 E�B��B� �� ! FB�GB� H�I ! FB��B� ! B�GB� H�J (13)

 

Using differential equations above, generated entropy expressed in W/mK can be 

expressed with the following integral equation: 
 

=Kgen � N N $
�� "�B�B��� ! �B�B���&,���
O

.
O P�P� ! N N �
� D2 E�B��B� �� ! FB�GB� H�I ! FB��B� ! B�GB� H�J P�P�,���

O
.

O  (14) 

 

Where partial derivatives of temperature with respect to x and y coordinates stand for: 
 

�B�B�� � � �′� � 4) ��QR( (15a) 

  �B�B�� � �′ � � ����  (15b) 

 

In observed case, the dominant temperature gradient is in y-axis direction, so in the 

first approximation, entropy generation for only existence of that temperature gradient is 

observed, which means that entropy contribution of other members in eq. (14) is ignored. 

So, using eq. (3) and boundary conditions in eq. (4a), eq. (4b) and eq. (14), the following 

equation is obtained: 
 

=Kgen,dT/dG � $
 ��′� � ���� �� N P� N P�
�� ! �′� � ���� ���

,���
O

.
O  

(16a) 
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Solution for second integral is obtained by importing the substitution: 
 

V � � ! �′� � ���� �  →  � � �V − � �����
�′� � ;  d� = �����′− � PV (a)

 

and crossing to variable (u) according to eq. (a), limits of integration are now: 
 

y = 0;              u = Ts (b) 

 

y = δ (x);         u = T ' (c)

 

With imported values eq. (14) has a form: 
 

=Kgen,dT/dG = $
 ��′− � ���� �� �����′− � N P� N PVV�
T′

TY
.

O = $
��′− � ��� �′ N P�����.
O  (16b) 

 

Upon conducted integration it is easy to come to the final expression for  

entropy generation: 
 

=Kgen,dT/dG = 43 ��′− � ���′ � "�%�	
 − 	�	
$
;/;4�
��′− � � &'(
 (16c) 

 

The following operation shows the quantitative effect of the temperature gradient in 

x-axis direction ∂T/∂x (as a result of heat conduction) to entropy generation: 
 

=Kgen,dT/d� = N N $
�� "�B�B���&,���
O

.
O P�P� (17a) 

 

By inserting eq. (3) and eq. (15), and boundary conditions into eq. (17a), as well as 

substituting with eq. (a-c), the following form of the integral is obtained: 
 

=Kgen,dT/d� = $
��′− � �16)� N �����QR� N ������V� − 2� V + � ��V�
T′

TY
.

O PVP� (17b) 

 

By returning eq. (5) into eq. (17b), the final expression for entropy generation related 

to conductive (molecular) heat transfer in x-axis direction is: 
 

=Kgen,dT/d� = 14 "�
$
R��′− � �R/�%�	
 − 	�	
 &'( ��′�� − �� �� − 2� �′ ln �′� �′  (17c) 

 

Overall entropy generation, due to existence of temperature gradients, in both y-axis 

and x-axis directions, equals sum of eq. (16c) and eq. (17c), i.e.: 
 

=Kgen,cond = 43 ��′ − � ���′ � "�%�	
 − 	�	
$
;/;4�
��′ − � � &'( + 14 "�
$
R��′ − � �R/�%�	
 − 	�	
 &'( ��′�� − �� �� − 2� �′ ln �′� �′  (18)

 

The dominant temperature gradient (∂T/∂y) is in y-axis direction, which means that 

the entropy generation will be dominant due to that gradient, i.e., portion of entropy 
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generation caused by existence of gradient (∂T/∂x) will be irrelevant, what is confirmed 

by the results of the calculation. 

Analysis of the effect of viscosity and velocity gradients to the amount of  

entropy generation 

According to Nusselt [1], velocity profile vx(x, y) in a condensate layer has a form: 
 

����, �� � ��	
 � 	��
 ������ � 12 ��� (19)

 

and therefore, along with eq. (5), scalar value of velocity gradient (vx) in x-axis  

direction follows: 
 B��B� � 14 ��	
 � 	��
 )��Q;( (20)

 

From the continuity equation: 
 B��B� ! B�GB� � 0 (21)

 

follows the expression for scalar value of velocity gradient (vy) in y-axis direction: 
 B�GB� � � 14 ��	
 � 	��
 )��Q;( (22)

 

By integrating the equation above along y-axis and using the condition vy(x, y) = 0, for  

y = 0, the expression for velocity vy(x, y) is obtained: 
 

�G��, �� � � 18 ��	
 � 	��
 ���Q;( (23)

 

From eq. (19) and eq. (23) follows: 
 B��B� � ��	
 � 	��
 �� � �� (24)

 B�GB� � 332 ��	
 � 	��
 ���Q]( (25)

 

Effect of ηk and value (∂vx/∂x)2 + (∂vy/∂y)2.  By using eq. (3), eq. (5), eq. (20), eq. (22) 

and the second addend of eq. (14): 
 

=Kgen � N N �
� D2 E�B��B� �� ! FB�GB� H�IJ P�P�,���
O

.
O  (26a) 

 

The following expression for entropy generation is gained: 

 

=Kgen,^�_`a/_��bc�_`d/_G�be � ���	
 � 	��
�
� )� N �Q;�P�f

O N ��P�
�� ! �′− � ���� ��

,���
O  (26b) 
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By using substitution and boundary conditions from eq. (a-c), the expression above 

[eq. (26b)] is transformed into: 
 

=Kgen,^�_`a/_��bc�_`d/_G�be = ���	
 − 	��
�
� )R 1��′ − � �; �V − 2� ln V + � � �− 1V��TY

T′ N �Q;(P�f
O  (26c) 

 

Therefore, the final solution of the eq. (26c) is: 
 

=Kgen,^�_`a/_��bc�_`d/_G�be = 2√2 E��
�	
 − 	�;$
R/%R	
��′− � �] I
'( ��′�� − � � − 2�′ � ln � ′� �′  (26d) 

 

Effect of ηk and value (∂vx/∂y)2.  Starting position for resolution of values above is 

again eq. (3), eq. (5), eq. (24) and part of eq. (14) with the following form: 
 

=Kgen = N N �
� �B��B� �� P�P�,���
O

.
O  (27a) 

 

By importing mentioned equations into eq. (27a): 
 

=Kgen,�h`a/_G�b = �i ���	
 − 	��
�
� N P� N ������ − ����

� + �′− � ���� � P�,���
O

.
O  (27b) 

 

Using the same substitution as well as the same boundary conditions, eq. (a-c), 

slightly longer integration leads to the final form of the eq. (27b): 
 

=Kgen,�h`a/_G�b = 47 k l^��	
 − 	�	
eR;4�
$
/
%
��′ − � �'; m

;(

⎣⎢
⎢⎢
⎢⎡ln �′� − 2 �′ − � − � ln �′� �′ − � +
��′�� − � � − 4� ��′ − � � + 2� �ln �′� 2��′ − � �� ⎦⎥

⎥⎥
⎥⎤
 (27c) 

 

Effect of ηk and value (∂vy/∂x)2.  Starting position for determining the effect of this 

gradient is eq. (3), eq. (5), eq. (25) and part of eq. (14): 
 

=Kgen,�_`d/_�b = N N �
� FB�GB� H� P�P�,���
O

.
O = �
 N P� N t3� 	
 − 	�24�
 u� �(�Q]�

� + �′− � ���� P�
,���

O
.

O  (28a) 

 

The equation above is rearranged into:  
 

=Kgen,�_`d/_�b = �
 91,024 ���	
 − 	����
� N �Q]�P� N �(
� + �′ − � ���� P� P�,���

O
.

O  (28b) 

 

By using the substitution with boundary conditions, [eq. (a-c)], the equation above is 

translated to: 
 

=Kgen,�_`d/_�b = �
 91,024 ���	
 − 	����
��′− � �R )R N �Qw(P� N �V − � �(V PVT′
TY

.
O  (28c) 
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Solution of the integral above can also be found analytically, so the final solution is:  

 

=Kgen,�_`d/_�b � 31,280 �15�s3�′ − 4��′ �s�2 ! �s4 � ��′�4 � �s4ln �′�s� ⎩⎨
⎧4�k$k |�t	k � 	pu~35

%	k��′ − �s�3/ ⎭⎬
⎫54

 (28d) 

 

Effect of ηk and value 2(∂vy/∂x) (∂vx/∂y).  The starting equation with the following 

form can be written, using eq. (3), eq. (5), eq. (24), eq. (25) and part of the eq. (14): 

 

=Kgen,2�_`d/_� �_`a/_G� � N N �
� F2 B�GB� B��B� H P�P�,���
O

.
O � 2 � 332 �
 ^��	
 � 	�e�

�
� N �Q](P� N �� � ����
� ! �′− � ���� �

,���
O

.
O P� (29a) 

 

Importing substitution eq. (a-c) into eq. (29a) the equation is translated into the 

following form: 

 

=Kgen,2�_`d/_� �_`a/_G� � 316 ^��	
 � 	�e�)(
�
��′ − � �; "N �V − � ��V PV − 1�′ − � N �V − � �;V PVT′

TY
T′

TY & (29b) 

 

With conducted integration and with inserting the marked limits of integration, 

through somewhat longer operation, the final solution is obtained: 

 

=Kgen,2�_`d/_� �_`a/_G� � ��	
 � 	�/'(��′ − � �;%	

⎩⎪⎪
⎨
⎪⎪⎧��′ − � � "��′�� − � �2 � 2� ��′ − � � + � �ln �′� & −

⎩⎨
⎧��′�; − � ;3 � 32 � ���′�� − � ��

+3� ;��′ − � � − � ;ln �′� ⎭⎬
⎫

⎭⎪⎪
⎬
⎪⎪⎫

 (29c) 

 

Overall entropy generation determined with the effect of condensate viscosity and 

velocity gradients in a laminar condensate layer is achieved by addition of eq. (26-29), 

which, with eq. (18), give overall entropy generation in laminar condensation of dry 

saturated steam on a vertical plane wall. 

DISPLAY AND INTERPRETATION OF CALCULATION RESULTS 

Within the framework of the interpretation of the calculation results, the saturation 

temperature of the laminar condensation of dry saturated water vapour and dry saturated 

ammonia vapour is ϑs = 100 °C, with vertical wall temperature being ϑs = 98.5 °C. 

Condensation of water vapour 

According to the previously developed algorithm, the results of the calculation and 

their interpretation are shown in this section, so the diagram in Figure 1 displays the 

values of convective heat transfer coefficient, heat flow rate and thickness of the resulting 

condensate, with regard to the height of the plane wall (X).  

It can be seen from Figure 1 that the thickness of the resulting condensate δ(x), which 

was calculated according to eq. (5), increases with the increase in wall height (X), as does 

the heat flow rate (ΦL), which is calculated according to eq. (8). It is interesting to note 

that the observed case revolves around extremely small thicknesses of the resulting 

condensate, ranging in size from 0.02 to 0.073 mm. In contrast, there is a decrease in the 

average convective heat transfer coefficient, calculated according to eq. (10), with an 

increase in wall height X. 
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Figure 1. Dependence of heat transfer coefficient, heat flow rate and thickness of condensate film 

on the height of the plane wall X at total laminar condensation of saturated water steam with  

ϑ ' = 100 °C and ϑs = 98.5 °C 

 

It is important to observe both the local temperature profile and the local velocity 

profile in the resulting condensate film, whose values are determined by eq. (1) and  

eq. (3). Thus, the diagram in Figure 2 displays local values of temperatures  

ϑ [x, 0 ≤ y ≤ δ(x)], as well as local values of velocities vx [X, 0 ≤ y ≤ δ(x)] for the three 

selected plane wall heights X = 100, 300 and 500 mm. It can be seen that this is a linear 

profile of the temperatures in the condensate film with a maximum slope of the line 

corresponding to a wall height of 100 mm. It is evident that all lines pass through the 

same ordinate values of 98.5 °C and end with different δ(x) values at the ordinate value of 

100 °C. The velocity profile in the condensate film vx [X, 0 ≤ y ≤ δ(x)], for each selected 

wall height X has a square parabola profile and all the curves start from the origin and end 

with a local maximum at y = δ(x). It can be seen that the values of local velocities  

vx [X, 0 ≤ y ≤ δ(x)] increase together with the increase in X. The local maximum values are 

determined by eq. (2). To conclude, the highest velocity gradients are on the wall, and 

they disappear at y = δ(x). The diagram also shows that only low condensate outflow 

rates appear in the observed case of laminar condensation of dry saturated water vapour, 

since it is evident that the values of maximum velocities range from 0.04 to 0.09 m/s.  
 

 
 

Figure 2. Dependence of local temperature ϑ [X, 0 ≤ y ≤ δ(x)] and local velocity  

vx  [X, 0 ≤ y ≤ δ(x)] on local condensate thickness δ(y) and wall height X = 100, 300 and 500 mm 

for total laminar condensation of dry saturated water steam with ϑ ' = 100 °C and ϑs = 98.5 °C 
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The bibliography offers various criteria that must be satisfied in order to induce 

laminar condensate outflow. For example, Cengel [27] specifies the criterion of 

Reδ(x) ≤ 10, while in Bejan [25] the criterion is that Reδ(x) ≤ 30. However, Bejan [25] states 

that there is laminar wave flow of the condensate within this region and that said criterion 

can also be subject to laminar flow. However, these two criteria specify substantially 

different plane wall heights against which laminar outflow of the condensate occurs, 

which is quantitatively depicted in the diagram in Figure 3. This diagram shows that, and 

this is physically justified, the criterion Reδ(x) ≤ 30 provides for significantly greater wall 

heights X than the criterion Reδ(x) ≤ 10. It can also be concluded that when it comes to wall 

height X, its surface temperature (ϑs) is also important. At lower wall temperatures, the 

sustainability of laminar condensate outflow involves very small wall heights.  

The diagram displays the results of the condensation of dry saturated water vapour with 

the pressure of 760 mm Hg, i.e., the corresponding saturation temperature ϑ ' = 100 °C.  

It is evident from the diagram that as the wall temperature reaches the saturation 

temperature, the wall height at which the laminar flow of the condensate is maintained 

markedly increases. 

 

 
 

Figure 3. Dependence of wall height X on wall temperature ϑs and two different criterions for 

laminar condensate outflow with ϑ ' = 100 °C 
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conditions. Diagram in Figure 4 shows the dependence of the mass flow rate of the 

resulting condensate, reduced to a meter of plane wall width, depending on the wall 

height X. Both respective criteria Reδ(x) ≤ 10.0, for which the value Xmax = 0.44 m and 

Reδ(x) ≤ 30.0, for which the value Xmax = 1.90 m were included in the diagram.  

The diagram shows that the mass flow rate of the resulting condensate increases 

continuously with the increase of wall height X. It can also be concluded that small values 

of the mass flow rates are obtained. 

The mass flow rate of the condensate is in direct relation, see eq. (7-11) with the 

thickness δ(x) of the resulting condensate, and therefore the diagram in Figure 5 shows 

the dependence of that thickness, represented by the black line, on the size X. In that same 

diagram, the red line represents the dependence of maximum velocity for free surface 
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flow of the condensate on the same wall height X. The velocity is calculated according to 

eq. (2). It can be seen that both variables continue to grow with the increase in the height 

wall X. In this case too, the value of size X varied up to 1.9 m, i.e., to the upper limit of the 

criterion Reδ(x) ≤ 30.0. 

 

 
 

Figure 4. Dependence of mass flow rate on wall height X and two different criterions for laminar 

condensate outflow with ϑ ' = 100 °C 

 

 
 

Figure 5. Dependence of thickness of condensate layer and maximum velocity on wall height X 

for laminar condensate outflow with ϑs = 98.5 °C and ϑ ' = 100 °C 
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Figure 6. Dependence of temperature gradients ∂T/∂y and ∂T/∂x on wall height X for laminar 

condensate outflow  

 

Accordingly, the diagram in Figure 7 shows the entropy generation considering the 

existence of temperature gradients in the directions of the y-axis and the x-axis, 

respectively, i.e., towards the starting eq. (14) and towards the ultimately derived eq. (18), 

in which the first addend represents entropy generation resulting from the temperature 

gradient in the direction of the y-axis, while the second addend represents the entropy 

generation from the existence of a temperature gradient in the direction of the x-axis. 

The diagram shows that the dominant amount of entropy generation is a result of heat 

conduction in the direction of the y-axis, while the entropy generation resulting from heat 

conduction in the direction of the x-axis is practically imperceptible. This means that the 

entropy generation, due to the distinct temperature gradient in the direction of the y-axis, 

can be considered as the total entropy generation due to the conductive heat transfer in the 

condensate film. The second double integral in eq. (14) describes, as already mentioned, 

the entropy generation resulting from the influence of condensate viscosity and the 

velocity gradients existing therein.  

 

 
 

Figure 7. Dependence of entropy generation on wall height X and temperature gradients ∂T/∂y 

and ∂T/∂x with ϑs = 98.5 °C and ϑ ' = 100 °C 
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The diagram in Figure 8 shows the entropy generation as a result of the viscosity and 

sum of squares of velocity gradients. The result of the calculation is given as a function of 

the height of the flat wall X, while maintaining the constant sizes described in Figure 8. 

The diagram shows that the value of this entropy generation is continuously growing with 

the increase of the wall height X, in such a way that the biggest increase occurs at the 

beginning of the formation of the laminar film of the condensate, and later this increase 

gets curtailed. However, the results of the calculations show that this part of the entropy 

generation is extremely small and has virtually no effect on the total entropy generation. 
 

 
 

Figure 8. Dependence of entropy generation on wall height X and sum of squared velocity 

gradients (∂vx/∂x)2 + (∂vy/∂y)2 with ηk = 282 × 10−6 Pas, ϑs = 98.5 °C and ϑ ' = 100 °C 

 

The diagram in Figure 9 shows the entropy generation due to the viscosity of the 

condensate and the square of the velocity gradient (∂vx/∂y)2. The diagram shows that this 

entropy input also increases with the increasing of X, in such a way that this increase is 

bigger at higher values of X. These results also show that the absolute amount of entropy 

generation is barely noticeable, yet bigger than the one from the case shown in Figure 7 for 

105 orders of magnitude. That is in fact in accordance with the physics of the problem, 

because the velocity gradient ∂vx/∂y is by far the highest. Therefore, this entropy input has 

practically no meaning, so it can be ignored when calculating the total entropy balance. 
 

 
 

Figure 9. Dependence of entropy generation on wall height X and squared velocity gradient 

(∂vx/∂y)2 with ηk = 282 × 10−6 Pas, ϑs = 98.5 °C and ϑ ' = 100 °C 
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Figure 10 shows the dependence of entropy production on the flat wall height X, the 

square of the velocity gradient (∂vy/∂x)2, and the viscosity of the condensate.  

This diagram also shows that this is also a very small, therefore irrelevant, entropy input. 

Its greatest value is at the formation of a laminar condensate film and upon reaching the 

wall height of 0.4 m it gets to zero value. 
 

 
 

Figure 10. Dependence of entropy generation on wall height X and squared velocity gradient 

(∂vy/∂x)2 with ηk = 282 × 10−6 Pas, ϑs = 98.5 °C and ϑ ' = 100 °C 

 

Finally, the diagram in Figure 11 shows the entropy generation depending on the 

magnitude of X, the viscosity of the condensate and the product of the velocity gradient 

2(∂vx/∂y) (∂vy/∂x). The result is similar in flow and values to the result given in Figure 8, 

which means that this part of the entropy generation can also be ignored. 

 

 
 

Figure 11. Dependence of entropy generation on wall height X and product of velocity gradients 

2(∂vx/∂y) (∂vy/∂x) with ηk = 282 × 10−6 Pas, ϑs = 98.5 °C and ϑ ' = 100 °C 
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Condensation of ammonia vapour 

The second substance chosen to be completely condensed on a vertical flat wall with 

laminar condensate outflow is dry saturated vapour of pure ammonia with the saturation 

temperature ϑ ' = 100 °C and the wall temperature of 98.5 °C (exactly the same as in the 

previous example). The saturation pressure was 62.553 bar and the following diagrams 

show some of the calculation results. 

Henceforth, the diagram in Figure 12 shows the dependence on the flat wall height X, 

convective heat transfer coefficient and heat flow rate during the complete condensation 

of the ammonia vapour. The behaviour of these two values is similar to the one shown in 

Figure 1, except that in the latter case the values of convective heat transfer coefficient 

and heat flow rate are lower. 
 

 
 

Figure 12. Dependence of heat transfer coefficient and heat flow rate on plane wall height X at 

condensation of saturated ammonia steam with ϑ ' = 100 °C and ϑs = 98.5 °C 

 

The diagram in Figure 13 shows the results of the calculation of the mass flow of the 

resulting condensate as well as its thickness, once again depending on the magnitude of 

X. It can be seen that in this case both values continuously grow with the increase in X, 

and in this case, too, only low values of thickness of the condensate film δ(x) and mass 

flow are produced. 
 

 
 

Figure 13. Dependence of condensate thickness and mass flow rate on wall height X for laminar 

ammonia condensate outflow with ϑs = 98.5 °C and ϑ ' = 100 °C 
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Finally, the diagram in Figure 14 shows the entropy generation solely because of the 

existence of temperature gradients in the ammonia condensate stream, depending on the 

size of the variable X. The flow of these curves is similar to the flow of the curves given in 

Figure 7, with the difference being that lower condensation of ammonia vapour produces 

lower entropy generation values. The case of ammonia condensation also shows that the 

overall entropy generation is related exclusively to the temperature gradient ∂T/∂y, as is 

the case with condensation of water vapour. This case also proves that the entropy 

generation resulting from the temperature gradient of ∂T/∂x has the order of magnitude 

amounting to 10−11 W/mK. 
 

 
 

Figure 14. Dependence of entropy generation on wall height X and temperature gradients ∂T/∂y 

and ∂T/∂x in ammonia condensate with ϑs = 98.5 °C and ϑ ' = 100 °C 

 

The results of the calculation of the entropy generation resulting from the viscosity 

and the existence of velocity gradients have also proven to be imperceptible, almost equal 

to zero, so the results are not presented in this paper. 

VERIFICATION OF THE CALCULATION USING A DIFFERENT METHOD 

The previous analysis has shown that the entropy generation in its entirety is basically 

related only to the heat transfer in the y-axis, i.e., it occurs only because of the existence 

of the dominant temperature gradient ∂T/∂y, and therefore the basic differential eq. (16c) 

makes it easier to derive the results in said case [28]:  
 =Kgen = �� − ������ N �8A,B (30)

 

with the fact that in eq. (30), object A represents a saturated vapour of temperature  

TA = T ' and object B a wall of temperature TB = Ts. The heat flow rate delivered by the 

saturated vapour to the wall, calculated by the meter of the width of the wall (b), is 

calculated according to the Bejan [25]:  
 �8A,B = $
 �′ − � ���� P� (31)

 

Placing eq. (31) into eq. (30) with eq. (5) is equal to: 
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Eq. (32) is identical to the result shown in the first addend of eq. (18).  

The equivalence of these two results confirms the fact that the dominant part of the 

entropy generation basically occurs at the molecular level related to the heat conduction 

through the condensate film. 

CONCLUSIONS 

The analysis that was carried out has shown that the laminar flow of the condensate is 

sustainable at relatively higher wall heights, at a small temperature difference ϑ ' − ϑs 

with regard to the restrictive criterion Reδ(x) ≤ 30. In the example with water, where  

ϑ ' − ϑs = 100 °C − 98.5 °C = 1.5 °C, the height of the plane wall for laminar condensate 

outflow was 1.90 m. It was further shown that the resulting thicknesses of the condensate 

layer were very small and ranged from 0.0 to 0.09 mm. The obtained average values of 

the convective heat transfer coefficient decreased with increasing wall height X, and the 

obtained values have been markedly higher regarding the condensation of water vapour 

compared to the condensation of ammonia vapour, as shown quantitatively in Figure 1 

and Figure 12. 

With respect to the entropy generation, it must be emphasized that all the factors 

contributing to the entropy input, which were indicated in eq. (14), have been analytically 

derived. These factors include the entropy generation resulting from the heat conduction 

in the direction of the x and y coordinates, respectively, and they encompass the entropy 

generation resulting from the viscosity of the condensate and the existence of velocity 

gradients in the directions of the indicated axes. The obtained equations and their 

diagrammatic representation have shown that the dominant, in other words total entropy 

increase is directly related only to the heat conduction in the y-axis, or only related to the 

temperature gradient ∂T/∂y, where the y-axis corresponds to the thickness of the 

condensate. This means that the total entropy production is actually determined by  

eq. (16c), i.e., eq. (32), and it can be seen from the diagrams in Figure 7 and Figure 14 that 

these values increase with the increase of plane wall height X.  

The inputs of the other factors, explicitly given by eq. (17c), and eq. (26-29) and the 

corresponding diagrammatic representations in Figures (7-11) and Figure 13, have 

shown that their input to the total amount of entropy generation was little short of zero.  

It is evident that there were obtained values of the entropy generation from 10−12 to 

10−7 W/mK, but at the same time it has also been concluded that the contribution of the 

biggest gradient ∂vx/∂y, although also imperceptible in relation to the total entropy 

production, is 105 higher in comparison to other velocity gradients. 

NOMENCLATURE 

b wall width [m] 

qm mass flow rate of condensate [kg/s] 

r specific latent heat [J/kg] 

Scond entropy production as a result of heat conduction [W/m3K] 

Sdis entropy production as a result of dissipation of 

mechanical energy 

[W/m3K] 

Ṡgen entropy generation [W/mK] =Kgen,dT/dG entropy generation due to existence of 

temperature gradient in y-axis directions 

[W/mK] 

=Kgen,dT/d�  entropy generation due to existence of 

temperature gradient in x-axis directions 

[W/mK] 

=Kgen,cond entropy generation due to existence of 

temperature gradients, in both y-axis and  

x-axis directions 

[W/mK] 
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=Kgen,^�_`a/_��bc�_`d/_G�be entropy generation due to ηk and value  

(∂vx/∂x)2 + (∂vy/∂y)2 

[W/mK] 

=Kgen,�h`a/_G�b  entropy generation due to ηk and value (∂vx/∂y)2 [W/mK] =Kgen,�h`d/_��b entropy generation due to ηk and value (∂vy/∂x)2 [W/mK] =Kgen,2�_`d/_� �_`a/_G�   entropy generation due to ηk and value  

2(∂vy/∂x) (∂vx/∂y)   

[W/mK] 

TA object A temperature [K] 

TB object B temperature [K] 

T’ saturation temperature [K] 

Ts wall temperature  [K] 

vx velocity in the direction of the x-axis [m/s] �̄. average velocity in the direction of the x-axis [m/s] 

vy velocity in the direction of the y-axis [m/s] 

X wall height [m] B�B� 
temperature gradient in x-axis directions [K/m] 

B�B� 
temperature gradient in y-axis directions [K/m] 

Greek letters 
αm average convective heat transfer coefficient [W/m2K] 

δ(x) thickness of the condensate layer [m] 

ηk dynamic viscosity of condensate [Pa s] 

λk thermal conductivity of the condensate [W/mK] 

ρk condensate density [kg/m3] 

ρp steam density [kg/m3] 

ΦL heat flow rate [W/m] 
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