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Abstract: Shell and tube heat exchangers are used to transfer thermal energy from one medium to
another for regulating fluid temperatures in the processing and pasteurizing industries. Enhance-
ment of a heat transfer rate is desired to maximize the energy efficiency of the shell and tube heat
exchangers. In this research work, we performed computational fluid dynamics (CFD) simulations
and experimental analysis on the shell and tube heat exchangers using round and hexagonal tubes
for a range of flow velocities using both parallel flow and counter flow arrangements. In the present
work, the rate of heat transfer, temperature drop, and heat transfer coefficient are computed using
three turbulence models: the Spalart–Allmaras, the k-epsilon (RNG), and the k-omega shear stress
transport (SST). We further utilized the logarithmic mean temperature difference (LMTD) method
to compute the heat transfer and mass flow rates for both parallel and counter flow arrangements.
Our results show that the rate of heat transfer is increased by introducing the hexagonal structure
tubes, since it has better flow disruption as compared to the round tubes. We further validated our
simulation results with experiments. For more accurate results, CFD is performed in counter and
parallel flow and it is deduced that the rate of heat transfer directly depends upon the velocity of
fluids and the number of turns of the tube.

Keywords: shell and tube heat exchanger; computational fluid dynamics; hexagonal tubes; Ansys
Fluent; temperature drop; Reynolds number

1. Introduction

Heat exchangers are devices used for transferring thermal energy between a solid
object and a fluid, or between two or more fluids with an existing temperature difference [1].
Synthetic process industries, such as power generation, petrochemical, and heat recovery
systems, employ heat exchangers as a means of supplying effective and suitable heat
conduction for heating, cooling, and material phase change. Shell and tube heat exchangers
are comprised of a shell (a large pressure vessel) with a batch of tubes centered in it [2].
The efficiency of shell and tube heat exchangers depends upon the geometry of tubes since
it determines the rate of heat transfer between the fluids at different temperatures. The
geometry of these tubes affects the heat transfer rate between the fluids by varying the
surface area exposed for heat transfer [3].

The exchange of thermal energy between the fluids at different temperatures occurs
across the tubes [4]. The heat transfer rate directly depends upon the geometry of tubes
and the velocity of a fluid floating inside it [5]. Researchers have tried to maximize the
heat transfer rate by optimizing the blade geometry [6,7]. Introducing the hexagonal tubes
inside the shell of a heat exchanger increases the exposed surface for heat transfer and
maximizes the surface area [8]. Hexagonal tubes have six-face geometry that enhances the
fluid mixing, due to which the heat transfer coefficient is maximized.
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CFD analysis assists in analyzing the characteristics of a heat exchanger [9,10]. The
flow around and within the tubes of a heat exchanger is very complex and sophisticated
equipment is needed to capture the visual effects. [11]. Therefore, CFD analysis allows for
the observation of flow characteristics at the inaccessible locations of the shell and tube
heat exchangers. Multiple CFD techniques are used to simulate the flow inside the tubular
heat exchanger [12]. These techniques are actuator lines, actuator disks, and fully resolved
rotors [13].

The round tube heater exchanger deteriorates due to environmental fouling. Oxida-
tions and hot corrosions cause the round tubes to corrode with time. In comparison, the
hexagonal tubes reduce corrosion by distributing the gradients of fouling over its surface.
The hexagonal tubes maximize the surface area, which reduces the risk of damage [14].

Many efforts are made to study the flow and heat transfer characteristics of shell and
tube heat exchangers. Gurbir Singh et al. [15] present the CFD analysis of a single shell and
tube-type heat exchanger and compare the results with the experimental data. Chuncula
Babu et al. [16] studied the different passive techniques that can be applied in the tube
of a heat exchanger. Ram Kishan et al. [17] numerically investigated the different flow
patterns in the tubes of a shell and tube heat exchanger. Sharma et al. [18] examined the
flow patterns, pressure drop, and heat transfer coefficient in staggered and inline shell-tube
heat exchangers. Kumar et al. [19] studied the heat and flow characteristics of the double
helically coiled tube heat exchanger. However, research is lacking in the investigation of
tubes in a turbulent flow regime. Furthermore, research is needed to improve the efficiency
of heat exchangers by optimizing the tube geometry [20].

In this research work, we increased the efficiency of the heat exchanger by introducing
hexagonal tubes instead of round tubes. We studied the effect of design modifications on
the efficiency of the heat exchanger. Numerical and experimental examination of the heat
and flow characteristics at multiple fluid velocities are carried out and the number of turns
in tubes is optimized to enhance the efficiency. Introducing the hexagonal geometry for the
tubes of a heat exchanger increases the rate of heat transfer because its increases in surface
area for heat transfer and flow dynamics is varied. The numerical and experimental results
were conducted at various fluid velocities, ranging from 0.75 m/s to 2.75 m/s along with
the multiple numbers of turns in the tubes.

2. Physical Model

Shell and tube heat exchangers are comprised of a shell with a bundle of inner tubes
where heat transfer occurs [21–24]. These tubes have multiple numbers of turns that
enhance the heat transfer rate. In this research work, a shell and tube heat exchanger is
designed in the SOLIDWORKS as shown in Figure 1. A detailed description of all of the
individual components is given in the Supplementary File where the end caps, shell, tubes,
and stand are shown in Figure S1. Table 1 depicts the parameters of the heat exchanger.

Table 1. Design parameters of the heat exchanger.

Sr. No Parameter Value

1 Tube Diameter 30 mm
2 Shell Diameter 180 mm
3 Number of Tubes 9
4 Overall Length 500 mm
5 Tube Thickness 2.5 mm
6 Shell Thickness 2.0 mm
7 Number of Turns 3 to 14

Table 2 shows the geometric and flow parameters. The geometries of the round and
hexagonal tube bundles with baffles are shown in Figure 2a,b, respectively, and the cross-
section view of the tubes are represented in Figure 2c. The tubes’ lengths and thicknesses
are kept the same for both designs, at 120 mm and 2.5 mm, respectively. The number
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of tapping points is 59 for both tubes. The surface area of round and hexagonal tubes is
723 mm2 and 976 mm2, respectively. Table 3 shows the material properties [25,26].
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Figure 2. (a) Round tubes heat exchanger; (b) designed hexagonal tubes heat exchanger; (c) cross-
sectional view of tubes for hexagonal and round shapes.
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Table 2. Conditions of Round Tubes Heat Exchanger.

Geometry Fluid Velocity
(m/s)

Number of
Turns

Tubes Length
(mm)

Number of
Baffles

Tapping
Points

Surface Area
(mm2)

Round tube Geometry 0.75 to 2.75 03 to 14 320 04 59 723
Hexagonal Geometry 0.75 to 2.75 03 to 14 320 04 59 976

Table 3. Properties of the selected materials used in numerical simulations.

Part Material Poison Ratio Yield Strength Thermal Conductivity

Tubes Copper 0.314 33 MPa 398 W/m·K
Shell Aluminum 0.32 276 MPa 251 W/m·K

End Caps Mild Steel 0.3 250 MPa 45 W/m·K

2.1. Numerical Methodology

The mathematical equations used in the analysis of heat and flow characteristics are
given below. The rate of heat transfer between the fluids at different temperatures is
computed using the following equation:

Q◦ = UAS∆Tlm (1)

where U is the heat transfer coefficient. The surface area is computed in the SOLIDWORKS
as shown in Figure S2. The logarithmic mean temperature difference is calculated using
the following equation [27–29]:

∆Tlm =
∆T1 − ∆T2

In ∆T1 − In ∆T2
(2)

The initial and final temperature differences depend on the nature of the flow of the
fluid. Temperature differences for the parallel flow and the counter flow are described
briefly in the following equations:

• Parallel flow

• ∆T1 = Thi − Tci

• ∆T2 = Tho − Tco

• Counterflow

• ∆T1 = Thi − Tco

• ∆T2 = Tho − Tci

1. Thi = Hot inlet temperature
2. Tho = Hot outlet temperature
3. Tci = Cold inlet temperature
4. Tco = Cold outlet temperature

The governing equations of the flow are modified according to the conditions. In
this case, the problem is assumed to be a steady state. Therefore, all the time-dependent
parameters are omitted from the governing equations [28,29].

Conservation of the mass
∂p
∂t

+∇.(pv) = 0 (3)

X momentum equation ∇.(puV) = −∂p
∂x

+
∂τxx

∂x
+

∂τyx

∂y
+

∂τzx

∂z
(4)
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Y momentum equation ∇.(puV) = −∂p
∂y

+
∂τxy

∂x
+

∂τyy

∂y
+

∂τzy

∂z
+ pg (5)

Z momentum equation ∇.(puV) = −∂p
∂y

+
∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂z
(6)

Energy ∇.(peV) = −p∇.V +∇.(k∇T) + q + Φ (7)

Φ = µ

[
2[
(

∂u
∂x

)2
+

(
∂v
∂y

)2
+

(
∂w
∂z

)2
]
+

(
∂u
∂y

+
∂v
∂x

)2 (∂u
∂z

+
∂w
∂x

)2
+

(
∂v
∂z

+
∂w
∂y

)2
] + λ(∇.V)2 (8)

Turbulence modeling is done to cater for the turbulence effects. The Spalart–Allmaras,
k-omega SST, and k-epsilon RNG models are considered in this study. The model is solved
using Ansys Fluent software with a Finite volume approach. Upwind-based multidimen-
sional linear approach and upwind discretization schemes are utilized in the solver.

All the numerical simulations are performed with the same conditions adopted in
the experiments. The air inlet velocity ranges from 0.75 m/s to 2.75 m/s at a Reynolds
number from 10,000 to 15,000, whereas the outlet is at an ambient atmospheric condition.
The 16.0 unstructured grid is considered with the sphere influence perspective adopted
to congeal the grid around the model. The surface is termed as the boundaries that are
at the left, right, bottom, top, and rears, up to 10D, 10D, 10D, 10D, and 15D, respectively,
from the surface of a model, where D is the radius of the downstream. Mesh diagrams of
cross-sections of round and hexagonal tubes are shown in the Figure S3 of the attached
Supplementary File.

Figure 3a shows the computational domain, which is comprised of inlets and outlets
for hot and cold fluid. The remaining boundaries are the walls and symmetry at which the
symmetric tubes are placed. Hot fluid and cold fluid enter the computational domain at
the temperature of 353 K and 300 K, respectively. Figure 3b shows the grid independence
test for heat rate at different mesh sizes. In numerical simulations, the pressure coefficient
for the finer mesh differs in relation to the coarse mesh by 0.54%, which is compatible with
the dependency test. After the mesh independence test, the results are obtained from mesh
which contained 2,143,020 elements and 2,871,035 nodes. After meshing the tube, again the
shell meshing is done. Again, the boundary layer is created on the outside edge of the tube
to mesh the face near the wall of the tube. Figure 3c shows the mesh sample along with
magnified views for the hexagonal tube heat exchanger.

In the numerical analysis, the flow is considered as steady and incompressible. The
fluid enters into the computational domain at a velocity ranging from 0.75 m/s to 2.75 m/s
at a Reynolds number of 10,000 to 15,000. The density of water is 997 kg/m3, whereas the
viscosity of water is 1.78 × 10−5 kg/m.s [30].

2.2. Experimental Investigation

An actual model of the heat exchanger is fabricated and the setup is developed
to perform the experimental investigation. Figure 4 depicts the schematic diagram of
the fabricated model of the heat exchanger. Major operations that are performed for
its fabrication are drilling welding, forging, and vacuum pressing, whereas its major
components are outer shell, copper tubes (round and hexagonal), end caps, stand, pipes,
and temperature sensors. The detail of the fabrication of the outer shell, end caps, and plates
are shown in Figure S4, whereas the adjustable fluid pump and temperature sensors are
shown in Figure S5. Figure S6 depicts the bending and the joining of the round-shaped tubes
that are congregated in the shell of the heat exchanger. Details of the instrument used in the
experimental computation are determined in Table S1 of the attached Supplementary File.
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2.3. Experimental Computation

Water is used as the working fluid for both hot and cold fluid streams. The hot-water
loop and cold-water loop are connected separately to the heat exchanger. Experiments
are performed with the round and hexagonal tubes in which the hot fluid from the red
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tank enters into the heat exchanger and cool fluid enters the blue tank after passing from
the tubes.

3. Result and Discussion

Numerical and experimental examinations are performed on both the round and
hexagonal tube heat exchangers at a Reynolds number from 10,000 to 15,000.

3.1. Heat Transfer Curve

Figure 5 depicts the rate of numerical heat transfer for hexagonal and round tube heat
exchangers at parallel and counter flow at various fluid velocities. The heat transfer rate is
increased by increasing the fluid velocity since more heat transfer occurs in the hexagonal
tube heat exchanger as compared to the round tube heat exchanger. By enhancing the fluid
velocity, the heat transfer enhances due to an increase in the proportion of eddies that rises
as the overall heat transfer coefficient rises. Figure 5b indicates that heat transfer occurs in
the counter flow heat exchanger as compared to the parallel flow heat exchanger because
thermal energy distributes more evenly due to accelerated fluid flow in a counter flow
heat exchanger.
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Figure 5. (a) Variation of the heat transfer rate due to fluid velocity in parallel flow; (b) variation of
the heat transfer rate due to fluid velocity in counter flow.

Figure 6 depicts the numerical heat transfer rate for hexagonal and round tube heat
exchangers at parallel and counter flow at various numbers of turns of tubes. The heat
transfer rate increases by increasing the number of turns of a tube; however, colossal heat
exchanges are seen in the case of hexagonal tubes as compared to the round circular tubes.
By increasing the number of turns of a tube, the heat transfer enhances due to an increase
of fluctuations that enhance the turbulence to the boundary layers. Figure 6b indicates that
the magnitude of enhancement of the heat transfer rate is more pronounced in a counter
flow heat exchanger as compared to a parallel flow heat exchanger. This is because in a
counter flow heat exchanger, the thermal energy distributes more evenly due to accelerated
fluid flow.
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3.2. Pressure and Temperature Contours

Figure 7 shows the numerical pressure contours of a round (a) and hexagonal tube
(b) heat exchanger, respectively. Figure 8 depicts the pressure drop at cross-sections of
(a) round and (b) hexagonal tubes of heat exchanger at 100 mm, 250 mm, and 450 mm.
It can be observed that due to higher flow disruption, the pressure drop is higher for
the heat exchanger with hexagonal tubes compared to round tubes. Figure 8a shows the
temperature contours that flow over round (a) and hexagonal tube (b) heat exchangers,
respectively, whereas Figure 8b depicts the temperature contours at different cross-sections
of the two types of tubes in the heat exchangers.
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Figure 8. Pressure contours at cross-sections of (a) round tubes and (b) hexagonal tubes of a heat
exchanger at 100 mm, 250 mm, and 450 mm.

Hexagonal tubes enhance the heat transfer of a heat exchanger by increasing the
pressure drop of a fluid, as depicted in Figure 9. By increasing the pressure drop, the steady
volume flow rate increases because of an increase in the density difference in a loop that
acts as a driving force for heat to consign between the fluids. Hexagonal tubes increase
the pressure drop of fluid, thus increasing its temperature, according to Gay Lussac’s
Law, thus increasing the heat transfer rate. The rate of heat transfer directly depends
upon the surface area of tubes because the geometry of the tube determines the contact
surface tubes and shell fluids. Hexagonal tubes enhance the heat transfer by escalating the
surface area of the tubes due to which the proportion of the molecules conducting heat
increases, thus increasing the heat transfer rate by increasing the temperature difference, as
shown in Figure 10. Convergences of a heat transfer for round and hexagonal geometries,
respectively, of the fully developed flow are shown in Figure 11.

Figure 11 depicts that at a minor number of iterations when the flow is developing the
magnitude of the heat transfer rate are alternating continuously; however, when the flow is
developed completely it becomes anchored. Hexagonal tubes distribute the thermal energy
in its six-face geometry in such a way that even when a flow is developing, the rate of heat
transfer is more pronounced than in round circular geometry. The heat transfer rate for
round and hexagonal geometries at optimum fluid velocity is determined in Table 4.

Table 4. CFD heat transfer rates are computed at the optimum fluid velocity.

Round Tubes Hexagonal Tubes

Q◦ = 0.325 M W Q◦ = 0.514 M W

Table 5 shows the computation of the heat transfer rate in both the geometries of
the tubes by LMTD. Hexagonal tubes signify the surface area and overall heat transfer
coefficient that increases the heat transfer rate.
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Figure 10. Temperature contours at cross-sections of (a) round tubes and (b) hexagonal tubes of a
heat exchanger at 100 mm, 250 mm, and 450 mm.

The above numerical and experimental results show that the capability of a heat
exchanger can be enhanced by introducing the hexagonal geometry on its tubes. Hexag-
onal geometry increases the surface area of the tubes, due to which the proportion of
the molecules conducting heat is increased. The hexagonal geometry tubes increase the
pressure drop of a fluid, due to which the steady mass flow rate increases because of the
density differences. A number of experiments conclude that the effect of fluid velocity
and the number of turns of tubes on the heat transfer rate is more pronounced in the



Energies 2023, 16, 880 11 of 14

counter flow heat exchanger because the temperature is distributed more uniformly in the
counter flow arrangement. The fluid velocity is adjusted numerically and experimentally
and it is found that the maximum efficiency of tubes is accomplished at 2.57 m/s. The
optimum velocity for fluid flow in the tubes of the heat exchanger is 2.57 m/s because the
paramount heat transfer occurs at this fluid velocity. The results have uncertainty due to
the following reasons.
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Table 5. Computation of the experimental heat transfer rates at fluid velocity.

Round Tubes Hexagonal Tubes

Rate of heat transfer (Q◦) = UAS∆Tlm
U = 640 Wm−2/K

As = 7.12 m2

∆T1 = 75 Degrees Celsius
∆T2 = 82 Degrees Celsius

∆Tlm = 75−90
In 75−In 90

∆Tlm = 82 Degrees Celsius
Q◦ = 640× 7.12× 82

Q◦ = 373, 657 W

Rate of heat transfer (Q◦) = UAS∆Tlm
U = 665 Wm−2/K

As = 9.71 m2

∆T1 = 80 Degrees Celsius
∆T2 = 100 Degrees Celsius

∆Tlm = 80−100
In 80−In 100

∆Tlm = 90 Degrees Celsius
Q◦ = 665× 9.71× 90

Q◦ = 581, 143 W

Table 6 presents the uncertainty calculation of both round and hexagonal tube heat
exchangers and the distinction between the constant boundary conditions in CFD and the
actual (variable) boundary conditions in the experiments. These boundary conditions are
supposed to be continuous in CFD and the experiments. The physical model of the heat
exchanger may have some functional errors that cause the distinction between the Q◦ (EXP)
and Q◦ (CFD). The heat exchanger tubes may have blockage effects at the inlet or exit that
cause the difference between the experimental and CFD coefficients.

The comparison of the results with some other research is shown in Table 7.
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Table 6. Uncertainty calculation on both the tubes of a heat exchanger at optimum fluid velocity.

Round Tubes Hexagonal Tubes

CFD CFD
Q◦ = 0.325 M W Q◦ = 0.514 M W
Experimental Experimental
Q◦ = 0.37 M W Q◦ = 0.559 M W

Uncertainty Uncertainty
Rate of heat transfer Uncertainty = (0.354 − 0.325)/0.325 = 9.2% Rate of heat transfer Uncertainty = (0.535 − 0.515)/0.525 = 4.1%

Table 7. Comparison of results.

Sr.
No Parameters

Enhancement of
Heat Transfer

Coefficient
Factor to Be Analyzed Reference

1 Multiple Fins
Introduction 4.2% Multiple fins geometries [31]

2
Flow Patterns of

Staggered and Inline
Shape Heat Exchanger

5.4% Staggered and inline
flow patterns [18]

3 Shell Side Analysis 9.4% Shell side examination of
the heat exchanger [32]

4 Round and
Hexagonal Tubes 13.46% Round and hexagonal tubes Current

Study

4. Conclusions

In this research work, we performed computational fluid dynamics (CFD) simulations
and experimental analysis on the shell and tube heat exchangers using round and hexagonal
tubes for a range of flow velocities using both parallel flow and counter flow arrangements.
The examination is carried out with the fluid velocity ranging from 0.75 m/s to 2.75 m/s at
the Reynolds number of 10,000 to 15,000. The following are some major conclusions drawn
from the study.

The rate of heat transfer is directly proportional to the number of turns of the tube and
the velocity of the floating fluid. The velocity of the fluid determines the proportion of the
eddies. As a result, molecular dispersion is increased by enlarging the fluid velocity. The
optimum velocity where the maximum heat transfer is accomplished is 2.75 m/s.

Hexagonal geometry increases the surface for heat transfer that enhances the propor-
tion of the molecules conducting heat. As a result, the efficiency of the heat exchanger
is increased.

By introducing the hexagonal tubes, the heat transfer rate and contact surface area
signify up to 13.5% and 31.8%, respectively.

Hexagonal tubes increase the pressure drop of a fluid by increasing the steady volume
that maximizes the density difference in a loop that acts as a driving force for heat to
transfer between the shell and the tube fluids.

By increasing the number of the turns of the tube, the turbulence to the boundary
layer is increased.

The uncertainty in round tubes (9.2%) is greater than in hexagonal tubes (4.2%) because
the blockage effect becomes sounder in the circular round geometry of tubes.

This research has some future commendations that are determined below.
In the future, the effect of the hexagonal tubes can be analyzed by introducing different

environmental conditions in the shell and the tube of a heat exchanger.
Experimental and numerical investigation of heat exchanger tubes can be performed

with the optimization of its shape, so that it has a significant surface area that increases the
heat transfer rate.
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Nomenclature

Symbol Meaning
U Overall Heat Transfer Coefficient
Q◦ Heat Transfer Rate
∆Tlm Logarithmic Mean Temperature
Thi Hot inlet temperature
Tho Hot outlet temperature
Tci Cold inlet temperature
Tco Cold outlet temperature
∇ Del Operator
Φ Phi (irrational mathematical constant, approximately 1.618)
u Viscosity
∂ Partial
λ Wavelength
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