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Abstract

Enhancing thermal efficiency in double-pipe heat exchangers has become a key industrial priority
to reduce energy consumption, with passive methods such as pipe geometry modification receiving
significant attention. This study investigates the comprehensive thermal and hydraulic performance
of concave corrugated tubes (CCT) with triangular, square, and trapezoidal profiles. A three-
dimensional numerical simulation was employed, utilizing the finite volume method and the SST k-
w turbulence model over a Reynolds number range of 7700 to 13,800. The results indicate that all
CCT geometries improve thermal performance compared to plain tubes, with the square profile
showing the highest increase in Nusselt number (13.87-16.59%). This enhancement is attributed to
higher turbulence intensity, which, however, also results in the greatest hydraulic penalty due to
dominant form drag. Performance Evaluation Criteria (PEC) analysis yielded values above 1 for all
geometries, with the square profile being optimal at lower Reynolds numbers, whereas the
triangular profile outperformed the others at higher flow rates (Re > 12,300), with a PEC value of
1.023. In conclusion, corrugated geometries have been shown to enhance thermal performance, but
the associated hydraulic penalties necessitate careful selection based on the operational flow range
to achieve an optimal balance between heat-transfer gains and pumping-power requirements.
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INTRODUCTION

The growing demand for energy and the increasing global emission footprint have
made improving the efficiency of thermal systems a primary priority in the industrial
sector [1]. Among the critical components in these systems is the heat exchanger, which
plays a vital role in energy conversion and recovery processes across various industrial
applications [2]. Heat exchangers are widely used, ranging from household appliances
such as air conditioners to complex industrial process equipment [3]. Their applications
cover cooling systems, including refrigerators and air conditioners, heating systems, such
as water heaters, and dual-function systems, such as those used in oil distillation
processes at refineries [4],[5]. In modern industry, heat exchanger design is increasingly
focused on achieving high thermal performance by minimizing heat loss to the
environment and reducing pressure drop, thereby lowering required pump power and
operational costs [6].

Among the various types of heat exchangers, the double pipe heat exchanger (DPHE)
is one of the simplest and remains widely used, especially in high-pressure and medium-
scale industrial applications, due to its resistance to pressure, ease of maintenance, and
relatively low fabrication costs compared to other types [7],[8]. The DPHE has a
straightforward construction, consisting of two concentric pipes, with hot and cold fluids
flowing separately in the inner pipe and the annular space, where the inner pipe wall
serves as the heat transfer medium [9]. Despite its advantages, the conventional DPHE is
limited by a relatively low heat transfer coefficient compared to other types of heat
exchangers [10]. This limitation often requires a longer unit to achieve the desired heat
transfer load, resulting in inefficiencies in both space and material utilization [11].

To address these limitations, previous studies aimed at enhancing heat transfer in
double pipe heat exchangers (DPHE) have predominantly employed passive methods that
require no additional external power. Passive heat transfer enhancement techniques in
DPHEs are generally classified into three main categories: pipe geometry modification,
the addition of flow-disturbing elements such as turbulators or swirl generators, and the
use of fluid additives, such as nanofluids, to improve thermal performance without
additional energy input [12],[13]. In contrast, pipe geometry modification may involve
adding fins to the pipe wall or transforming the pipe into a corrugated tube, both of which
can enhance thermal performance by increasing local turbulence and expanding the heat
transfer area [14].

Corrugating pipe geometry is a widely used passive method that primarily boosts
DPHE thermal performance by enhancing mixing and convective heat transfer through
induced flow disturbances. It also remains simple to manufacture [15]. However, while
corrugated tubes enhance heat transfer, they also increase pressure drop and friction
factor; therefore, both thermal and hydraulic aspects must be evaluated simultaneously.
The thermal-hydraulic performance of corrugated pipes strongly depends on corrugation
geometry, including profile, depth, and pitch, which govern flow disturbance. Therefore,
selecting an appropriate configuration requires balancing both thermal enhancement and
hydraulic penalty [16]. These tubes can be configured as concave or convex profiles and
applied to either the inner or outer pipe[15].

For example, the use of spirally inner corrugated tubes under turbulent flow with
variations in pitch and corrugation height demonstrated that the configuration with the
smallest pitch and moderate height increased NTU by up to 29% compared to smooth
tubes, while the configuration with the largest corrugation height increased the inner-side
pressure drop by up to 4.15 times [17]. This indicates a clear trade-off between heat
transfer enhancement and hydraulic penalty, where aggressive geometric modifications
tend to significantly increase friction losses. The application of corrugated fins to the inner
pipe of coaxial underground heat exchangers (CUHEs) has also been shown to
significantly enhance heat transfer, with the Nusselt number 1.43-2.19 times higher than
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that of smooth pipes. However, this improvement is accompanied by a 6.79-fold increase
in the friction factor. Although an optimal configuration (fin width of 15 mm and spacing
of 60 mm) achieved a maximum PEC of 1.34 at Re = 12,000, the study remains limited to
a specific fin geometry and does not explore the influence of different corrugation shapes
on the thermal-hydraulic balance [16].

Other studies using externally corrugated inner tubes (ECIT) and internally
corrugated inner tubes (ICIT) in DPHEs with water, SiO,, or CuO nanofluids in the
Reynolds number range of 4,000 to 20,000 have demonstrated that the ECIT
configuration with a 15-degree helix angle provides the highest Performance Evaluation
Criteria (PEC), and the use of CuO nanofluid can increase the Nusselt number by up to 35
percent with PEC values between 0.89 and 2.09 [18]. Despite these improvements, the
combined effects of fluid properties and geometric modification make it difficult to isolate
the sole contribution of corrugation geometry to performance enhancement. In boiling
R290 refrigerant flow, the use of internal corrugated tubes with square and circular
profiles yielded heat transfer enhancement factors (E1) of 2.01-2.36 (square) and 1.67-
1.98 (circular), with efficiency indices (I) above 1 (1.05-1.24 and 1.13-1.29), indicating
significant heat transfer improvement with pressure penalties that remain acceptable
[19]. However, these studies are limited to phase-change conditions and do not directly
reflect single-phase turbulent flow behavior in conventional DPHE applications.

Studies focusing on corrugated outer pipes with smooth inner tubes showed that
reducing pitch and diameter ratio can increase the Nusselt number by up to 71%. This
improvement is accompanied by an 81% increase in the friction factor [20]. Outward
helically corrugated tubes revealed that reducing the shell diameter enhances both heat
transfer and pressure drop. An optimal diameter of 38 mm was suggested as a
compromise [21]. These findings highlight the strong influence of geometric
modifications on heat exchanger performance; however, most studies focus on
parametric variations within a single corrugation type rather than comparing different
geometries, and offer limited discussion of the underlying flow mechanisms. The use of
concave corrugated tubes in the inner pipe of DPHEs with three groove shapes
(triangular, trapezoidal, and square) has been shown to improve heat transfer
characteristics, with the triangular groove yielding an effectiveness increase of up to
11.63% over plain tubes [22]. While the study primarily focuses on thermal performance,
it does not offer a comprehensive evaluation of friction factor, pressure drop, or overall
performance (PEC).

This study uniquely addresses the identified research gap by systematically
comparing concave corrugation geometries (triangular, square, and trapezoidal) applied
to the inner tube of a double pipe heat exchanger under identical operating conditions.
Unlike previous work, this research exclusively isolates the effect of corrugation shape on
thermal-hydraulic performance in single-phase turbulent flow, an area that has not been
comprehensively explored. The study integrates flow-field analysis (velocity and
turbulent kinetic energy) with thermal and hydraulic evaluations, and uses Performance
Evaluation Criteria (PEC) to assess the trade-off between heat transfer enhancement and
pressure drop. By clarifying the specific impact of corrugation geometry, this work lays a
new foundation for optimizing heat exchanger design.

METHODS AND ANALYSIS
Physical Model

The computational domain for the double pipe heat exchanger (DPHE) with a
concave corrugated tube is shown in Figure 1. Water is used as the working fluid on both
the hot and cold sides, with a counterflow arrangement: hot fluid passes through the inner
pipe, and cold fluid flows in the annulus between the pipes. Key dimensions include an
inner pipe diameter of 25.4 mm, outer pipe diameter of 76.2 mm, total length of 1000 mm,
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Adiabatic Wall

L. | Total Pipe Length
X

Figure 1. Computational domain schematic of the DPHE

Table 1. Dimensional details of the DPHE

Dimensions Outer Pipe (mm) Inner Pipe (mm)
Outer Diameter (Do, do) 76.2 25.4
Inner Diameter (Di, di) 72.6 234
Thickness (to, ti) 2 1
Length (L) 1000 1000
Corrugation Length (Lc) - 850

and a corrugated section length of 850 mm, as detailed in Table 1. These specifications
follow previous research [22] on the heat transfer effectiveness of different concave
corrugated tube geometries.

Boundary Conditions And Numerical Methods

The boundary conditions specified in the numerical modeling of the DPHE are as
follows. The inlet is defined as a mass flow inlet. The mass flow rate (mh) ranges from
0.05 to 0.09 kg/s, with a constant temperature (Th) of 353.15 K and a hydraulic diameter
(Dh) of 0.0234 m for the inner pipe. For the annulus, the mass flow rate (rc) is set at 0.1
kg/s. The temperature (Tc) is held constant at 303.15 K, and the hydraulic diameter (Dc)
is 0.0478 m. A turbulence intensity of 5% is applied at both inlets. The outlets for both the
inner pipe and the annulus are defined as pressure outlets with a gauge pressure of 0 Pa
and a turbulence intensity of 5%. The outer pipe wall is modeled as an adiabatic wall,
while the inner pipe wall is defined as a coupled wall with a no-slip boundary condition.
Detailed boundary conditions used in this study are presented in Table 2.

The materials used in this numerical modeling are stainless steel 304 for the outer
pipe and copper for the inner pipe. The material properties, including density (p), specific
heat capacity (Cp), and thermal conductivity (k), are listed in Table 3. For the working
fluid, due to the substantial temperature difference between the inlet and outlet, which
ranges from 303.15 K to 353.15 K as shown in Table 4, the properties of water, including
density (p), specific heat capacity (Cp), thermal conductivity (A), and viscosity (u), are
defined as temperature-dependent values. These properties are determined using a
piecewise linear function based on steam tables.

Table 2. Boundary conditions of DPHE

Boundary Conditions Type Input

Inlet Mass flow inlet mh =0.05-0.09 kg/s mc =0.1kg/s
Th=353.15K Tc=303.15K
Dh=0.0234m Dc=0.0478 m

Turbulent intensity = 5%

Outlet Pressure outlet Pressure gauge = 0 Pa Turbulent Intensity = 5%

Inner Pipe Coupled wall No-slip boundary condition

Outer Pipe Adiabaticwall  Heatflux=0
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Table 3. Material properties of DPHE

Material Properties Stainless Steel 304 Copper
Density (p) (Kg/m?3) 8000 8978
Specific heat capacity (Cp) (J/Kg.K) 500 381
Thermal conductivity (k) (W/m.K) 16.2 387.6

Table 4. Properties of water based on temperature

Temperature (K) p (Kg/m3) Cp (J/Kg.K) A (W/m.K) u (Pa.s)
303.15 995.8 4178 0.6151 0.0007977
353.15 971.4 4196 0.6668 0.00355

Numerical simulations using the SST k-w model were conducted at Re = 7,700-
13,800, ensuring accurate prediction of near-wall flow and separation [23]. Mesh quality
maintained y* < 1, while radiative heat transfer was neglected. A coupled algorithm with
second-order upwind schemes was applied, with convergence criteria of 107¢ for the
energy equation and 10~* for the continuity, momentum, and turbulence equations.

Grid Generation and Verification

Grid generation employed hexahedral and tetrahedral elements, which are well-
suited for the complex geometry of concave corrugated tubes. Figure 2 shows the detailed
grid structure of the DPHE. Due to complex flow behavior, mesh refinement was applied
near the wall and in the corrugated regions, with a target y* < 1, suited to the SST k-w
model. Grid quality was maintained with skewness < 0.94 to ensure numerical accuracy.

Grid verification was conducted using the Grid Convergence Index (GCI) method
proposed by Roache [24] to ensure the numerical solution's independence from grid
density. The test was performed on the DPHE with triangular CCT variation at Re =10,700,
using grid densities of 1.2 x 106 (coarse), 1.8 x 10® (medium), and 2.9 x 106 (fine). The
observed parameters were the outlet temperature (Thout) and the pressure drop (AP) of
the hot fluid, as shown in Table 5.

Based on the grid verification using the GCI Roache method, as presented in Table
5, the ratio of _GClfine

TPGCleoarse

asymptotic range and the grid can be considered convergent. The medium grid was
selected for this study because the GCIfine values for both Thout and AP are very small,
providing a solution that is sufficiently independent of the grid.

is approximately one, indicating that the solution lies within the

38

' Grid refinement in 1he area neor the wall
R U

Grid from the DPHE domain

=

Grid on concave corrugated tube

Figure 2. Grid details from DPHE
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Table 5. Grid verification using the GCI method

Grid Thout , p GCI GClgne  Error AP p GCI GClfine  Error
(K) (%) 1PGClyhs (Y0) (Pa) (%) 1PGClhs. (Y0)
Fine 349.13 0.02 - 27.85 1.46 -
Medium 349.11 1.16 34 0.04 1.00 0.01 2799 233 2.05 1.00 0.48
Coarse  349.14 - 0.01 28.18 - 0.68

Data Acquisition and Analysis

To evaluate the impact of using concave corrugated tubes on the thermal and
hydraulic performance of the DPHE, this study employs the Nusselt number (Nu), friction
factor (f), and performance evaluation criterion (PEC) as performance indicators. The
definitions and calculation methods for these parameters form the basis for the
subsequent analysis of the numerical simulation results [14],[19].
Nu is defined as Eq.1. Where A is the thermal conductivity of the fluid, D is the hydraulic
diameter of the DPHE, and h is the heat transfer coefficient obtained from Eq.2:

hD
_n 1
Nu 7 (1)

_q
L - (2)

Where q is the heat flux on the inner side of the inner pipe, Tw is the temperature on the
inner side of the inner pipe, and Tt is the average temperature of the fluid obtained from
Eq.3:

Thip, + Thoy
Ty = ——2%
2

Where Thin and Thout are the fluid temperatures at the inlet and outlet of the DPHE.
The friction factor is expressed as Eq.4:

(3)

2DAP (4)
- Lpu?

Where AP is the pressure difference at the inlet and outlet, L is the length of the DPHE, p
is the fluid density, and u is the average flow rate.
PEC is formulated as Eq.5:

pEc = /N (5)
(f/f)Y3
Where Nus and fs are Nu and f from DPHE with a smooth inner pipe at the same Re.
Model Validation

To ensure the accuracy of the numerical modeling, validation was performed by
comparing the simulated Nusselt number (Nu) values for the DPHE with plain tubes
against the Dittus-Boelter [25] and Gnielinski [26] correlations. Similarly, the simulated
friction factor (f) values for the DPHE with plain tubes were compared with the Blasius
[27] and Petukhov [28] correlations.

Dittus-Boelter Correlation (Eq.6):

Nu = 0.023Re%8pr03 (6)

With a range of applications 10* < Re < 1.2 - 10° and 0.7 < Pr < 120.
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Gnielinski’s correlation (Eq.7):
N (f/8)(Re —1000)Pr
u=
14 12.7(f/8)"/% (Pr2/3 — 1)

With a range of applications 3000 < Re < 10° and 0.5 < Pr < 2000.
Blasius correlation (Eq.8):

(7)

f =0.316Re025 (8)

With a range of applications 4000 < Re < 10°.
Petukhov's correlation (Eq.9):

f = (0.79InRe — 1.64)2 (9)

With a range of applications 3000 < Re < 10°.
The Reynolds number for the fluid in the inner pipe was calculated using the following
equation Eq.10:

4m
Re

= 10

— (10)
Where m is the mass flow rate, p is the fluid viscosity, and d; is the inner pipe diameter.
The Reynolds number for the fluid in the annulus was calculated using the following
equation (Eq.11):

4m

Re = ———
T[(Di + do).u

(11)

Where D; is the inner diameter of the outer pipe and d,, is the outer diameter of the inner
pipe.

As shown in Figure 3, the average absolute deviation of the simulated Nusselt
number (Nu) (Green) is 1.26% compared to the Dittus-Boelter correlation (purple) and
7.38% compared to the Gnielinski correlation (orange). For the friction factor (f) (blue),
the deviations are 6.29% and 6.75% compared to the Blasius (red) and Petukhov correla
tions (light green), respectively. These results show good agreement between the
numerical model and the empirical correlations, validating the model.

e f smooth pipe e f Blasius correlation =+ f Petukhov correlation ® Nu smooth pipe
Nu Gnielinski correlation 4 Nu Dittus-Boelter correlation

70 - - 0.04
60 - L 0.037
50 4 L 0.034
=) Y—
=2
40 - L 0.031
30 | 10028
20 0.025

8000 9000 10000 11000 12000 13000
Re

Figure 3. Numerical validation of Nu and f from DPHE with smooth inner pipe
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Square CCT

o R Trapezoidal CCT
Figure 4. Details of the concave corrugated tube geometries

Concave Corrugated Tube Geometry

The three concave corrugated tube (CCT) geometries compared in this study are
triangular, square, and trapezoidal, each with a corrugation height of 1 mm, as shown in
Figure 4. The detailed dimensions are as follows: for the triangular geometry, both the
corrugation length and pitch are 50 mm,; for the square geometry, the corrugation length
is 50 mm, and the pitch is 100 mm; and for the trapezoidal geometry, the corrugation
length is 50 mm, the pitch is 75 mm, and the short side length is 25 mm. The corrugated
section is 850 mm long, accounting for 85% of the inner pipe's total length.

RESULTS AND DISCUSSIONS
Flow Field Characteristics

The velocity and turbulent kinetic energy (TKE) contour visualizations in Figures 5
and 6 reveal clear differences in flow characteristics among the CCT geometries. All
models exhibit a high-velocity core at the channel center, with velocity decreasing toward
the wall due to viscous effects. In the triangular CCT, flow disturbances and increased TKE
are concentrated around sharp corners, indicating local vortex formation and intensified
shear layers. The square profile shows broader recirculation zones and more extensive
TKE regions, indicating stronger turbulence and greater flow separation. In contrast, the
trapezoidal profile produces smoother velocity gradients and a more uniform TKE
distribution, resulting in weaker disturbances. These findings suggest that sharper
corrugation transitions, as found in the square CCT, more effectively disrupt the boundary
layer and enhance turbulence generation, which is consistent with previous studies
reporting higher heat transfer enhancement with stronger flow disturbance [17]. This
behavior highlights the direct correlation between turbulence intensity and convective
heat transfer enhancement in corrugated geometries. Therefore, the square CCT profile
generates the most significant turbulence and offers the highest potential for Nusselt
number enhancement, whereas the trapezoidal profile yields the lowest thermal
performance improvement.

Temperature Distribution

The temperature contour visualizations in Figure 7 show how different concave
corrugated tube (CCT) geometries affect temperature distribution and thermal boundary
layer thickness near the pipe wall. All geometries maintain a high-temperature core at the
channel center. A sharp temperature gradient develops toward the wall. In areas with
high turbulent kinetic energy (TKE), localized thinning of the thermal boundary layer is
observed, depending on the profile shape. For the square profile, expanded high-TKE
zones correlate with significant boundary-layer thinning. These areas also show higher
wall-temperature gradients and enhanced surface heat flux. The triangular profile causes
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|

Velocity

0.251
0.235
- 0.220

Triangular CCT Square CCT Trapezoidal CCT
Figure 5. Velocity contours from DPHE with CCT at Re = 10700

Turbulence Kinetic
Energy

8.086e-04
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- 5.559¢e-04
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TKE peak zone i

Tnongulor CCT Square CCT Trapezoidal CCT
Figure 6. Contour of turbulent kinetic energy (TKE) from DPHE with CCT at Re = 10700

| |

Triangular CCT Square CCT Trapezoidal CCT
Figure 7. Temperature contours of DPHE with CCT at Re =~ 10700
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localized thinning at sharp corners and noticeable temperature fluctuations. The
trapezoidal profile produces a more uniform temperature field with a thicker boundary
layer, suggesting weaker disturbances. These results demonstrate that increased
turbulence and boundary-layer disruption, especially in the square profile, enhance
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mixing and reduce wall thermal resistance, consistent with previous studies on
corrugated tubes reporting enhanced heat transfer due to intensified turbulence [22].
This agreement reinforces the role of flow-induced mixing as a dominant mechanism
governing thermal performance in corrugated geometries.

Thermal Performance Evaluation

Figure 8 compares Nusselt numbers (Nu) for the plain tube and three CCT
geometries over a Reynolds number (Re) range of 7700-13,800. All CCT geometries yield
higher Nu values than the plain tube. This confirms that wall modification enhances
convective heat transfer. The square profile shows the greatest improvement (13.87-
16.59%), followed by the triangular (9.48-10.51%) and trapezoidal (7.21-8.80%) profiles.
This trend aligns with earlier flow-field analysis. That analysis showed that the square
geometry produced the strongest flow disturbances and the most intense mixing near the
boundary layer. These enhancements arise from stronger boundary-layer disruption and
turbulence in sharper corrugation transitions, particularly in the square profile,
promoting boundary-layer renewal and higher wall-temperature gradients, consistent
with previous studies reporting increased Nu due to enhanced mixing [20]. The graph
further shows that Nu for all variations increases with Re. However, the rate of
improvement is greatest for the square profile at higher Re, while the triangular and
trapezoidal profiles show diminishing enhancement. These findings highlight the
importance of geometric optimization for maximizing heat exchanger performance,
especially in turbulent flow. These results indicate that at higher turbulence levels, the
square profile provides the greatest thermal advantage.

Pressure Distribution

The static pressure distribution within the fluid domain for the three CCT
geometries is shown in Figure 9. In general, pressure decreases consistently along the
channel. However, the concave wall modifications induce local pressure fluctuations due
to repeated flow expansion and contraction. The square CCT profile exhibits the steepest
pressure gradients at the corrugation corners. This contrasts with the triangular and
trapezoidal profiles. The sharper gradients indicate greater form drag from abrupt
changes in flow direction caused by the perpendicular angles. These abrupt changes
amplify velocity gradients and intensify boundary layer separation. This leads to stronger
recirculation and higher energy dissipation. Such phenomena are closely associated with
extensive recirculation and turbulence-induced kinetic energy dissipation in the square
profile. Increased turbulence and boundary-layer disruption enhance heat transfer but
also increase pressure drop. This is consistent with previous studies reporting higher
pressure drops in corrugated tubes due to more intense flow disturbances [19]. The
trapezoidal profile demonstrates a more uniform pressure distribution. Its sloped geo-

® Smooth pipe ¢ Triangular CCT = Square CCT 4 Trapezoidal CCT
75 1

65 -
2 55 -

45 -

35

8000 9000 10000 11000 12000 13000
Re

Figure 8. Graph of Nu values from DPHE with CCT variation against Re
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Pressure
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=l
Triangular CCT Square CCT Trapezoidal CCT
Figure 9. Static pressure contour of DPHE with CCT at Re = 10700

® Smooth pipe ¢ Triangular CCT = Square CCT 4 Trapezoidal CCT
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Figure 10. Graph of f values from DPHE with CCT variation against Re

metry helps minimize severe flow separation. These characteristics show that geometries
causing the strongest flow disturbances result in the greatest pressure drop.

Hydraulic Performance Evaluation

The evaluation of hydraulic performance in this study is presented in terms of the
relationship between the friction factor and Reynolds number over the range of 7700 to
13,800, as shown in Figure 10. In general, both the plain tube and the three-concave
corrugated tube (CCT) geometries exhibit a decreasing trend in friction factor with
increasing Reynolds number, consistent with turbulent flow in closed channels.
Nevertheless, applying geometric modifications to the tube wall results in a significant
increase in the friction factor compared to the plain tube.

Among the three tested geometries, the square CCT profile consistently produces
the highest friction factor across the entire Reynolds number range. This sharp increase
closely correlates with previous flow-field observations, where perpendicular angles
promote extensive recirculation zones and high kinetic-energy dissipation due to
dominant form drag. Physically, sharper transitions and abrupt angles in the square CCT
intensify turbulence and boundary-layer separation, increasing energy dissipation and
wall shear stress, consistent with previous studies reporting higher hydraulic losses in
corrugated heat exchangers due to intensified flow disturbances [21]. Meanwhile, the
trapezoidal and triangular profiles exhibit lower friction factors, with similar trends at
higher Reynolds numbers, indicating more aerodynamic transitions and lower hydraulic
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¢ Triangular CCT = Square CCT 4 Trapezoidal CCT
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Figure 11. Graph of PEC values from DPHE with CCT variation against Re

penalties. Thus, while CCTs enhance heat transfer through turbulence and boundary-layer
renewal, they also increase pressure losses, requiring higher pumping power.

Overall Performance Evaluation

The simultaneous evaluation of thermal and hydraulic performance was conducted
using the Performance Evaluation Criteria (PEC) parameter to determine the optimal
geometry. Figure 11 shows that PEC values for all concave corrugated tube (CCT)
variations remain above unity across the tested Reynolds number range. This indicates
that heat transfer enhancement outweighs the associated pressure loss. PEC values for all
three geometries generally decrease with increasing Reynolds number. This suggests the
effectiveness of passive modification is more pronounced at lower flow velocities.
Previous studies on corrugated tubes also report that PEC decreases at higher Re due to
dominant hydraulic penalties [18].

At low Reynolds numbers (Re = 7700), the square CCT profile attains the highest
PEC value, followed by the triangular and trapezoidal profiles. The square profile's high
PEC stems from a dominant increase in the Nusselt number relative to the friction factor.
Intensified turbulence and boundary layer disruption at lower Re promote convective
heat transfer more than the increase in hydraulic resistance. This local turbulence
enhances mixing and increases the wall temperature gradient. [t maximizes heat transfer
at low flow rates. As the Reynolds number increases, the square profile’s PEC declines.
Beyond Re = 12,300, the triangular profile becomes more optimal. At higher Re (213,800),
the triangular profile achieves the highest PEC, while the square profile drops further. At
high Re, hydraulic penalties for the square profile outweigh heat transfer gains, shifting
the efficiency advantage to the triangular geometry. The triangular design achieves a
more favorable balance between mixing enhancement and pressure loss under turbulent
flow. These trends are consistent with findings in prior corrugated heat exchanger studies
[18]. The trapezoidal profile consistently yields the lowest PEC values, as its thermal
improvement is least pronounced.

CONCLUSIONS

In summary, this study provides a comprehensive numerical assessment of the
impact of concave corrugated tube (CCT) geometries on the thermal-hydraulic
performance of double-pipe heat exchangers. All tested CCT geometries significantly
enhance convective thermal performance compared to plain tubes, with Performance
Evaluation Criteria (PEC) values consistently above 1. The square profile yields the largest
increase in the Nusselt number (13.87% to 16.59%) due to extensive recirculation zones
and strong turbulence near the pipe wall, but this improvement is accompanied by a
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substantial hydraulic penalty from increased friction caused by form drag at
perpendicular corners. While the square profile is most effective at lower Reynolds
numbers (Re = 7700, PEC 1.034), the triangular profile becomes more optimal at higher
velocities (Re % 13,800, PEC 1.023), providing a better balance between heat transfer and
pressure loss. These results underscore the importance of selecting the appropriate
corrugation geometry according to specific operating conditions to maximize energy
efficiency. For future research, optimization of the corrugation pitch and the use of
nanofluids are recommended to further enhance the performance of double-pipe heat
exchangers.
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