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This study investigates condensation in a rectangular copper heat exchanger with six circular
tubes exposed to temperature variations. Three different temperature levels (380 K, 420 K and
460 K) were compared by examining heat transfer and phase change over a 5 second period with
1.25 s increments. A transient two dimensional analysis model was developed. Physical modeling
was performed using the Volume of Fluid (VOF) phase model and the Standard k-¢ turbulence
model. The analysis results were monitored along two horizontal lines at different heights on the
plate. The simulation results show that rapid condensation occurs at low and medium temperature
levels due to high heat transfer. At the high temperature level, a delayed phase change leads to a
longer condensation duration. The study serves as a guide for thermal device design by emphasizing
the need to select appropriate temperature ranges while considering both the amount and duration
of condensation.
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Yiriitilen bu ¢alisma, sicaklik degisimine maruz 6 adet dairesel boru iceren dikdortgen bir
bakir 1s1 esanjoriindeki yogusma konusunu incelemektedir. Uc farkli sicaklik seviyesi
(380 K, 420 K ve 460 K) ve 1,25 s artimlarla 5 saniye boyunca gerceklesen 1s1 transferi ve
faz gecisi ortaya konularak karsilagtirilmistir. Gegici rejimde 2 boyutlu bir analiz modeli
olusturularak VOF (Volume of Fluid) faz modeli ve Standart k-¢ tiirbiilans modeli ile
fiziksel modelleme yapilmistir. Analiz sonuglari plaka iizerinde olusturulan farkl: yiiksekliklerdeki
yatay iki ¢izgi boyunca grafikle izlenmistir. Simiilasyon sonuclarina gore, diisiik ve orta sicaklik
seviyesinde yiiksek bir 1s1 transferi neticesinde yogusma isleminin hizlica gergeklestigi
gozlemlenirken, yiiksek sicaklik seviyesinde faz degisiminin gecikerek yogusma siiresinin diger
sicaklik seviyelerine gore arttigi gozlenmistir. Calisma, 1s1l cihaz tasarimi yapilirken uygun sicaklik
araliklart segilerek yogusma miktar1 ve siiresinin de gézoniinde bulundurulmasini ortaya koyan
rehber niteliginde bir ¢alismadir.
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1. INTRODUCTION (GIRiS)

In recent years, global energy consumption has increased. Inefficient energy conversions and higher fossil
fuel use have caused major global issues [1]. To tackle this, two-phase closed thermosyphons have become
popular. These systems efficiently transfer heat between surfaces and are widely used in renewable heating
[2]. Grover introduced the concept of two-phase heat pipes in 1964 [3]. Two-phase thermosyphon systems
show various operating conditions. Chen et al. [4]. studied these conditions and the influencing factors in
detail. Several methods have been developed to solve multiphase computational fluid dynamics (CFD)
problems. Common methods are Volume of Fluid (VOF) [5-6], front-tracking (FT) [7] and level-set (LS)
[8-9]. VOF is widely used today in multiphase flow calculations. It tracks sharp interfaces, uses
computational resources efficiently and is suitable for multiphase flows. Despite lower interface stability
compared to other methods, VOF remains one of the most popular solutions [10-12].

Mroue et al. [13] conducted an experimental and numerical study of a heat pipe-based heat exchanger.
Experimental data were compared with CFD simulations, where the heat pipe was modeled as solid rods
with constant conductivity, showing agreement within 10%. In the simulations, the heat pipe was treated
as a simple solid rod since two phase flow was not considered significant. In the study by Temimy et al.
[14] a CFD simulation of a vertical heat pipe was analyzed using the VOF model. The effects of different
charge ratios (40%, 50%, 60%, 70% and 100%) on the system were investigated, revealing interactions
between rising hot vapor and condensed liquid. The results showed that the high momentum vapor phase
pushes other phases away from the wall, increasing the efficiency of the heat pipe.

Lin et al. [15] developed a comprehensive 3D CFD model to simulate evaporation and condensation
processes in a wickless heat pipe. The model used UDF and VOF methods, considering phase change
materials during evaporation and condensation. The results were visualized using commercial software and
validated experimentally with a transparent geyser. Song et al. [16] experimentally studied the thermal
efficiency of a concentric annular heat pipe heat sink (CAHPHS). CAHPHS, made up of two circular tubes
with different diameters, creates a vacuum vapor area, improving heat transfer and offering a more effective
cooling solution than conventional heat pipes. The experiments tested various fill ratios, flow arrangements
and heat values using different liquids like water and methanol. Results showed the best thermal
performance with a 10% fill ratio for water and a 40% fill ratio for methanol. Yuan et al. [17] proposed a
new dual-shell intermediary structure (called DSMHCTHE) to improve the heat transfer performance on
the shell side by helically coiling test tubes. The performance of DSMHCTHE has been obtained by
comparing the conventional multi-layer helically coiled tubes heat exchangers (MHCTHE) with the
numerical results and experimental tests. The results showed that the proposed design is better in heat
transfer even with the pressure loss on the shell side and it is 12% more comprehensive than MHCTHE in
terms of total performance.

In their research, Li et al. [18] developed a model that considers the fin area of a compact heat exchanger
to be the annular porous medium. They also proposed the computational fluid dynamics (CFD) numerical
simulation method for a 3D dimpled tube heat exchanger with a flow layout simplified only by the dummy
tube area. Their method enables the capturing of the flow characteristics in other areas by having a fine
mesh only in the area where the flow occurs. Jin et al. [19] made a CFD model in the ANSYS Fluent
program that can recover the waste heat by means of the electric generators and furnaces that emit the
gaseous mixture with the water steam. Apart from generators and furnaces, the composition of the gaseous
mixture occurs during the burning of certain fuels such as oil derived diesel. The invention of the mini heat
exchangers allowed for increased heat transfer and the reduction of the heat exchanger's size.

In studies involving vapor-liquid phase change, the process is often simplified and defined as heat and mass

transfer. Therefore, the phase change model used to describe heat and mass transfer is crucial for the
accuracy and stability of CFD analysis. The most commonly used phase change model in CFD analysis of
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heat pipes is the Lee model, formulated by Lee, which assumes constant saturation pressure [20]. The Lee
model was developed based on a set of Hertz-Knudsen equations derived from the kinetic energy theorem
of gases. One advantage is that it allows phase change to occur both within phases and on surfaces and it
can be easily applied to commercial CFD software using UDF [21]. Zhang et al. [22] have created a new
phase transition model based on the Lee model to reduce numerical fluctuations in concentration
simulations. By transferring energy sources to the adjacent grid points, the computational efficiency of the
model was increased by a factor of 40. While the error rates for interface temperature and position with the
developed model were only approximately 1%, the Lee model had an error of over 50%. Additionally, the
use of R134a has been accomplished to analyze the Nusselt film condensation and forced convective
condensation successfully resulting in a considerable improvement in accuracy compared to the previous
numerical methods.

This study is a numerical analysis model that employs a computational fluid dynamics method to examine
the condensation duration and amount in a six-tube heat exchanger at three different temperature levels.
The research aims to use CFD to numerically interact with the effects of temperature variations on phase
transition dynamics and condensation behavior in a rectangular copper heat exchanger. In the study,
molecular dynamics simulations aided by VOF and Lee phase change models are performed to understand
the dynamic behavior of the heat exchanger. The investigation runs the condensation at different thermal
boundary conditions leading to the fabrication of a more rapid thermal management solution through the
optimal choice of operating temperature.

2. MATERIAL AND METHOD
2.1. Material

One well-known equation for estimating net mass transfer between vapor and liquid surfaces during
evaporation is the Hertz-Knudsen equation [23], shown below:

_ VM P Psat(ty)
m = e | - P )

In this equation, o is the accommodation coefficient. M is the molecular weight; R is the universal gas
constant and P represents pressure. The result is expressed in kg/m?s. The Schrage and Lee models, often
used for phase change in condensation and evaporation, are derived from this equation. Later, equation (1)
was revised as follows.

m = ¢ \/2\/1.[_% [P — Psat(T)] 2

According to the ideal gas law,

p =B 3)
V¥ _ JoR
w=E @

By incorporating Equation (4) into Equation (2), Equation (5) is obtained as follows:

_ %c P—Psat(T)
m _m pV \/E (5)
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CFD simulations use different methods to analyze mass transfer during phase changes. The mass transfer
rate is added to the continuity equation through the source term S, representing mass change per unit
volume. Equation (5) must be updated with the correct formula. The volumetric vapor-liquid interface area
relates to the mean Sauter diameter Dg,,, and the phase volume fraction o [24]. The volumetric mass flow
at the interfaces is expressed by the following formula:

_ 6a ac P—Psat(T)
m= ©)

In this system, o and Dy, change based on real conditions. The empirical coefficient B is defined as:

_ 6ac
B=5_ = )

Substituting into Equation (6),

—Psat(T
m = fafp, L™ ®)

The mass transfer equations for liquid-to-vapor (evaporation) and vapor-to-liquid (condensation)
transitions are obtained.

sat(T)—

mip,y = BeaI\/ Pv . t\/E P ©)
—Psa (T)

My = Bcav pvp P\/Bt (10)

The empirical coefficients s™1, B, and B. in Equations (9-10) should be determined under specific
conditions for numerical accuracy. Interface tracking between phases is done by solving the mass
conservation equation for volume fractions. The equation for the first phase is as follows:

? — o :
i 5t (2aPq) + V- (aqpq¥q) = Zp=1( Mpq ~ mqp)] (11)

The VOF method is used to study two-phase flow and phase changes. In this study, liquid and vapor phases
are used, so the total cell volume equals (a, + a; = 1). The continuity equation for the primary phase
(liquid) is solved. Momentum and energy equations are calculated for the mixture phase. The equations are
listed below.

The continuity equation is:

2 (ap) + V- (opu) =Sy, (12)
The momentum equation is:

2 (pu) + 7 (puw) = =Vp + 7 - [u(Vu + Vu)] + pg + Scsr (13)

In Equation (13), p represents local pressure, p is dynamic viscosity and g denotes gravitational force.
The energy equation is expressed as shown below [25].
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5 (PE) + V- [(0E + p)ul = V(KVT) + S (14)

In this equation, E represents internal energy and k denotes thermal conductivity.

In Equations (13-14), density p and viscosity p are volume-averaged in the mixture phase. However,
internal energy E is mass averaged.

Surface tension results from uneven molecular forces at liquid-vapor interfaces. It pulls molecules inward,
aiming to minimize the energy of bubbles or droplets. This affects bubble formation and liquid adhesion to
solid surfaces. The Continuum Surface Force (Scsp) model accounts for these effects by adding a source
term (Scsr) to the momentum equation. This improves the accuracy of fluid dynamics modeling.

a;piCyVay+aypyCiVoy (1 5)
pP1t+pv

Scsr = 20y

Eddy viscosity is used in turbulent flows to account for turbulence. It helps reduce errors and prevent micro-
level fluctuations [26]. The general equation is:

k2
ve= (16)

In the Eddy viscosity equation, v; is Eddy viscosity (m?/s). C is the constant; k is turbulence energy and
€ is energy dissipation.

2.2. Geometry

In this study, a 20x50 cm rectangular plate with six 97 mm copper tubes were used. Tube temperatures
were examined at three levels (380K, 420K, 460K). The plate contained water vapor at 273K, and heat and
vapor transfer were analyzed through the tube holes. Copper at the bottom condensed the vapor into liquid
due to the high tube temperatures. 2D drawings and model image are shown in Figure 1.

In the analysis, water and vapor were the main fluids used for condensation and phase transition analysis
in heat exchangers. Water was chosen to model vapor to liquid transition due to its high latent heat. The

thermophysical properties of water and vapor are shown in Table 1.

5,50

0s°el

OLO O
clfcRe

0s'LL

20.00

Figure 1. Model technical drawing (a) and image (b)
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Table 1. Material properties

Property Water-v  Water-1 Aluminum (Wall)
Density (p): 0.5542 998.2 2719
Specific heat (cp): 2014 4182 871
Thermal conductivity: 0.0261 0.6 202.4

2.3. Mesh

The geometry model uses mostly hexahedral elements, with tetrahedral elements around the tube holes,
forming a hybrid mesh. The element size is 2.1 mm and the mesh was created with "Medium" smoothing.
The mesh metrics are within recommended ranges. The model has 18,733 nodes and 18,107 elements. The
mesh structure is shown in Figure 2 and the metrics are in Table 2.

--------
T

Figure 2. Mesh Structure

Table 2. Mesh metric values

Mesh Metric Min Max Average
Aspect Ratio 1 2,4686 1,0608
Skewness 4,508e-7 0,59079 5,7044¢e-2
Orthogonal Quality 0,75212 1 0,99086

2.4. Boundary Conditions

CFD analyses were done using Ansys Fluent under steady state conditions. The ambient temperature was
set to 273K, and the water-vapor phase volume fraction was defined as 1. The vapor fraction was applied
using the patch method. The edge temperatures of six tubes, called "condenserl" were set to 380K, 420K
and 460K. The lower edge of the plate, "condenser2" was set to 273K.

The standard k-¢ turbulence model and Enhanced Wall Treatment were used for the analysis. The standard
k-¢ turbulence model served as the reliable method adopted in this research because of its exact prediction
of separated flows in the recirculation zone and the boundary layer such as in the case of condensation
dominated phase change. This model entails the solution of transport equations for turbulence kinetic
energy (k) and its dissipation rate (g), thus it is the best choice for high Reynolds number and low anisotropy
flows. Moreover, it provides numerical stability. The VOF method is also handy in dealing with the tracking
of both liquid and vapor interfaces during an unsteady simulation. According to Fadhl et al. [10], the
standard k- model yields reliable results in two-phase thermosyphon systems with condensation, balancing
computational cost and physical realism. The VOF model simulated the vapor to liquid phase transition.
The surface tension between liquid and vapor was set to 0.06 N/m. Mass transfer occurred through
condensation, so the evaporation-condensation model was used. The Lee model was applied for analysis.
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. candenser]
. wapors
. wvall
. condenser?
Figure 3. Boundary conditions
Table 3. Boundary conditions
Boundary 1 2 3
“Condenserl” Temp. 380K 420K 460 K
Turbulence Model k-¢ k-¢ k-¢
Multiphase Model VOF VOF VOF
Mass Transfer Model Lee Model Lee Model Lee Model

3. RESULTS and DISCUSSIONS

The contour results show that water vapor distribution and temperature changes over time. Below are
detailed interpretations for each temperature level. This study's CFD analyses examined condensation and
phase transitions at 380K, 420K and 460K. At 380K, condensation starts much faster. Over time (t=1.25 -
5 s), water vapor decreases quickly as molecules transition to liquid. Due to the lower energy level,
condensation takes place quicker than at other temperatures which gives rise to rapid condensation from
vapor and a swift change of phase.

380 K results:

At 380K, temperature distribution is uniform across the surface. Over time (t=1.25-5 s), temperature
differences decrease quickly. The lower temperature allows for faster phase transition and quicker thermal
equilibrium. This indicates that condensation at 380K is more efficient and takes less time.

Watervapor.Volume Fraction
Results . ’

1.000e+00
l9.231e—01
tileejo0®
7.692e-01 J : .
[ 6.923e-01 . ;
6.154e-01 [N : .
5.385e-01 .. ..
l4.s15e-01

3.846e-01

3.077e-01 B -
l o0 0

1.538e-01 |
7.692e-02

0.000e+00 -
Figure 4. Water vapor distribution for 380 K a)t=1.25s b) t=2.5s ¢) t=3.75s d)t=5s
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Temperature
Results
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(K]
Figure 5. Temperature distribution for 380 K a)t=1.25s b) t=2.5s ¢) t=3.75s d)t=5s

420 K results:

Steam condenses on the pipes and loses energy. The high energy delays the process. At 420K, condensation
is slow and gradual. Over time, water vapor decreases but condensation still takes longer than at 380K.

At 420K, the temperature gradually decreases, with noticeable cooling around the tubes. Temperature
changes are slower than at 380K and surface differences are more pronounced. As time progresses
(t=1.25-5 s), the system nears thermal equilibrium but temperature differences last longer due to the higher
heat.

At 460K, temperature differences are more pronounced. Surface temperature changes vary widely and
cooling is much slower. Condensation is delayed and thermal equilibrium takes longer. Even as the system
cools (t=1.25-5 s), slow condensation keeps the differences significant.

Watervapor.Volume Fraction
Results

1.000e+00
9.231e-01

tslee|oe|oo|0e
7.692e-01 ) - .

[ 6.923e-01
6.154e-01

5.385e-01
l 4.615e-01
3.846e-01

3.077e-01 | ‘ .
| Ol Rd b b

1.538e-01
7.692e-02 08
0.0006+00 St

Figure 6. Water vapor distribution for 420 K a)t=125s b) t=2.5s ¢) t=3.75s d)t=5s
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Temperature
Results
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Figure 7. Temperature distribution for 420 K a)t=125s b) t=2.5s ¢) t=3.75s d)t=5s

460 K results:

The process where vapor molecules change to liquid whilst giving off dissipates energy is referred to as
condensation. This is much slower as it depends on the created thermal energy in addition to the pressure.
7.692e-02

0-000e+00 ’ E E

Figure 8. Water vapor distribution for 460 K a)t=1.25s b) t=2.5s ¢) t=3.75s d)t=5s

Watervapor.Volume Fraction
Results

1.000e+00
9.231e-01
8.462e-01
7.692e-01
6.923e-01
6.154e-01
5.385e-01 |
4.615e-01
3.846e-01 |
3.077e-01
2.308e-01
1.538e-01 ¢

Temperature
Results

4.600e+02
4.456e+02
4.312e+02
4.168e+02
4.025e+02
3.881e+02
3.737e+02
3.503e+02
3.449e+02
3.305e+02
3.162e+02
3.018e+02
2.874e+02
2.730e+02

(K]

Figure 9. Temperature distribution for 460 K a)t=1.25s b) t=2.5s ¢) t=3.75s d)t=5s

At higher temperature, vapor molecules possess more energy while needing to condense which takes even
more energy. The increased temperature further retards the condensation process.
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Figure 10. Temperature distribution at line 2

The changes of the variable x on the graph in terms of temperature suggest that the condensation process is
effective over the surface. Each detached section from the base line reaches the same thermal reading which
suggests that every section of the surface goes through the same process. It indicates the high ratio of
effectiveness of the process of phase change. The temperature differences were large at 460K. Only notable
t=1.25s did temperatures span between 312.6K to 364.6K. While at 5s the range had increased to 372K to
440K. Due to the lack of energy in the system, the rate of condensation was reduced, which explained a
wide range of temperature readings over the surface. The transition of phase was slower due to an increase
in molecular energy and so did the rate of energy supply to the system.

At 420K, temperature distribution was more stable but still varied. Att=1.25 s, temperatures ranged from
309.5 K to 333.7 K. Att= 15 s, they varied between 351.4 K and 380.5 K. Condensation was slower than at
380K and temperature differences persisted longer. This indicates that the condensation process took more
time and delayed energy loss in the vapor phase. At t = 1.25 s, temperatures ranged from 296.1 K to
315.7 K. By t = 5 s, they dropped to 347.4 K to 351.8 K. Lower energy in water vapor facilitated rapid
condensation and reduced temperature differences quickly. A significant amount of heat energy was
released during phase transition, allowing swift thermal equilibrium.
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Figure 11. Temperature distribution at line 1

At 460K, temperature differences were observed over the widest range. At T = 1.25 s, the upper limit and
the lower limit of the temperature range were 311.7 K and 316.2 K respectively. Att=5 s, the range of the
temperatures was from 352.8 K to 440.0 K. The condensation process at this high temperature proceeded
at a very slow rate. This resulted in large temperature gradients along the surface. Phase change was
completed later because the energy of molecules was high. Energy transfer took place over a longer time
span.

At 420K, the heat distribution got balanced more slowly than it balanced in 380K. At t = 1.25 s,
temperatures varied between 308.3 K and 308.1 K. At t =5 s, the temperature range was wider, and it was
from 357.7 K to 380.5 K. The slower condensation process resulted in longer lasting temperature
differences. Even at t = 5 s, the differences in temperature persisted and were wider than at other levels.
This indicates that condensation was more sluggish and energy dissipation in the gas phase was postponed.

At 380K, the distribution of the temperature range over time became uniform. At t = 1.25 s, temperature
ranged from 301.2 K to 303.8 K while the variation at t = 5 s in temperature range was drastically lower
from 347.4 K to 349.5 K. The lower energy of vapor caused a fast condensation process. This led to a quick
reduction in temperature differences along the surface. A significant amount of heat energy was transferred
out during the phase transition, allowing the system to reach thermal equilibrium quickly.
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4. CONCLUSION

This study explores condensation and phase transition phenomena in heat exchanger systems featuring
circular tubes placed on a rectangular plate. Some analysis at 380K, 420K and 460K showed that
temperature variation directly influences the what is the condensation rate, transition phase effectiveness
and the system integrated performance. These results inform the profound influence of temperature changes
on heat transfer. As a result, the study revealed several key findings about the temperature of the phase
transition and condensation:

- At the temperature level of 380K, the analysis showed that the condensation process started quickly and
completed in a short time. At lower temperatures, water vapor molecules have lower energy. This leads to
faster energy loss needed for the phase transition. As a result, the system reached the thermal equilibrium
more rapidly and temperature differences decreased quickly. The fast condensation process also enabled
more efficient heat transfer.

- At 420K, the condensation process was more gradual and lasted longer than at 380K. Temperature
differences along the surface were maintained for an extended period. The phase transition slowed but
showed more stability. This may benefit applications that aim to optimize temperature distribution, as
condensation occurred more evenly.

- At 460K, the phase transition process was the slowest. Condensation started late and temperature
differences were broader. High temperature delayed energy loss in vapor phase molecules. This extended
the phase change duration and reduced system efficiency. The slow condensation caused delays in heat
transfer, which is undesirable for energy efficiency.

The present study's results are in agreement with previous numerical and experimental findings as reported
in the literature. The rapid condensation and heat transfer at lower temperatures shown in this study are
similar to the findings of Temimy et al. [14] who have reported the efficiency of condensation is increased
under the condition of lower thermal loads. In addition, the delayed transition at the higher temperature is
comparable to the results of Fadhl et al. [10] where the greater energy of the vapor resulted in longer
condensation times. The correlation between these studies confirms that the thermal performance of two-
phase systems is highly dependent on the initial temperature conditions, which has been demonstrated
through the use of CFD based analyses in the heat exchanger investigations are cited in this report.The
results show that temperature control is vital for improving heat exchanger efficiency. Efficient heat transfer
occurs at lower temperatures. High temperatures slow down the condensation process. Therefore, optimized
heat exchanger designs are recommended for various temperature scenarios
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