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Abstract: Heat pipes are essential components in various industrial applications due to their exceptional heat transfer capabilities,
which significantly enhance thermal management systems. Their ability to efficiently dissipate heat with minimal temperature gradients
makes them invaluable in electronics cooling, aerospace systems, and energy recovery processes. This study presents a detailed two-
dimensional Computational Fluid Dynamics (CFD) simulation to analyze the temperature distribution and phase change dynamics
during evaporation within a heat pipe. The simulation is conducted using ANSYS Fluent, where a 2D model of the heat pipe is
developed, and an optimized computational mesh is generated to ensure accuracy in the numerical results. The k-& turbulence model
is employed to accurately capture the fluid flow behavior, accounting for the complex interactions between vapor and liquid phases.
The working fluid selected for this investigation is a nanorefrigerant (AI203/R11), chosen for its enhanced thermal properties that
contribute to improved heat transfer efficiency. The simulation results reveal a significant temperature gradient in the evaporator
section, highlighting the critical role of heat flux in determining thermal resistance. Additionally, the study examines how variations
in heat input influence the overall thermal performance of the heat pipe. The findings from this CFD analysis provide valuable insights
into the evaporation process, which is driven by phase change phenomena, and offer practical design guidelines for optimizing heat
pipe performance. By understanding the intricate relationship between fluid dynamics, heat transfer, and material properties, this
research significantly contributes to the development of more efficient and sustainable thermal management solutions for industrial
applications.
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Introduction

Heat pipes are effective thermal transfer mecha-
nisms that employ phase change and capillary action to
transport heat with minimal temperature differences, hence
improving thermal management across various applica-
tions. Heat pipes easily transfer significant amounts of heat
over long distances without moving parts, making them vi-
tal in modern thermal management systems. Heat pipes are
applicable in various domains, including electronics coo-
ling to avert overheating in high-performance processors
and power electronics, thermal management of spacecraft
to maintain temperature in extreme space conditions, and
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energy systems to improve efficiency in renewable tech-
nologies such as solar panels and geothermal heat exchang-
ers [1]. The working principle of heat consists of a closed-
loop mechanism wherein a working fluid experiences con-
stant phase transitions between liquid and vapor states,
hence enabling very efficient heat transfer. The heat ab-
sorbed in the evaporator part causes the liquid to evaporate,
and the resulting vapor moves to the condenser section,
where it releases latent heat and undergoes condensation to
form a liquid. The condensed liquid subsequently flows to
the evaporator by capillary forces inside the wick structure,
facilitating continuous circulation without necessitating an
external power source [2]. CFD has emerged as an essen-
tial instrument for simulating a broad spectrum of thermo-
dynamic processes, phase transitions, heat transport, and
flow dynamics. [3], [4]. CFD has become an effective in-
strument for the analysis and optimization of heat transfer
systems, especially in heat pipe technology. Thermal con-
duits Understanding the thermal and fluid dynamics of a
heat pipe is crucial for enhancing its performance, reducing
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thermal resistance, and improving overall system effi-
ciency [1]. A schematic representation of the heat pipe is
shown in Fig. 1.
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Fig. 1. Schematic diagram of the heat pipe [5]

CFD simulations provide detailed insights into the
complex phase-change phenomena in heat pipes, including
evaporation, condensation, and liquid-vapor interactions.
Researchers can analyze temperature distribution, pressure
variations, and the effects of different working fluids and
wick designs on heat transfer efficiency by numerical mod-
eling. In contrast to experimental methods, CFD provides
a cost-effective and time-efficient means of evaluating
many design parameters across diverse operating circum-
stances [1], [6]. CFD models of heat pipes entail resolving
the essential governing equations of fluid dynamics, ther-
mal transmission, and phase transition processes. This en-
compasses the continuity equation and the Navier-Stokes
equations for fluid dynamics, the energy equation for ther-
mal transport, and supplementary models to address phase
change mechanisms such as evaporation and condensation.
The numerical model of the heat pipe is predicated on the
essential governing equations. These include:

Continuity equation:

o
—p+V.pu=0 1
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Navier—Stokes equation:
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Given that heat pipes function through liquid-vapor
interactions, precise modeling necessitates the application
of multiphase flow methodologies to accurately represent
the intricate dynamics between these phases. CFD investi-
gations generally utilize multiphase models, such the Volu-
me of Fluid (VOF) method, which monitors the interface
between liquid and vapor phases, or the Eulerian approach,

which considers both phases as interpenetrating continua
with exchange terms regulating phase transitions. The
choice of the suitable multiphase model is contingent upon
the requisite level of detail and the available computational
resources. The wick structure, essential for capillary-
driven liquid return, is represented with porous media for-
mulations [7], [8]. Recently, many studies have focused on
optimizing the evaporation process in heat pipes to enhance
thermal efficiency and achieve optimal operating condi-
tions. Zuo & Faghri [9] formulated a network model to an-
alyze heat pipe transients employing thermal resistances
and a working fluid cycle. Their model, predicated on first-
order linear differential equations, elucidated essential heat
transmission mechanisms, underscoring the importance of
wall and wick conduction. The research employed the
Runge-Kutta method to forecast heat flux and temperature
gradients, illustrating that vapor flow exhibited little ther-
mal resistance. De Schepper et al. [10] analyzed flow boil-
ing in a hydrocarbon feedstock within a convection section
heat exchanger utilizing a three-dimensional evaporation
model included into a computational fluid dynamics frame-
work. The VOF method, combined with the Piecewise Lin-
ear Interface Calculation (PLIC) approach, was utilized to
simulate two-phase flow, while mass and energy transfer
were modeled using the Hertz-Knudsen equation. Alt-
hough their model accurately represented flow regimes and
phase transition processes, they emphasized the necessity
for enhancements in temperature-dependent physical prop-
erty fluctuations and heat flux profiling.

Xie et al. [11] conducted an experimental and CFD-
based analysis comparing a revolving heat pipe to a pipe
devoid of working fluid. Their findings indicated that the
revolving heat pipe demonstrated markedly enhanced heat
transfer, with a considerably reduced temperature differen-
tial between the evaporator and condenser portions, under-
scoring the efficacy of the working fluid circulation. Hohne
[6] utilized CFD simulations to study two-phase flow and
heat transfer in a heat pipe, focusing on evaporation, con-
densation, and phase change processes. The study provided
insights into vapor movement, temperature stabilization,
and the impact of heating power variations on evaporation
intensity and thermal performance. Maghrabie et al. [12]
analyzed various heat pipe topologies, including conven-
tional, loop, and pulsating/oscillating heat pipes, assessing
characteristics such as wick structure, inclination angle,
filling ratio, and grooves. Their research highlighted the
significance of numerical simulations in enhancing heat
pipe efficacy for use in electronics cooling, HVAC sys-
tems, nuclear reactors, and renewable energy applications.
They emphasized the necessity for additional study on the
integration of heat pipes with phase change materials and
nanofluids, especially in cryogenic applications. Annama-
lai & Ramalingam [13]. Conducted experimental and nu-
merical analysis of heat pipe temperature distribution un-
der varying heat flux circumstances. Their research indi-
cated that elevated heat flux resulted in increased steady-
state temperatures, while air cooling in the condenser con-
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strained performance. They suggested implementing water
cooling or adding fins to improve efficiency, with CFD and
experimental findings closely correlating. These works
collectively offer insights into thermodynamic processes,
fluid dynamics, and design enhancements for improving
heat pipe efficiency across diverse applications.

CFD Modeling
Geometry Generation

In the current project, the design module of ANSYS
Workbench has been used to create the computational do-
main for the heat pipe, based on the experimental test sec-
tion dimensions of D = 10 mm and L = 500 mm. The heat
pipe geometry was modeled in two dimensions, ensuring
accurate representation of the physical characteristics es-
sential for thermal analysis. The symmetry plane was em-
ployed to reduce computational complexity while main-
taining accuracy. The concept incorporates a cylindrical
heat pipe configuration with a uniform diameter, enabling
efficient heat transfer simulations. The boundary condi-
tions and material properties were established using exper-
imental data to ensure a precise evaluation of thermal per-
formance. Fig. 2 illustrates the developed geometry used
for simulation in ANSYS Workbench.

Mesh Generation

In CFD simulations, the mesh has been generated
with full attention to obtain an optimum mesh quality. The
physical domain of the geometry has been partitioned into
small finite parts. The mesh constitutes the basis for resol-

ving the governing equations of fluid dynamics, thermal
transfer, and phase transition events, which are crucial for
precisely predicting the efficacy of heat pipes [14]. Heat
pipes are exceptionally effective heat transfer mechanisms
that depend on the evaporation and condensation of a
working fluid, rendering their simulation intrinsically intri-
cate. An adequately designed mesh guarantees precise rep-
resentation of the complex thermal and fluid dynamics
within the heat pipe [15]. The meshes utilized for the 2D
heat pipe simulations were produced using structured ele-
ments. A structured grid is frequently favored in 2D heat
pipe models for its capacity to deliver enhanced numerical
accuracy and stability, as stated in the Fluent user guide
[16] accurate solutions and fast convergence are the results
of achieving high mesh quality.

The mesh was produced at minimal computational
cost. A superior mesh was achieved through the refinement of
global and local sizing parameters following several rounds.

Mesh quality is generally assessed using three key
parameters: orthogonal quality, skewness, and aspect ratio
[17]. The orthogonal quality metric ranges from 0 to 1, with
values approaching 1 indicating higher mesh quality. The
minimal orthogonal quality should not be less than 0.01 to
ensure numerical stability. Furthermore, skewness, which
inversely correlates with solution accuracy, must be
avoided to reduce numerical errors [18]. The aspect ratio,
which influences wall function behavior, must be kept low
to accurately capture flow characteristics near the wall
[19]. In the present study. The orthogonality was 0.99, the
aspect ratio was 2.22, and the skewness was 0.5. These
numbers, based on established standards, signify a well-
structured and high-quality mesh, hence ensuring the relia-
bility and correctness of the CFD simulation results.
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Fig. 2. Computational domains of the 2D heat pipe geometry
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Mesh Independence Study

The geometry of the 2D heat pipe was Discretized
into quadrilateral elements, employing the inflation ap-
proach adjacent to the walls to accurately capture thermal
boundary layer effects. Fig. 3 illustrates the mesh of the 2D
heat pipe. To assess mesh independence, four computation
grids of 336, 1097, 13741, and 15000 nodes were used. Fig. 4
illustrates the temperature distribution within the heat pipe,
with the red area indicating the highest temperature (like
the evaporator), the blue area denoting the lowest tempera-
ture (like the condenser), and the intermediate colors illus-
trating the temperature gradient along the pipe. The influ-
ence of mesh density on the clarity of the temperature dis-
tribution is apparent. The 336-node mesh exhibits conside-
rable numerical diffusion, resulting in a blurred tempera-
ture profile. The 1097-node mesh enhances resolution yet
continues to display blocky temperature contours. The
13741-node mesh offers the most precise temperature dis-
tribution, featuring smooth curves and pronounced gradi-
ents. A 15,000-node mesh was evaluated and yielded iden-
tical results; however, it was excluded from the final anal-
ysis because of processing limitations. Further refinement
is recommended to ensure that the results remain consistent
with increased mesh density, hence establishing complete
mesh independence.

Fig. 3. 2D heat pipe mesh for the 13741-node
mesh case

Boundary Conditions

To effectively simulate and resolve the numerical
equations, suitable boundary conditions must be imple-
mented. This simulation exclusively considers the fluid
portion of the heat pipe, applying boundary conditions es-
pecially to the working fluid without modeling the solid
walls. The working fluid employed was nano-refrigerant
Al203/R11. A uniform flow condition is implemented at
the intake, guaranteeing a consistent velocity profile for the
working fluid entering the domain. This assumption
streamlines the simulation and preserves uniformity in the
flow characteristics. The walls of the heat pipe are desig-
nated with a stationary no-slip boundary condition, which
mandates zero velocity at the solid-fluid interface. A pres-
sure outlet boundary condition is established at the outlet,
permitting the fluid to escape the domain without backflow
interference.

CFD Solution Setup

A steady-state simulation is performed with a pres-
sure-based solver with double precision to improve numer-
ical accuracy. Fig. 5 illustrates the set-up window of the
Fluent launcher. The double precision solution takes longer
than the single precision method [20]. The effects of gra-
vity are accounted for using a value of —9.81 m/s? in the Y-
direction to address buoyancy-driven flow. The energy
equation enables the modeling of heat transfer in the work-
ing fluid, while turbulence effects are depicted using the
k-¢ model, ensuring precise predictions for thermal and ve-
locity distributions. The working fluid is AI203/R11, with
thermophysical properties from [21], [22]. Phase change is
excluded if the working fluid remains in a single-phase
state. The numerical model employs the SIMPLE algo-
rithm for pressure-velocity coupling, ensuring reliable con-
vergence in steady-state settings. A second-order upwind
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Fig. 4. Temperature Distribution in a 2D Heat Pipe for Different Mesh Densities (336, 1097, 13741 and 15000
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method is employed for the momentum, energy, and turbu-
lence equations to minimize numerical diffusion and en-
hance solution precision. The simulation is considered con-
verged when the residuals for the energy equation reach
107¢, while the momentum and turbulence equations are
monitored until their residuals drop below 1073, Addition-
ally, temperature and velocity measurements at pivotal pla-
ces are observed to confirm solution stability. This arrange-
ment ensures an accurate representation of heat transfer
and fluid dynamics inside the fluid domain of the heat pipe.

Results and Discussion

This section presents and discusses the key results
obtained from CFD simulations of a 2D heat pipe, focusing
on convergence history, velocity profiles, and temperature
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distribution. Fig. 6 illustrates a convergence plot derived
from a numerical simulation utilizing CFD. The y-axis
(logarithmic scale) represents the residuals of several gov-
erning equations.

(Continuity, x — velocity, y — velocity, energy, k —
epsilon). The x-axis represents the quantity of iterations
performed throughout the simulation. Each line on the
graph denotes the residual of a certain equation. The aim
of a numerical simulation is to reduce these residuals to a
minimal threshold, indicating that the solution is approach-
ing a stable and accurate result. Ideally, all lines should
have a descending trend as the number of iterations in-
creases, signifying that the simulation is converging.
Lower residual values indicate a more effective solution in
satisfying the governing equations. In this context, most re-
siduals diminish with iterations, however the rate of drop
differs among various equations.

Fig. 7 illustrates a 2D velocity pro-
file within a heat pipe, Shows fluid mo-
tion. Blue signifies the lowest velocities,
while red denotes the highest. The con-
centration of red along the center axis sig-
nifies a region of peak velocity, which de-
creases towards the periphery, as evi-
denced by the color gradient to green and
blue, indicating that the principal fluid flow

0 2 4 6 8 10 12 14
Iterations

Fig. 6. Residual Convergence Plot

is centralized, while boundary layer effects
decelerate the fluid adjacent to the walls.
Fig. 8 shows the velocity magnitude pro-
file within the fluid region of a 2D domain,
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Fig. 8. 2D Heat Pipe Velocity Magnitude Profile

representing a single-phase liquid flow. The profile illus-
trates the liquid velocity at various points, evaluated along
a line located at x = 0.05 mm from the condenser section.,
where the x-axis represents velocity magnitude in meters
per second (m/s), typically ranging from 0 to 0.001 m/s,
simulated using the k-epsilon turbulence model, and the y-
axis represents the position within the heat pipe in meters
(m). The semi-circular concentration of data points around
0.0008 m/s on the x-axis reveals a region of relatively
higher velocity magnitude, while the vertical line intersect-
ing the x-axis at approximately 0.0007 m/s likely indicates

a physical boundary or interface within the heat pipe, such
as the edge of the wick structure.

Fig. 9 depicts the temperature distribution through-
out the fluid zone of a two-dimensional heat pipe. The
maximum temperatures, reaching up to 400 K, are recorded
in the evaporator portion on the left side as a result of ap-
plied heat. As one progresses to the right, the temperature
progressively decreases down the pipe due to heat transfer
to the condenser portion, where it is released. This con-
sistent temperature gradient indicates effective thermal
conduction, with the fluid’s core sustaining higher tempe-
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Fig. 9. Temperature Distribution in the Fluid Region of a 2D Heat Pipe
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ratures over extended durations, while the peripheral areas
decrease more swiftly. The detected thermal pattern demon-
strates efficient heat transfer and dissipation throughout the

pipe.

Heat Transfer and Efficiency Analysis

In this study the heat transfer investigates and effi-
ciency of a 2D heat pipe using numerical simulations in
ANSYSS Fluent. The simulation was performed with suita-
ble boundary conditions to assess heat input at the evapo-
rator and heat extraction at the condenser. The cumulative
heat input at the evaporator was 987.97 W, but the heat re-
moved at the condenser was 928.10 W, leading to a net heat
loss of 59.86 W. The heat pipe’s efficiency was determined
using the formula:

n= Zeond 100 06 (1)

evap
Substituting the obtained value in equation 1:

~928.10

n= «100=93.95%.
987.97

The results indicate a high efficiency of 93.95 %,
demonstrating effective thermal transport from the evapo-
rator to the condenser. However, the remaining 6.05 % of
the heat input is lost due to conduction, radiation, or nu-
merical dissipation. The temperature contours and velocity
streamlines from Fluent confirm the proper functioning of
the heat pipe. This study validates the effectiveness of heat
pipes for passive thermal management, and future im-
provements may focus on optimizing the geometry, wick
structure, or working fluid properties to further enhance
performance.

References

Conclusion

Computational investigation for the two-dimen-
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mensionepeoai, IKi SHAYHO NOKPAYYIOMb CUcmeMu mepmopezymiosanns. Ix sdammuicmp egpexmueno posciioeamu meno 3 MiHiMATLHUMU
memnepamypHumMu epadienmamu pooumbs ix 6e3yiHHUMU 8 CUCIEMAX OXONOONCEHHS eNeKMPOHIKY, AepOKOCMIYHUX CUCIMEMAX ma npoye-
cax pexynepayii enepeii. ¥ ybomy 00cuiodicenti npedcmagieHo 0emanbhe 0806UMIpHE MOOETIOBAHHSL MEMOOOM 0OUUCTIOBATILHOL 2i0po-
ounamixu (CFD) ons ananizy po3nooiny memnepamypu ma OUHAMIKU (azo8ux nepemsopets nio 4ac UNApo8y8aHHsl 8 meniosii mpyoi.
Mooemosanns nposedeno 3a donomozoro ANSYS Fluent, de pospobneno 2D modens mennogoi mpyou i cmeopeHo onmumizosary oouuc-
TH0BANLHY CIMKY O 3a0e3neyeHH s MOYHOCHI YUCI08UX pe3yiomamis. Moodens k-& mypoynenmHocmi UKOPUCIOBYEMbCA Ol MOYHO2O
81000PANCEHHS NOBEOIHKIU NOMOKY PIOUHU, 8PAX08VIOUU CKIIAOHI 83AEMOOLL MIdIC NAPOo8oio ma piokoro gazamu. Pobouoio piounoio ons
Yyb020 docniodicents 6ye obpanuil Hanoxonodoazenm (AI203/R11), axuil 8i0pi3HAEMbCS NOKPAUESHUMU MENTOBUMU GLACTIUBOCTIAMU, U0
CHpUAIOMb NIOBUWEHHIO epeKmusHocmi menionepeoadi. Pesynomamu mMooenosants nokasyoms sHauHull padicHm memnepamypu 6
CeKyii BUNAapHUKa, Wo NiOKPecoe KPUMUUHY poib Meniogoeo NOMOKY ) 6UsHAYeHHi mepmiunozo onopy. Kpim moeo, 6 docnioscenHi
PO32TA0AEMBCA, AK 3MIHU Y 6XIOHOMY MENI080MY NOMOYI BNAUBAIOMYb HA 302AIbHI MENL08 XapaKmepucmuxy menniogoi mpyou. Pesyno-
mamu yvoeo CFD-ananizy oaroms yinHy inghopmayiio npo npoyec 8Unaposy8aHHs, aKuti 3yMOSIeHUl A6UWamu hazosux 3miH, i npOnoHy-
10Mb NPAKMUYHE peKOMeHOayii 3 npoeKmy8anHs 0Jia ONmuMi3ayii npoOYKMuUeHOCHi meniosux mpyo. 3a605aKu po3yMIHHIO CKIAOHO20 83a€-
MO38 SI3KY MIJIC OUHAMIKOIO PIOUHU, MEeNnIonepeodayero i 61acmusoCnsiMu Mamepiany, ye 00CIioNHCeHHs: pOGUNIb 3HAYHUL BHECOK ) pO3PO6-
Ky 6inblu eghexmusHUX i CIUIKUX pitieHb Ost YAPAGIIHHS MeniogUMU NOMOKAMU 8 NPOMUCILOBUX YLISIX.

Kntouoei cnosa: mennosi mpyou, obuuciosanvha 2iopoournamixa (CFD, npoyec sunaposysanns, ANSYS Fluent, posnooin memnepa-
mypu).
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