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ABSTRACT 

This work presents the results of the continuity of the research process carried out in the Energy Studies 

ter belonging to the Faculty of Technical Sciences of the University of Matanzas, which involves the establishment of a 

dimensionless model to determine the average condensation heat transfer coefficient of Air Coleed Condenser (ACC) 

systems in straight and inclined tubes. The research consists in obtaining in an analytical way the solution of the differ-

ential equation of the velocity profile, considering that condensation is of pellicular type, finally the empirical condition 

of Roshenow is combined with the theoretical solution to generate a numerical expression that allows obtaining with a 

15.2% of deviation in 2,192 tests, a value of the average coefficient of heat transfer by condensation very similar to the 

one obtained with the use of the most referenced model in the consulted literature, the empirical model of Chato. 
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1. Introduction 
In many heat transfer processes involving saturated steam, it 

changes into the liquid state through the condensation mechanism. This 
phenomenon occurs when the vapor comes in contact with a surface at 
a lower temperature[2,12]. 

It is known from thermodynamics that when the temperature of a 
liquid at a specific pressure is raised to the saturation temperature 
Tsat, boiling occurs. Similarly, when the temperature of a vapor is re-
duced to Tsat, condensation occurs. 

As under equilibrium conditions, the temperature remains constant 
during the phase transition at a fixed pressure, large amounts of heat 
can be transferred, due to the high value of the latent heat of vaporiza-
tion (r_LV) released or absorbed during condensation, essentially at 
constant temperature. However, in practice it is necessary to maintain 
some difference between the surface temperature TP and Tsat to have 
effective heat transfer. Typically, the heat transfer coefficients α associ-
ated with condensation are much higher than those found in other forms 
of convection processes that relate to a single phase[4,6,8,11]. The con-
densation process requires a cooling agent that is capable of absorbing 
the enthalpy of the working agent. As the enthalpy of phase change 
turns out to have a high value (e.g. that of water is 2.58 × 103 kJ/kg at 
43.7 ºC and 0.009 MPa), so the average heat transfer coefficients will 
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also turn out to be large. In most industrial applica-
tions, both the liquid and vapor phases are concur-
rent to the same heat transfer equipment. 

Thus heat transfer at the interface between liq-
uid and vapor is in essence a convection pro-
cess, but it is often complicated by a regular inter-
face, such as that produced by bubbles or droplets. 

In the overwhelming majority of the available 
sources consulted, the unified criterion on the use of 
Chato’s expression for obtaining the average heat 
transfer coefficient by condensation inside horizon-
tal pipes coincides. However, the Chato equation 
has as a drawback that its generalization uses ex-
perimental points of different fluids, including wa-
ter, although most of them are related to refrigerants. 
Another drawback of Chato’s expression is that it is 
limited by the velocity of the working agent, being 
valid only for Reynolds numbers lower than 35,000, 
thus avoiding operation in the stratified zone, with 
the consequent danger of condensate stagnation in-
side the tube. This drawback is partially eliminated 
in inclined pipes, provided that the flow normals 
and gravitational forces coincide. The Chato equa-
tion considers that the steam has a negligible veloc-
ity, so it does not influence the heating of the strati-
fied liquid at the bottom of the pipe, nor does it 
exert any drag force on it. 

Roshenow generalized available experimental 
data reported by several authors[6,9,10] and created an 
empirical correction named in his honor, 
Roshenow’s empirical correction, which allows to 
affect the latent heat to take into account the effect 
of steam subcooling and steam entrainment, and 
demonstrated that the use of his correction in the 
Nusselt equation allows a slight increase in the ac-
curacy of the results obtained. This improvement in 
accuracy is whithin the range of ± 2%[4,7]. 

This drawback of the Chato equation was par-
tially solved by Shah and his collaborators[3,9]. 
These authors generated a model that allows deter-
mining the dimensionless Nusselt number, combin-
ing the quantities corresponding to the heat flow in 
the liquid phase by means of the Dittus-Boelter 
equation and the equation obtained by Nusselt 
through his simplifying hypotheses for the conden-
sation of a pure vapor. However, Shah’s equation 
gives results with poor accuracy in condensing me-

dia that are close to the liquid state, although it does 
take into account the effect of vapor entrainment 
provided by the Roshenow correction. 

More modern criteria provided by Martineli 
and Brender[1,2,4,12] subdivide condensation into 
4 basic groups, and attribute generalized calculation 
expressions specifically for each particular zone. 
However, in the plugged zone, the Dobbson equa-
tion which is the most recommended can generate 
errors that can reach up to 30%, which is eventually 
solved with the application of the Roshenow cor-
rection. 

This problem encouraged the authors to create 
a calculation methodology that takes into account 
the effect of vapor entrainment and liquid subcool-
ing, and that is as accurate as the expression Chato 
equation most recommended and referenced in the 
specialized literature on the subject[1,5,12]. 

To meet this objective, a combination of the 
differential relation of the velocity profile inside a 
tube and the solution of the differential equation of 
the temperature distribution was carried out. The 
theoretical solution obtained is subsequently af-
fected by the empirical Roshenow correction. Alt-
hough the primary results obtained are provided 
here, the authors continue to refine the model in a 
futuristic attempt to decrease the correlation errors 
with respect to available experimental data and to 
reduce the mathematical complexity of the obtained 
relationship. 

2. Theoretical foundation 

2.1 Condensing elements in ACC systems 

Heat exchange is a decisive process in the effi-
ciency of the cycle. Approximately 90% of the heat 
extracted in a power cycle is done through the con-
densing system. The waste heat coming from the 
steam turbine is released to the atmosphere from the 
cooling system, which, depending on the ambient 
conditions performs this exchange from water cir-
culation systems or direct cooling with the envi-
ronment[1,4,11,12]. An example of an A-shaped finned 
tube air-cooled steam condenser unit is shown 
schematically in Figure 1. 

A heat exchanger requires a certain tempera-
ture gradient for heat transfer to take place. The air 
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condenser is an air-water heat exchanger, which 
undergoes the same treatment as a classical con-
denser, where the heat extracted by the air is equal 
to the heat removed from the fluid to be condensed. 
The heat released by the flow to be condensed 
can be determined by the variation of enthalpies 
that the fluid undergoes, according to the following 
expression: 

 

(1) 
Where, 

𝑚஺௚௨௔ is the steam flow at the turbine outlet, 
in kg/s 

ℎ௖௢௡ௗ is the enthalpy of the fluid at turbine 
outlet 

ℎ௙௟௨௜ௗ is the enthalpy of the fluid at the outlet 
of the capacitor 

The heat absorbed by the air from the fluid is 
determined by the relationship: 

 
(1) 

 
Figure 1. Basic representation of CTE installation including ACC system. 

Where 𝑚aire  is the air flow in kg/s. 
Cp is the specific heat of the air at the turbine 

outlet temperature (Th) and dry bulb temperature 
(TTBS).  

In other words, equations (1) and (2) are the 
classical energy balance equations. 

It’s the derivation of an equation for the deter-
mination of the average heat transfer coefficient in 
ACC systems. 

In power generating plants and in processing 
industries using ACC systems, condensation is car-
ried out in an inclined tube bundle. The buoyancy 
force exerted by the liquid on the tube surface is 
given by ሺ𝜌௅ െ 𝜌௏ሻ𝑔 𝑠𝑒𝑛 𝜃, which is reasonable, as 
the tube surface is not flat but curved.  

This buoyancy force follows the approxima-
tion given by a tangent line to the tube surface, 
which is generated by the trajectory from the upper 
part to the lower part, as shown in Figure 2. 

  
Figure 2. Basic representation of the angle and approximation 
taken in the present material for the curvature of the tube sur-
face. 

Therefore, the angle θ is measured from the 
top of the tube. The differential equation of the ve-
locity distribution V(y) through the thin film, for 
any specific value x considering ∆𝑦 ൌ 0 is giv-
en by the following expression[6,8,10,11]: 

 

(2) 
The differential equation (3) is now affected by 
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the term sen θ due to the presence of the aforemen-
tioned inclination in the pipe wall, therefore the ex-
pression (3) is transformed to the following 
form[1,3,5,12]: 

 

(3) 
The differential equation (4) is a differential 

equation of velocity distribution. In this case, for 
any particular value of x, two boundary conditions 
are required to solve the velocity V(y) through the 
film. On the wall the no-slip condition of the actual 
fluid is taken, hence: 

 

(4) 
At the film surface, vapor entrainment is as-

sumed to be minimal. If film thickness is taken, the 
required boundary condition will then be given by: 

 

(5) 
The film thickness δ(x) is a function yet to be 

determined. The condition of negligible or negligi-
ble vapor entrainment is valid on many occasions 
when the vapor velocity is not too large. Integrating 
the differential equation (4) gives: 

 

(6) 
Introducing in equation (7) the boundary con-

dition expressed in expression (6) we have that: 

 

(7) 
By subtracting in (8) the constant of integra-

tion C1 and substituting again we have that: 

 

(8) 
Integrating again the differential equation (9) 

we obtain: 

 

(9) 
Based on the boundary conditions given in 

(6), by applying these boundary conditions in (10), 
it can be concluded that 𝐶ଶ ൌ 0. Rearrange equa-

tion (10) to obtain: 

 

(10) 
Relationship (11) indicates that the velocity 

profile V(y) is parabolic. The velocity will reach a 
maximum over the film surface when y = δ. Sub-
stituting this condition in (11), the maximum veloc-
ity can be determined[2,4,6]: 

 

(11) 
By establishing a check of the maximum ve-

locity over the film surface in an inclined tube with 
the same maximum velocity condition for a vertical 
surface, identical solutions are obtained except that 
the former is affected by sen θ, caused by the cur-
vature of the surface and the inclination of the tubes. 
The condensate mass flow per unit film width on 
vertical and inclined surfaces are also identical[1,12], 
and remember that they must be affected by sen θ, 
therefore they meet: 

 

(12) 
Therefore, the number of film Re is given by: 

 

(13) 
Considering that the length of the tube is much 

larger than its diameter, and that the process is as-
sumed to be stationary, then the temperature distri-
bution can be treated simplistically as 
one-dimensional, therefore, according to 
O’Donovan et al.[7] and Chen et al.[9], the differen-
tial equation of temperature distribution is simpli-
fied as: 

 

(14) 
To integrate the differential equation (15), 

two boundary conditions are required. The continu-
ity of the temperature at the film surface requires 
that T = Tsat (Tsat is the saturation temperature cor-
responding to the vapor pressure p), therefore, the 
first boundary condition is given by: 

 



 

43 

(15.a) 
As a second boundary condition it is assumed 

that the wall is isothermal at temperature Tp, there-
fore: 

 
(15) 

Integrating the differential equation (15) twice 
leads to: 

 
(16) 

Introducing in (17) the boundary conditions 
given in (15.a) and (16), the following is obtained: 

 

(17) 
Relationship (18) is a linear temperature pro-

file, since the problem is identical to that of con-
duction through a flat plate. Therefore, the heat flux 
per unit area to the wall is simply the flux per unit 
area through the film, i.e., the heat flux per unit area 
through the film, that is: 

 

(18) 
The local heat transfer coefficient a is defined 

as the ratio that exists between the heat flux per unit 
area and the temperature difference across the film, 
hence[8,10,11]: 

 

(19) 
In equation (20) q has been assumed positive 

for condensation, therefore the energy balance 
can be written as: 

 

(20) 
By specifying the boundary condition on the 

wall, we obtain the expression for an isothermal 
wall at Tp. By subtracting the thickness 𝛿 in equa-
tion (21) 

 

(21) 
Substituting equation (21), (13) and (14) into 

(21), we obtain that: 

 
(23) 

Integrating in (23) with R𝑒 ൌ 0  at 𝜃 ൌ 0 
and R𝑒 ൌ R𝑒గ at 𝜃 ൌ 𝜋, we can obtain: 

 
(24) 

It’s an interesting and important observation. 
Preference was given to employing Re rather than 
thickness 𝛿 as the independent variable, and the 
explanation is simple. The Re number is worth zero 
at θ = 0 because, by symmetry, the mass flow rate is 
zero at the top of the tube, while the film thickness 
at θ = 0 is finite and unknown[1,3,5,7]. 

An overall energy balance over the middle of 
the tube gives the average heat transfer coefficient, 
so that: 

 

(22) 
Substituting the value of Re p in equation (24) 

and rearranging, we obtain: 

 
(23) 

The integral present in equation (26) can be 
solved by the known integration techniques to ob-
tain: 

Therefore, 

 

(24) 
An interesting solution is reached in (27), be- 

cause Γ ቀ௡

ଶ
൅ 0.5ቁ  and Γ ቀ௡

ଶ
൅ 1ቁ  are gamma 

functions, with their particularities and special 
properties. In short, for n = 1/3, it must be that: 

 
(25) 

 
(26) 

Substituting (28) and (29) in (27) we obtain: 
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(27) 
Therefore 

 

(28) 
Substituting (31) in (26) we obtain: 

 
(29) 

The latent heat ሺ𝑟௅௏ሻ at (32) is replaced by 
the Roshenow correction ሺ𝑟௅௏ሻ", which states that 
when there is a possibility of liquid subcooling, the 
latent heat should be affected as follows[2,4,6]: 

 
(30) 

It is also known that the kinematic viscosity is 
equal to the quotient of the dynamic viscosity and 

the density; therefore, applying this criterion and 
substituting (33) in (32) we can get: 

 
(31) 

Finally, since it is an inclined surface, and the 
acceleration of gravity is present in the denominator, 
it is affected by the sine of the angle (𝜙) formed 
with the horizontal plane in the form of product, 
and finally: 

 

(32) 
In expression (35): 𝜌௅  is the density of the 

saturated liquid in kg/m3; 𝜌௏ is the density of satu-
rated vapor in kg/m3; 𝑟௅௏ is the latent heat in kJ/kg; 
𝐶𝑝௅ is the specific heat of the liquid in kJ/kgºC; 
𝑇ௌ௔௧ is the saturation temperature in ºC; 𝑇௉ is the 

temperature of the pipe wall in ºCTUVO; 𝜇௅ is the 
dynamic viscosity of the liquid in Paꞏs; d is the in-
ternal diameter of the tubes in m. 

The Chato equation described by the following 
expression[12]: 

 
(33) 

In expression (36) the dimensionless numbers 
of Re and Pr are determined as a function of the 
liquid state parameters, while x is the vapor quality. 

Experimental validation of the new model de-
termines the average condensation heat transfer co-
efficient. 

A large group of experimental points for the 
condensation of water vapor and other refrigerants 
(R-22, R-134a, R-410, etc.) is provided[1], from 
which were arbitrarily taken a total of 2,192 values 

that are located in the intervals 10ଷ ൑ Re௅ ൑ 2.5 ∙
10଺ covering vapor qualities from 0 to 1, the vapor 
temperatures are between 32 ൑ 𝑇 ൑ 520°𝐶, and 
pressures cover the range 0.005 ൑ 𝑇 ൑ 20.8𝑀𝑃𝑎. 
In all cases where there is subcooling the liquid 
temperature is included in the intervals 0.72 ∙
𝑇ௌ௔௧ ൑ 𝑇௅௦௨௕ ൏ 𝑇ௌ௔௧, while the friction factor f is 
evaluated for the medium in two phases (liquid + 
vapor) by the well-known Martinelli equation[1,12]. 
In the validation of the obtained model the wall 
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temperature is taken as the arithmetic mean of the 
temperatures at the inlet and outlet of the pipe. Us-
ing the professional software TkSolver 5.0, a com-
parative function can be run, setting a tolerance 
value (permissible error) equal to 10-6 and using the 
IAPWS Formulation 1995 for the Thermodynamic 
Properties of Ordinary Water Substance for General 
and Scientific Use for the determination of the 
physical properties of water. The results are ex-
pressed in Cartesian coordinates. The complex 
number is the coordinate axis 𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅

௙

଼
ቁ, and 

the quotient is the coordinate axis of accisas (%er-
ror/150). The error committed with the use of equa-
tion (35) tends to decrease as the value of the com- 
plex 𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅

௙

଼
ቁ  increases ,  f inding for 

𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅
௙

଼
ቁ ൌ 3.5 an average error equal to 

12.86% and for 𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅
௙

଼
ቁ ൌ 5.08 an aver- 

age error equal to 8.75%. The tests carried out also 
allow obtaining that the expression (35) correlates 
in a general way with an average error in the order 
of ± 15.2% for 84.12% of the available experi-
mental samples, as shown in Figure 2. 

In Figure 1 itself, the Chato equation (36) was 
represented by a continuous red line, which repre-
sents approximately the same correlation error pat-
t e r n  a s  e q u a t i o n  ( 3 5 )  i n  t h e  i n - 

terval 3.8 ൑ 𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅
௙

଼
ቁ ൑ 4.05 .  However, 

this parameter becomes more acute outside this in-
terval, reaching the order of ൎ േ25% in the zones 

3.55 ൑ 𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅
௙

଼
ቁ ൑ 3.7  a n d  4.14 ൑ 

𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅
௙

଼
ቁ ൑ 4.22. 

Table 1. Comparison of the average heat transfer coefficient obtained with (35) and (36) with 3 experimental points 
Parameters α Experimental α (Chato) α (Camaraza etal) 
Re = 22,000, P = 0.009 MPa 
X = 0.9, D = 0.032, TP = 40 ºC 

3,028.2 
2,522.0 
16.71% error 

2,816.6 
6.98% error 

Re = 11,000, P = 0.015 MPa 
X = 0.92, D = 0.04, TP = 45 ºC 

2,312.1 
2,408.9 
4.18% error 

2,104.1 
8.99% error 

Re = 33,800, P = 0.018 MPa 
X = 0.94, D = 0.025, TP = 50 ºC 

4,142.4 
3,877.9 
6.49% error 

4,289.6 
3.42% error 

Table 1 provides a comparison between the 
values of the average heat transfer coefficient ob-
tained with the use of equation (36) and the pro-
posed model (35) for 3 experimental values. All 
coefficients are given in W/m2 ºC. All the values of 
Re used in the comparison are less than 35,000, 

taking into account that for values greater than this 
dimensionless number the expression (36) is not 
valid. 

Figure 3 plots the correlation errors of expres-
sions (35) and (36). 

 
Figure 3. Graphical representation of the correlation errors of expressions (35) and (36). 
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3. Conclusions 
Through analysis, a model for the determina-

tion of the average heat transfer coefficient by con-
densation in ACC system is obtained. The model is 
suitable for horizontal and inclined straight pipes, 
and it has a superior fit to the model of greater dif-
fusion in the known literature, i.e. the Chato equa-
tion, better fitting equation (36) with existing ex- 
perimental data within the range of 3.55 ൑ 
𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅

௙

଼
ቁ ൑ 3.7  a n d  4.14 ൑ 

𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅
௙

଼
ቁ ൑ 4.22 ,  n o t  i n  t h e  i n t e r v a l 

3.8 ൑ 𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅
௙

଼
ቁ ൑ 4.05 .  The new model 

obtained is valid for a greater interval of the number 
of Re 10ଷ ൑ Re௅ ൑ 2.5 ∙ 10଺, unlike (36) which is 
only valid for Re௅ ൏ 3.5 ∙ 10ସ  and correlates in 
general with an average error ± 15.2% of the order 
of 84.12% of the available experimental samples, 
surpassing the 18.2% error attributed to Chato’s 
model, which is coincident with the initial criteria 
that founded the investigation, considering that the 
objectives of the same have been fulfilled. The au-
thors consider that possible adjustments with new 
experimental quantities could reduce the correlation 
error in the interval 3.8 ൑ 𝐿𝑜𝑔 ቀ𝑅𝑒⋅ 𝑃𝑟⋅

௙

଼
ቁ ൑ 4.05 

effectively. 
The new model obtained responds to the fol-

lowing expression: 
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