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Abstract: The present study aims to analyze the heat transfer variations in different models of shell
and tube heat exchangers considering geometric variations in the baffle angles and in the tube’s
profiles. Each baffle configuration and geometric variation in the profiles were tested under different
mass flow rates (0.25, 0.5, 0.75, and 1 kg·s−1) in the shell to study the heat transfer improvement. The
models were simulated using a CFD simulation software ANSYS Fluent including an experimental
geometry which was used to validate the simulation process. The experiment results are in good
agreement with the CFD results. The analysis of the results shows that an angle of 60◦ in the baffles
generated the highest heat flow (more than 40 kW) with an inclination to the cold flow inlet and a
mixed distribution considering a mass flow rate of 1 kg·s−1 in the shell. In addition, the horizontal
elliptic profile achieved a heat flow higher than 29 kW with a mass flow rate of 0.5 kg·s−1 in the shell.

Keywords: shell and tube heat exchangers; heat transfer; baffle; profiles; CFD

1. Introduction

Currently, heat exchange processes between fluids have gained great notoriety in
industries such as electronics, aerospace, chemical, refrigeration, and in various modern
engineering applications due to the high energy consumption they can generate. For this
reason, the efficient use of energy is an alternative to reduce the scarcity of this resource
worldwide, and it can be achieved using any type of energy-saving technique [1]. These
techniques can involve algorithms to perform the calculation, and the comparison of
thermal machine parameters, as presented by Mediaceja et al. [2].

In the case of shell and tube heat exchangers, efficient energy management can be
carried out by considering more appropriate values for various design parameters, satisfy-
ing the energy needs and producing the best thermo-hydraulic behavior according to the
objective function [3,4].

As a result of the numerical analysis, it is possible to obtain a large number of variables
of interest to relate the behavior of the working fluids and thermal energy transfer. In
this line of research, Ravikumar and Raj [5] present the effects of parameters such as
temperature variation and pressure drop to establish a relationship with the heat flow and
efficiency generated by changes in a shell and tube heat exchanger.

Due to the importance that the optimization of heat exchangers represents in this field,
authors such as Pereira et al. [6] and Yang et al. [7] continue with the trend to redesign these
systems with programming aimed at guiding, with certain guidelines, the development of
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models with greater efficiency and an adequate verification process. In this context, the
work of Li et al. [8] stands out, where a change in the traditional design of the tube with
circular profile for a tube with a twisted section was proposed, increasing the performance
of the heat flow between 24 and 39%.

In this field, numerical analysis is used to determine the transport of thermal energy
in a shell and tube heat exchanger (TC exchanger). Using this method, it is possible to
establish the influence of the thermodynamic properties of various working fluids, as
presented by Bahiraei et al. [9], where a three-dimensional model of the exchanger was
generated and the passage of nanofluids was simulated to determine the temperature
variation, generating a maximum increase of 13 ◦C when considering nanoparticles with
different geometric shapes.

In this context, the study of improvements in the efficiency of heat exchange devices
has been presented in research works such as the one developed by Abbasian and Uosof-
vand [10]. This work studies the variation in heat transfer between fluids by incorporating
geometric modifications in the profile of the tube and baffle, using computational fluid
dynamics (CFD) analysis, with an increase of 20.9% using an optimized tube with an
elliptical angled arrangement.

Ren et al. [11] performed a numerical and experimental analysis of a thermal energy
storage device using a shell and tube heat exchanger system, implementing changes in the
tube layout to determine the variation in heat exchanger efficiency due to the influence
of parameters such as tube diameter, tube length, flow rate, and tube layout, among
others. In this way, they generated a sensitivity index of 0, 0.215, 0.2, and 0.35, respectively,
quantifying the effects of the input variables (geometric changes) on the response (heat
transfer) of the interaction of their effects.

CFD analysis as a method to study the transport of thermal energy in the working
fluids in CT heat exchangers is widely used to determine pressure drops, changes in the
heat transfer coefficient, and Nusselt and Reynolds numbers, as shown in the study by
Quitiaquez et al. [12] and in the research developed by Li et al. [13]. In the latter, a numerical
analysis was performed together with an experimental study varying the baffles of the
device, to generate a maximum pressure drop inside the shell between 700 and 6500 Pa
approximately, with a verification process showing a variation of 9.10 and 5.32%.

In this field of study, it is possible to relate the increase in heat flux to the improvement
in heat transfer coefficient, device effectiveness, and the number of units transferred
(NTU). In the study by Said et al. [14], the authors elaborated a numerical analysis of
a TC exchanger with three geometric changes in the baffles, obtaining as maximum values
and effectiveness of 0.37, an NTU of 0.625, and a maximum global heat transfer coefficient
of 315 W·m−2·K−1, among others. The results showed an average variation between the
global heat transfer coefficient and pressure drop of 8.44 and 8.77%, respectively, when
comparing the experimental values with those obtained in the numerical analysis.

In order to improve the thermal effectiveness of the energy transfer devices, Biçer
et al. [15] proposed a change in the design of the baffles to reduce the pressure drop on
the shell walls while maintaining the thermal effectiveness of the heat exchanger. The
generated model caused a pressure drop of less than 49%, with an increase in the tube
surface temperature of 7%, using computational fluid dynamics analysis, compared with
experimental results which showed a variation of 7.3%.

Nagib et al. [16] employed CFD simulations to evaluate a cross-flow heat exchanger
incorporating partition plates to reduce the pressure drop by 20% and increase the Nusselt
number, leading to an increase in the heat transfer coefficient of 7% considering flow regimes
of 5500 and 14,500. To validate the outlet temperature of heat exchangers with various
mass flow rates, Vivekanandan et al. [17] performed a CFD analysis, with experimental
results showing a similar trend to those obtained in the numerical analysis, with an error of
15% and an overall heat transfer coefficient of 449.2 W·m−2·K−1. A similar development
can be seen in works such as the one developed by Krishna et al. [18], when comparing the
results obtained by numerical analysis with experimental results, with a variation of 5.32%,
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studying the temperature difference along the heat exchanger device with a mass flow rate
between 0.05 and 0.25 kg·s−1.

A similar validation was developed in the research of Aliaga et al. [19], showing a
difference of less than 6.2% between the experimental results and those obtained by CFD in
an optimized heat exchanger prototype to achieve an efficiency of 95%. A study developed
on changes in geometrical design parameters in shell and tube heat exchangers with baffle
plates connected to a central tube, showed results with a variation of 15% between the
experimental model and the numerically analyzed one, with a maximum efficiency of 0.775
with flow rates between 2 and 6 lpm in the tube, together with values between 2 and 8 lpm
in the shell of the device [20].

The present research work aims to perform a CFD analysis in ANSYS 2023 R1 of the
behavior of the fluids in a heat exchanger that presents geometric design variations to
determine the arrangement that generates a greater temperature variation between the
inlet and outlet of the working fluids in the device, resulting in an increase in the heat
flow. In the introduction, a review of the research that has been carried out in this field is
presented, and the CFD analysis process is subsequently addressed in the materials and
methods section. Finally, the results obtained for each model analyzed are shown together
with the most relevant conclusions that they generated.

2. Materials and Methods

In the present study, a comparative analysis was performed with the temperature
variation in the working fluids at the ends of the shell and tube heat exchanger. This
study considered a base case in which geometrical changes in the ducts and baffles were
incorporated. The temperature variations were determined by means of a CFD analysis
process that started by creating the designs within a modeling software, then the meshing
was generated, which in turn involved a mesh independence analysis and quality verifica-
tion. Subsequently, the simulation parameters were entered, the mathematical calculation
models were selected, and the results were obtained and compared with the proposed base
case, as shown in Figure 1.

2.1. Parameters for Analysis

In order to develop the analysis of the thermal energy transfer between the working
fluids in the various models of the proposed heat exchanger, several operability factors were
considered, as presented in Table 1, to establish values for comparison with a base case.

Table 1. Exchanger operating conditions.

Input Parameters
Mass Flow Rate [kg·s−1] Temperature Inlet [◦C]

Cold fluid 0.25, 0.5, 0.75, 1 20
Hot fluid 0.3 70

Similarly, to perform the CFD analysis, the thermodynamic properties of the working
fluid (water) and the material of the heat exchange devices were considered, as shown in
Table 2.

Table 2. Exchanger operating conditions 2.

Water

Temperature [◦C] Density [kg·m−3] Thermal Conductivity
[W·m−1·K−1]

Specific Heat Capacity
[J·kg−1·K−1]

Dynamic Viscosity
[kg·m−1·s−1]

20 998.2 0.5861 4183 0.001002
30 995.7 0.603 4183 0.0007977
40 992.2 0.6178 4182 0.0006533



Energies 2024, 17, 691 4 of 17

Table 2. Cont.

Water

Temperature [◦C] Density [kg·m−3] Thermal Conductivity
[W·m−1·K−1]

Specific Heat Capacity
[J·kg−1·K−1]

Dynamic Viscosity
[kg·m−1·s−1]

50 988 0.6305 4181 0.0005471
60 983.2 0.641 4183 0.0004666
70 977.8 0.6495 4187 0.0004041

Copper

Density [kg·m−3] Thermal Conductivity [W·m−1·K−1] Specific Heat Capacity [J·kg−1·K−1]

8978 387.6 381
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2.2. CFD Analysis

Computational fluid dynamics analysis was used to determine the heat transfer in the
various models of shell and tube heat exchangers proposed, which presented results such
as the temperature at the outlets of the device and the surface temperature in the ducts.

2.3. Meshing

This research performed a numerical analysis of several models of shell and tube heat
exchangers, starting from a base model that was selected through a comparative study with
initial models that presented baffle walls with different heights. The mesh quality in each
model was measured by skewness and is presented in Table 3.

Table 3. Exchanger operating conditions 3.

Model Number of
Elements Average

Skewness
Average

Exchanger for validation 3,509,554 0.2899

Initial model 1 (baffles with 25% of the height) 467,003 0.238

Initial model 2 (baffles with 50% of the height) 471,875 0.2405

Starting model 3 (baffles with 75% of the height) 448,733 0.2417

Models with inclined baffle (30◦) 471,552 0.2404

Models with inclined baffle (45◦) 479,986 0.2406

Models with inclined baffle (60◦) 500,137 0.2422

Inner tube models with arches and inclined baffles (60◦) 483,386 0.2413

Elliptical (vertical) inner tube models with inclined baffles (60◦) 497,216 0.2735

Elliptical (horizontal) inner tube models with inclined baffles (60◦) 492,203 0.2767

Octagonal inner tube models with inclined baffles (60◦) 495,627 0.253

In order to determine the convergence (average output temperature), the analysis of
the base model was performed with different meshes that increased the number of elements,
varying the mesh quality. Thus, it was shown that when exceeding 350,000 elements, the
output temperature converges to 31.9 ◦C (Figure 2), validating the mesh quality used.
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2.4. Governing Equations

Navier–Stokes equations, which involve the conservation of continuity (mass), the
quantity of motion, and energy, as seen in Equations (1), (2), and (3), respectively, were
used to determine the behavior of the working fluids during the heat exchange [21,22].
Mathematical models can be selected according to the characteristics of the study to cal-
culate the influence of the conditions in the heat transfer process through walls, as it was
presented in the work of Chihab et al. [23].

∂ρ

∂t
+∇·

(
ρ
→
V
)
= Sm (1)

∂
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∑

j
hj Jj

)
+ Sh (3)

In order to study the behavior of the fluids in a turbulent state inside curved ducts,
studies like the investigation of Wang and Suen [24] refer to turbulence models (the standard
k-ε model, the RNG k-ε model with/without swirl option, and the standard k-ω model,
among others) that produce an adequate similarity between simulated and experimental
results. Considering the flow regime of the fluids in the present analysis, the turbulence
model chosen was the standard k-ε turbulence model (Equations (4) and (5)), which allows
us to obtain results with high accuracy according to the experimental data [25].

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
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µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε − YM + Sk (4)

∂

∂t
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∂

∂xi
(ρεui) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (5)

As part of the numerical analysis for the heat exchanger model, the pressure–velocity
coupling scheme and the spatial discretization are presented in Table 4.

Table 4. Pressure–velocity coupling and spatial discretization.

Pressure–Velocity Coupling

Schematic Coupling

Spatial Discretization

Pressure Second order
Momentum Second order

Energy Second order
Kinetic energy turbulence Second order

Turbulence dissipation rate Second order
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3. Results

The results obtained in the present study involve similar operating conditions in shell
and tube heat exchanger devices that present geometrical variations from a base model to
establish the changes in heat flow between the working fluids used.

3.1. Validation

To perform the validation of the computational fluid dynamics analysis in the heat
exchange device, it is possible to compare the values of certain parameters as results ob-
tained in the simulation with the experimental values in factors such as outlet temperature,
effectiveness, or heat flow rate, with variations of the results between 5.32 and 15%, as
presented in the research of Vivekanandan et al. [20] and Elgendy et al. [26], respectively.

For this reason, when comparing the experimental results obtained in the study of
a shell and tube heat exchanger with different baffles developed by Biçer et al. [15] with
a similar model simulated by the authors, it can be appreciated that an average error of
3.15% was obtained, as observed in the trend of Figure 4, validating the numerical analysis
process used.
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3.2. Base Model

A base model to establish an initial proposal was made for a shell and inner tubes,
similar to the concept of the geometry used for the validation, as shown in the research
work of Biçer et al. [15], with a reduced number of tubes and dimensions. The model’s
dimensions are presented in Table 5.

Table 5. Heat exchanger dimensions.

Length
[m]

Internal
Diameter of

the Pipes
[m]

External
Diameter of

the Pipes
[m]

Internal
Diameter of

the Shell
[m]

External
Diameter of

the Shell
[m]

Distance
between

Tubes
[m]

Internal
Diameter of
External Pipe

[m]

Distance
between
Baffles

[m]

0.35 0.008 0.010 0.038 0.042 0.012 0.012 0.07

In the proposed device, three initial models were considered where the baffle height
was varied (25, 50, and 75%) concerning the inner diameter of the shell, in order to compare
the variation in heat flux in each case in relation to the change in the average outlet
temperature, as shown in Figure 5.
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Figure 5. Initial model of the heat exchanger with 75% baffle height.

During the behavior analysis of the fluids in the initial models of the heat exchanger
with baffles with 25% of the inner diameter of the shell (Model 1), 50% (Model 2), and
75% (Model 3), it was determined that the highest heat flow (related to the outlet tempera-
ture) occurred in Model 3, as can be appreciated in Figure 5 (part A), with a temperature
change along the heat transfer device seen in Part B of Figure 6. For this reason, this model
was selected as the base model.
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3.3. Changes in Inclination

From the base model, as a proposal to improve heat transfer, the considered geometries
presented inclinations in the baffle walls varying their orientation for the inlet and outlet of
the cold fluid, as was observed in several investigations [9,27].

3.3.1. Inclination of 30◦

The behavior of the fluids in the heat exchanger was simulated by incorporating an
inclination in the baffles of 30◦ concerning the vertical axis, where one end was directed
toward the cold fluid outlet (A), the cold fluid inlet (B), and alternately (C), as shown in
Figure 7.
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The 30◦ inclination of the baffle walls generated changes in the heat flux in the heat
transfer device; when the results between the inclination cases considering different mass
flow rates of the cold fluid were compared, it was determined that Case B results in a higher
heat flux (39.3 kW) for a mass flow of 1 kg·s−1, followed by the other cases and the base
model, as shown in Figure 8. In addition, it can be seen that Case A generates the lowest
heat flux, with a value of 15.44 kW for a mass flow of 0.25 kg·s−1.
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3.3.2. Inclination of 45◦

Similarly, the behavior of the working fluid in the device was analyzed considering a
45◦ inclination of the baffles concerning the vertical axis, with one end oriented towards the
cold fluid outlet (A), the cold fluid inlet (B), and alternately (C), as presented in Figure 9.
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The study of the change in heat flow between the working fluids of the exchanger for
an inclination of 45◦ for the different cases analyzed with various mass flows in the cold
fluid, showed that Case B, when it was simulated with 1 kg·s−1, presented the highest heat
transfer (40.03 kW) compared to the other cases and the base model, as shown in Figure 10.
In this context, when a similar case was studied with the same mass flow, Case A generated
the lowest heat flux (32.78 kW).
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3.3.3. Inclination of 60◦

Additionally, the analysis of the change in heat flow in the heat exchanger was per-
formed by incorporating 60◦ inclinations in the baffles for the vertical axis along with end
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orientations towards the cold fluid outlet (A), cold fluid inlet (B), and alternately (C), as
shown in Figure 11.
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Figure 11. Heat exchangers with a 60◦ inclination in the baffles.

As a result of the simulation of the proposed cases, it was determined that both Cases
B and C presented a notable increase in the heat flow between the working fluids, which
was higher than that obtained with Case A and with the base model, as shown in Figure 12.
This marked difference between the cases can be confirmed by comparing the heat flow of
Case B (40.52 kW) and Case C (40.55 kW), with increases of 28.68 and 28.77%, respectively,
considering the higher value of the mass flow analyzed.
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3.4. Changes in the Profile

Since the exchangers that incorporated baffles with an inclination of 60◦ with the
ends oriented towards the cold fluid inlet and in an alternating manner presented a higher
heat transfer, the models that were originally proposed with central tubes with circular
profiles were used to analyze the heat flow with different profiles, considering a mass flow
in the shell of 0.5 kg·s−1. For this study, a concept similar to the research developed by
Olabi et al. [28] and Hadibafekr et al. [29] was considered, where the temperature change
in the working fluid was studied with proposed cross sections incorporating various
curvatures in the heat exchanger ducts.

3.4.1. Ellipse Profiles

An analysis of thermal energy flow in heat exchanger devices with profiles incorpo-
rating elliptical curves has been previously performed, as presented in the research of
Andrade et al. [30]. However, the influence of this type of profile can vary according to the
design of the exchanger analyzed, which is why, to determine the influence of the change
in the heat flux present in the proposed device, a vertically and horizontally oriented
ellipse-shaped profile was considered, as shown in Figure 13.
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Figure 13. Internal tubes with elliptical profiles.

The analysis developed in the exchanger with horizontal elliptical profiles resulted
in a higher heat flow in the device with inclined baffles and ends oriented towards the
cold fluid outlet (Case B), compared to the baffles with alternating oriented ends (Case C),
with a heat flow of 29.02 and 27.14 kW, respectively, as shown in Figure 14A. Similarly,
when obtaining the results of the simulations of the heat exchangers with vertical elliptical
profiles, it was determined that Case B (25.79 kW) generated a greater increase in heat flow
when compared to Case C (24.15 kW), as shown in Figure 14B.
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3.4.2. Profiles with Arches

As can be seen in studies such as those developed by Li et al. [8] and Abbasian et al. [10],
the use of curvatures in the heat exchanger duct profiles generates an increase in heat flow.
For this reason, as another alternative proposal to the circular profile in the outer zone,
the behavior of the heat exchanger device was analyzed by incorporating profiles with
four arches in the internal tubes in the outer part and circular inner profiles, as shown in
Figure 15.
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Figure 15. Internal tubes with arched profiles.

Similar to the study with elliptical profiles, simulations of the heat exchangers with
arched profiles were carried out for the cases of baffles inclined at 60◦ with the ends oriented
toward the cold fluid outlet (Case B) and alternately (Case C). When comparing the results
of these cases, the presence of a higher heat flow in Case B (28.29 kW) was evident, as
shown in Figure 16.
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3.4.3. Octagonal Profiles

As a final change proposal for the heat exchanger internal tubes profiles and to show
a higher heat flow in tubes with curved profiles, an octagonal profile was considered in the
external area and a circular profile in the internal region of the tubes, as shown in Figure 17.
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Figure 17. Inner tubes with octagonal profiles.

These profiles were analyzed under similar conditions as the previous cases, maintain-
ing the inclination of the baffles and the orientation of their ends (Case B and C), generating,
as a result, a higher heat flux for Case B (27.96 kW) than Case C (27.57 kW), with a reduced
difference when compared to the previously simulated profiles, as presented in Figure 18.
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There was an increase in heat transfer in the fluids when varying the size of the
baffle walls along with their inclination. This phenomenon may be associated with the
directionality of the cold fluid inside the device by presenting a more extensive trajectory
with greater contact with the surface of the hot fluid ducts [31], and with the possible
presence of a greater amount of turbulence vortices in the areas adjacent to the baffle walls.

The change in the surface sections of the hot fluid ducts showed the influence on
the orientation of the geometric shapes for the path of the fluid to be heated along with a
change in the heat transfer that occurred by incorporating flat surfaces and a greater surface
area of contact according to the geometric profile of the ducts.

4. Discussion

There was an increase in heat transfer in the fluids as the size of the baffle walls varied
along with their inclination. This phenomenon may be associated with the directionality of
the cold fluid inside the device as it presents a longer path with greater contact with the
surface of the hot fluid ducts and the presence of turbulence vortices in the areas adjacent
to the deflector walls.
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The change in the surface sections of the hot fluid ducts showed the influence on the
orientation of the geometric shapes with respect to the fluid path, along with a change in
heat transfer that occurred when incorporating flat surfaces and a greater surface area of
contact according to the geometric profile of the ducts.

The changes in the ducts’ geometric shape demonstrated that this fact could influence
the heat flux of the device which is directly proportional to the energy efficiency. A deeper
analysis can determine a geometric shape able to generate a significant increase in the
heat flux.

5. Conclusions

By developing the computational fluid dynamics analysis of various heat exchanger
models and modifying geometrical parameters in their design, the following conclusions
were obtained:

1. The influence of the increase in the height of the baffle walls concerning the internal
diameter of the shell was shown with the heat exchange in the device where average
cold fluid outlet temperatures of 27.42, 29.51, and 31.91 ◦C were obtained for baffles
with 25, 50, and 75% of the height, respectively.

2. The inclination of the deflector walls that generated the greatest temperature difference
in the device was 60◦ for the horizontal axis, with heat fluxes of 29.44 and 30.07 kW
for the ends oriented towards the cold fluid outlet and alternating, respectively.
This demonstrates the positive influence of the baffles’ inclination in a higher heat
transfer process.

3. The heat flux in a heat exchanger is directly proportional to the energy efficiency,
considering that the lowest heat flux (24.15 kW) was generated by the combination of
profiles with an elliptical shape vertically oriented and baffle walls with an inclination
of 60◦. This means that the combination cannot be recommended.

4. The duct’s geometric shape that generated the greatest temperature difference between
the inlets and outlets of the device, expressed by an increase in heat flow (29.02 kW),
was the one that incorporated baffle walls with an inclination of 60◦ with the ends
oriented toward the cold fluid outlet with a horizontal elliptical profile on the inner
tubes.

5. Comparing the highest heat fluxes obtained by the changes in the baffles’ inclination
(29.44–30.07 kW) with the best heat flux presented in the combination of baffle in-
clination and different duct shape (29.02 kW), the baffle inclination emerges as the
strongest geometric factor in the energy efficiency of the heat exchanger.
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Nomenclature

Symbol Description
ρ Density; [kg·m−3]
t Time; [s]
V Velocity; [m·s−1]
Sm Mass source; [kg·m−3·s−1]
P Pressure; [Pa]
µ Dynamic viscosity; [Pa·s]
F Force; [N]
E Total energy; [J]
∇ Grad operator
Sh Defined energy source; [W·m−3]
J Mass flow; diffusion flow; [kg·m−2·s−1]
k Kynetic energy turbulence; [m2·s−2]
u Velocity magnitude; [m·s−1]
x Axial coordinate
µt Dynamic turbulence viscosity; [kg·m−1·s−1]
σk Prandtl turbulence number
Gk Kinetic turbulence energy generation
Gb Flotability kinetic turbulence energy generation
ϵ Disipation rate; [m2·s−3]
Sk Kinetic turbulence source; [kg·m−1·s−3]
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