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ABSTRACT

In this study, the primary objective was to enhance the hydrothermal performance of a dimpled tube by addressing
areas with low heat transfer compared to other regions. To accomplish this, a comprehensive numerical investi-
gation was conducted using ANSYS Fluent 2022 R1 software, focusing on different diameters of dimples along
the pipe’s length and the distribution of dimples in both in-line and staggered arrangements. The simulations
utilized the finite element method to address turbulent flow within the tube by solving partial differential equations,
encompassing Re numbers spanning from 3000 to 8000. The study specifically examined single-phase flow
conditions, with water utilized as the cooling fluid. The results of the investigation indicated that increasing
the Reynolds number resulted in higher average Nusselt numbers, pressure drops, the overall performance
criterion, and a reduction in average thermal resistance across all models analyzed. Notably, both proposed models
demonstrated improved heat transfer when compared to the conventional model. Out of all the models evaluated,
the tube featuring staggered dimples (Model B) demonstrated the most notable improvement in the Nu number.
It exhibited an enhancement of approximately twice the value compared to the conventional model. The mean
thermal resistance for the tube with dimples in the staggered arrangement (Model B) is 0.0057 k/W, compared to
0.0118 k/W for the traditional model. The maximum overall performance criterion for Model -A- and Model -B-
is 1.22 and 1.33, respectively.
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Nomenclature

Symbol Definition Unit
A_(s,t) The tube surface area mm2

Cpw Specific heat at constant pressure KJ/Kg.K
D Diameter of tube mm
haw Average heat transfer coefficient of water W/m2.k
Kw Thermal conductivity of water W/m.K
m˙ Mass flow rate Kg/s
(Nu) Nusselt number
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(Nu) _tst The average Nu number of the traditional smooth tube
L The tube length m
f Fraction factor
f_tst Friction factor of the traditional smooth tube
OPC The overall performance criterion
P Pressure Pa
q The heat flux W/m2

Q Rate of Heat flow W
Tin,w The inlet temperature of water K
Tout,w The outlet temperature of water K
Tm,t The mean temperature of the tube wall K
T_(m,w) The mean bulk temperature of water K
V_w The mean velocity of water m/s
ρ_w Density of water kg/m3

�p Pressure drop N/m2

1 Introduction

Heat exchangers are devices widely used in many industrial and engineering applications around
the world. So, it has become necessary to improve the hydrothermal performance and efficiency of
such devices to reduce their size, reduce their cost, and make them more suitable for many different
applications. Generally, there are two main techniques to improve heat transfer: passive and active
techniques. The current study will focus on the passive technique because it does not require external
devices and is thus less costly as compared to the active technique. Increasing the surface roughness of
pipe is one of the better passive techniques that can be achieved by using different configurations like
ribs, dimples, and corrugation. All these configurations are meant to increase flow mixing, enhance
turbulent flow, and redevelop the boundary layer, thus improving the rate of heat transfer [1,2]. When
rough surface techniques are used instead of smooth walls, it significantly increases the rate of heat
transfer and pressure losses [3–6]. Numerous earlier investigations have shown that, when compared
to the conventional smooth tube, heat exchangers of the corrugated tube type stand out for their
comparatively good thermal response. This type does, however, have an unfavorable pressure drop
and needs a powerful pump. Recently, many researchers have studied the effect of various geometric
parameters of dimples, such as dimple shapes [7–9], distance between dimples [10–12], diameter of
the dimple [13–15], and angle [16,17], on the hydrothermal response. Farsad et al. [18] conducted a
comparison between the heat transfer at the interface of a Dimpled-Protruded tube and a smooth tube.
The results revealed that small vorticities led to an improvement in interfacial heat transfer, and rough
tubes exhibited an important enhancement of 36.21% in heat transfer along with an increase in friction
losses. The effects of dimple depth, number, and arrangement on flow and heat transfer characteristics
under turbulent flow were studied by Nazari et al. [19]. They claimed that the mean Nusselt number
was higher for the dimpled surface than it was for the smooth plate. The disadvantage of this technique
is that there will be more pressure loss because of the increased friction drag and recirculation zones
inside the dimples. Vignesh et al. [20] conducted a numerical and experimental study to investigate
the effect of using dimpled tubes on the hydrothermal performance of a double-pipe heat exchanger.
They reported that using the dimpled tube improved heat transfer noticeably as compared to using
the smooth tube. Xie et al. [21,22] conducted a numerical study to examine the effect of dimples and
protrusion depth on the thermal performance of dimpled tubes numerically. The results have shown
that using dimpled tubes leads to improved heat transfer compared to smooth tubes. The effect of
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the plain and spherical dimples on the hydrothermal response of the dimpled tube was studied by
Xie et al. [23]. The results have shown that both shapes of dimples illustrated significant improvement
in the hydrothermal response of such tubes. Xie et al. [24] performed a numerical study to examine
the effect of cross-ellipsoidal dimples on heat transfer. They reported that using the longitudinal and
transverse dimples considerably enhanced heat transfer. The influence of the dimple depth and pitch
on the thermal response of a dimpled tube has been studied by Zhang et al. [25]. They reported that
an increase in dimple depth leads to an increase in Nu/Nuo and f/fo, while an increased pitch leads
to a decrease in Nu/Nuo and f/fo. Among the cases considered, the ETSD with a dimple depth (D)
of 1.5 mm, pitch (P) of 30 mm, axis ratio (R) of 2.33, and Reynolds number (Re) of 5000 exhibits the
highest PEC (Performance Evaluation Criteria) value of approximately 2.02.

Despite the huge number of research studies that tried to enhance the thermal response of dimpled
tubes, most of these studies did not take into account the regions where the heat transfer is less than
in other areas. So, the objective of the current study is to address the issue of low heat transfer in
these areas of dimpled tubes by focusing on those areas and implementing certain modifications.
The researchers aimed to increase the surface area for heat transfer and enhance the randomness of
the working fluid. This was achieved by increasing the diameter of dimples present on the surface
of the dimpled tube. The dimpled tube consists of three primary regions, each with a distinct dimple
diameter. The dimple diameters in the first, second, and third regions were 1, 2, and 3 mm, respectively.
There were differences in the spacing between the dimple centers for each region; the first, second, and
third regions used 3, 5, and 7 mm, respectively. Furthermore, for all three regions, a 90-degree angle was
maintained between the dimples surrounding the pipe. Additionally, the study looked into two dimple
arrangements: staggered and in-line. These configurations describe how the dimples are positioned in
relation to one another. The dimples are offset from one another in a staggered arrangement, whereas
they are aligned in a straight line in an in-line arrangement. The current study intends to improve the
thermal performance of dimpled tubes by enhancing heat transfer in areas that previously exhibited
low performance by examining these various dimple configurations and arrangements. This current
study focused on double pipe heat exchanger type. The water is used inside the tube while outside the
tube (annular tube), instead of the working fluid (water), the constant heat flux is used in order to
simplify the case study.

2 Numerical Modeling
2.1 The Geometrical Model

The present study is focused on carrying out a numerical analysis of hydrothermal improvement in
a 3-D circular tube with different sizes and arrangements of dimples. The main objective of this study
is to investigate the flow behavior within the dimpled tube and improve its hydrothermal performance.
Fig. 1 provides an overview of the various geometries considered in the analysis. The material chosen
for the pipe is copper, and its key dimensions are as follows: an inner diameter of 17.272 mm, an
outer diameter of 18.161 mm, and a length of 1000 mm. The first model, called the smooth model, is
without any dimples, as shown in Fig. 1a. The second model is Model -A- which consists of three areas
with different specifications: in the first area, the dimple radius is 1 mm, and the distance between the
centers of the dimples is 3 mm, the second area, the dimple radius is 2 mm, and the distance between
the centers of the dimples is 5 mm, in the third area, the dimple radius is 3 mm, and the distance
between the centers of the dimples is 7 mm with an in-line arrangement as shown in Fig. 1b. While the
third model is Model -B- is similar to Model -A- but with a staggered arrangement as shown in Fig. 1c.
For both proposals models (A and B), the angle between any two dimples around the circumvent of
the tube is 90°.



600 FHMT, 2024, vol.22, no.2

Figure 1: The physical model with different dimple configurations

2.2 The Mesh Domain of the Traditional and Proposal Models
In the current work, the grid employed for the numerical calculations consists of tetrahedral

elements in both the wall and flow domains. This grid is generated with an increased density near
the wall to effectively capture the abrupt temperature and velocity gradients, as shown in Fig. 2.
This figure shows that the flow mesh domain for a smooth tube is relatively simple, consisting of
regular and well-defined layers, while the flow mesh domain of a dimpled tube is more intricate. The
mesh domain in a dimpled tube varies depending on factors such as the size, shape, and distribution
of the dimples. Moreover, mesh independence tests were conducted to increase the reliability of the
computational results. Temperature is a very important parameter to predict the thermal response of
the heat exchanger, so the temperature differential across the tube was selected as the primary measure
to evaluate the results of mesh independence. Based on the results presented in Table 1, the temperature
differentials for the grids with around three million elements showed a difference of less than 0.8%.
This indicates that the numerical calculations were relatively insensitive to further grid refinement
beyond three million elements. Therefore, the grid with around three million elements, which provided
accurate results while maintaining computational efficiency, was selected for carrying out additional
analysis using numerical simulation calculations.

2.3 Boundary Conditions and Governing Equations
In the current analysis, turbulent flow within a pipe of a heat exchanger was investigated. The

Reynolds number (Re) range under study was 3000–8000, indicating a flow regime characterized by
turbulence. Water was chosen as the working fluid for the simulations. To simplify the analysis, the
physical properties of water are assumed to remain constant throughout the study. This assumption
was reasonable because the operational temperature range within the heat exchanger was small,
specifically at a temperature of 300 K. The water temperature at the inlet is 300 K, and the water flow
rate is uniform, with the flow rates corresponding to Reynolds numbers of (3000, 4000, 5000, 6000,
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7000, and 8000). The zero-pressure outlet boundary condition was employed in the simulations. This
condition implies that the pressure at the outlet of the pipe was assumed to be atmospheric pressure.
Additionally, a constant heat flux of 10,000 W/m2 was applied to the outer surface of the dimpled
tube, as depicted in Fig. 3. This means that a fixed amount of heat was transferred per unit area on the
outer surface of the tube. It is worth noting that all the boundary conditions used in this study were
identical to those employed in a previous experimental study [26].

Figure 2: Flow mesh domain for (a) traditional model, (b) dimpled tube with in-line arrangement and
(c) dimpled tube with staggered arrangement

Table 1: Analyzing the independence of a computational grid

Model Mesh element number
(million)

Temperature difference
(°C)

Difference error (%)

Traditional model
2.12 21.953 3.929
3.01 22.851 0.798
4.13 23.035 –

(Continued)
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Table 1 (continued)

Model Mesh element number
(million)

Temperature difference
(°C)

Difference error (%)

Model -A-
2.11 25.051 3.098
3.25 25.852 0.796
4.27 26.058 –

Model -B-
2.21 27.106 2.682
3.33 27.853 0.776
4.36 28.071 –

Figure 3: Boundary conditions

2.4 Physical Properties
The working fluid employed was water, which possessed the following properties: an initial density

of 998.2 kg/m3, a specific heat of 4.182 kJ/kg·°C, a dynamic viscosity of 1.003 × 10−3 kg/m·s, a thermal
conductivity of 0.6 W/m·°C, and a thermal expansion rate of 0.000149 K−1 [27]. The pipes were
constructed using copper material, which had a density of 8978 kg/m3, a specific heat of 381 kJ/kg·°C,
and a thermal conductivity of 387.6 W/m·°C. All models considered in the study were subjected to an
operating pressure of 101.3 kPa and a gravitational acceleration of 9.81 m/s2.

2.5 Governing Equations
The equations of continuity, momentum, and heat transport were solved using steady Reynolds

Averaged Navier-Stokes (RANS) [28], and under several simplifications and assumptions, the follow-
ing can be stated:

1. The flow is assumed to be steady, turbulent, and incompressible.

2. The properties of the water and the pipe material are considered to be independent of
temperature and are assumed to remain constant.

3. The contribution of radiation heat transfer is believed to be negligible and can be disregarded.

4. The effect of gravity is considered to be negligible and is not taken into account.

5. The surface of the pipe wall is assumed to be smooth, and a constant heat flux is applied to it.

6. The effects of vibration are not considered in this analysis.

Based on the preceding assumptions, we can express the governing equations for fluid flow and
thermal convection through the following partial differential equations:
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• Continuity equation:
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The Realizable k-turbulence model with improved wall treatment was employed in this study to
simulate the turbulence. Based on the current model, the equations of the modelled transport for both
K and ε are given below [29]:
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The default values of the model constant were defined (C2 = 1.9, G1ε = 1.44); Gb, C3ε, Sk, Sε are
not considered because gravitational forces are neglected in the simulation [30].

3 Data Acquisition

The amount of heat transferred to water from the wall of the tube can be calculated as follows:

Q = ṁwCpw

(
Tout,w − Tin,w

)
(6)

where ṁw, Cpw, Tout,w and Tin,w represent mass flow rat of water, specific heat of water, outlet and the
inlet temperature of water, respectively.

To estimate the average heat transfer coefficient, Newton’s law of cooling can be used [29,30].

Q = hawAs,t

(
Tm,t − Tm,w

)
(7)

where As,t, Tm,t and Tm,w represent the tube surface area, mean temperature of the tube wall, and mean
bulk temperature of water, respectively.

The mean bulk temperature of water is calculated as follows [31]:

Tm,w =
(
Tout,w + Tin,w

)
2

(8)
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To calculate the average Nu number, Eq. (9) can be used.

Nu = hawD
kw

(9)

where D represents the inner diameter of the tube, while kw depicts the thermal conductivity of water.

One of the most significant parameters that is used to estimate the hydraulic performance of the
dimpled tube is the friction factor, which can be calculated from Eq. (10) [32–34].

f = 2DΔp

ρwVw
2L

(10)

where �P, ρw, Vm, and L represent the pressure drop across the tube, water density, the mean velocity
of water, and tube length, respectively.

Usually, the overall performance criteria are used to assess the overall hydro-thermal response of
the new proposal models according to the Nu number and friction factor as follows [35], where the
extent of improvement can be evaluated as far as the OPC is greater than one.

OPC =
Nu

Nutst(
f

ftst

)0.333 (11)

where Nutst and ftst represent the average Nu number and friction factor of the traditional smooth tube.

Overall Performance Criteria (OPC) is a metric used to measure hydrothermal performance
improvements compared to the conventional model. It represents the correlation between heat transfer
and pressure drop, with a value greater than one indicating a positive change in the heat transfer process
as compared to pressure drop.

4 Results and Discussion

To demonstrate the validity of the numerical results, this section compares the present results of the
(CFD) with the experimental findings from earlier investigations. Both the geometry and the boundary
conditions are used exactly in line with the experimental investigation conducted in Reference [11] in
order to demonstrate the accuracy of the numerical results. This foundation was used to compare the
Nusselt number and friction factor of the fluid flow inside the pipe at various Reynolds numbers, as
shown in Fig. 4. The maximum deviation between the numerical results and experimental data for
the Nusselt number is found to be 8.5%. In contrast, the maximum deviation between the empirical
correlation equation [36], and the experimental data is 10.3%, as shown in Fig. 4a. Regarding the
friction factor, the maximum deviation between the numerical results and experimental data is 10.8%,
whereas the maximum deviation between the empirical correlation equation [37] and the experimental
data is 11.2%, as illustrated in Fig. 4b. Experimental measurements often contain errors, and systems
can undergo thermal losses, leading to differences between current results and those of reference [11].
Measurement errors can result from a variety of sources, such as instrument malfunctions, unfavorable
environmental circumstances, or human error during data collection. All these mistakes affect the
precision and accuracy of the measurements and introduce uncertainty. Whereas the accuracy of
references [36,37] correlation may be the cause of the discrepancy between the current results and
those calculated from it. Thus, it can be said that the established numerical approach is sufficiently
accurate and may be used to analyze the effect of parameters taken into account in the present work,
as described in the next section.
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Figure 4: Validation of the numerical results of the conventional model under various Reynolds number
for (a) Nusselt number and (b) friction factor

Fig. 5 illustrates the temperature distribution of the fluid flow in three different models: (a)
the traditional model, (b) a dimpled tube with an in-line arrangement, and (c) a dimpled tube
with a staggered arrangement. The fluid entering the system has an initial temperature of 293 K, a
Reynolds number of 3000, and is subjected to a heat flux of 10 kW/m2 in the x-y plane. The figure
demonstrates that the temperature of the cooling fluid within the tube increases in the direction of
the flow for all the models under investigation. The smooth tube, representing the traditional model
(Fig. 5a), exhibits the lowest temperature for the cooling fluid. In contrast, the dimpled tube shows
the highest cooling fluid temperature due to the presence of turbulence caused by the dimples within
the tube, as depicted in Fig. 5b. Furthermore, Figs. 5b and 6c reveal that Model -B-, which employs a
staggered arrangement of dimples, displays a higher cooling fluid temperature compared to Model
-A-. This can be attributed to the enhanced thermal boundary layer development resulting from
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the dimple arrangement, particularly the staggered configuration. The development of the thermal
boundary layer augments the surface area for heat transfer, consequently enhancing the efficiency
of heat dissipation. The adoption of dimples in the proposed models, in addition to promoting
thermal boundary layer development, also facilitates better mixing of the cooling fluid inside the tube.
Consequently, this further contributes to improved heat transfer. Moreover, the highest temperatures
reached by the cooling fluid in the traditional model, Model -A-, and Model -B- are 296, 299, and
301 K, respectively.

Figure 5: Temperature contour of fluid flow for (a) traditional model, (b) dimpled tube with in-line
arrangement and (c) dimpled tube with staggered arrangement under study at Re = 3000

Fig. 6 depicts the distribution of fluid flow inside the tube for a Reynolds number of 3000 under a
constant heat flux of 10 KW/m2. The main aim of this figure is to clarify the effect of dimples on fluid
flow and demonstrate the consistent turbulent flow around the dimple. In a smooth tube, the inner
surface is considered to be completely smooth and free of any irregularities or roughness, and hence
the flow is relatively simple, consisting of regular and well-defined layers or streamlines, as shown in
Fig. 6a. In contrast, a dimpled tube has intentional irregularities or indentations on its inner surface,
which are known as dimples. These dimples can alter the flow characteristics of the flow and have
been found effective in reducing thermal resistance and enhancing heat transfer, as shown in Figs. 6b
and 6c.

The effect of the dimple arrangement under study on the average Nusselt number (Nu) for
different Reynolds numbers under a constant heat flux of 10,000 W/m2 and an inlet temperature of
293 K is demonstrated in Fig. 7. As it is evident from this figure with an increase in the Reynolds
number, the average Nu number increases for all cases under consideration. This can be attributed to
the increased turbulence as a result of the increased velocity of the flow. This figure also suggests that
both dimple arrangements enhance heat transfer significantly. The average Nu number for Model -A-
and Model B is 38.7% and 46% higher, respectively, compared to the traditional model. Furthermore,
the staggered arrangement of dimples (Model -B-) demonstrates superior heat transfer performance
compared to the in-line arrangement (Model -A-). This indicates that more heat is transferred from the
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surface of the pipe to the cold fluid in Model -B-. It can be concluded that the staggered arrangement
of dimples enhances turbulence more effectively compared to the in-line arrangement and hence leads
to enhanced heat transfer.

Figure 6: Velocity distribution of fluid flow for (a) traditional model, (b) dimpled tube with in-line
arrangement and (c) dimpled tube with a staggered arrangement under study at Re = 3000

Figure 7: The influence of different dimple arrangements under study on the average Nu number at
various Reynolds numbers
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The effect of different configurations of the tubes under study (traditional tube and dimpled tube
for both arrangements) on average thermal resistance for various Reynolds numbers under a constant
heat flux of 10,000 W/m2 and an inlet temperature of 293 K is exhibited in Fig. 8. Noticeably, the
average thermal resistance decreases as the flow rate increases. In comparison to the conventional
model, the proposed models demonstrate a reduced level of average thermal resistance. Improved
performance of such systems is associated with a decrease in the average thermal resistance. Utilizing
dimples results in the breakdown of thermal layers, leading to a decrease in thermal resistance. When
the Reynolds number reaches 8000, Model -B- achieves the lowest average thermal resistance of
0.00388, followed by Model -A- with 0.00417. In contrast, the traditional model without dimples
exhibits the highest average thermal resistance of 0.00895. Model -B- demonstrates a significant 51%
reduction in average thermal resistance compared to the traditional model, while Model -A- shows a
reduction of 43%.

Figure 8: The influence of different dimple arrangements under study on the average thermal resistance
under various Reynolds number

Fig. 9 shows the effect of different configurations of tube under study (traditional tube and
dimpled tube for both arrangements) on the pressure drop for various Reynolds number of flow
under a constant heat flux of 10 KW/m2 and the inlet temperature of water of 293 K. This figure
reveals that the increase in pressure drop is associated with an increase in flow rate. The suggested tube
configurations exhibited higher pressure drops compared to the traditional model. This phenomenon
can be attributed to the interaction between the fluid and the dimples present along the tube. Moreover,
the two proposed models demonstrated similar pressure drops due to an equal number of dimples.
Furthermore, it was observed that Models -A- and -B- showed significant increases in pressure drop,
with increments of 69.28% and 67.95%, respectively, compared to the traditional model.

The impact of different tube configurations under study on the friction factor at various Reynolds
numbers under a constant heat flux of 10 KW/m2 and an inlet water temperature of 293 K is
depicted in Fig. 10. This figure clearly indicates that, as the Reynolds number increases, the friction
factor decreases. The proposed tube configurations exhibited higher friction factors compared to the
traditional model. This can be attributed to the interaction between the fluid and the dimples present
along the tube. Additionally, both proposed models demonstrated similar friction factors due to an
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equal number of dimples. Notably, Models -A- and -B- exhibited significant increases in friction factor,
with average increments of 69.4% and 67.8%, respectively, compared to the traditional model.
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Figure 9: The variation of the pressure drop for different dimple arrangements under study under
various Reynolds number

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

2500 3500 4500 5500 6500 7500 8500

Fr
ic

�o
n 

fa
ct

or

Reynolds number

Tradi�onal model
Model A
Model B

Figure 10: The variation of the friction factor of diverse dimple arrangements under study under
different Reynolds numbers

Fig. 11 illustrates the performance characteristics of a dimpled tube with varying Reynolds
numbers, subjected to a constant heat flux of 10 kW/m2, and an inlet temperature of 300 K. The
arrangement of the dimples had a significant influence on the hydraulic and thermal performance
of the tubes. Therefore, a thorough examination of the performance index was undertaken to
determine the optimal choice among the innovative dimpled tubes. The performance index of the
novel models showed an increasing trend. This observation can be attributed to the disturbance of the
boundary layer by the dimples, which promotes turbulence near the pipe’s surface. Consequently, these
configurations result in a substantial improvement in heat transfer but also lead to higher pressure
drops compared to conventional tubes [38,39]. Furthermore, the overall performance criterion values
for both configurations of the dimpled tube exceeded the threshold of 1, demonstrating the viability of
all suggested models. Among the two models, Model -B- exhibited higher overall performance criteria
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than Model A. At higher Reynolds numbers, the overall performance criterion for Model A and Model
B reached 1.22 and 1.33, respectively.
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5 Conclusion

The present study investigates the impact of dimple arrangements on the fluid flow, heat transfer,
thermal resistance, pressure drop, and overall performance characteristics of tubes. The numerical
simulation model was validated by comparing it with previously published experimental results as
well as the outcomes from some correlation equations. The comparison revealed a strong agreement,
with a maximum deviation of 10%. This study yields numerous noteworthy conclusions.

1. The staggered arrangement of dimples (Model -B-) outperforms the in-line arrangement (Model
-A-), transferring more heat from the pipe surface to the fluid. The average Nu number for Model
-A- and Model -B- is 46% and 38.7% higher, respectively, compared to the traditional model. The
reason behind that is the staggered arrangement of dimples that makes the flow more turbulent, hence
increasing the heat transfer.

2. Model -B- demonstrates a superior average thermal resistance reduction of 51% compared to
the traditional model, while Model -A- achieves a reduction of 43%. That is due to increased turbulent
fluid flow as a result of the staggered arrangement of dimples and increased surface area.

3. Both Model -A- and Model -B- demonstrate significant increases in pressure drop compared
to the traditional model, with increments of 69.28% and 67.95%, respectively.

4. The overall performance criterion values for both Model -A- and Model -B- exceed the
threshold of (1), indicating the feasibility of all proposed models. Model -B- exhibits a higher overall
performance criterion of 1.33 compared to Model -A-’s 1.22 at higher Reynolds numbers. That means
that the improvement in heat transfer outweighs the downside of the increased pressure drop in the
proposed models under the current study compared to smooth tubes.

In conclusion, the results of the current study provide valuable insights for the design and
optimization of tube configurations for various applications that require efficient heat transfer and
performance.
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