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Abstract

Efficient condensation is fundamental for high-performance passive two-phase heat transfer
devices, such as grooved heat pipes, which are widely used in thermal management for
electronic, automotive, aerospace and energy systems. Enhancing condensation heat
transfer requires precise control of the condensate distribution and liquid drainage, which
can be achieved through the optimization of fin geometry. This study investigates the
condensation heat transfer over rectangular, trapezoidal and inverted trapezoidal fins
under horizontal and vertical downflow conditions for four refrigerants (R134a, R245fa,
R290 and R717) by means of three-dimensional steady-state CFD simulations using the
volume-of-fluid (VOF) method. The fin surfaces, inspired by grooved wick heat pipes,
are aimed at improving condensate removal and overall condensation heat transfer. The
numerical model is validated through comparison with experimental data taken from
the literature. Numerical results show that ammonia achieves the highest condensation
heat transfer, due to its favorable thermophysical properties. In horizontal flow, inverted
trapezoidal and rectangular fins yield up to 10% higher heat transfer than trapezoidal
fins, with the inverted trapezoid promoting a more uniform condensate film. Vertical
downflow enhances gravity-driven drainage, producing thinner, more stable films and
up to 88% higher local heat flow rates in the grooves. These results provide insights into
the coupled influence of geometry, working fluid, and flow conditions on condensation
mechanisms, offering useful guidelines for the design and optimization of condensers in
passive heat transfer devices.

Keywords: condensation; fins; volume-of-fluid; heat pipe

1. Introduction

The growing demand for energy efficiency, sustainability and reliable thermal man-
agement has intensified the need for high-performance heat transfer systems [1,2]. From
power generation and industrial processes to electronics and electric mobility, effective heat
management is essential to ensure stable operation and prevent thermal failure. Conven-
tional active cooling systems, such as vapor-compression or liquid-loop setups, often face
limitations related to complexity, energy consumption and maintenance requirements.

In this context, passive two-phase heat transfer devices, such as heat pipes and loop
heat pipes, have attracted increasing attention due to their ability to transport large heat
loads with minimal temperature gradients and without any external power input [3-5].
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Among them, grooved heat pipes play an important role, using capillary grooves along the
inner wall to return the condensate to the evaporator instead of a porous wick structure,
providing a simpler and often more manufacturable solution for high-heat-flux applica-
tions. Due to these advantages, grooved heat pipes are being increasingly adopted in
various fields, including thermal management of power electronics and electric vehicles,
aerospace systems, waste heat recovery, and nuclear and renewable energy systems. Their
compactness, reliability and passive operation make them suitable for next-generation
sustainable thermal systems.

The overall performance of a grooved heat pipe is strongly influenced by the phase-
change phenomena occurring within it, particularly the condensation process in the con-
denser section, which governs both the liquid return via the grooves and the overall heat
removal capability. A detailed understanding of condensation mechanisms and their
enhancement strategies is therefore crucial for improving the efficiency of these systems [6].

Two main strategies are widely explored to promote condensation: increasing the
effective heat transfer surface area and reducing the thickness of the liquid film. A thin-
ner condensate layer minimizes the thermal resistance concentrated within the film itself,
thereby improving the overall heat transfer [7]. Several methods for reducing the film thick-
ness have been proposed in the literature, including gravitational drainage, vapor shear,
centrifugal forces, electromagnetic fields [8] and wall suction through porous media [9,10].

Among these, surface finning stands out as one of the most efficient passive
techniques [11]. It enhances heat transfer without relying on external forces or consuming
additional energy. By introducing microscale or mesoscale structures, such as pin fins,
dimples, protrusions, metal foams, or twisted tape inserts, finned surfaces increase the
effective area for condensation and promote more efficient condensate drainage through
the combined action of gravity, surface tension, and capillary forces [12].

However, fabricating such complex geometries at a small scale poses significant
challenges to traditional machining methods (e.g., milling, shearing, drilling, casting).
Nevertheless, recent advances in additive manufacturing have opened the pathway for the
design and fabrication of customized geometries that are tailored to specific requirements.
A growing field of research has demonstrated the potential of this technology in developing
high-performance thermal systems [13-16].

Despite the extensive research on the geometry optimization of finned surfaces for
improved heat transfer [17-19], the influence of surface geometry on the condensation
process, especially in the typical flow conditions expected inside heat pipes, remains
only marginally addressed in the literature. The mechanisms governing condensate film
distribution and drainage within grooved channels are still not fully understood, even
though they play a decisive role in the overall thermal performance. Understanding these
mechanisms is therefore essential to guide the geometry optimization of high-performance
heat pipe condensers.

Only a limited number of studies have investigated the optimization of fin geometry
for condensation heat transfer. Among them, Barakhovskaia and Marchuk [20] identified
the most appropriate fin shape for condensation experiments under microgravity, which
is able to guarantee a stable flow of the condensate film under the effect of a constant
capillary pressure gradient. Glushchuck et al. [21,22] experimentally tested a 10 mm tall,
curved brass fin, cooled from the base and designed to maximize the condensate flux under
various gravity conditions during a parabolic flight campaign. In [21], they studied a
cylindrical fin that was 24 mm in height and 3 mm in width and concluded that areas with
high surface tension, such as those near the corner and the sides of the fins, provide 10-15%
of the total heat load and, therefore, their effect on the heat transfer is non-negligible.
Kedzierski and Webb [23] experimentally demonstrated that large surface curvatures and
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curvature gradients enhance condensate drainage driven by surface tension. Their re-
sults indicated that fins with pronounced curvature, such as tall and slender geometries,
promote more effective condensate removal and, consequently, higher heat transfer coeffi-
cients. Ho et al. [24,25] and Ho and Leong [26] investigated vapor condensation on vertical
aluminum-alloy plates fabricated by selective laser melting (SLM) with integrated pin-fin
arrays (conical, sinusoidal, cylindrical), studying fin shape and height, and performing
visual observations of fluid retention height and its impact on heat transfer enhancement.
Their results demonstrated that optimized pin-fin geometries can reduce the liquid re-
tention height and yield to heat transfer coefficients up to 50% higher than those of the
equivalent longitudinal fins. In particular, compared to cylindrical and longitudinal pin fins,
conical and sinusoidal designs enhanced heat transfer by promoting condensate drainage
via surface-tension effects, with conical fins reducing retention through their 3D curvature
and sinusoidal fins guiding condensate from tip to base, both resulting in higher heat
transfer coefficients.

Building upon the insights gained from experimental studies, several modeling ap-
proaches have been developed. Adamek and Webb [27] developed an analytical model to
predict the condensation rate in the drainage channel of a vertical finned plate. While de-
veloped for rectangular geometry, the model can be adapted to other shapes, and it showed
excellent agreement with the experimental data by Kedzierski and Webb [23]. Marchuk and
co-authors developed theoretical models to optimize fin shapes for maximizing condensate
outflow. In refs. [28,29], they applied the calculus of variations and lubrication theory to
identify optimal curved surfaces. In later works [30,31], they extended this analysis to
three-dimensional models for film condensation on curved surfaces. Wang et al. [32] per-
formed a numerical study of film-wise condensation on fluted fins in a vertical tube. They
conducted a systematic analysis on fins’ number and geometry and derived a condensate
thickness equation by simplifying the Navier-Stokes equations. Ho et al. [33] developed a
theoretical model for film-wise condensation of steam on 3D pin fins fabricated via SLM,
accurately predicting the experimental average heat transfer coefficient with a maximum
deviation of 8.3%.

Currently, the design of two-phase flow systems relies on semi-empirical
correlations [34,35] which only provide accurate predictions for working fluids and fin
geometries that are included in the database used for the correlation development. As a
result, the development of accurate and widely applicable models often requires exten-
sive experimental efforts, both to generate new data and to validate predictive tools [36].
An alternative approach lies in the use of numerical models based on the Navier-Stokes
equations, coupled with energy conservation principles. These models not only enable
the prediction of finned surface heat transfer but also provide insight into the complex
dynamics of condensate films. In this context, computational fluid dynamics (CFD) simu-
lations are expected to play a growing role, offering the potential for accelerated design
procedures and a deeper understanding of the underlying physical mechanisms governing
two-phase heat transfer. While topology optimization techniques have shown great success
in single-phase applications [37,38], their extension to two-phase flows remains limited.
The challenges arise from the complexity of multiphase interactions, the necessity of ad-
vanced interface capturing models, and the complex coupling between momentum, heat
and mass transfer processes. Moreover, relatively few studies in the literature have tackled
the detailed modeling of condensation over finned surfaces. The flow regimes at low mass
flux, characterized by the dominance of surface tension forces and the presence of interfacial
instabilities, present significant numerical challenges. Despite their complexity, low mass
fluxes are of considerable practical relevance. They are frequently encountered in passive
thermal management devices such as heat pipes [3], but are also in vapor compression
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systems operating under partial load conditions. Addressing the modeling challenges in
these low flow rates regimes is therefore critical to the advancement of the design and
performance of two-phase heat transfer systems.

Over the past decades, the volume-of-fluid (VOF) method [39] has emerged as a
reliable computational technique for simulating two-phase flows, which are particularly
effective in tracking liquid—-vapor interfaces [40]. At the same time, the Lee model [41] has
gained wide adoption in the literature [42,43], due to its simplicity, capability to simulate
phase change without a predefined interface, and applicability under a wide range of
operating conditions.

Building upon the capabilities of these numerical methods, the present study aims
to expand the limited knowledge on condensation heat transfer in grooved heat pipes by
performing steady-state numerical simulations with various fin geometries. Specifically,
three-dimensional CFD simulations are carried out in Ansys Fluent, using the volume-of-
fluid (VOF) method to evaluate the effects of fin shape on condensate film distribution
and local heat flux profiles. The simulations are performed under conditions that are
representative of condensation in grooved heat pipes, with a saturation temperature of
40 °C and low mass fluxes (5-30 kg m~2 s~ !). Although condensate return in grooved heat
pipes is capillary-driven, a fixed mass flux is imposed here to reproduce representative
local condensation conditions and to enable controlled evaluation of fin-induced drainage
and heat transfer enhancement, as may also occur under low-flow or forced-flow regimes
in other two-phase systems (e.g., loop or mechanically pumped heat pipes).

The numerical model is validated against the experimental data reported in the litera-
ture to ensure accuracy and reliability. Upon validation, three fin geometries (rectangular,
trapezoidal, and inverted trapezoidal) are simulated to investigate the influence of ge-
ometry configuration on heat transfer and condensate flow characteristics. Moreover, in
the context of the global phase-down of hydrofluorocarbons (HFCs) associated with their
high global warming potential (GWP) [29], the study includes a comparative performance
analysis of conventional refrigerants (R134a, R245fa) and low-GWP natural alternatives,
such as propane and ammonia.

2. Numerical Model

The next sections outline the adopted numerical approach, starting with the descrip-
tion of the VOF method and followed by the Lee model [41] to account for phase change.

2.1. VOF Method

The volume-of-fluid method is one of the most widely used approaches in computa-
tional fluid dynamics (CFD) to track the vapor-liquid interface without using any empirical
closure law to model the interaction between the phases. A scalar field called “volume
fraction” (i.e., ar) is used, which represents the portion of the volume in the computational
cell filled with one phase.

In the VOF method, the two-phase mixture is considered as a single fluid whose
properties vary according to the volume fraction «;. The properties ¢ of the two-phase
mixture (viscosity y, density p, thermal conductivity A) are calculated in each computational
cell, using an arithmetic mean:

¢= orap+oyv(l—ar) 1)

For the simulations, four different working fluids have been considered: R134a, R245fa,
R290 (propane) and R717 (ammonia). All thermodynamic and transport properties have
been considered to be temperature dependent and are computed using REFPROP 10.0 [44]
(Table 1).
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Table 1. Thermodynamic and transport properties of R134a, R245fa, R290 and R717 at 40 °C saturation

temperature, obtained from REFPROP 10.0 (Lemmon et al. [44]).

R134a R245fa R290 R717
GWP100.years 1430 1030 3 0

M [kg kmol ] 102.0 134.0 44.1 17.0
Psat [bar] 10.2 25 13.7 15.5
Pred [/] 0.3 0.1 0.3 0.1

or [kg m~3] 1146.7 1296.7 467.5 579.6
pv [kg m~3] 50.1 14.0 30.2 12.0
pr/pv /] 22.9 92.5 15.5 48.2

pr [uPas] 161.4 329.1 82.6 110.2

AL [mMWm~ 1 K™1] 74.7 83.3 86.9 436.1

hy [k kg1 163.0 182.3 307.1 1099.7
o [mNm™!] 6.1 11.7 5.3 17.1

The following continuity, volume fraction and energy equations, which include the
mass source term S due to phase change, are solved:

ag;w.(m):; @
WY 49 (a ) :_psv ©)
@+V'(Pcplﬂ ﬂ)) :V-(/\erT) + S hry (4)

where T is the cell temperature, A, ff is the effective thermal conductivity, iy is the enthalpy
of vaporization, and ¢y, is the specific heat at constant pressure.

%
In the momentum equation, the surface tension force F is also taken into account:

d pﬁ T -
<at)+v.(p;;z) — Vp+t v.[(y+yt)(vﬁ+vﬁ )} +pg+Fs 0

. . ——
The momentum equation accounts for the convective momentum term V-( puu |,

T
pressure gradient (Vp), viscous and turbulent diffusion (V- [(y + 1) <Vﬂ> +Vu )] ) ,

gravitational acceleration (pz) and surface tension force (F,) acting at the vapor—
liquid interface.

In Ansys Fluent, two surface tension models are available: continuous surface force
(CSF) and continuous surface stress (CSS). The first approach evaluates surface tension as
a pressure jump across the interface, computed using the continuum surface force (CSF)
model proposed by Brackbill et al. [45]. In the CSF method, the surface tension force is
computed as follows:

N
Fo— o 20V ©)
(pL+pv)
where ¢ is the surface tension and « is the surface curvature, evaluated as follows:
Va
x=V Val (7)

The CSS method does not require explicit curvature calculations, making it more
physically accurate in areas that are adjacent to an undercut. Furthermore, its conservative
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formulation inherently accounts for surface tension effects without the need for additional
correction terms to handle variable surface tension.

The least squares cell-based method is used for the evaluation of gradients. For
VOF calculations, the modified High-Resolution Interface Capturing (HRIC) scheme [46]
is employed. Pressure interpolation is handled with the Pressure Staggering Option
(PRESTO!) scheme [47], while the SIMPLE algorithm [48] is used for pressure—velocity
coupling. Convective terms in the momentum, turbulence, and energy equations are
discretized using a First-Order Upwind scheme [49]. As reported by Da Riva et al. [50],
the effect of mass flux on condensation heat transfer can be predicted only when the
turbulence in the liquid film is considered. Depending on the mass flux and the position
along the fin surface, both laminar and turbulent regimes may occur, since the local film
thickness and velocity vary both axially and along the curvilinear coordinate. For this
reason, turbulence is modeled using the SST k-w approach (for a more detailed discussion,
refer to Appendix A). In this method, the Menter’s low-Reynolds-number shear stress
transport (SST) model [51] is used throughout the computational domain.

2.2. Phase-Change Modeling

In order to achieve higher modeling accuracy, it is recognized that a small temper-
ature drop occurs at the liquid—vapor interface, due to molecular kinetics during con-
densation. This drop is confined to a very thin region on the vapor side, typically span-
ning only a few molecular mean free paths, and ensures a finite condensation rate. Vari-
ous correlations exist in the literature to estimate the interfacial heat transfer coefficient
(e.g., Berman [52]; McNaught and Butterworth [53]; Wang and Rose [54]). For the operating
conditions considered in this study (Ts; = 40 °C), these correlations predict interfacial
heat transfer coefficients in the order of 10°~10” W m~2 K~!. Typical condensation heat
transfer coefficients under the present operating conditions are instead in the order of
103-10* W m~2 K~ 1. Therefore, the interfacial thermal resistance is negligible, and the in-
terfacial temperature is assumed to be equal to the saturation temperature. This assumption
is commonly adopted in the literature (e.g., Da Riva et al. [40,50]). Nebuloni and Thome [55]
explicitly accounted for interfacial mass transfer resistance in film condensation within
mini- and micro-channels of various cross-sectional geometries, and they concluded that
its effect is negligible during condensation of R134a and ammonia under the investigated
operating conditions.

The phase change is modeled using the numerical method proposed by Lee [41], which
defines the source term S, which is expressed as follows:

T—T
S=—rarpr T sat T > Tsat (8)
sat
Tsat — T
S = 1”(1 — DCL)pv% T < Tsat (9)
sat

where 7 is an empirical coefficient called the mass transfer intensity factor.

To avoid numerical convergence issues, the mass transferred between phases at each
computational step should never exceed the total mass of the first phase that is initially
present in the cell. Accordingly, the source term S is proportional to the products (1 — ar)py
or arp; that represent the amount of vapor or liquid present in the cell, respectively.
This ensures that cells in the vapor phase do not fall below the saturation temperature,
and cells in the liquid phase do not exceed it. At convergence, the interface reaches the
saturation temperature, while the liquid and vapor cells stabilize at slightly lower and
higher temperatures, respectively. As previously discussed in [42,43], the optimal value
of the coefficient r strongly depends on the specific problem, and suitable values must
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be determined for each case. It varies with the fluid, geometry and mesh resolution.
With a coarse mesh, the VOF method is unable to accurately capture the liquid—vapor
interface, leading to unphysical condensation patterns. Progressive mesh refinement,
ensuring an adequate number of cells across the developing liquid film, results in numerical
predictions that asymptotically approach a grid-independent solution. In parallel, it was
observed that finer meshes required proportionally higher values of the factor r to maintain
thermodynamic equilibrium at the interface (i.e., an interfacial temperature equal to the
saturation temperature). However, excessively high values of r introduced numerical
instabilities due to the stiffness of the associated source term. In the present work, with a
mesh consisting of approximately 5 million elements, a value of r 2 10°s~! was selected,
ensuring that the deviation between the area-averaged interfacial temperature and the
saturation temperature remained within 0.5 K. Further increases in the phase-change
coefficient beyond this order of magnitude result in negligible variations in the liquid film
thickness (with a mean absolute percentage error of about 3%) and in the overall heat
transfer rate (below 2%), indicating convergence with respect to both interfacial position
and condensation heat transfer predictions.

2.3. Computational Domain, Meshing and Boundary Conditions

This study investigates the thermal performance during condensation of four refriger-
ants (R134a, R245fa, R290 and R717) on finned surfaces, each characterized by a different fin
shape: rectangular, trapezoidal and inverted trapezoidal. Figure 1 schematically illustrates
the numerical setup and boundary conditions for the rectangular fin; the same conditions
are applied to the other two geometries. The model adopts a simplified 3D half-domain
representation, assuming symmetry across both the central plane and the lateral wall to
replicate a periodic array of fins that represent the grooved condensing structures used in
wick heat pipes. Adiabatic boundary conditions are applied to the solid walls at both the
inlet and outlet of the modeled geometry to prevent non-physical heat transfer at the axial
edges. Saturated vapor at 40 °C enters the domain, and condensation is driven solely by
heat removal through the finned surface, where a constant wall temperature of 30 °C is
imposed at the bottom boundary.

/ Js vertical

l @ horizontal

Pressure
Outlet

Velocity Inlet
T =313.15K

E
=
™
£
£
™

T=303.15K

10 mm

Figure 1. Computational domain and boundary conditions for the rectangular fin geometry. The
cross-sectional view (left) shows the imposed symmetry planes and the constant wall temperature
applied at the fin base. The isometric view (right) illustrates the three-dimensional half-domain
representation, including the vapor inlet and outlet boundaries.
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The inlet vapor mass flux is varied between 5 and 30 kg m~2 s~!. The application of a
constant mass flux does not allow to reproduce the overall operation of a complete heat
pipe, in which the condensate return is governed by capillary pressure generated within the
grooved structure. Instead, the present approach is intended to represent controlled local
condensation conditions within the condenser section, enabling a systematic investigation
of the effect of fin geometry, working fluid, mass flux, and orientation on liquid film
behavior and local heat transfer mechanisms.

All simulations are performed under steady-state conditions. Two fin orientations
are considered for the simulations: horizontal and vertical. Accordingly, the gravitational
acceleration vector is aligned along the y-axis for the horizontal configuration and along
the z-axis for the vertical one. Figure 1 also shows the direction of the imposed flow. The
fin height is 3 mm, the base width is 2.5 mm and the domain length is 30 mm.

To accurately capture the condensate film profile, evaluated at three axial positions
(10 mm, 15 mm and 20 mm from the inlet, as shown in Figure 2), a static mesh with local
refinement near the fin surface is employed. Each fin geometry is discretized with approxi-
mately 5 million mesh elements. A mesh independence study (Appendix B) demonstrated
that, relative to the medium mesh (2.5 million elements), further refinement to 5 million
elements resulted in variations of less than 2% in the local liquid film thickness and below
5% in the mean heat flux. Combined with the convergence observed with respect to the
phase-change coefficient, these results confirm that the main heat transfer trends and en-
hancements discussed in this work are robust with respect to numerical sensitivity. Figure 2
also illustrates the mesh refinement near the corners and the base of the rectangular fin.
Following the recommendation in [47], regions where surface tension effects dominate
are discretized with quadrilateral cells to ensure better interface alignment and improved
numerical stability.

Figure 2. Computational mesh near the rectangular fin surface, highlighting local refinement at the
fin corners (left) and base (right), where surface tension effects dominate. Axial planes along the fin
z-coordinate indicate where the liquid film thickness and heat flux are evaluated.

3. Validation of the Numerical Method

To ensure the accuracy and reliability of the numerical model, a two-stage validation
strategy has been implemented. The first step consists of an analytical validation, through
which the results of two-dimensional simulations are compared with theoretical predic-
tions derived from Nusselt’s film condensation theory [56]. This comparison, detailed in
Appendix C, demonstrates excellent agreement between the numerical outcomes and the
analytical solution.

To further assess the model’s predictive capability, the second stage of validation, pre-
sented in Section “Simulations Against Experimental Data”, is based on a comparison with
the available experimental data from the literature. Although the experimental validation
uses HFE-7100 (data taken from Glushchuk et al. [21], Brussels, Belgium), its main purpose
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is to assess the model’s capability to capture the dominant physical mechanisms governing
film-wise condensation and liquid film distribution on finned surfaces. The extension to
other refrigerants relies on the explicit inclusion of thermophysical properties in the gov-
erning equations, which directly account for differences in surface tension, latent heat, and
liquid thermal conductivity. A comprehensive experimental validation for the refrigerants
considered in this study is planned through dedicated experimental campaigns.

Simulations Against Experimental Data

To validate the numerical model, the experimental results reported by Glushchuk et al. [21]
are considered here. In their investigation, they measured the liquid film thickness formed
during condensation of HFE-7100 (properties available in [57]) on a single cylindrical
fin under various gravitational conditions. Figure 3a shows the fin geometry used for
validation under standard gravity § As shown in the figure, the fin surface is divided
into five distinct regions, based on the predominant force governing the liquid flow:
gravitational forces or surface-tension pressure gradients (STPG) [21]. In particular, surface-
tension effects dominate near the fin tip and along the fin corners (Regions 1-3), where
curvature variations generate strong pressure gradients that drive the condensate either
toward the tip or the fin bottom. Conversely, gravity becomes the main driving force along
the cylindrical part of the fin (Region 4), where the effect of STPG is negligible. Closer to the
film-meniscus transition (Region 5), both gravity and surface-tension effects interact as the
condensate film adapts to the curvature of the surface. The optical system used to measure
the liquid film thickness, comprising an afocal setup and relying on image analysis from a
high-speed camera, displayed a measurement precision of 6 pm.

The developed numerical model adopts a simplified two-dimensional axisymmetric
representation of the fin cross-section. Boundary conditions are chosen to closely replicate
the experimental setup, which operates according to the thermosiphon principle. Specif-
ically, the pressure inlet is imposed at the top boundary, introducing saturated vapor at
47.5 °C. The right boundary is treated as adiabatic with a slip condition, while the pressure
outlet is imposed at the bottom. On the left boundary, the axisymmetric condition is applied.
No-slip conditions are imposed on the fin surfaces, and different constant temperatures
are applied along specific regions of the fin’s arc length. These temperature values were
taken from the reference study, where they were obtained through a finite element method
(FEM) analysis of the fin. Using these values allows for the heat conduction within the
brass material to be neglected in the present study, focusing instead on the thermal field
at the liquid—-vapor interface. A hybrid mesh is employed, with local refinement in the
phase-change region to ensure an accurate resolution of the condensate distribution.

Figure 3b compares the numerically predicted liquid film thickness with experimental
data along the fin surface. Overall, the numerical model reproduces the condensate distri-
bution accurately. Regions 2 and 3, located around the fin corner where surface tension
drives the liquid flow and curvature effects, are strong and exhibit an average deviation of
approximately 6.1 um, within the experimental uncertainty. Region 4, along the vertical fin
wall where gravitational drainage gradually reduces the thickness of the liquid film, shows
similarly low discrepancies. At the fin base (region 5), where the liquid accumulates and
gravitational forces dominate, the mean difference increases to 8.7 um. The largest mean
deviation (20.5 um) is observed in region 2 near the corner; however, considering that the
local film thickness in this region ranges between 107 um and 346 um, the relative error
remains reasonably small. These results demonstrate that the numerical model successfully
captures both the magnitude and the distribution of the condensate film along the fin
surface, confirming its capability to predict fin-induced drainage under the combined
influence of surface tension and gravity.
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Figure 3. Validation of the numerical model using Glushchuck et al.’s [21] experimental data under
normal gravity conditions. (a) Schematic of the fin geometry showing the boundary conditions and
regions dominated by surface tension (Regions 1-3) or gravity (Regions 4-5). (b) Comparison of the
liquid film thickness along the fin arc length s between experimental measurements (blue markers)
and numerical predictions (dotted line).

4. Numerical Results: Horizontal Configuration

In this section, the numerical results for the horizontal configuration are presented.
First, the liquid film thickness and heat transfer results for ammonia condensation over the
trapezoidal fin geometry are analyzed. The observed trends for R717 are consistent with
those obtained for R134a, R245fa and R290.

Figure 4a presents the condensate distribution at three different axial positions of the
fin at mass fluxes of 5, 10 and 30 kg m~2 s~!. At these mass fluxes, the vapor-only Reynolds
number ranges from about 1100 to 8000, while the liquid-only Reynolds number varies
between roughly 50 and 1000, indicating a laminar to transitional flow in the vapor and
predominantly laminar flow in the condensate. Under these conditions, the low-Re k-w
turbulence model is adopted because it is well-suited for capturing near-wall gradients,
transitional turbulence and viscous effects, which are critical for accurately predicting both
the condensate film thickness and the local heat transfer.
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Figure 4. Numerical results for horizontal flow condensation of R717 on trapezoidal fins at
5-30 kg m~2s71. (a) Condensate film thickness distribution along the fin surface, showing pro-
gressive film thinning with increasing mass flux. (b) Corresponding local heat flux along the fin,
highlighting the inverse relationship with film thickness: thicker liquid film regions increase thermal
resistance and reduce heat transfer, whereas thinner film regions enhance it.

From Figure 4a, a consistent pattern is observed: the condensate tends to accumulate
at the fin top, thins near the upper corner due to surface tension effects, and subsequently
drains into the fin base. This behavior reflects the combined effect of gravitational, capillary,
and interfacial forces acting on the condensate layer. Correspondingly, Figure 4b reports
the variation in local heat flux as a function of the curvilinear abscissa s for the same mass
flux values. The heat flux exchanged along the fin profile exhibits an inverse trend with
respect to the film thickness. Specifically, at the fin top, the heat flux is small due to the
thermal resistance of the thicker condensate layer. A local maximum is observed at the
fin corners, where the film is thinner and the thermal resistance is reduced. Toward the
base, a reduction in heat flux occurs again, which is associated with the presence of liquid
meniscus and condensate accumulation.

The influence of the mass flux on the liquid film distribution and condensation heat
transfer can also be observed. At the lowest mass flux of 5 kg m~2 s~ ! the condensate
film thickness and heat flux distribution along the fin remain nearly uniform when moving
from inlet to outlet. The relative difference in film thickness between 10 mm and 20 mm
cross sections is within 2% at the fin tip and within 5% at the fin base. This suggests
that at low vapor velocities, viscous forces dominate, promoting a stable and uniformly
distributed film. As a result, the heat flux shows minimal variation for the same curvilinear
coordinate. Conversely, an increase in mass flux causes a progressive thinning of the
liquid film, resulting in enhanced local heat transfer rates due to diminished thermal
resistance. This behavior is most pronounced at the 2.5 mm boundary, where higher vapor
velocities increase the interfacial shear stress and, consequently, condensate drainage. The
reduced influence of capillary and surface tension effects in this flat-surface region further
amplifies the dominance of shear-driven transport. Moreover, with the increasing mass
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flux, the variations in film distribution along the fin surface (from inlet to outlet) become
more pronounced compared to the G = 5 kg m~2 s~! case. The condensate film tends to
accumulate near the outlet, where the increased thermal resistance leads to a reduction in
local heat flux, compared to the inlet. For instance, at a mass flux of 10 kg m~2s7 1 the film
thickness increases by approximately 17% at the fin tip and up to 87% at the fin base when
comparing axial positions at 10 mm and 20 mm. This results in corresponding heat flux
reductions of 9% and 64%, respectively. The non-uniformity in film distribution becomes
even more pronounced at higher mass fluxes (i.e., 30 kg m~2 s~!), with thickness increasing
by 33% at the tip and 91% at the base, which leads to heat flux reductions of 9% and
71%, respectively.

Figures 5 and 6 illustrate the liquid film thickness as a function of the heat flux ex-
changed by R134a, R245fa, R290 and R717 on the three fin geometries at 5 and 30 kg m 2 s~
mass flux and at the midpoint position (z = 15 mm), respectively. Figure 5 shows a clear
inverse relationship between the local liquid film thickness (LFT) and the local specific
heat flux (HF) at 5 kg m~2 s~! mass flux. This behavior is consistent with that expected
for laminar condensate films on finned surfaces: a thinner liquid film corresponds to a
lower conductive thermal resistance, thereby increasing the local heat flux. If considering
ammonia trends, the data points do not collapse into a single curve: distinct branches are
visible for each fin geometry and for different positions along the fin surface. This trend
can be explained by considering the intrinsic non-uniformity of the heat flux distribution
along extended surfaces. Indeed, the local heat flux is relatively small along the fin base,
reaching the minimum value near the junction between the sidewall and the fin base, where
condensate tends to accumulate. Along the sidewall, the heat flux increases as gravity
promotes condensate drainage and limits film thickening, reaching a maximum at the
upper corner of the fin, where only a very thin layer of condensate is present. Moving
toward the fin tip, the heat flux decreases progressively. If considering the same liquid film
thickness value in Figure 5, the reduction in heat flux, relative to the fin tip, is due to the
increased conduction resistance and convective thermal losses along the fin height. This
modifies the local temperature difference AT that drives the condensation heat transfer;
in particular, areas with higher AT exhibit increased heat flux for a given film thickness,
shifting the corresponding points horizontally in the LFT-HF graph.
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Figure 5. Liquid film thickness (LFT) as a function of the local heat flux (HF) for R134a, R245fa,
R290 and R717 condensing on rectangular, trapezoidal and inverted trapezoidal fins, evaluated at
G=5kgm~2s ! and z = 15 mm. For R717, data points are highlighted in green, red, and yellow,
according to their position along the fin profile, and the blue dotted line is the ammonia liquid-
vapor interface over the fin profile. Results reflect the reduction in conductive thermal resistance
associated with thinner condensate films, which enhances the local heat transfer. Differences among
fin shapes are primarily governed by surface-tension-driven condensate redistribution induced by
local curvature variations.
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Figure 6. Liquid film thickness (LFT) as a function of the local heat flux (HF) for R134a, R245fa,
R290 and R717 condensing on rectangular, trapezoidal and inverted trapezoidal fins, evaluated at
G =30kg m~2 s~ ! and z = 15 mm. For R717, data points are highlighted in green, red, and yellow,
according to their position along the fin profile, and the blue dotted line is the ammonia liquid-vapor
interface over the fin profile. The LFT significantly reduces for all fluids compared to the lower mass
flux (5 kg m~2 s~1) due to drainage promoted by vapor shear stress.

When examining the effect of fin geometry on the condensate film, only minor differ-
ences are observed for the considered fluids at the fin tip. For ammonia, the film thickness is
about 30-38% higher for both the trapezoidal and inverted trapezoidal fins compared to the
rectangular one, which is mainly due to local surface tension effects associated with the fin
geometry. At the fin base, the film is generally thinner for the inverted trapezoidal fin, with
ammonia exhibiting the minimum thickness of 34 pm due to its high surface tension, while
the other fluids display larger values (225 um for propane and about 340 um for R134a and
R245fa). For the trapezoidal fin, the curvature increases toward the tip, which enhances the
local capillary pressure and drives the liquid away from the apex, leading to condensate
accumulation near the base. Conversely, in the inverted trapezoidal fin, the liquid tends to
be trapped in the concave regions, where surface tension hinders drainage and promotes
local accumulation, resulting in thinner regions near the base. The observed differences
in condensate film distribution among the considered fin geometries can be interpreted
in terms of capillary-pressure gradients induced by local variations in the liquid-vapor
interface curvature. According to the Young-Laplace relation, the local capillary pressure
scales as Ap = 0 x, where x denotes the interfacial curvature. Spatial variations in « along
the fin profile therefore generate surface-tension-driven pressure gradients that directly
govern condensate redistribution. In convex regions, such as fin tips and sharp outer
corners, the interface curvature is positive and large in magnitude, leading to locally higher
capillary pressure. The resulting pressure gradient drives the condensate away from these
regions, promoting liquid shedding and the formation of thinner films. Conversely, concave
regions, such as grooves or undercut features, are characterized by negative curvature
and lower capillary pressure, which promotes liquid trapping and local film thickening.
The inverted trapezoidal geometry exhibits smoother curvature transitions along the fin
surface compared to the trapezoidal profile, leading to weaker capillary-pressure gradients
along the curvilinear coordinate. As a result, condensate redistribution is more gradual,
limiting localized liquid accumulation and promoting a more uniform condensate film.

This mechanism explains the more homogeneous film thickness and the slightly enhanced
heat transfer observed for inverted trapezoidal fins in the horizontal configuration (see
Figures 5 and 6).

Regarding the local heat flux, ammonia (R717) consistently shows the highest values
across all geometries, whereas R134a and R245fa exhibit the lowest. This trend is primarily
due to the thermophysical properties of ammonia: specifically, its high latent heat of
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vaporization and liquid thermal conductivity, which are roughly an order of magnitude
higher than those of the other fluids at a 40 °C saturation temperature.

As shown in Figure 6, increasing the mass flux from 5 to 30 kg m2g1 significantly
reduces the condensate film thickness for all fluids and geometries. Indeed, higher mass flux
increases the condensation rate and enhances liquid drainage along the fins promoted by
vapor shear stress, leading to thinner local films. At G = 30 kg m~2 s~ !, differences among
fin geometries become more pronounced due to the combined effects of curvature, surface
tension and vapor shear stress. In trapezoidal fins, the decreasing cross-section toward the
tip reduces the local capillary drainage capacity, leading to condensate accumulation at the
apex, while the film thickness at the base remains similar to other geometries. In contrast,
inverted trapezoidal fins, with wider tips, facilitate more efficient liquid spreading and
drainage toward the base, resulting in thinner films at the apex. Rectangular fins show
intermediate behavior, with relatively uniform drainage along the length.

Along the fin length, the condensate film remains non-uniform, with local variations
that strongly depend on the specific fin geometry and the axial position. These differences
persist, even at high mass flux, confirming the influence of the fin profile on the local
condensation behavior.

The fluid type strongly influences film behavior, and the trend observed at the lower
mass flux (G = 5 kg m~2 s71) is confirmed at the higher flux: ammonia (R717) consistently
exhibits the thinnest films and highest heat flux across all fin geometries, whereas R134a
and R245fa show thicker films and lower heat fluxes.

It is also worth noting that the vapor quality change depends on mass flux, work-
ing fluid and fin geometry. Assuming saturated vapor at inlet, at the same axial loca-
tion (z = 15 mm), the differences in vapor quality among the three fin geometries (trape-
zoidal, inverted trapezoidal, and rectangular) are more pronounced at the lowest mass flux
(G=5kgm~2s71), as shown in Figure 7. For all three fin geometries, the vapor quality
increases with increasing mass flux. This behavior is a direct consequence of the larger
vapor mass flow rate: for a given amount of condensed mass over a fixed axial length, the
relative reduction in vapor quality decreases as the mass flux increases. Consequently, the
axial drop in vapor quality along the finned domain is smaller at higher mass fluxes. At
lower mass flux, the same condensation rate corresponds to a larger fraction of the incom-
ing vapor flow, leading to a stronger decrease in vapor quality and to larger differences
among the fin geometries.
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Figure 7. Vapor quality at the midpoint of the fin (z = 15 mm) as a function of mass flux during
condensation of R717 over trapezoidal, inverted trapezoidal, and rectangular fins. Higher mass flux
increases the vapor velocity and shear stress, promoting more uniform liquid film distribution and
reducing the vapor quality variation along the fin.
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Table 2 summarizes the total heat transfer rates P across the three fin profiles, for
different working fluids (R134a, R245fa, R290, and R717) and mass fluxes (G = 5, 10 and
30 kg m~2s71). In general, increasing the mass flux from 5 to 30 kg m~2 s~! results in
higher heat transfer for all fluids and fin geometries. This behavior can be attributed to
two main effects: (i) a reduction in the condensate film thickness on the fin surfaces, which
lowers the conductive thermal resistance, and (ii) enhanced convective heat transfer on
the vapor side due to higher vapor shear stress and improved turbulence. For example,
for R717 on the inverted trapezoidal fin, the heat flow rate increases from approximately
198Wat G=5kg m2 s to 227 W at G = 30 kg m~2 s~!, representing a roughly
15% increase.

Table 2. Total heat transfer rate for R134a, R245fa, propane and ammonia exchanged along the
complete fin profile for the inverted trapezoidal, rectangular and trapezoidal horizontally oriented
finsat G =5-30 kgm2s~ 1.

Glkgm—2s71] Inverted Trapezoid  Rectangle Trapezoid
Pri34a [W] 5.9 5.9 5.0
5 PRrossfa [W] 5.9 5.5 49
Progo [W] 7.3 6.2 5.9
Pr717 [W] 19.8 20.1 16.8
Pri34a [W] 5.5 5.8 5.1
10 Prossea [W] 59 5.6 55
Progg [W] 7.2 7.1 6.1
Pro17 [W] 214 222 19.5
PRr134a [W] 5.8 5.8 5.4
30 PRrogsea [W] 79 7.2 5.8
Progo [W] 8.4 7.9 6.7
Pr717 [W] 22.7 23.9 21.8

Among the working fluids, at the same mass flux, R717 consistently exhibits the
highest thermal performance, followed by R290, while R245fa and R134a show the lowest
heat transfer rates. This outcome reflects the superior thermophysical properties of R717,
including higher thermal conductivity and latent heat, which improve condensation heat
transfer. Quantitatively, at G = 10 kg m~ 251, R717 delivers P =2 21.4 W (inverted trapezoid),
whereas R134a only reaches P = 5.5 W under the same conditions.

With respect to the fin geometry, all three profiles provide comparable results, but
a systematic trend emerges. The trapezoidal fin consistently produces the smallest heat
transfer rates, whereas the inverted trapezoid and rectangular fins achieve higher values,
which are typically 5-10% greater than the trapezoidal one. For instance, for R290 at
G=30kg m~2 s~ 1 the heat flow rate is 8.4 W for the inverted trapezoid, 7.9 W for the
rectangular one, and 6.7 W for the trapezoid fin. This difference suggests that geometries
which optimize fluid flow distribution and maximize heat transfer area enhance the overall
heat transfer. Specifically, the inverted trapezoid fin demonstrates the most stable and
efficient performance for all fluids, whereas the rectangular fin is nearly as effective and
represents a practical alternative for manufacturability. In contrast, the trapezoidal fin
exhibits a reduced effective surface area and less intense flow mixing near the fin base.

Overall, these results emphasize that both the working fluid and the design of the heat
transfer surface have a significant impact on the thermal performance of the finned unit.
While higher mass fluxes generally increase heat transfer, careful fin design can further
enhance efficiency by promoting favorable flow patterns and maximizing effective surface
area. This underscores the importance of surface geometry optimization in heat exchanger
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design: even modest modifications in fin shape can produce measurable improvements in
performance, without compromising manufacturability.

5. Numerical Results: Vertical Configuration

While prior simulations focused on condensation over horizontal finned surfaces, the
present Section examines vertical downflow condensation, where gravity acts along the
fin length, enhancing condensate drainage and modifying both film distribution and local
heat transfer behavior.

Figure 8 reports the results for R717 condensation on the trapezoidal fin geometry,
showing (a) the condensate film thickness and (b) the corresponding local heat flux at three
axial positions (10, 15, and 20 mm) for mass fluxes of 5 and 30 kg m 2 s~!. Compared to
the horizontal configuration, where the liquid film progressively thickened along the flow
direction due to limited drainage, in the vertical orientation, the condensate layer remains
significantly more uniform along the fin length. At the lowest mass flux (G =5 kg m~2s71),
however, a slightly thicker film is observed compared to higher G values, with more notice-
able variations among axial positions. This behavior can be attributed to the weaker vapor
shear stress, which limits the contribution of interfacial shear to gravity-driven drainage,
resulting in a slightly thicker condensate film. As the mass flux increases to 30 kg m 2 s~ !,
the differences in film thickness between 10 and 20 mm become progressively smaller,
indicating that enhanced vapor shear stress and gravitational forces promote a thinner
and more uniform condensate layer and improved drainage along the fin surface. The
corresponding heat flux distributions (Figure 8b) exhibit the expected inverse correlation
with film thickness. Local peaks appear near the fin tip and groove regions, where the
thermal resistance is minimal. At G =5 kg m~2 s~ 1, the slightly thicker film leads to lower
overall heat fluxes, whereas at G = 30 kg m~2 s~!, improved drainage maintains high local
heat flow rates with little variation along the fin.

This inverse LFT-HF relationship is further confirmed by Figures 9 and 10, which ex-
tend the analysis to all refrigerants and fin geometries at mass fluxes of 5and 30 kg m =2 s~ 1,
respectively, evaluated at z = 15 mm. In all cases, thinner condensate films correspond to
higher local heat fluxes, with ammonia exhibiting the highest heat flux for a given film
thickness across all fin geometries. As compared with horizontal fins (Figures 5 and 6),
the vertical configuration produces a less scattered LFT-HF data distribution: gravity pro-
motes efficient drainage, limiting the accumulation of condensate near the fin base and
along the side walls. In horizontal fins, such accumulation is pronounced at low mass
flux (5 kg m 2 s~!) and persists to some extent, even at high mass flux (30 kg m~2 s 1),
whereas in vertical fins, it is significantly reduced.

Table 3 summarizes the total heat transfer rates along the fin profiles for differ-
ent mass fluxes and fluids during vertical downflow condensation. At low mass flux
(G =5kg m~2s71), the inverted trapezoidal fin exhibits the highest heat transfer for R134a
(8.7 W), R245fa (9.1 W) and R290 (10.1 W), suggesting more effective drainage and thinner
condensate films compared to the rectangular one (8.3 W, 8 W, 9.1 W, respectively) and
trapezoid profiles (7.7 W, 7.4 W, 8.6 W, respectively). In contrast, for R717, the rectangular
profile shows the highest heat transfer (28.6 W), followed by the trapezoidal (26.4 W) and
inverted trapezoid (24.8 W), which is likely due to the more uniform geometry of the
rectangular fin promoting efficient film drainage and stable condensation. At the highest
mass flux (G =30 kg m~2 s~1), R134a, R245fa, and R290 continue to exhibit reduced sensi-
tivity to fin geometry, whereas R717 consistently shows the highest heat transfer with the
rectangular profile. Overall, the inverted trapezoidal fin favors R134a, R245fa, and R290,
while the rectangular geometry remains the most effective configuration for R717.
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Figure 8. Numerical results for vertical downflow condensation of R717 on trapezoidal fins at 5 and
30 kg m~ 2571, (a) Condensate film thickness distribution along the fin surface, showing a more
uniform film compared to the horizontal configuration due to gravity acting along the fin length and
enhancing liquid drainage. (b) Corresponding local heat flux distribution, confirming the inverse
relation with film thickness and exhibiting higher heat transfer rates compared to the horizontal
configuration, due to improved liquid removal.
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Figure 9. Liquid film thickness (LFT) as a function of the local heat flux (HF) for R134a, R245fa,
R290 and R717 condensing on rectangular, trapezoidal and inverted trapezoidal fins, evaluated at
G=5kgm2s ! and z = 15 mm. For R717, data points are highlighted in green, red, and yellow,
according to their position along the fin profile, and the blue dotted line is the ammonia liquid-vapor
interface over the fin profile.

Figures 11 and 12 compare the condensate film distribution and the corresponding
local heat flux during the condensation of ammonia over rectangular and inverted trape-
zoidal fins, respectively, considering both vertical downflow and horizontal flow at the
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same axial position and at 5 kg m~2 s~ mass flux. Overall, similar trends are observed for

the other working fluids and for the trapezoidal fin.
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Figure 10. Liquid film thickness (LFT) as a function of the local heat flux (HF) for R134a, R245fa,
R290 and R717 condensing on rectangular, trapezoidal and inverted trapezoidal fins, evaluated at
G =30kgm~2 5! and z = 15 mm. For R717, data points are highlighted in green, red, and yellow,

according to their position along the fin profile, and the blue dotted line is the ammonia liquid-vapor
interface over the fin profile.

Table 3. Total heat transfer rate for R134a, R245fa, propane and ammonia exchanged along the

complete fin profile for the inverted trapezoidal, rectangular and trapezoidal vertically oriented fins
atG=5-30kgm~2sL.

Glkgm—2s-1] Inverted Trapezoid  Rectangle Trapezoid
PRrizsa [W] 8.7 8.3 7.7
5 Prossfa [W] 9.1 8.0 7.4
Progo [W] 10.1 9.1 8.6
Prr17 [W] 24.8 28.6 26.4
Pri3sa [W] 8.6 8.2 7.7
30 Prossia [W] 9.0 8.1 7.7
Progo [W] 9.8 9.2 8.8
Pr717 [W] 21.8 27.4 26.4
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Figure 11. Comparison between vertical downflow and horizontal flow condensation of R717 on

rectangular fins at a mass flux of 5 kg m~2 s~! and at the same axial position. (a) Condensate film

thickness and (b) corresponding local heat flux along the fin profile. Vertical downflow enhances

gravity-assisted drainage, generally producing thinner films and higher heat flux compared to the
horizontal configuration.
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Figure 12. Comparison of R717 condensation on the rectangular fin profile at a mass flux of
5kgm 25! for the horizontal and vertical orientations. (a) Condensate film thickness and
(b) corresponding local heat flux along the fin profile. Vertical downflow enhances gravity-assisted
drainage, generally producing thinner films and higher heat flux than the horizontal configuration.

In the vertical downflow configuration, gravity acts along the primary direction of the
condensate flow, enhancing drainage and resulting in a thinner liquid film compared to
the horizontal orientation, where gravity acts normal on the surface and does not promote
longitudinal drainage. Consequently, the local heat flux is generally higher in the vertical
configuration. Nevertheless, the specific trends vary along the fin, as illustrated in Figure 11,
where three distinct regions can be distinguished:

e Region 1 (fin tip, s = 0-0.75 mm): In vertical downflow, the film thickness decreases

from 46 pm to 20 um, while in the horizontal orientation, it decreases from 315 um
to 210 um. Correspondingly, the heat flux in the horizontal case drops by 71% and
44% at the two axial positions. The thinner film in the vertical orientation results
from efficient drainage along the longitudinal direction, which also produces a flatter
meniscus compared to the horizontal case.

Region 2 (intermediate vertical surface, s = 1.9-3.2 mm): Here, the trend is reversed.
The vertical downflow configuration exhibits a liquid film that is up to 18 um thicker
than the horizontal case, leading to an average heat flux reduction of about 43%. On the
vertical surface, gravity is less effective along the fin, reducing drainage and causing a
locally thicker film with a more curved interface (smaller radius of curvature).
Region 3 (fin groove, last s = 5-5.5 mm): the film thickness during vertical downflow
condensation is, on average, 10 um thick, compared to 590 um in the horizontal
configuration. This difference corresponds to an 88% lower heat flux in the horizontal
configuration. In the vertical downflow, gravity strongly promotes liquid removal
from the groove, maintaining a thin film with a flat interface, whereas in the horizontal
case, liquid accumulates in a thick pool.

These findings highlight the stabilizing effect of gravity in vertical downflow conden-
sation. While in the horizontal configuration, the condensate tends to accumulate along
the flow path, causing increased film thickness and reduced local heat flux, the vertical
configuration prevents such build-up. Consequently, both condensate distribution and heat
flux remain more uniform along the fin, confirming that gravitational drainage dominates
over axial accumulation and enhances overall condensation heat transfer efficiency.
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6. Conclusions

This study investigated the condensation performance of three fin geometries (rectan-
gular, trapezoidal, and inverted trapezoidal) under both horizontal and vertical downflow
conditions for four working fluids (R134a, R245fa, propane and ammonia) by means of
3D steady-state numerical simulations, using the volume-of-fluid (VOF) method. The fin
surfaces are inspired by the grooved structures of wick heat pipes, designed to promote
condensate drainage and enhance heat transfer performance. The main outcomes are
the following:

e Ammonia consistently exhibits the highest condensation heat transfer across all geome-
tries and flow conditions, owing to its high latent heat of vaporization and superior
liquid thermal conductivity. The lowest condensation performance is observed for
R134a and R245fa, with R290 exhibiting intermediate values.

e Among the considered geometries, the trapezoidal fin exhibits the lowest total heat
transfer, which is likely due to its inclined sides limiting efficient condensate drainage.
Both the inverted trapezoidal and rectangular fins achieve a higher total heat trans-
fer, typically 5-10% higher than that of the trapezoidal fin in horizontal configura-
tion. The inverted trapezoid fin delivers the most uniform and stable performance
with different fluids, while the rectangular fin combines high heat transfer with
simpler manufacturability.

e Increasing the mass flux from 5 to 30 kg m~2 s~ ! enhances the overall heat transfer for
all fluids and geometries. This improvement arises from two main effects: (i) reduced
condensate film thickness, lowering thermal resistance, and (ii) increased vapor shear,
enhancing convective heat transfer and drainage. For example, R717 on the inverted
trapezoidal fin exhibits an increase in the total heat flux of approximately 15% when
the mass flux rises from 5 to 30 kg m~2 s~ 1.

e  Vertical downflow strongly stabilizes condensate distribution via gravity-driven
drainage, producing thinner and more uniform films and higher local heat fluxes,
especially within the fin grooves. In contrast, horizontal flow leads to liquid accumu-
lation along the axial direction, increasing the thermal resistance and reducing the
local heat flux. Indeed, in the fin groove, vertical downflow efficiently removes the
condensate, maintaining a thin, flat film and producing an 88% higher local heat flux
compared to the horizontal flow, where liquid accumulates in a thick pool.

Overall, these findings highlight that condensation performance is strongly governed
by both working fluid properties and fin geometry, while orientation and mass flux play a
crucial role in shaping local film dynamics and heat transfer rates. Optimizing the fin design
can substantially improve condensation efficiency, particularly when vertical downflow
is used to enhance gravitational drainage. Future work will involve an experimental
campaign to validate the numerical results, with a dedicated test section designed to enable
precise measurements of condensate film thickness and local heat flux.
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Nomenclature

cp Specific heat at constant pressure [J kg ™' K™]
Dy, Hydraulic diameter [m]

eR Mean percentage error [%], egr = (1/Np) Z[(Scatc — Snum)/ num]-100
eAB Mean percentage absolute deviation [%], eap = (1/Np) Z(18¢1c — Snum | / Sum)-100
F, Volume force due to surface tension [N m—3]
g Gravity acceleration [m s™2]

G Mass flux [kg m2s1]

GWP Global warming potential [/]

h Specific enthalpy [J kg ']

hiy Latent heat [J kgfl]

1 Mass flow rate [kg s

M Molecular mass [kg kmol™1]

Ny Number of experimental data points [/]

p Pressure [bar]

Pred Reduced pressure [/], = (p/ Perit)

q Heat flow rate [W]

q Heat flux [W m~2]

r Mass transfer intensity factor [s71]

Rerp Liquid-only Reynolds number, Re; o= GDy,/ 1.
Reyo Vapor-only Reynolds number, Reyo= GDj,/ iy

s Curvilinear abscissa [m]

S Phase-change mass source [kg m3s1]

T Temperature [°C]

u Velocity [m s71]

x Thermodynamic vapor quality [/]

z Axial position [m]

Greek letters

o Volume fraction

1 Liquid film thickness

K] Interface curvature [m™!]

A Molecular thermal conductivity [W m- 1K 1]
/\eﬁf Effective thermal conductivity [W m1K1]
U Dynamic viscosity [kg m ™! s71]

1Y Density [kg m~3]

o Surface tension [N m—1]

oN Standard deviation [%], o = {[ Z[(er — eap)?/(Np — 1]}O°
Subscripts

L Liquid

r Refrigerant

sat Saturation

Vv Vapor

wall Wall
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Appendix A. Sensitivity of the Condensation Predictions to Turbulence
Modeling (SST k-w Low-Re)

Although the condensate film Reynolds numbers investigated in the present work
are consistent with predominantly laminar or, at most, transitional liquid film flow,
the three-dimensional finned/grooved configuration may exhibit locally enhanced
vapor-core turbulence and interfacial shear. For this reason, the baseline simulations
were performed using the SST k-w turbulence model with low-Re correction, which
provides a robust closure for flows spanning laminar-to-transitional conditions and,
importantly, strongly damps turbulent viscosity in near-wall/low-Re regions. In order
to verify that the adoption of SST k-w low-Re does not introduce spurious heat transfer
enhancement within the thin liquid film, dedicated sensitivity analysis tests were
carried out over the range of liquid film Reynolds numbers considered in the study.
For each operating condition, three modeling approaches were compared: (a) a fully
laminar formulation in both phases; (b) the SST k-w model with low-Re correction,
applied in both vapor and liquid phases (baseline case); and (c) the low-Re model
with an additional user-defined function (UDF) enforcing zero turbulent viscosity in
the liquid phase (i.e., setting the liquid-phase eddy viscosity p; | = 0 while retaining
turbulence modeling in the vapor phase).

Considering the condensation of R134a on the trapezoidal fin geometry in horizontal
orientation at a mass flux of G = 5 and 30 kg m~2 s, the difference in the surface-area-
weighted mean heat flux between the baseline SST low-Re and the fully laminar model
was found to be very small, with a maximum deviation of 0.6% for G =5 kg m~2 s~!
and 3.8% for G = 30 kg m 2 s~! (Table A1). In addition, qualitative comparisons of lo-
cal condensate thickness and local heat flux profiles at z = 10, 15, and 20 mm (reported
in Figures Al and A2) show that the same trends are detected, regardless of the model-
ing option considered. Overall, these results indicate that the predicted condensation
performance in the investigated range is weakly sensitive to the turbulence treatment
of the liquid film, while the SST k-w low-Re closure provides a convenient and consis-
tent framework to handle vapor-side turbulence and interfacial shear effects across the
full dataset.

4 s 160 160
140 R134a 140 R134a 140 1?12 1(’>)4a
35 - Sssg = 120 z=10 mm Mo &1 2= 15 mm =7 ~~2 e G=Z5_kgnrj1‘1‘2']s‘1
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Figure A1. Comparison of liquid film thickness (dotted lines) and heat flux distributions (solid line)
obtained at 5 kg m~2 s~! at three axial cross-sections (z = 10, 15, and 20 mm) of the horizontally
oriented trapezoidal fin for three modeling approaches: SST k-w with low-Re correction, fully laminar
liquid and vapor phases, and a laminar liquid film model with turbulence resolved only in the
vapor phase.
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Table Al. Surface-area-weighted mean heat flux for condensation of R134a on the trapezoidal fin
geometry in horizontal orientation at mass fluxes of G = 5 and 30 kg m~2 s~!. Relative deviations
with respect to the SST k-w low-Re model are also reported for the different turbulence treatments.

G=5kgm2s~1 G=30kgm~2s!

Model

HF [kWm—2] Rel. Dev[%] HF[kWm™2] Rel. Dev [%]
All Laminar 16.1 0.6 16.9 3.8
Laminar Film 16.1 0.6 17.0 34
SST k-w low-Re 16.2 / 17.6 /

Y [mm]

R134a

R134a 175 R134a
z=10mm Ex=qn & 150 z=15mm z=20 mm
G=30kgm2s RS § 125 G=30kgm=s™t G=30kgm2s

N

Heat Flux [kW/m?]

—=

1 SST k-w SST k-w SST k-w
= = —Laminar e = = —Lmainar S~ = = —Laminar
05 | \___‘~—_ L Sl eSS L
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Figure A2. Comparison of liquid film thickness (dotted lines) and heat flux (solid line) distributions
obtained at 30 kg m~ 2571 at three axial cross-sections (z = 10, 15, and 20 mm) of the horizontally
oriented trapezoidal fin for three modeling approaches: SST k-w with low-Re correction, fully laminar
liquid and vapor phases, and a laminar liquid film model with turbulence resolved only in the
vapor phase.

Appendix B. Mesh Sensitivity Analysis

A mesh sensitivity study was carried out to quantify the impact of spatial discretiza-
tion on the main integral outcomes of the simulations. A representative case was selected
(trapezoidal geometry, R134a), and three meshes were generated: a coarse grid with ap-
proximately 1.3 x 10° elements, a medium grid with approximately 2.5 x 10° elements,
and a fine grid with approximately 5.0 x 10° elements. The refinement strategy was
designed to progressively improve the resolution of the near-wall region that hosts
the condensate film: compared to the fine mesh, the medium mesh reduced the num-
ber of cells across the liquid-film boundary-layer region by approximately one third,
whereas the coarse mesh reduced it by approximately two thirds. All physical mod-
els and numerical settings were kept identical across the three runs; only the mesh res-
olution was varied. As quantitative indicators, the surface-area-weighted mean heat
flux over the entire heat transfer surface and the total condensate volume in the com-
putational domain were evaluated. The results are reported in Table A2. The pre-
dicted mean heat flux increased from 14.7 kW m~2 (coarse) to 15.4 kW m~2 (medium)
and 16.2 kW m~2 (fine). Compared to the fine grid, the deviation was 4.9% for the
medium mesh and 9.2% for the coarse mesh. For the condensate volume, the medium
and fine meshes provided nearly identical values (2.75 x 1078 m3 vs. 2.77 x 1078 m3,
difference < 1%), whereas the coarse mesh predicted a substantially larger conden-
sate volume (4.39 x 107® m3, deviation of approximately 60%). This discrepancy is
attributed to insufficient resolution of the VOF interface and thin-film region in the
coarse grid.
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Based on these results, the fine mesh (approximately 5.0 x 10° elements) was adopted
for the full set of 3D simulations to ensure robust convergence and to reduce numeri-
cal diffusion at the vapor-liquid interface, while applying the same near-wall/interface
refinement strategy consistently across the other geometries and operating points.

Table A2. Mesh sensitivity study for condensation of R134a on the trapezoidal fin geometry, showing
the variation in surface-area-weighted mean heat flux and total condensate volume as a function of
the number of mesh elements.

N. Elements Heat Flux [KW m—2] Volume of the Condensate [m3]
1.3 x 10° 14.7 439 x 1078
2.5 x 10° 15.4 2.75 x 108
5 x 106 16.2 2.77 x 1078

Appendix C. Validation of Numerical Simulations Against Nusselt Theory

The Nusselt theory for film condensation [56] has been considered to validate the
developed numerical model. The case study consists of a two-dimensional domain in
which the fluid, in saturated vapor conditions, condenses (at near zero velocity) over a
vertical surface having a uniform and constant temperature lower than the saturation
temperature. According to the Nusselt theory, the thickness of the liquid film forming over
a vertical plate can be calculated with the following relationship:

1
AL,”L]/<TSM - Twull) 1

0= Al

ger(pL — pv)hy 4D

where ¢ is the liquid thickness, y is the dynamic viscosity of the liquid, T, is the
temperature of the wall upon which the vapor condenses, g is gravity acceleration and vy is
the coordinate along which the liquid film develops.

The laminar liquid film approach has been employed for turbulence modeling. It
assumes laminar flow in the liquid phase and turbulent flow in the vapor phase. In this
case, the standard low-Reynolds number formulation by Wilcox [58] is applied to the vapor
phase, while a zero turbulent viscosity is imposed within the liquid phase. A blending
function is used at the interface to transition between the two regions.

In Figure A3a, the geometry and the boundary conditions are presented. The ge-
ometry consists of a two-dimensional channel with a width of 1 m and a length of
105 mm. The rectangular section has been subdivided with a structured mesh consist-
ing of 1.05 x 10° elements. The static mesh is refined near the wall to ensure an adequate
number of cells in the liquid film (10 cells at least) during condensation. Adiabatic parts are
considered near the inlet and outlet of the domain. The wall where condensation occurs is
maintained at a temperature of 10 K below the saturation temperature. A no-slip condition
is set on the vertical plate. On the right side of the domain, slip and adiabaticity conditions
are fixed. Velocity inlet is imposed at the top boundary, introducing saturated vapor at
40 °C, and the pressure outlet is applied at the bottom boundary. Gravity and surface
tension effects are considered in the model.

Figure A3b shows an excellent agreement between the film thicknesses predicted
analytically and those obtained from the computational simulations for all four refrigerants.
The mean percentage error eg, the mean absolute percentage error e4p, and the standard
deviation oy for each fluid are reported in Table A3. For the refrigerants R134a, R290, and
R717, epp remains below 3.5%, while for R245fa, it is 7.1%.
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Figure A3. Numerical model validation using the Nusselt [56] theory: (a) boundary conditions and
(b) comparison between the theoretical and numerical LFT as a function of the condensate length Y.

Table A3. Mean percentage error eg, mean absolute percentage error e4p and standard
deviation o for R134a, R245fa, propane and ammonia.

R134a R245fa R290 R717
er [%] 2.7 7.1 33 13
eap [%] 2.8 7.1 3.3 3.0
on [%] 8.5 7.9 8.5 9.2
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