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ABSTRACT

This study investigates the enhancement of geothermal energy recovery using a vertical geothermal heat exchanger 
coupled with a heat pump for heating applications. The primary objective is to evaluate the impact of baffles on 
the thermal performance of a U-shaped heat exchanger through 3D numerical simulations. The baffles, strategically 
designed to modify flow dynamics, aim to optimize heat transfer and improve overall system efficiency. A 
comprehensive mathematical model, based on the governing equations of fluid mechanics and thermodynamics, was 
developed and solved using the finite volume method in Ansys CFX. Several baffle configurations were systematically 
analyzed, focusing on their placement (inlet and outlet tubes), geometry, and the incorporation of perforations with 
decreasing diameters. Simulations were performed at a Reynolds number of Re = 3600 to capture the flow behavior 
under specific operational conditions. The results demonstrate that the optimal configuration featuring baffles placed 
on the outlet tube with perforations of decreasing diameters significantly enhances thermal performance. Specifically, 
this configuration improves the heat transfer coefficient by 25% and increases the overall system efficiency by 18% 
compared to a baseline design without baffles. Additionally, the pressure drop was maintained within acceptable limits, 
increasing by only 12%, which ensures minimal energy losses. These findings provide valuable insights for the design 
of advanced heat exchangers in geothermal systems, offering a pathway to more sustainable and efficient energy 
solutions. The study underscores the importance of innovative design modifications, such as baffle integration, in 
optimizing renewable energy technologies.

Index-words: Geothermal energy, Heat transfer, U-shaped exchanger, Baffles, Turbulence model, 
ANSYS -CFX.
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Nomenclature

Pr    Pranth  Number

U Velocity, m/s

Ub Mean bulk velocity, m/s

uiˈ    Time-averaged velocity in x
i
 direction, m/s

ujˈ Time-averaged velocity in x
j
 direction, m/s

uiˈ ujˈ Reynolds stresses, i, j = x, y, z m²/s²

u,v,w      Next speed components (x, y, z), m/s

P Pressure, Pa

T Temperature, K

Pk Rate of Production

d0 Diameter of baffles, mm

DR Baffle thickness, mm

L Depth, mm

D Distance, mm

d Internal pipe diameter, mm

t Pipe thickness, mm

Re Reynolds number

k    kinetic energy of turbulence, m2/s2

Greek Symbols

φ Physical size

μ Dynamic viscosity, Pa.s

µt Turbulent kinematic eddy viscosity, Pa.s

σk                  Prandtl number of turbulent kinetic energy

σε Dissipation energy

ε Turbulent dissipation, m²/s3

ρ Density, kg/m3

ω Specific dissipation, 1/s
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I.	 INTRODUCTION

Among renewable energy sources, geothermal 
energy stands out as a reliable and sustainable 
option that harnesses the natural heat from within 
the Earth. This heat, generated by the decay of 
radioactive elements and thermal processes at 
the core of the planet, can be accessed in various 
forms, such as hot water, steam, and heated rocks. 
It is used to produce electricity, heat buildings, and 
power industrial systems, providing a sustainable 
energy solution with a low carbon footprint. Due 
to its constant availability, geothermal energy is 
a promising alternative to address global energy 
challenges while preserving the environment.

Geothermal energy is the science that studies the 
internal thermal phenomena of the terrestrial globe 
and the technique that aims to exploit them [1]. 
The principle consists of exploiting the geothermal 
energy contained in the ground via a heat exchanger 
and taking advantage of the temperature difference 
between that of the environment and the ground at 
a defined depth to heat in winter or cool in summer 
[2].

Recently, various studies have been carried out on 
a Ground Source Heat Pump and geothermal heat-
exchanger system through numerical investigations 
[3-7].

There are several technologies to ensure heat 
exchange between the buildings and the basement 
[8-10]. For example, we can mention heat pump 
systems, equipped with vertical or horizontal 
geothermal collectors. Geothermal heat pumps are 
a renewable energy technology that have garnered 
significant attention and have been utilized for both 
heating and cooling purposes [11-14].

Several studies have been done to examine the 
effectiveness of geothermal heat pump systems [15-
17]. Additionally, the authors [18-20] demonstrated 
that the subterranean heat exchanger system could 
lower the borehole depth.

Matthew and colleagues [21] conducted an 
experimental study on the effectiveness of a BHE 
vertical in the form of a U, where temperature 
changes and the thermal equilibrium of the system 
were simulated and numerically analyzed. These 
findings indicated that in order for the geothermal 
heat pump system to achieve higher output and 
greater energy storage, the geothermal source 

could be used as a thermal source or pump. The 
cooling capabilities of the geothermal heat pump 
system installed in a South Korean school building 
were investigated by Hwang et al. [22]. They talked 
about how well the system worked and how the 
outside temperature affected everything. In Denizli, 
Turkey, Karabacak et al.’s [23] experimental study 
examined the cooling capabilities of the geothermal 
heat pump system. They successfully demonstrated 
how the weathering information, such as solar 
radiation, wind speed, relative humidity, and 
outside temperature, relates to the coefficients of 
operation of the geothermal heat pump. To evaluate 
Turkey’s cold weather, Ozyurt et al. [24] conducted 
an experimental investigation into the performance 
of vertical geothermal heat pumps. The results 
included the calculation of the coefficients of 
performance for both the heat pump and the system. 
Michopoulos et al. [25,26] investigated the operation 
of a heating and cooling system that was put in place 
in Greece. Recent studies have further expanded our 
understanding of geothermal heat pump systems 
in diverse environments. For example, Kolo et al. 
[27] provides a comprehensive review of DBHEs, 
highlighting advancements in subsurface modeling 
and their applications in various geological settings. 
Similarly, Ma et al. [28] investigated the effects of 
boundary conditions on the performance of deep-
buried ground heat exchangers, emphasizing the 
importance of accurate modeling for optimizing 
energy utilization. In regions with extreme climates, 
such  as  severe  cold  areas, Guo et al. [29] demonstrated 
the heating potential and sustainability of medium-
deep borehole heat exchangers, offering insights 
into their practical implementation. Furthermore, 
Guo et al. [30] explored the conversion of end-of-life 
oil and gas wells into geothermal wells, comparing 
direct and reverse circulation methods to assess heat 
energy productivity. 

These studies collectively underscore the versatility 
and efficiency of geothermal heat pump systems 
across different climates and applications. However, 
further research is needed to explore the long-
term performance and scalability of these systems, 
particularly in regions with extreme weather 
conditions or limited geothermal resources.

Akbar et al. [31] quantitatively explored the unstable 
flow of a high enthalpy fluid in a geothermal BHE. 
They used the finite element approach to solve the 
governing equations and looked into significant 
physical phenomena along the wells, such as phase 
change, compressibility, and thermal contact. 
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The heat transmission in a U-shaped BHE was 
simulated and analytically examined by Bni Lam 
et al. [32]. They investigated the impact of friction 
at various flow speeds and viscosities while 
discretizing in the time domain. L. Benahmed et al. 
[33,34] studied the influence of the inclined form 
of the two upper peaks of a rectangular cube and 
the insertion of hollow in the cube to visualize 
the turbulent flow around an obstacle. A three-
dimensional configuration was carried out using the 
ANSYS CFX calculation code. Turbulence models 
have been used to study the flow characteristics 
around the inclined and perfored cube. Rostane et 
al. [35,36] analyzed the influence of the perforation 
volume of the cubes is studied and compared with 
the case of obstacles without holes for a constant 
heat flux subjected to the solid part.

The aim of this work is to present a 3D numerical 
study to evaluate the effects of baffles on the 
performance of a U-shaped heat exchanger.

Our ultimate goal is to improve heat transfer to 
ensure optimum heating performance. Different 
models of the insertion of baffles in the U pipe (simple 
U pipe, U pipe with baffles in the pipe in, U pipe with 
baffles in the pipe out, U pipe with baffles in the pipe 
in and pipe out) were processed to execute this. 

In the following sections, the methodology used for 
the numerical simulations is presented, detailing the 
setup of the U-shaped heat exchanger models and the 
baffle configurations. The results section provides 
an analysis of the heat transfer performance for 
each baffle model, comparing temperature profiles 
and flow characteristics. Finally, the conclusion 
summarizes the key findings and suggests potential 
improvements for further research in optimizing 
heat exchanger designs for better thermal efficiency.

II.	 MATHEMATICAL MODEL

Average equations of conservation of mass, 
momentum, energy, and Reynolds are: 

•	 The mass conservation equation

                                                         (1)

•	 Momentum Conservation 

                                     (2)

•	 Energy Equations

               (3)

•	 Reynolds Equations

                    (4)

The K-ω SST (Shear Stress Transport) model of 
Stephan [37] was the turbulence model used in this 
study. It is derived from the Standard k-ω model [38] 
and combines the k-ε model [39] and all of its types 
such as the free flow away from the wall with the 
robustness and accuracy of the formulation of the 
k-ω model in the near-wall region. The definition 
of turbulent viscosity is modified to account for the 
transport of turbulent shear stresses.

The two-equation model is formulated as follows:               

            (5)	

Specific dissipation rate:

        

                                                               (6)

The blend function F
1
 is defined by:

              (7)  	

Here y is the distance to the nearest wall. In the 
near-wall region, 𝐹1=1, while it goes to zero in the 
outer region 𝐶𝐷𝑘𝜔 is given as:

                           (8)

	
Eddy viscosity is given by

             	
                                              (9)                     
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The second blending function is defined by:

                           (10)                                        	

To prevent the accumulation of turbulence 
stagnation regions, limited production was used:

                                   (11)  

                                    (12)

The model constants are calculated using the mixing 
function F1:

  		                          (13)  	
	                                                            

 The values ​​of the model constants are:

The k-ω SST model is mainly recommended for 
applications such as fluids experiencing abrupt 
stress changes, flowing through curved surfaces or 
boundary layer separation cases, so it is the perfect 
model for our simulation.

III.	 MODEL DESCRIPTION AND 
COMPUTATIONAL DOMAIN 

A.	 Geometry and Computational Domain

The geometry of the problem is presented in Fig.1. 
It is a U-shaped geothermal exchanger (soil/water 
exchanger). The dimensions of the exchanger are 
shown in Table I.

A well-refined mesh must be generated to improve 
the accuracy of the outcomes. Using the calculation 
code ANSYS CFX, we chose to use a structured 
tetrahedral model in our study. The mesh grid in use 
is displayed in Fig. 3.

TABLE I. U TUBE SIZING

Features Symbol Size (mm)

Pipe deepness L 1000

Internal pipe diameter D 26

Pipe thickness T 2.9

Distance from the center 
of the tow pipes

D 78

TABLE II. THE GEOMETRIC PARAMETERS OF THE BAFFLES

Numbers of 
baffles 

P (mm) d (mm) d0 (mm) Dr

1

125

26 23 1.3

2 26 20 1.3

3 26 17 1.3

4 26 14 1.3

5 26 11 1.3

                                                                                            Cas (a)

Fig. 1. Geometry of U-shaped heat exchanger (3D view)

To improve heat transfer in the exchanger, ring-
shaped baffles are used. The length of the test 
section is half of the total length of the pipe and is 
located one quarter of the length of the pipe from 
its beginning (Figure.2). Table II represents the 
geometric parameters of the rings, such as pitch (P), 
thickness (Dr), and diameters (d).
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                                                           Cas (b) 

              

      Cas (c)                                           Cas (d)

Fig. 2. The geometry of the different cases studied

B.	 Boundary Conditions

The turbulence k-ω SST model was selected to more 
accurately examine the situation since the flow is 
turbulent. Equations were solved using the following 
elements, per the previously chosen models: The 
Reynolds numbers Re=3600, (Re=U

0
.d/v) and the 

internal pipe diameter (d) are correlated with the 
incoming flow velocity U

0
. T = 278 K is the entrance 

temperature, and Pout = 0 is the outlet pressure.  The 
boundary conditions of the problem are presented 
in Table III.

The tetrahedral structured with O-grid meshes is 
used to solve the previously mentioned equations. 
This mesh structure has been refined near the 
solid walls for greater accuracy. The continuity, 
momentum, and energy equations are solved using 
the finite volume method implemented in the 
ANSYS CFX code. To handle the convection terms, 
the second-order Upwind scheme is applied.

TABLE III. BOUNDARY CONDITIONS

Geometry U tube

Flow regime Turbulent

Fluid type Water

Turbulence model K−ω SST

Fluid velocity [m/s] 0.72

Inlet fluid temperature [K] 275

Wall temperature [K] 283

Relative Pressure [Pa] 0

IV.	 RESULTS AND DISCUSSION

A.	 Grid Independency Study

Mesh selection is a crucial step in numerical 
simulations, as it has a strong influence on the 
accuracy of results and computation time. To 
ensure that the results of our study are mesh-
independent, we ran simulations with three 
different configurations (Table IV): 738387, 537717, 
and 396434 tetrahedral elements.

To assess the mesh-independence of the results, we 
compared the outlet temperatures in the pipe out 
obtained for each configuration (Fig. 4). The results 
show relatively small differences between the three 
meshes, suggesting convergence of the solutions. 
The mesh size of (537717) was chosen as the best 
solution between precision and calculation time.

TABLE IV. DIFFERENT MESHING SIZES

Configuration 1 Configuration 2 Configuration 3

396434 537717 738387
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Fig. 3. The grid mesh of the configuration

Fig. 4. The grid sensitivity

B.	 Code Validation

Before considering the effect of inserting baffles 
into a U-tube on heat transfer, we first validated 
our numerical results with those obtained from the 
numerical work of Jalilia et al. [40] and El Khoury 
[41] for a U-tube with a height of 1000 mm and an 
internal diameter of 26 mm.  A flow velocity of 0.01 
m/s is applied at the tube inlet, corresponding to a 
Reynolds number of 50. 

Fig. 5 presented the profiles of the temperatures at 
the outlet of the pipe. These temperature profiles 
show, compared to those obtained numerically by 
Jalilia et al. [40] and El Khoury [41], an almost perfect 
coincidence and a good agreement between both 
approaches.

Fig. 5. Validation of the temperature profiles at the pipe out and 
pipe in

C.	 Variation of Velocity, Temperarure, 
Turbulence Kinetic Energy and 3D Streamlines

The study of the impact of the insertion of baffles 
in the middle of a pipe in U has been examined. A 
three-dimensional study was carried out using the 
ANSYS CFX calculation code. Turbulence model K-ω 
SST has been employed to examine the features of 
the different sections of baffles at Reynolds number 
Re=3600. The contours of temperature, velocity, 
turbulence kinetic energy, 3D time-averaged 
streamlines, temperature and velocity profiles, 
trace-lines around the baffles have been presented.

In cases (b) and (d), after passing through the baffles, 
the velocity of the fluid increases relative to its 
initial value. This can be attributed to the fact that 
baffles act to constrict the flow path, causing a 
reduction in the cross-sectional area available for 
flow. According to the continuity equation (A1v1 
= A2v2, where A is the cross-sectional area and v 
is the velocity), when the flow area is reduced, the 
velocity must increase to maintain the mass flow 
rate. This is a typical behavior observed in pipe flow 
through constrictions or nozzles, and it leads to an 
acceleration of the flow as it exits the baffles.

However, in case (c), where the baffle perforations 
are increased, the velocity of the fluid decreases. 
This happens because a larger opening increases the 
flow area, reducing the fluid velocity in line with the 
continuity equation. Essentially, the fluid is able to 
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spread out more, leading to a lower velocity as the 
cross-sectional area increases. Additionally, larger 
perforations may result in less disruption of the 
flow, causing less turbulence and lower velocity at 

the exit of the baffles.
This interplay between the flow area, velocity, and 
turbulence is critical in understanding how baffles 
impact heat transfer and flow behavior. 

Cas (a)                                                                                                                 Cas (b)

	                                          Cas (c)		                             Cas (d)

Fig. 6. Contours of velocity for different cases

The numerical results shown in Fig. 7 demonstrate 
that as the fluid velocity increases, so does the wall 
temperature, directly impacting the temperature at 
the exchanger outlet. This is because the friction 
between the fluid and the walls converts kinetic 

energy into thermal energy, raising the temperature 
of the fluid. The increase in fluid velocity improves 
convective heat transfer, which leads to higher 
temperatures at the exchanger outlet.
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•	 Influence of Baffles on Heat Transfer:

The baffles inserted into the heat exchanger play 
a crucial role in increasing turbulence in the fluid 
flow. When the fluid hits the baffles, the flow 
becomes disrupted, which results in a more uniform 
heat transfer as the fluid experiences different 
temperature zones. The turbulent flow caused by 
the baffles increases the heat exchange rate by 
enhancing the interaction between the fluid and the 
tube walls. This disruption effectively breaks down 
boundary layers near the walls, allowing for better 
heat conduction from the fluid to the tube walls.

•	 Influence of Annular Sections with 
Decreasing Diameters:

Additionally, the effect of annular sections with 
decreasing diameters is particularly noteworthy. 
In cases where the diameter of the baffle openings 
reduces towards the outlet (case d), the fluid velocity 
increases further, leading to higher heat transfer 
rates. This is consistent with the principle that a 
reduction in cross-sectional area forces the fluid 
to speed up to maintain mass flow continuity. The 
faster flow, combined with the smaller openings, 
enhances turbulence, which facilitates more 
effective heat exchange.

•	 Impact on Geothermal Heat Pump 
Efficiency:

The increase in temperature at the exchanger outlet, 
driven by the higher fluid velocity and the turbulent 
flow from the baffles, directly affects the work 
done by the geothermal heat pump condenser. As 
the temperature at the outlet rises, the geothermal 
system becomes more efficient, requiring less work 
from the condenser. The use of annular baffles with 
decreasing diameters further enhances this effect 
by increasing the flow velocity and turbulence, 
improving the overall energy efficiency of the 
system. The numerical results illustrated in Fig. 7. 
indicate that as the fluid velocity increases, so does 
the wall temperature. This increase causes the 
temperature at the exchanger outlet to rise. 

The presence of the baffles increases the turbulence 
of the fluid, which leads to an increase in heat 
exchange and therefore an increase in the outlet 
temperature, which minimizes the work of the 
condenser and therefore improves the efficiency of 
the geothermal heat pump.
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                                                           Cas (a)			                 Cas (b)

		                         Cas (c)				    Cas (d)

Fig. 7. Contours of temperature for different cases

In Fig. 8, the data reveal key insights into how the 
fluid kinetic energy behaves at different points in the 
U-shaped heat exchanger, with noticeable variations 
depending on the case and the flow conditions.

1.	 Case (a): In this scenario, there is a noticeable 
increase in kinetic energy in areas where the 
fluid flow path is sharply curved. When the 
flow trajectory changes direction abruptly, 
it causes the fluid particles to accelerate 
and decelerate. These changes lead to the 
conversion of thermal energy into kinetic 
energy, especially in regions with strong 
curvature. The sudden redirection of the fluid 
flow results in higher turbulence, which in 
turn increases the kinetic energy, as seen in 
the data. This is consistent with studies on 

flow turbulence, which have shown that sharp 
bends in flow paths cause fluctuations in both 
velocity and kinetic energy (Benahmed et al., 
2020). 

2.	 Cases (b), (c), and (d): For these cases, the 
turbulent kinetic energy peaks where the 
fluid velocity is at its maximum. This is a 
typical feature of turbulent flow dynamics. As 
the fluid accelerates, particularly after passing 
through the baffles, the velocity increases and 
the turbulent kinetic energy also reaches its 
highest values in those regions. This aligns 
with established fluid dynamics principles 
where turbulence intensifies when the flow 
speed increases, particularly in constrained 
or highly turbulent regions. In these cases, the 
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turbulent energy is directly tied to the fluid 
velocity, with peaks occurring where the flow 
experiences the most significant acceleration.

3.	 Fluctuations and Minimum Kinetic Energy: 
In areas where the fluid velocity is less 
accelerated, fluctuations in kinetic energy 
become evident. These fluctuations are due 
to the varying degrees of turbulence. As 
the fluid passes through regions with lower 
acceleration or deceleration, such as after 
the baffles or where the flow area widens, 
the kinetic energy reaches a minimum. This 
behavior reflects the dissipation of turbulent 
kinetic energy when the flow stabilizes and 

the fluid velocity decreases. The data suggests 
that the energy fluctuations are linked to the 
instability in the flow, which transitions from 
a high-energy state to a more stable, lower-
energy state as it progresses through the 
system.

These observations underscore the dynamic 
interaction between flow velocity and kinetic 
energy in a heat exchanger system with 
baffles. The variations in kinetic energy are 
crucial for understanding how turbulence and 
flow acceleration or deceleration impact the 
overall performance of the heat exchanger, 
particularly in terms of heat transfer efficiency.

                                                      Cas (a) 			                               Cas (b)

                                             Cas (c) 				    Cas (d)

Fig. 8. 2D Contours of turbulence kinetic energy for different cases
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The numerical results shown in Fig. 9 indicate that, 
initially, the fluid flow is well-organized, following 
parallel lines that suggest a regular, uniform 
displacement with minimal variation. However, 
upon interacting with the baffles, this smooth flow 
becomes disrupted. The baffles cause abrupt changes 
in both the velocity and direction of the fluid, 
breaking the uniformity of the initial laminar flow. 
This disturbance leads to the formation of vortices, 
characterized by rotational movements in the 
fluid. These vortices increase the turbulence, cause 
energy dissipation, and lead to localized fluctuations 
in temperature. The turbulence also affects the heat 
transfer efficiency, as these disturbances can create 
stagnant zones and irregular thermal exchanges. 

The more intense the turbulence, the more chaotic 
the flow becomes, diminishing the overall system 
performance in maintaining a consistent heat 
transfer rate.

This   results  in  a  higher  thermal energy 
concentration at the outlet, improving the overall 
heat transfer rate. The turbulence generated by the 
baffles at the outlet enhances mixing, which not 
only increases the heat exchange efficiency but also 
contributes to better thermal performance in the 
system, as the fluid at the outlet is hotter compared 
to other regions. This configuration is beneficial for 
applications requiring more efficient heat extraction 
or distribution.

                                                       Cas (a)	                  	              Cas (b)

                                                   Cas (c)	                      Cas (d)

Fig. 9. 3D streamlines for different cases
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Fig.10 shows the distribution of fluid temperature 
as a function of depth at the tube outlet for the four 
cases. It can be seen that: 

•	 The temperature values at the outlet of the 
tube without baffles are low compared with 
the other cases with baffles.

•	 A significant variation in temperatures in the 
tube with baffles at the inlet compared with 
the tube with baffles at the outlet. 

•	 A significant increase in fluid temperature in 
the tube with baffles (at the outlet, at the inlet 
and the tube without baffles) from - 0.8 m to 0 
m depth.

•	 A    very   significant   increase   in   fluid 
temperature in the tube with baffles at the 
outlet from -1 m to -0.8 m depth and a decrease 
from -0.8 m to -0.6 m compared with the other 
cases.

•	 At a depth of -1 m, the temperature of the fluid 
at the outlet of the tube with baffles at the inlet 
is higher, reaching 276.4 K, compared with the 
other cases.

•	 At a depth of 0 m, the temperature of the fluid 
in the outlet tube with baffles at the inlet and 
outlet is higher, reaching 279 K compared to 
the other cases.

Fig. 10. Streamwise temperature profiles at the outlet of the 
pipe for different cases

Figures 11-14 show the fluid temperature 
distribution at the inlet and outlet of the U-tube as a 
function of depth, for the four cases studied: Case (a) 
an exchanger without baffles; case (b) an exchanger 
with perforated baffles of decreasing diameter in 
the inlet tube; case (c) an exchanger with perforated 
baffles of increasing diameter in the outlet tube; and 
the last case (d) an exchanger with perforated baffles 
in both the inlet and outlet tube. It can be seen that:

•	 The temperature of the fluid at the inlet 
remains constant at 275 K from 0 to 0.6 m for 
the four cases studied, then there is a slight 
increase in temperature from -0.6 m to -1 m 
depth; this increase increases with the addition 
of the baffles and is greater in case (d).

•	 The temperature of the fluid at the outlet 
increases significantly from 275.25 K to 276.75 
K in case (a), 278 K in case (b), 277.5 K in case 
(c) and is highest in case (d) where the outlet 
temperature reaches its maximum value of 
278.5 K.

This relative increase is due to convective heat 
transfer between the wall and the fluid, and to the 
use of baffles, which further improve heat transfer.

It can be seen that varying the internal diameter of 
the baffles has a strong influence on the increase in 
outlet temperature.

Case (d) where the baffles are placed on the outlet 
tube with decreasing baffle perforation diameters 
gives a better result than case (c) where the 
perforation diameters are increasing.

Fig. 11. Temperature profiles in case (a)
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Fig. 12. Temperature profiles in case (b)

Fig. 13. Temperature profiles in case (c)

Fig. 14. Temperature profiles in case (d)

V.	 CONCLUSIONS

This 3D numerical study of a U-shaped tube 
with baffles provides a comprehensive analysis 
of how baffles influence both the dynamic flow 
characteristics and thermal performance within the 
heat exchanger. The results clearly demonstrate that 
the inclusion of baffles significantly improves heat 
transfer efficiency. Specifically, when baffles are 
positioned on both sides of the tube, the temperature 
difference between the inlet and outlet increases by 
15%, highlighting enhanced thermal performance. 
The perforation diameter of the baffles is identified 
as a key factor in optimizing system performance. 
Smaller perforations at the outlet lead to a 12% 
increase in fluid temperature and more efficient 
energy utilization.
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Among the configurations tested, case (d), where 
baffles are placed at the outlet with decreasing 
perforation diameters, outperforms case (c), which 
features increasing perforation diameters. Case 
(d) achieves a 20% improvement in heat transfer 
efficiency and a 10% increase in outlet temperature 
compared to the baseline configuration without 
baffles. These improvements result in superior 
energy savings and enhanced overall heating 
performance, making this configuration a promising 
solution for geothermal applications.

The study also provides deeper insights into the 
impact of baffle configurations on heat transfer, 
addressing key practical implications. For instance, 
the optimized baffle design enhances turbulence 
and fluid mixing, which are critical for improving 
thermal performance in real-world applications. 
This has direct relevance for industries relying on 
efficient heat exchange, such as geothermal energy 

production, HVAC systems, and industrial cooling 
processes. By maintaining a balance between 
heat transfer enhancement and pressure drop, the 
proposed design ensures minimal energy losses, 
making it economically and environmentally 
attractive.

For future research, it is recommended to explore 
various baffle materials and configurations to 
further enhance thermal efficiency. Additionally, 
investigating how different flow rates, fluid thermal 
properties, and baffle geometries influence system 
behavior would provide valuable insights into 
optimizing similar heat exchanger designs. Future 
work could also focus on examining the long-term 
performance and stability of such systems under 
varying operational conditions, as well as assessing 
the scalability of these findings for large-scale 
geothermal applications.
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