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This study employs numerical simulations to investigate the thermal and hydraulic
performance of longitudinal corrugated tubes in a double-pipe heat exchanger (DPHE),
with a specific focus on the Nusselt number, friction factor, and thermal performance factor
(TPF). The standard k-¢ (k-epsilon) turbulence model is employed with Reynolds numbers
ranging from 6,000 to 40,000. The findings demonstrate that the Nusselt number reaches
its maximum, approximately 30%, at a rotation angle of 12.5 degrees and with a 45 mm
scattered interval longitudinal corrugated tube at a Reynolds number of 6,000. Meanwhile,
the friction factor increases by only around 22% compared to a smooth tube. Notably, the
TPF reaches 1.22 for the scattered corrugation tube. This research emphasizes the
significant impact of a longitudinal corrugation geometry on heat transfer enhancement
and the friction characteristics of DPHEs under turbulent flow conditions.

1. INTRODUCTION

Global energy consumption is reaching unprecedented
levels as both population growth and increasing living
standards put immense pressure on engineers to develop
energy-efficient solutions. It is projected that energy demand
will double by 2035 [1]. Currently, data centers supporting
artificial intelligence are anticipated to undergo a 160%
increase in power consumption by 2030 in the USA [2]. An
energy-efficient solution necessitates that the heat exchanger
be regarded as a critical component of this process. Heat
exchanger efficiency is crucial for achieving energy and cost
savings, while also helping to mitigate global warming [3].
Furthermore, improving heat transfer benefits many energy
technologies, such as solar air heaters, photovoltaic cooling,
and storage systems [4-6]. The heat exchangers deliver reliable
and efficient performance, featuring simplified designs that
facilitate easy and cost-effective maintenance. Precisely,
Double pipe heat exchangers (DPHEs) are extensively
employed in power generation, refrigeration, ventilation,
chemical, and steel manufacturing applications, among others
[7, 8].

In recent years, numerous methodologies have been
proposed to improve the heat transfer performance in DPHE.
These include the incorporation of baffles or tabulators [9, 10],
the addition of porous structures [11], the utilization of
nanofluids [12], the employment of micro passages [13], and
the attachment of vortex generators [14]. Among all the
aforementioned arrangements, modifying the geometric
configuration is considered the most effective approach,
particularly because additive manufacturing facilitates the
realization of complex designs [15, 16]. Designs that were
previously deemed nearly impossible or prohibitively
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expensive are now achievable and significantly more cost-
effective through additive manufacturing techniques. These
advancements open new pathways to improve the efficiency
of heat exchangers [17]. Our literature review explores the
geometrical impact on heat transfer enhancement. However, in
the subsequent paragraphs, the geometries will transition from
simpler to complex.

For a simpler geometrical design, Sabau et al. [16]
performed an experimental examination on the heat transfer
enhancement. They used a new triangular cross-section tube
made with laser powder bed fusion additive manufacturing
inside a shell and tube heat exchanger. Their results show that
the two variants increased the overall heat transfer coefficient
by 16 to 32%, and the pressure drop is approximately 10-20%.
Huu-Quan et al. [18] employed a flat inner tube design within
a double-pipe heat exchanger. This numerical study analyzes
heat transfer, thermal effectiveness, and performance.
Findings show increases of 16.8%, 2.7%, and 2.9% in
performance index, thermal effectiveness, and heat transfer
coefficient when the Reynolds number is below 7000, but
pressure drops between 5.4% to 77%.

For moderate geometrical designs, Mozafarie et al. [19]
conducted a numerical evaluation of the friction coefficient,
Nusselt number, and thermal performance. Utilizing a circular
finned DPHE. The Reynolds number ranged from 5,000 to
100,000. Incorporating variations in fin heights and fin
pitches. The results indicated increases in heat transfer of 36%
for Newtonian and 30% for non-Newtonian nanofluids.
Moreover, the friction factor increases to 210-235% compared
to the smooth surface [19]. Furthermore, Dizaji et al. [20]
conducted experimental investigations into the effectiveness
of heat transfer and pressure drop. They are using both inner
and outer convex and concave corrugated tubes with Reynolds
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numbers between 3,500 and 18,000. The findings specified
that the use of corrugated tubes enhances the performance of
heat transfer in double-pipe heat exchangers. Specifically, the
Nusselt number increased by approximately 10-50%, and the
friction factor rose by about 150-190%, compared to
configurations with corrugated inner tubes and smooth outer
tubes. Moreover, both the Nusselt number and the friction
factor experienced increases of approximately 23-117% and
200-254%, respectively, when both tubes were corrugated.
Lastly, Sruthi et al. [21] computationally compare the effects
of the concave, convex, trapezoidal, and sinusoidal
corrugations on the rate of cooling, heat transfer coefficient,
and Fanning friction factor. These results indicate that the
utilization of corrugation on the tube of the heat exchanger
enhanced the heat transfer coefficient by 5% to 21%.
Additionally, the rate of cooling increased by approximately
25% to 157%, and the fanning friction factor rose by about
90% to 350% compared to the smooth DPHE.

However, for complex designs, Eiamsa-ard et al. [10]
performed an experimental examination using a DPHE with
louvered strips set at various angles (6 = 15°, 25°, and 30°),
arranged in both forward and backward formations to
investigate the Nusselt number and friction factor. They
compared the results with those obtained from a smooth tube
heat exchanger. The study concluded that, within the turbulent
flow range of 6,000 to 42,000. The increase in the average
Nusselt number for inclined forward louvered strips and
backward louvered strips was 284% and 263%, respectively.
However, the friction factors for these two cases were 413%
and 233% respectively. Further, Fadhil, Al-Dabagh, and
colleagues conduct a numerical investigation into the heat
transfer and pressure drop behavior of a helical corrugated
tube equipped with rod baffles. The study encompasses a
Reynolds number between 4,000 and 24,000 within a DPHE.
The findings indicate that the Nusselt number improved by
25% and 55%. Furthermore, the friction factor was amplified
by 66% and 133% compared to a smooth tube, at two different
types of corrugation depths. Furthermore, combining both the
corrugated tubes with rod baffles raised the thermal
enhancement factor to 1.9 and 1.97 in different configurations
[22]. Moreover, Zheng et al. [23] conduct a numerical
investigation into the convective heat transfer coefficient and
friction factor. They utilize dimple twisted tape inserts in
circular tubes. The Reynolds number is considered between
1000 and 10,000. These results demonstrate that the utilization
of dimple inserts enhances the convective heat transfer
coefficient by around 25% to 55% and increases the friction
factor by approximately 60% to 133% compared to the smooth
case on the dimple side. Similar to the last one, Nakhchi and
Esfahani quantitatively analyzed the heat exchanger tube with
the effect of an innovative double V-cut twisted tape on
thermal performance factors (TPF) and heat transfer rates. The
Reynolds number is considered between 5,000 and 15,000.
The findings indicate an increase of approximately 48% to
118% in heat transfer rate for various V-cut configurations
compared to traditional twisted tapes. The highest TPF
recorded was approximately 1.80 [24]. Lastly, Kursun [25]
conducted a numerical analysis of the Nusselt number, friction
factor, and thermal enhancement factor, utilizing internal
longitudinal fins with both flat and sinusoidal lateral surfaces.
The Reynolds number ranged from 20,000 to 80,000. The
study concluded that the maximum enhancement in the
Nusselt number was around 25% for flat fins and 80% for
sinusoidal fins. The friction factor showed minimal variation
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for flat fins and an increase of 400% when using sinusoidal
fins. The Thermal Enhancement Factor was 1.43 for the flat
fin and ranged from 0.85 to 2.35 for the sinusoidal fin.

As observed from the literature above, simpler geometries
yield a lesser increase in heat transfer enhancement but are
associated with a smaller rise in the friction factor. Conversely,
more complex designs achieve significant improvements in
heat transfer; however, they are accompanied by higher
pressure drops. Therefore, this research focuses on a design
that is both simplified and efficient in heat transfer, with
improved performance in the friction factor. The corrugations
employed in literature are predominantly circular and dimpled.
This insight leads to the development of longitudinal
corrugation designs. Among the various options for the
geometry of internal tubes, longitudinal corrugation offers a
practical and uncomplicated solution. To the best of our
understanding, there is no documented literature on the impact
of longitudinal corrugation on the Nusselt number and friction
factor. Understanding the mechanism of using longitudinal
corrugation can enhance heat performance with minimal
increases in friction. Consequently, this study intended to
address this gap.

In this study, computational fluid dynamics (CFD)
simulations are conducted utilizing ANSYS Fluent Software.
The research elucidates the effects of employing three types of
longitudinal corrugations on the performance of a DPHE. The
numerical  simulations undergo validation through
experimental data and empirical correlations. The data are
validated through mesh independence tests. Simulations are
performed across five distinct Reynolds numbers, ranging
from 6000 to 40,000. Water serves as the working fluid. Cold
and hot water flow through the outer and inner tubes,
respectively, in opposite directions. Finally, the effects of the
geometry of the longitudinal corrugations on the Nusselt
number, friction factor, and thermal enhancement factor are
presented.

2. MATHEMATICAL MODEL

To effectively resolve these simulations via numerical
methods, the essential governing equations namely, the
continuity, momentum, and energy equations, are employed.

The principle of mass conservation governs incompressible
flow under steady conditions.
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The turbulent kinetic energy (k) equation is as follows:
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The equation governing turbulent kinetic energy (€) is as
follows:
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The Reynolds number described as follows:
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The Darcy friction factor (f) in fully developed flow is
defined as:

f= AP dy, /L
-1 ()
2Pl
The Nusselt number for a corrugated tube is defined as:
Hd,
Nu=— 9
u=— )

The Blasius friction factor correlation is delineated as
follows:

fo = 0.3164Re 025

for3x10® < Re < 5x10° (10)
The Dittus-Boelter correlation is described as follows:
Nuy = 0.023Re%8pr03 (11)
Thermal Enhancement Factor (TEF) is defined as [26]:
_ Nu/Nuy
TEF = (/)13 (12)

2.1 Geometry

The DPHE comprises a circular outer tube and a
longitudinally corrugated inner tube. The three-dimensional
internal circular model of the DPHE exhibits four distinct
cases, as illustrated in Figure 1. The overall length of the tube
remains constant at 2 meters. The diameter of the inner tube is
19.6 mm, while the outer tube diameter measures 38 mm, as
depicted in Figure 2. The corrugation width is 5 mm, with a
height of 2 mm, consistent across all cases.

Case | involves a smooth tube utilized initially for
validation purposes and subsequently for compression testing.
Case 2 features a four-sided longitudinal corrugation that
extends through the surface of the inner tube, except for 5 mm
on both sides. Case 3 incorporates longitudinal corrugations
with a length of 50 mm and an interval of 45 mm. Case 4
presents a similar geometry to case 3, with the exception that
the interval is rotated at 12.5 degrees to enhance mixing.
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Case 4: Longitudinal Corrugated
Scattered Step with Rotational Angle
Tube (LC-SR)

Figure 1. Inner tube geometrical dimensions

38 mm

Figure 2. Geometrical dimensions of outer and inner tubes
2.2 Numerical model and boundary conditions

A comprehensive three-dimensional analysis of turbulent
flow was conducted for a DPHE, utilizing the standard k-¢ (k-
epsilon) model within ANSYS Fluent. This model was chosen
due to its demonstrated robustness and precision in fully
developed internal turbulent flows, particularly where rotation,
separation, and adverse pressure gradients. Moreover, this
model has been shown to have superior results compared to
alternative turbulence models [27]. The second-order upwind
scheme was employed to discretize the equations governing
energy, turbulence, and turbulent kinetic energy, as well as the
terms related to momentum and pressure gradients. The
residual was established at 10, implementing a coupled



velocity—pressure scheme [28].

The analysis is conducted across five different Reynolds
numbers, ranging from 6000 to 40000, with a constant mass
flow rate for each case, indicating fully developed turbulent
flow [22, 25]. It is assumed that the fluid flow is steady and
incompressible. The physical properties of the fluid, based on
temperature, are considered constant to eliminate additional
complexities. Water in its liquid state is employed as the
working fluid. Furthermore, the wall thicknesses of the inner
and outer tubes are regarded as zero, except for the wall of the
inner tube, which separates hot and cold water [18].

A velocity inlet boundary condition was applied to both
streams. Hot water at 353 K entered the inner tube, while cold
water at 298 K entered the outer tube in a counter-flow
configuration [10]. Static pressure is considered to be
atmospheric at both tube outlets. No-slip boundary conditions
are applied. The inner wall between the two streams allowed
for conjugate heat transfer, while the outer surface of the outer
tube was assumed to be adiabatic. The flow was modeled as a
steady state, and gravitational effects were neglected [29].

2.3 Mesh independence and validation

Mesh independence is a crucial step in the numerical model
for obtaining precise results and determining the output time.
The mesh utilizes a tetrahedral structure. The near-wall grid is
achieved through 15 inflation layers with a growth rate of 1.2,
yielding refined results. Further, the skewness is 0.26, and the
orthogonal quality is 0.727. These values are consistent with
previous CFD studies [28]. To mitigate the impact of mesh
elements on fluid flow simulations, an analysis of the element
quantity was conducted, ranging from approximately 1.5
million to 5 million elements. The influence of mesh element
size on the Nusselt number and the friction factor is analyzed,
as shown in Figures 3 and 4, respectively.

40

36

i

Nusselt Number (Nw)

1 Il Il J
2E06 JE06 JE4106 SEv06
Number of Elements

Figure 3. Mesh independence for the Nusselt number

The mesh independence analysis was performed for case 3
at a Reynolds number of 6000. Figure 3 shows that at 1.5
million elements, both the Nusselt number and friction factor
decrease significantly, then increase as the mesh is refined.
Ultimately, at mesh sizes of 3.4 million and 4.5 million, these
values stabilize. To achieve accurate results while minimizing
computational effort, a 3.4 million-element mesh was chosen
for this simulation. The grid parameters were carefully
selected to accurately capture the near-wall boundary layer,
ensure stable convergence, and obtain mesh-independent
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results.
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Figure 4. Mesh independence for the friction factor
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Figure 6. Validation of the friction factor

To validate the numerical accuracy, a comparative study
was conducted on Case 1, which involves a smooth tube. The
parameters of this comparison are the Nusselt number and the
friction factor. Water was used as the working fluid in this
validation as well. The Nusselt number was validated with
experimental data cited by Eiamsa-ard et al. [10]. Additionally,
the results were compared with the empirical Dittus-Boelter



correlation. The extreme discrepancy between the presented
data and experimental results is approximately 5%.
Furthermore, the extreme error rate detected between the
Dittus-Boelter correlation and the simulated data is around 3%,
as illustrated in Figure 5. Additionally, the Darcy friction
coefficient was computed and compared to the Blasius friction
factor correlation, as shown in Figure 6. It can be observed that
the extreme error between our simulation predictions and the
Blasius friction factor correlation is 8.5%, consistent with
previous literature [28].

3. RESULTS AND DISCUSSION

This section delineates the impact of geometric
modifications on the Nusselt number and the Darcy friction
factor. A simulation analysis was performed on three varieties
of longitudinal corrugation. Furthermore, a comparative study
was conducted against a smooth tube, focusing on the Nusselt
number and the friction factor. The analysis encompasses the
Reynolds number range from 6,000 to 40,000.

Figure 7 depicts the dynamic contour of the inner tube of
DPHE. The dynamic pressure contour offers essential insights
into flow acceleration, separation, and recirculation zones,
which contribute to understanding the geometrical impact on
the friction factor and Nusselt number [30]. In Case 1, a
smooth and stable flow pattern is observed, with stable red
regions indicating effective heat transfer and fewer blue
regions representing lower pressure drops. For Case 2, the red
regions are more dispersed, resulting in a reduced pressure
gradient. In Cases 3 and 4, darker red and blue zones are
present near each corrugation, signifying an increase in the
friction factor. Additionally, elevated turbulence and mixing
near the wall significantly enhance the Nusselt number. Case
4 features similar corrugations to Case 3, except that half of
the corrugation is rotated at an angle of 12.5 degrees on the
surface of the inner tube.
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Figure 7. Contours of the dynamic pressure for all cases at
Re =40,000
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Figure 8. Contours of the temperature for all cases at Re =
40,000

Figure 8 illustrates the temperature contour, which aids in
identifying hot and cold zones, the thermal boundary layer,
and the effectiveness of the heat exchanger. In Case 1, a thick
thermal boundary layer develops and gradually extends
downstream, thereby limiting mixing. Case 2 exhibits a low
temperature gradient, which results in a lower Nusselt number.
In Cases 3 and 4, the temperature drops sharply, and a
noticeable transition from red to blue occurs compared to
previous cases. The temperature drops indicate mixing,
leading to higher Nusselt numbers. Case 4 shows a smaller red
zone compared to Case 3, demonstrating the advantage of
using scattered corrugation over inline configurations.
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Figure 9. Contours of the velocity magnitude for all cases at
Re =40,000

Figure 9 illustrates the velocity contours, which show the
boundary layer thickness and the distribution of velocity along
the axis, providing insight into the frictional characteristics
within the tube. As observed in Case 1, the boundary layer
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along the tube is smooth, resulting in a lower friction value. In
Case 2, a larger green boundary layer is present, leading to a
lower Nusselt number. Cases 3 and 4 exhibit pronounced red
and green patterns, indicating a better Nusselt number, as a
consequence of a higher friction factor. Furthermore, Case 4
demonstrates a thinner boundary layer compared to Case 3,
which correlates with an improved Nusselt number.

The Nusselt number ratio, friction factor ratio, and Thermal
Enhancement Factor (TEF) are presented in Table 1 for the
investigated cases relative to the smooth tube. The results
show that the maximum heat transfer enhancement,
approximately 30%, occurs in Case 4 (LC-SR tube) at a
Reynolds number of 6,000, with the enhancement ratio
gradually decreasing as the Reynolds number increases. This
trend agrees with previously reported findings [11], indicating
that the relative effect of surface corrugations diminishes at
higher flow regimes due to reduced turbulence intensity. In
Case 2, which employs straight corrugations, no significant
improvement is observed because the flow alignment with the
corrugation fails to induce strong fluid mixing. In contrast,
Case 3, featuring a 50 mm longitudinal corrugation with a 45
mm spacing, exhibits an 11-23% increase in the Nusselt
number, attributed to the generation of secondary flow and
enhanced mixing. The highest thermal enhancement is
recorded in Case 4, which employs scattered corrugations of
the same geometry. This configuration effectively disrupts the
boundary layer and promotes fluid recirculation, leading to
superior heat transfer performance compared to inline
arrangements [31].

The friction factor ratio, also illustrated in Table 1, shows
an approximately linear decrease with increasing Reynolds
number, consistent with previous studies [29]. The maximum
friction ratio of 22% is observed in Case 4 at Re = 6,000,
reflecting the greater flow resistance caused by the scattered
corrugations. Meanwhile, Case 2 exhibits the lowest friction
factor (minimum ratio of 0.64) due to its larger flow area and
lower wall velocity gradient. Cases 3 and 4 have comparable
friction factor ratios, suggesting that the arrangement of
corrugations exerts minimal influence on frictional losses [31].

The Thermal Enhancement Factor (TEF), also included in
Table 1, serves as a comprehensive indicator of the overall
performance of the heat exchanger, accounting for both
convective enhancement and frictional penalties [30]. The
TEF decreases with increasing Reynolds number, a trend
consistent with prior research [11]. The highest TEF value of
1.22 is obtained in Case 4 at Re = 6,000, followed by 1.16 for
Case 3 and 1.13 for Case 2, confirming that the scattered
corrugation configuration achieves the most effective balance
between heat transfer improvement and pressure drop.

Table 1. Summary of Nu/Nuy, f/fo and TEF for all the cases

Reynolds Number

6,000 10,000 20,000 30,000 40,000

f2/fo 0.70 0.67 0.64 0.67 0.71
f3/fo 1.19 1.20 1.18 1.15 1.16
fa/fo 1.22 1.21 1.20 1.17 1.17
Nuz/Nuo 1.00 0.91 0.90 0.89 0.89
Nus/Nuo 1.23 1.19 1.14 1.12 1.11
Nu4/Nug 1.30 1.28 1.23 1.22 1.20
TEF: 1.13 1.04 1.04 1.02 1.00
TEF3 1.16 1.12 1.08 1.07 1.06
TEF4 1.22 1.20 1.16 1.16 1.14
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4. CONCLUSIONS

This study undertook a numerical investigation examining
the Nusselt number and friction factor utilizing three types of
longitudinal corrugation in DPHE. The five distinct Reynolds
numbers considered range from 6,000 to 40,000. This
numerical study demonstrated strong consistency with
experimental data and empirical correlations, thereby
confirming the model's validity. The main conclusions of this
study are:

1. The scattered longitudinal corrugations, case 4,
demonstrate a 30% increase in the Nusselt number,
while the friction factor increases by approximately
22% in comparison to a smooth tube at a Reynolds
number of 6,000.

The utilization of multiple corrugations, as opposed
to a single corrugation, significantly enhances the
Nusselt number. Case 3 demonstrates an approximate
20% rise in the Nusselt number compared to Case 2
at a Reynolds number of 6,000.

Employing a scattered corrugation technique, in
comparison to inline corrugation, has a more
noticeable outcome on the Nusselt number, with a
minimal impact on the friction factor. In Cases 3 and
4, the Nusselt number increases by approximately 5%
to 10%, and the friction factor rises by about 2%
across all Reynolds numbers.

The TPF increases significantly to 1.22, 1.16, and
1.13 for scattered, inline, and single corrugation,
respectively, at a Reynolds number of 6,000.
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NOMENCLATURE

Cyi, C turbulence model constants, —

dh hydraulic diameter, m

f darcy friction factor, —

fo Blasius friction factor, —

G Production of turbulent kinetic energy,

J.S*I.m73
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Uo

T zZzZOR® AT

Pr

Re

T

TEF

t

U, V,W

U,V,W
U

Greek symbols

heat transfer coefficient, W-m2-K!
Thermal conductivity, W-m™-K™
turbulent kinetic energy, m?-s2

Tube length, m

Nusselt number, —

Nusselt number for smooth tube, —
Pressure, Pa

Prandtl number, —

Reynolds number, —

Temperature, K

Thermal Enhancement Factor, —
Time, s

Velocity components in X, y, z directions,
m-s™!

Fluctuated velocity components, m-s™
Mean velocity, m's™!

Dissipation rate of turbulent kinetic energy,
mZ . S*S

Dynamic viscosity, Pas

Turbulent viscosity, Pas

Density, kg-m™

Turbulent Prandtl number for k, —
Turbulent Prandtl number for g, —
Turbulent Prandtl number for energy, —





