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 This work presents the numerical analyses for condensation of steam outside the 
horizontal tube bundle in the absorption chiller. The objective of this paper was to 
numerically compare the effect of three different types of horizontal tube bundles on 
different heat transfer parameters of the absorption chiller. For this purpose, three 
types of tubes, including a simple tube, a tube with external fins, and a tube with 
internal grooves, were analyzed. Two-equation turbulence models have been used to 
simulate the flow field and heat transfer and the finite volume method was applied for 
numerical analyses using CFX software. The results showed that adding external fins 
or an inner groove to the tube increased the heat transfer coefficient of the tube 
bundle in the absorption chiller. Due to the increase in heat transfer in condensers 
equipped with finned and grooved tubes, the rate of steam condensation in these heat 
exchangers was higher. The percentage of outlet condensate in the condenser with 
finned and grooved tubes was approximately 4.8 times that of the heat exchanger with 
a simple tube. In conclusion, the overall findings indicated the increased performance 
of the condenser for the horizontal oriented tube bundles with external fin and 
internal groove. 

 

Absorpsiyonlu Soğutucuda Buhar Yoğuşması İçin Geliştirilmiş Boruların Yatay 
Boru Demetine Etkisi 
 

M A K A L E  B İ L G İ S İ   Ö Z E T  

Anahtar Kelimeler: 
Su kaynaklı ısı pompası  
Al2O3 
Enerji analizi 
Ekserji analizi 
Yaşam döngüsü iklim performansı 
 
 
 

 Bu çalışma, absorpsiyonlu soğutucuda yatay boru demetinin dışındaki buharın 
yoğuşması için sayısal analizleri sunmaktadır. Bu makalenin amacı, üç farklı 
tipteki yatay boru demetinin absorpsiyonlu soğutucunun farklı ısı transfer 
parametreleri üzerindeki etkisini sayısal olarak karşılaştırmaktır. Bu amaçla, 
basit boru, harici kanatçıklara sahip boru ve dahili oluklara sahip boru olmak 
üzere üç tip boru analiz edilmiştir. Akış alanını ve ısı transferini simüle etmek için 
iki denklemli türbülans modelleri kullanılmış ve CFX yazılımı kullanılarak sayısal  
analizler için sonlu hacim yöntemi uygulanmıştır. Sonuçlar, boruya harici 
kanatçıklar veya dahili oluk eklenmesinin absorpsiyonlu soğutucudaki boru 
demetinin ısı transfer katsayısını artırdığını göstermiştir. Kanatçıklı ve oluklu 
borularla donatılmış kondenserlerde ısı transferindeki artış nedeniyle, bu ısı 
değiştiricilerdeki buhar yoğuşma oranı daha yüksek olmuştur. Kanatçıklı ve 
oluklu borulara sahip kondenserdeki çıkış kondens yüzdesi, basit borulu ısı 
değiştiricinin yaklaşık 4,8 katı olmuştur. Sonuç olarak, genel bulgular, dış 
kanatçıklı ve iç kanallı yatay boru demetleri için kondenserin performansının 
arttığını göstermiştir. 

https://dergipark.org.tr/tr/pub/isibted
https://tibtd.org.tr/dergi/
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NOMENCLATURE 

cp Thermal capacity (J.kg-1.K-1)  Q Heat flux (W) 

Do Tube outer diameter (m)  q Surface heat flux (W.m-2) 

f Friction factor  R Tube outer radius (m) 

Fd Tube spacing parameter  r Radial coordinate from the surface of the surface (m) 

g Gravitational acceleration (m.s-2)  S Heat transfer surface (m2) 

Hf Enthalpy flow rate per unit length (W.m-1)  T Temperature (K) 

H Heat transfer coefficient (W.m-2.K-1)  U Vapor orthoradial velocity (m.s-1) 

Δhv Phase change enthalpy (J.kg-1)  u Condensate orthoradial velocity (m.s-1) 

J Condensation mass flux (kg.s-1.m-2)  V Vapor radial velocity (m.s-1) 

n Tube row number  ν Condensate radial velocity (m.s-1) 

pt Tube pitch (m)  ρ Density (kg.m-3) 

p Pressure (Pa)    

 
INTRODUCTION  
 
Heat exchangers are widely used to transfer heat between 
two or more fluids at different temperatures, and they are 
commonly applied in various applications (such as air 
conditioning systems, refrigeration, and power systems 
engineering) (Popov et al., 2019). Therefore, increasing heat 
transfer between steam and cooling tubes has always been 
of interest for different industries and numerous studies 
were devoted to design and manufacturing the heat 
exchangers (Dalkilic & Wongwises , 2009). Interest in condensing 
on the outside of horizontal tubes is increasing due to the 
demand for higher energy efficiency, lower material costs, 
and other economic incentives (Rifert & Sereda, 2015; Yang 
& Shen, 2008; Zhang et al., 2025). Hence, condensation on 
horizontal tubes has become a commonly applied technique 
in recent decades. 
 
Two-phase flow is commonly dominated by gravity and 
vapor shear forces when the condensing system is designed 
based on inside/outside horizontal tubes. However, annular 
flow pattern can be associated with increased vapor shear, 
and slug flows appear when the gravity is used to control the 
force (Cavallini et al., 2003). Condensation of zeotropic 
refrigerants in horizontal tubes were investigated using an 
experimental study (Dobson & Chato, 1998) by measurements 
in smooth and round tubes with different diameters. In this 
study a two-phase multiplier approach for annular flow was 
performed. The results demonstrated that the heat transfer 
coefficient can increase with accumulative mass flux and 
enhanced vapor quality in annular flow due to increased 
shear stress and a thinner liquid film compared to other flow 
regimes (Dobson & Chato, 1998). In another study 
(Wongwises & Polsongkram, 2016), the helically coiled 
concentric tube in tube heat exchanger was tested to 
evaluate two-phase heat transfer coefficient and the 
pressure drop as well. This experimental study discovered 
that the  average heat transfer coefficient and the pressure 
drop of this new designed heat exchanger was increased 
around 33 to 53% and 29 to 46%, respectively, compared to 
the conventional straight tube in tube heat exchanger 
(Wongwises & Polsongkram, 2016). Similar to the 
aforementioned investigations, abundant research / industrial 
works have reported the heat transfer characteristics for 
horizontal oriented condensation (Dalkilic & Wongwises , 
2009; García-Valladares, 2003; Chen et al., 2019; Infante 
Ferreira et al., 2003), which encourages the researchers for 
extra detailed studies for evaluation of condensation heat 
transfer mechanism. 

With the intention of increasing the efficiency of the 
condensers, accurate computational modeling can be 
utilized to predict the thermal and fluid-dynamic behavior 
in designed system. Numerical simulation is an excellent 
tool for the design and improvement of the new condensing 
systems and can be easily used for parametric studies to 
evaluate different geometrical design parameters 
(Kharangate & Mudawar, 2017). Computational fluid 
dynamics (CFD) simulations were previously used (Gebauer 
et al., 2013) to predict the condensation heat transfer on low 
finned tubes and the achieved results were in in alignment 
with experimental data and analytical models. However, 
although numerical simulations of single-phase flow have 
revealed tremendous success, modeling two-phase flow 
with phase change is still restricted to simplified 
configurations (Kharangate & Mudawar, 2017; Saleh & 
Ormiston, 2016; Kleiner et al., 2019; Yang et al., 2008; 
Ghedira et al., 2025). The application of tubes with external 
fin and internal groove is recently increased for design of 
industrial condensers. Nonetheless, a comprehensive study 
to evaluate the effect of tube type for enhancing the 
efficiency of the condensation outside horizontal tubes have 
not yet been well documented. 
 
Consequently, this study aimed to numerically compare the 
effect of three different types of horizontally oriented 
condensation systems on various heat transfer parameters. 
For this objective, three types of tube including (1) simple 
tube, (2) tube with external fin, and (3) tube with internal 
groove were investigated. A CFD modeling was developed 
and the flow field and the calculated heat inside and outside 
of the tube were thoroughly investigated, and the 
advantages and disadvantages of using the aforementioned 
tubes were evaluated. 
 
MATERIALS AND METHODS 
 
Geometric Modeling 
 
The geometry of this study was developed using ANSYS Design 
Modeler (ANSYS Inc., PA, USA). This geometry consisted of 
three different parts (Figure 1). The first part of the geometry 
related to the in-tube fluid, where the fluid bulk related to this 
section has been modeled. The other part was the geometry of 
the tube wall, which was considered in the solid simulations. 
The coolant tube geometry was considered in 4 horizontal 
rows with the length of 340 mm. The outer diameter of the 
tubes was 50 mm with a thickness of 7 mm. The third part 
represented the space around the tubes, which corresponds to 
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the steam chamber along with its fluid bulk. The overall 
geometry including the length, width and height of this section 
were extracted from a previous work (Singh et al., 2001), which 
were 340 mm, 300 mm and 750 mm, respectively (Figure 1). 

For this study, three types of tube including simple tube (Figure 
1A), tube with external fin (Figure 1B), and tube with internal 
groove (Figure 1C) were developed. 
 

 

 
Figure 1. Geometry of the three domains: (A) simple tube, (B) tube with external fins, and (C) tube with external fins and internal 
grooves. These geometries were used for CFD simulations of horizontal condensation. 
 
Geometry meshing of the developed models (Figure 2A) were 
performed using ANSYS Meshing software (ANSYS Inc., PA, 
USA). With the intention of attaining the optimal number of 
elements, finer elements have been used near the cooling 
tubes, which have a higher temperature and velocity gradient, 
and the elements have grown larger away from them. For this 
purpose, a specific sizing has been determined for each 
section. This resulted in a higher mesh density in sensitive 
areas and a lower mesh density in other sections. Tetrahedral 
elements were used, and to avoid increasing the element 
aspect ratio, the growth of element size was gradual. 

Boundary layer elements were also applied for this problem. 
In order to evaluate the independence of the model response 
from the number of elements, the problem of the simple tube 
condenser with three different meshes has been analyzed. 
For this purpose, the effect of increasing the elements on the 
calculated heat transfer coefficient for four tubes were 
compared. In addition, the Skewness technique was used to 
check the quality of geometry meshing. Figure 2B shows a 
histogram of the elements percentage distribution for 
different Skewness values. The average Skewness of the 
elements used in this study was 0.22. 

 

 
Figure 2. (A) Meshing of the CFD model, showing higher mesh density near the cooling tubes and coarser elements away from 
the tubes. (B) Histogram of element skewness values to assess mesh quality; average skewness = 0.22. 
 
Model Validation 
 
To assess the validity of the utilized simulations in this 
study, the Nusselt’s theory were examined (Bonneau et al., 
2019) to compare the achieved results from analytical and 
numerical analyses for condensation on a single tube with 
vapour at rest. The hypotheses for the horizontal tube 
study can be summarize as follow, 
 
1. The surrounding vapour is at rest and saturated. 
2. The wall temperature is uniform and the laminar and 

purely orthoradial condensate flow around the tube 
surface could be considered. 

3. The shear stress at the liquid and vapour interface can 
be ignored in the condensate film. 

4. The heat is transferred by conduction through the 
condensate film. 

5. The condensate properties are taken during analysis at 
saturation as well. 

 

Equation of momentum for a two-dimensional stationary purely 
orthogonal flow within a film is as Eq. 1 and can be obtained as 
Eq. 3 using the mentioned boundary condition in Eq. 2, 
 

𝑣𝑙
𝜕2𝑢

𝜕𝑟2
+ 𝑔𝑠𝑖𝑛(𝜃) = 0                                                                  (1) 

 

{
𝑢(𝑟 = 0) = 0  (𝑛𝑜 𝑠𝑙𝑖𝑝 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦)

(
𝜕𝑢

𝜕𝑟
)
𝛿
= 0  (𝑛𝑜 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑡 𝑣𝑎𝑝𝑜𝑢𝑟 − 𝑙𝑖𝑞𝑢𝑖𝑑 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒) 

        (2) 

 

𝑢(𝑟, 𝜃) =
𝑔

2𝑣𝑙
sin(𝜃) 𝑟(2𝛿 − 𝑟)                                                       (3) 

 
Therefore, the mean velocity over the film is as follow, 
 

𝑢 =
1

𝛿
∫ 𝑢𝑑𝑟
𝛿

0
=

𝑔

3𝑣𝑙
sin(𝜃) 𝛿2                                                                      (4) 

 
Considering the mass balance is achieved over a portion of 
the condensate film (Bonneau et al., 2019), and substituting the 
equations, the heat transfer coefficient over the tube can be 
calculated as follow (Eq. 5),  
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h̅ =
1

𝜋
∫ ℎ𝑑𝜃 = 0.728 (

𝜌𝑙𝑔𝜆𝑙
3Δℎ𝑣

𝜈𝑙𝐷0ΔT
)
1 4⁄

𝜋

0
                                                    (5) 

 
The simulations in two different pressures were 
performed and the calculated heat transfer coefficients 
were compared with the ones calculated from above-
mentioned equation to check the validity. 
 
Numerical Modeling 
 
The first solution domain was related to the in-tube water 
which was a fluidic solution. The boundary condition at the 
inlet and outlet of the tubes were flow type and pressure 
type, respectively. In the simulations, the boundary 
condition at the inlet and outlet of the tubes were flow type 
and pressure type, respectively. The inlet vapor velocity was 
set to 0.1 m/s with temperature equal to 100° C. The outlet 
pressure was set to 1 bar. The CFD simulations were 
conducted using a Mixture multiphase model with thermal 
phase change activated to simulate condensation. The 
saturation temperature was set to 100 °C, and the 
interphase heat transfer was modeled using the Two-
Resistance approach, with zero resistance for the liquid 
phase and the Ranz–Marshall correlation for the vapor 
phase. This setup ensures that the latent heat associated 
with condensation is accurately captured. While the Mixture 
model does not explicitly track the interface, it provides a 
volume-averaged representation of the two-phase flow, 
which is sufficient to capture the macroscopic condensation 
dynamics under the flow conditions studied. To ensure fully 
developed flow at the tube inlet, a portion of the tube was 
analyzed, and a pre-calculated velocity profile from a 
validated previous study was applied as the inlet boundary 
condition. This approach guarantees that the velocity 
boundary layers are fully developed at the entrance, 
minimizing flow disturbances and providing accurate 
predictions of condensation and heat transfer while 
reducing computational effort. The second solution domain 
was related to the water vapor which was a fluidic solution, 
as well. The flow regime was considered as turbulent and 
the k-ε model was used for fluidic modeling. Gravity 
acceleration was considered in all of fluid solutions. In this 
case, the condensation of steam was deliberated in 
simulations. Hence, a phase change could occur in the water 
vapor domain solution. The last solution domain was related 
to the solid tube wall which was made of copper and its heat 
transfer was evaluated.  
 
The governing equations for the viscous fluid flow in the 
turbulent state are expressed by the time-averaged Navier-
Stokes equations. Using time-averaging of the continuity 
(conservation of mass) and motion (conservation of 
momentum), the basic equations are as following equations 
(Eq. 6 to 8). 
 

𝜌
𝜕𝑈𝑖

𝜕𝑥𝑖
= 0                (6) 

 

𝜌𝑈𝑖
𝜕𝑈𝑗

𝜕𝑥𝑖⏟    
𝛪

= −
𝜕𝑃

𝜕𝑥𝑗⏟
𝛪𝛪

−
𝜕𝜏𝑖𝑗

𝜕𝑥𝑖⏟
𝛪𝛪𝛪

+ 𝜌𝑔𝑗⏟
𝛪𝑉

              (7) 

 
Ι: Momentum convection 
ΙΙ: Surface force 
ΙΙΙ: Molecular-dependent momentum exchange (diffusion) where 
 

 𝜏𝑖𝑗 = −𝜇(
𝜕𝑈𝑗

𝜕𝑥𝑖
+
𝜕𝑈𝑖

𝜕𝑥𝑗
) +

2

3
𝛿𝑖𝑗𝜇

𝜕𝑈𝑘

𝜕𝑥𝑘
 

 

ΙV: Mass force 
 

𝜌𝑐𝜇𝑈𝑖
𝜕𝑇

𝜕𝑥𝑖⏟      
𝛪

= −𝑃
𝜕𝑈𝑖

𝜕𝑥𝑖⏟
𝛪𝛪

+ 𝜆
𝜕2𝑇

𝜕𝑥𝑖
2⏟  

𝛪𝛪𝛪

− 𝜏𝑖𝑗
𝜕𝑈𝑗

𝜕𝑥𝑖⏟  
𝛪𝑉

             (8) 

 
Ι: Convective term 
ΙΙ: Pressure work 
ΙΙΙ: Heat flux (diffusion) 
ΙV: Irreversible transfer of mechanical energy into hea 
 
Two-equation turbulence models have been extensively used 
to simulate the flow field and heat transfer in mechanical 
engineering applications. In this study, the standard k-ε model 
was used. The governing equations for fluid flow in this model 
are expressed by following equations (Eq. 9 and 10); 
 

     (9) K:  
𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[
𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑗
] + 2𝜇𝑡𝐸𝑖𝑗𝐸𝑖𝑗 − 𝜌𝜀 

  (10) ε:  
𝜕(𝜌𝜀𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[
𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
2𝜇𝑡𝐸𝑖𝑗𝐸𝑖𝑗 − 𝐶2𝜀𝜌

𝜀2

𝑘
 

 
Finite volume method was applied for numerical analyses 
using CFX software (ANSYS Inc., PA, USA). The pre-
processing, problem solving and post-processing steps 
were performed in CFX-Pre, CFX-Solver and CFX-Post 
sections, respectively. 
 
RESULTS 
 
Based on the meshing sensitivity analyses, increasing the 
number of elements from 2983010 to 3866178 resulted in 
less than 0.0003% change in calculated results (Figure 3). 
Hence, the total number of elements were 2983010 for 
solving the problems in in this study. The calculated heat 
transfer coefficients from the model were in good 
agreement with those calculated from the Nusselt’s theory 
(Figure 4A), which confirmed the validity of this numerical 
modeling. The difference between the calculated results 
for the numerical solution and Nusselt formula was 4%. 
 
The inlet profile to the cooling tubes was individually 
extracted from the achieved result from the simulations of 
the different tube types. Figure 4B presents the velocity 
vectors in tubes. The velocity component in the main 
simulations was choosen based on the values after the flow 
in the tube has been fully developed. During the solutions, 
the sensitivity analyses regarding the independence of the 
results from the number of iterations were performed and 
verified the accuracy of the model (Figure 5A). The liquid 
volume fraction parameter, defined as the ‘proportion of 
element space occupied by the liquid phase to all phases,’ 
was monitored at two different points. When this 
parameter remained constant during the solution, it 
indicated the convergence of the numerical modeling 
(Figure 5A). Figure 5B shows the absolute pressure 
contour in one of the modeled heat exchangers. The 
pressure throughout the heat exchanger was almost 
constant but due to the gravity, the pressure at the bottom 
of the heat exchanger was higher (Figure 5B). 
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Figure 3. Results of mesh sensitivity analysis, showing the effect of increasing the number of elements on the calculated heat 
transfer coefficient. 
 

 
Figure 4. (A) Comparison of the heat transfer coefficient calculated by Nusselt’s theory and numerical CFD simulations for 
validation purposes. (B) Fully developed velocity profiles at the inlet of the cooling tubes for different tube geometries. 
 

 
Figure 5. (A) Convergence analysis showing the independence of results from the number of iterations. (B) Absolute pressure 
contour in the heat exchanger, indicating pressure variation due to gravity along the tube bundle. 
 
The path of steam in the heat exchanger is shown by the 
streamlines in Figure 6A. The steam rose again after moving 
downward in the heat exchanger, and this movement repeated 
periodically (Figure 6A). Furthermore, Figure 6B presents the 
velocity contour in a plane section. Velocity differences in 
distinct parts of the heat exchanger resulted in non-uniform 

steam flow along the walls of the cooling tubes. Consequently, 
as shown in Figure 6C, the temperature distribution on the 
walls of the cooling tubes did not exhibit a uniform pattern and 
was influenced by the scattered movement of steam, which can 
be investigated by following the streamlines. 
 

 

 
Figure 6. (A) Streamlines of vapor velocity in the heat exchanger, showing the path of steam and recirculation regions. (B) Velocity 
contour in a plane section, highlighting non-uniform flow along the tube walls. (C) Temperature distribution on the wall of the 
cooling tubes, showing areas of enhanced heat transfer corresponding to steam movement. 
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Figure 7A shows a section of the steam temperature contour. 
The steam temperature was almost constant throughout the 
heat exchanger, with a temperature decrease observed only at 
the points of contact with the cooling tubes (Figure 7A). The 
collision of steam with the walls of the cooling tubes resulted in 
steam condensation. Figure 7B shows a volumetric view of the 
condensed liquid volume fraction at the points of contact with 

the cooling tubes. The acceleration due to gravity caused the 
condensate to fall onto the lower tubes, which affected the 
performance of these tubes (Figure 7B). Figure 7C presents the 
contour of the condensed liquid volume fraction. The increase 
in the volume fraction of the condensate at lower heights of the 
heat exchanger was due to this phenomenon (Figure 7C). 
 

 

 
Figure 7. (A) Steam temperature contour in a plane section, indicating uniform temperature except near the tube walls. (B) 
Volumetric view of the condensed liquid volume fraction at the points of contact with cooling tubes. (C) Contour of the condensed 
liquid volume fraction in a plane section, showing accumulation of condensate at lower positions due to gravity. 
 
DISCUSSİON AND CONCLUSION 
 
Understanding the effect of tube type for enhancing the 
efficiency of the condensation outside horizontal tubes is of 
great value for design of heat exchangers. This study provided 
a CFD modeling approach of the heat transfer analyses to 
compare the efficiency of the aforementioned different types of 
horizontal oriented condensation system. For this purpose, 
two-equation turbulence models were used to simulate the 
flow field and heat transfer in the three models. The validity of 
these numerical simulations was already verified; however, to 

further validate the findings, future experimental studies will 
be conducted to compare the CFD results with real-world data, 
addressing the need for experimental verification. 
 
The main contribution of this study was to compare the 
performance patterns of three different modeled heat 
exchangers. Figure 8 compares the heat transfer coefficient 
outside the tubes for the three types of heat exchangers. The 
relationship between the heat transfer coefficients of different 
tubes in these heat exchangers is also presented in Figure 8. 
 

 

 
Figure 8. Heat transfer coefficient distribution along the tube exterior for the three types of heat exchangers, comparing simple, 
finned, and grooved tubes. 
 
Figure 9 compares the average heat transfer coefficient for 
the three types of heat exchangers. As it was observed, the 
percentage increase in the heat transfer coefficient 
parameter was increased 906% for cooling tubes with 
external fin compared to a simple tube. This percentage 
was 983% for the tube with internal groove. This showed 
that adding an inner groove to the tube leads to 77% 
increase in heat transfer coefficient. 
 
Due to the increase in heat transfer in heat exchangers 
equipped with finned and grooved tubes, it can be 

expected that the rate of steam condensation in these heat 
exchangers is higher, which could be beneficial for 
designers. The percentage of outlet condensate relative to 
the total outlet fluid from the heat exchanger was 
quantified for the three models at 100 kPa, as presented in 
Figure 10. The percentage of outlet condensate in the heat 
exchanger with finned and grooved tubes was 
approximately 4.8 times that of the heat exchanger with a 
simple tube (Figure 10). Despite these advantages, a 
drawback of finned and grooved tubes is that pure water 
should be used to prevent sediment formation.
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Figure 9. Average heat transfer coefficient for the three types of heat exchangers, highlighting the performance improvement due 
to fins and grooves. 
  

 
Figure 10. Percentage of outlet condensate relative to total outlet fluid for the three heat exchanger configurations 
 
Based on achievements in this study, a comprehensive 
parametric optimization study, investigating the effects of 
varying fin and groove dimensions (e.g., height, spacing, angle) 
on the performance of heat exchangers were performed in 
another works from our team. The process of fin and groove 
geometry optimization involved the coupling of CFX and 
Design Explorer software in aforementioned study. In future 
studies, it is already planned to include a detailed analysis of the 
hydraulic performance of the heat exchangers, including 
pressure drop calculations and their effect on overall system 
efficiency. We should clarify that the reported 906% increase 
in heat transfer is presented with uncertainty analysis, and the 
physical mechanisms responsible for this enhancement are 
discussed in detail. Potential limitations, including increased 
pressure drop, fouling, and cost implications, are addressed. 
Future research will focus on experimental validation and 
parametric studies to optimize the design under realistic 
operational conditions. The industrial applicability of the 
proposed tube geometries must consider potential challenges 
such as increased manufacturing costs, material selection, and 
the impact on system design. Further analyses will be 
conducted to evaluate these factors in real-world applications. 
 
In conclusion, this study compared the effect of three different 
types of horizontally oriented condensation systems (i.e., a 
simple tube, a tube with external fins, and a tube with internal 
grooves) on various heat transfer parameters using CFD 
modeling. The overall findings indicated improved 

performance of the heat exchangers for systems with external 
fins and internal grooves. These results highlight the 
importance of cooling tube geometry on heat exchanger 
performance and suggest that further studies are needed in this 
field. The design of fins and grooves can significantly affect the 
performance of heat exchangers, and determining the optimal 
geometry should be a focus of future investigations. 
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