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ABSTRACT: The performance of heat exchangers is vital for reducing industrial energy consumption and operational
costs, driving significant interest in passive methods to enhance heat transfer. This study conducts a systematic
numerical analysis and comparison of two prevalent passive techniques, low-integral circular fins and plain twisted-tape
inserts, utilized in a counterflow double-pipe heat exchanger (DPHE). Three models were simulated in ANSYS FLUENT
2022 RI: a smooth DPHE (baseline), a finned DPHE with integrated circular fins on the outside of the inner pipe, and
a DPHE with twisted-tape inserts in the inner pipe. Simulations were performed with hot-side Reynolds numbers (Re)
varying from 5500 to 30,000 and inlet temperatures between 50°C and 70°C, while the cool side operated at Re from
2000 to 10,000. Critical performance metrics, including temperature changes, heat transfer rate, pressure drop, entropy
generation, and the performance evaluation criterion (PEC), were analyzed to assess the balance between thermal
improvements and hydraulic penalties. Finned pipes improve the cold-side temperature differential by 17%-19% at
low cold-side Re and increase entropy generation by 20%-70%. Their PEC values range from 1.02 to 1.17, suggesting
minor enhancements that diminish under fully turbulent conditions. Conversely, twisted tape inserts demonstrate
higher performance at elevated Re and higher hot-side temperatures, increasing the cold-side temperature differential
by 17%-26%, increasing entropy generation by 20%-82%, and increasing PEC values of 1.12-1.55, indicating a 12%-55%
improvement over the baseline. However, this gain is accompanied by a significant pressure drop penalty, reaching up
to four times that of the baseline case. Overall, low-integral fins are better suited to low- to moderate-flow regimes.
Twisted tapes are more effective under turbulent conditions due to swirl-induced mixing. These findings support the
practical selection of passive enhancement techniques in DPHE designs.

KEYWORDS: Double pipe heat exchanger; energy systems; entropy generation; performance evaluation; low integral
finned pipe; twisted tape

1 Introduction

Heat exchangers (HEXs) are the key components in energy transfer. They play an important role in
various industrial fields, and their thermal transfer efficiency and effectiveness are directly related to energy
consumption and financial costs. Improving the overall heat transfer (HT) efficiency of HEXs has been a
subject of many studies [1]. A double-pipe heat exchanger (DPHE) is used in various applications such
as heating and cooling, the chemical and food industries, and many systems that require heat transfer.
The wide range of applications has made it a subject of considerable interest to researchers and developers
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aiming to improve its performance. The insertion is considered one of the main passive techniques to
improve the thermal performance of DPHE due to its ease of implementation and efficiency [2]. There
are two major categories of heat transfer enhancement techniques for heat exchangers: active and passive
techniques. The active technique uses external energy sources such as surface vibrations, magnetic fields, and
air injection. Passive techniques involve surface modification, displacement inserts, nanofluids or additives,
and turbulence generators. Any passive method for improving the thermal characteristics of the HEX
increases the pressure drop (AP) across the HEX [3].

Finned DPHEs have been the subject of both experimental and numerical investigations and have
undergone design improvements that enhanced the system’s hydrothermal performance. Saleh et al. [4]
conducted an experimental study on the use of helical fins in a DPHE for the preheating of heavy fuel oil. They
reported that increasing the Re of the hot air improved the HT rate, the oil outlet temperature, the overall
heat transfer coeflicient, and the exchanger effectiveness. This system could achieve annual energy savings of
about 1.69 MW in a brick factory. Praveenkumara et al. [5] investigated the influence of integrated fins on the
thermal performance of DPHE using hot and cold water at varying flow rates. Their experiments showed that
finned pipes significantly improved HT compared to smooth pipes, with counterflow operation providing
superior performance. The highest efficiency was observed at the maximum flow rate, particularly with fins of
1.25-1.5 mm pitch and 1 mm depth. Hussein and Hameed [6] experimentally studied an air-water DPHE with
segmental fins containing semi-circular perforations. They reported that finned HEXs outperformed non-
finned ones, with the overall HT coefficient increasing by 29.7%, 62%, and 80.6% for perforation diameters
of 30, 25, and 20 mm, respectively. The thermal performance factor remained above unity in all cases, with
the best results observed for a 20 mm perforation diameter. Mohsen et al. [7] experimentally investigated
HT enhancement in a DPHE using various fin geometries, including interrupted rectangular fins, circular
fins, and helical ribs. Their results showed that all fin types improved the HT coefficient, with rectangular
fins giving the greatest enhancement of 68% to 168% and circular fins the least of 3% to 47% compared to a
smooth pipe. AP varied with fin type, being highest for rectangular fins and lowest for circular fins, and the
enhancement depended on the Re of both fluids.

Mozafarie et al. [8] conducted a numerical analysis of the thermal and flow behavior of Al O; nanofluids
in a circular-finned DPHE using a 3D CFD model. They examined the influence of fin height, pitch, and
Re, on Nu, friction factor, f, and thermal performance for both Newtonian and non-Newtonian fluids. The
results showed that fins enhanced the HT up to 36% for Newtonian nanofluids. In contrast, simultaneous
use of fins and nanoparticles reduced the performance for non-Newtonian fluids due to increased pressure
drop. Therefore, nanoparticles alone are preferable for non-Newtonian fluids without inserts to optimize
performance. Mansour et al. [9] conducted a numerical investigation of annular serrated finned pipes to
enhance HT performance. The researchers examined the effects of water mass flow rate, number of fin
segments (4-14), and twisting angles (0°-25°) on Nu and f. The results showed that serrated fins significantly
increased Nu relative to smooth pipes, with a maximum enhancement of 61.9% recorded for 14 fin segments.
Salman et al. [10] conducted an experimental investigation on a stainless-steel DPHE with plain pipes and
helical tape inserts within the inner pipe. Air passed through the inner pipe, while heavy fuel oil flowed
in the outer pipe. The results indicated that helical tape increased the HT rate by 46%, demonstrating the
benefit of using inserts for thermal performance enhancement. Ammar Ali et al. [11] performed a numerical
analysis evaluating the impact of two distinct fin-to-fin height ratios, uniform fin height and variable fin
height, on heat transfer and pressure drop in a helical micro-finned pipe in comparison to a smooth pipe
(Do = 18.82 mm, Di = 15.64 mm, L = 2740 mm). The CFD results indicated that both finned geometries
improved heat transfer by approximately 20% compared to smooth pipes, but at the expense of increased
pressure drop. The alternating fin design decreased friction losses by approximately 5% while maintaining
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nearly equivalent heat transfer, resulting in enhanced thermo-hydraulic performance over an Re range of
12,000-54,000. Kristiawan et al. [12] conducted an experimental study on TiO,/water nanofluids flowing
through a copper pipe with helical micro fins (height = 0.256 mm, pitch = 0.22 mm, helix angle = 18.5°,
y =15.4°, 64 fins), showing a significant enhancement in heat transfer compared to smooth pipes. The fins
increased the effective heat transfer area by a factor of 2.56, thereby increasing turbulence and secondary
flows, thereby enhancing the Nusselt number. Finned pipes demonstrated superior performance compared
to smooth pipes, even in the absence of nanofluids, with consistent improvements across turbulent Re.

Conversely, the use of twisted-tape inserts in DPHE has been examined, with numerous researchers
reporting hydrothermal enhancement. Abdulhamed et al. [13] conducted experimental investigations on
the use of perforated twisted tapes as counter-swirl flow generators in tubular HEXs. Air performed as the
working fluid under turbulent flow, with Re ranging from 4800 to 9500 and tapes having hole porosities
of 1.30% and 2.70%. The results showed that increasing the number of holes significantly enhanced Nu by
87% to 97%, resulting in a thermal enhancement factor of up to 89%, while reducing the friction factor
by 70% to 94% compared with conventional pipes. Sundar [14] conducted an experimental investigation of
the thermal and exergy performance of nanodiamond-Fe; O4/water hybrid nanofluids in pipes with twisted
tape inserts under turbulent flow conditions (Re = 2000-22,000). At a nanoparticle volume concentration of
0.2% with H/D = 5 inserts, the Nu and exergy efficiency increased by 73% and 161%, respectively, compared
with plain water, while thermal entropy generation decreased by around 49%. However, these improvements
were accompanied by a friction factor penalty of up to 62%, highlighting the trade-off between heat transfer
enhancement and flow resistance.

Kumar et al. [15] conducted an experimental investigation of the thermo-hydraulic performance of
twisted-tape inserts, including solid, perforated, and perforated double V-cut designs, over a Re ranging from
2000 to 25,000. The researchers investigated twist ratios (2-6) and V-cut geometries, finding that all twisted
tapes showed enhanced thermal performance by improving Nu for the solid twisted tape by 1.33-2.6, while
perforated twisted tapes with double V cuts achieved the highest enhancement by 1.64-3.5 compared to the
smooth pipe. Yadav et al. [16] conducted a CFD analysis of the thermo-hydraulic performance of circular
pipes with twisted tape inserts of varying length ratios. The researchers assessed Nu, f, and the enhanced
efficiency and found that twisted tapes with length ratios of 0.29, 0.43, 0.57, and 1.0 showed higher heat
transfer enhancements of 1.07, 1.13, 1.17, and 1.25, respectively. Simultaneously, f was increased by a factor
of 1.78, 1.90, 2.02, and 2.26 relative to the smooth-pipe value of the identical length ratio. Safitra et al. [17]
investigated plain and jagged (triangular, rectangular, and trapezoidal) twisted tape inserts in a DPHE at low
Re ranging from 1000 to 5000. The study revealed that the largest HT occurs in a plain twist, followed by
triangular, rectangular, and trapezoidal configurations. The usage of plain and jagged twisted tape produces
average AP values of 573.22 Pa for plain, 465.84 Pa for triangular, 466.42 Pa for rectangular, and 409.196
Pa for trapezoidal. Kumar and Afzal [18] conducted a numerical investigation of multi-channel twisted
tapes with plain, cut trilobe, quad lobe, and Penta lobe configurations within a DPHE at turbulent flow
conditions (Re = 6000-20,000). The rectangular cut trilobe multi-channel twisted tape achieved the highest
Ne, enhancing HT by 105% to 170% compared to plain DPHE and by 62% to 94% relative to plain twisted
tapes, with a maximum thermal performance factor of 1.31.

Dhumal and Havaldar [19] perform an experimental study investigating a copper DPHE (L = 800 mm,
di = 13.3 mm, do = 15.8 mm, outer pipe Di = 52.5 mm, and Do = 60.5 mm) featuring twisted tape inserts
(thickness 1 mm, width 13.5 mm, twist ratios 6.77, 4.51, and 3.38) and helical tape inserts (width 18.3 mm, twist
ratios 1.0, 0.67, and 0.50). Employing hot water at 70°C and cold water at 30°C in a turbulent counterflow. The
results indicated that integrating twisted and helical tapes augmented turbulence, surface area, and mixing,
resulting in Nu enhancements of 219%-316% compared to a plain pipe. The friction factors increased by
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4.4 to 8.7-fold, while the thermal performance factor (TPF) reached a maximum of 3.06, indicating enhanced
overall efficiency. Cabello et al. [20] conducted a numerical analysis of a DPHE using helical screw-tape
inserts with different twist ratios of 2.5, 3.0, 3.5, and 4.0 within the inner pipe. The 3D, steady, turbulent
hot-water flow was analyzed using a CFD model using RNG k-¢ in the inner pipe and cold water in the
annulus in a counterflow configuration. The results indicated that reduction in the twist ratio amplified the
swirl flow, disrupted the boundary layers, and markedly improved heat transfer. Nu was augmented by 1.5
to 3.5 times compared to plain pipes, with the maximum increase observed at y = 2.5. Nonetheless, friction
factor penalties increased with tighter twists, resulting in a trade-off between thermal enhancement and
pumping power. The helical screw-tape inserts demonstrated a thermal performance factor greater than
unity, validating their efficacy in augmenting passive heat transfer.

A wide range of studies have examined the effects of passive techniques, including fins and tape inserts,
on the hydrothermal performance of concentric DPHE. However, there is a lag in the literature of compound
passive methods in the DPHE. This study aims to conduct a systematic numerical direct comparison study
of integrated circular fins (annular region) and plain twisted tape (inner region) as the most common passive
HT enhancement techniques in a DPHE of identical dimensions. Unlike previous studies that evaluated
these methods independently. The investigation evaluates thermal and hydraulic performance through Nu,
overall HT, AP, and entropy generation, highlighting the trade-offs between heat transfer augmentation and
pumping power to guide optimal passive enhancement design in industrial applications

2 Computational Fluid Dynamics Framework
2.1 Description of Geometry

Fig. 1 illustrates the geometrical diagram of the three counterflow DPHE models that consist of (a)
a smooth double-pipe heat exchanger (SDPHE), (b) a low-finned double-pipe heat exchanger (LFDPHE),
and (c) double-pipe heat exchangers with twisted tape inserts (TDPHE). All models have been numerically
simulated and analyzed using ANSYS FLUENT 2022 R], sharing the same base dimensions. The SDPHE
model features an inner pipe made of copper with an inner diameter of 35 mm, a thickness of 1.55 mm, and
a length of 1000 mm. The outer pipe is made of polyvinyl chloride, with an inner diameter of 70.26 mm, a
thickness of 2.2 mm, and the same length as the inner pipe. The geometrical dimensions mentioned above
serve as a benchmark for comparison in the coming enhancement evaluations.

Hot water

Hot water

Figure 1: Simulation models and geometrical outlines for (a) SDPHE, (b) LFDPHE and (c) TDPHE.

The second model (LFDPHE) targets the annular region enhancement of the DPHE, where circular
low-integral fins are located on the outer surface of the copper pipe. The fins are 1.5 mm high with a spacing
of 1 mm between them. The fin height was selected to ensure relative roughness (e/d) remains <0.04 [21].
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In the TDPHE model, a plain twisted tape (TT) is inserted inside the inner pipe. The width, thickness, and
length of TT are 33, 1, and 1000 mm, respectively. Stainless steel was selected as the material for TT with a
twist ratio of 2.0. Twisting ratio, thickness, and width with respect to inner diameter were taken from Alsalhy
etal. [22]. All dimensions and material specifications are illustrated in Tables 1 and 2.

Table 1: Geometrical parameters of DPHEs.

Configuration Parameters (mm) Length (mm) Material
Inner Pipe Inner/outer diameter 35.0/38.1 1000 Copper
Outer Pipe Inner/outer diameter 70.66/74.66 1000 Polyvinyl chloride

Circular Fins Height/spacing 1.5/1.0 1.0 (Thickness) Copper
Twisted tape Width/Thickness 33/1.0 1000 Stainless steel

Table 2: Material specification.

Material Density (kg/m®) Specific Heat (cp) J/kg-K) Thermal Conductivity (k) (W/m-K)
Copper 8978 381 387.6
Polyvinyl chloride 1388 1050 0.13
Stainless steel 8030 502.48 16.27

Hot water flows in the inner pipe with Rey, ranging from 5000 to 30,000, and the temperature is 50°C to
70°C. In contrast, cold water flows in the annular region with Re. ranging from 2000 to 10,000, maintaining
a constant temperature of 25°C. The selection of piping materials and operating Re ranges followed the
methodology outlined by Kumar et al. [23], while the specific pipe dimensions were determined based on
their practical availability in the commercial market.

2.2 Mesh Independence Analysis

Mesh independence analysis validates that numerical predictions remain stable regardless of grid
refinement. It involves testing multiple mesh sizes and observing fluctuations in output parameters, such as
the Nu and outlet temperatures. The analysis ensures computational efficiency while maintaining solution
accuracy and physical reliability. Fig. 2 illustrates how mesh sizing affects the output parameters.

An unstructured tetrahedral mesh network was chosen for all models, as illustrated in Fig. 3. Based on
mesh tests, the element counts for SDPHE, LFDPHE, and TDPHE are 3,246,739, 3,677,164, and 3,443,435,
respectively. Further refinement of the grid will not affect simulation outputs. Ten inflation layers were chosen
with a controlled first-layer height and a proper growth rate to keep the Y+ close to 1 for accurate heat
transfer prediction.

The numerical uncertainty was estimated from the mesh independence analysis by comparing the
selected mesh with the next finer mesh. The maximum deviations in Nu, pressure drop, and outlet
temperature were 0.89%, 1.40%, and 0.02%, respectively. Since the PEC and entropy generation were derived
from mesh-independent quantities such as Nusselt number, pressure drop, and temperature fields, their
associated numerical uncertainties are expected to be within the same range (approximately +1.5%).
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Figure 2: Mesh independence analysis for SDPHE, LFDPHE and TDPHE.

Figure 3: Mesh network for (a) SDPHE, (b) LFDPHE and (c) TDPHE.

2.3 Mesh Quality

Mesh quality is an important part of modeling. To ensure that CFD simulations are accurate and reliable,
ANSYS must maintain a high-quality mesh and ensure metrics such as skewness, orthogonality, and aspect
ratio. A suitable mesh minimizes numerical errors, accelerates convergence, and accurately describes the
flow’s physical behavior. The worst elements will have an orthogonal value closer to 0, while the best elements
are closer to 1. The minimum value of orthogonal quality for all types of elements should be higher than 0.01,
with an average value considerably higher. For aspect ratio, it is recommended to avoid sudden changes in its
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value at locations where large or strong gradients appear; otherwise, for highly skewed elements can reduce
accuracy and destabilize the solution. The skewness ranged from zero (best) to one (worst). The maximum
skewness for a triangular/tetrahedral mesh in most flows should be kept below 0.95, with a low average value.
A maximum value exceeding 0.95 may result in convergence issues and may require adjustment to ANSYS
solver parameters. The average mesh quality for the models is shown in Table 3 and agrees with the ANSYS
Fluent user guide [24].

Table 3: Average mesh metrics for SDPHE, LFDPHE, and TDPHE.

Model Orthogonal Skewness Aspect Ratio Number of
Min./aver. Max./aver. Max./aver. Elements
SDPHE 0.19/0.79 0.79/0.20 9.4/2.23 3,246,739
LFDPHE 0.27/0.72 0.72/0.27 14.49/2.29 3,677,164
TDPHE 0.21/0.79 0.78/0.18 20.6/9.56 3,443,435

2.4 Boundary Conditions

The boundary condition used in the numerical simulation is listed in Table 4 below. Those boundary
conditions have been applied to all simulation cases for the SDPHE, LFDPHE, and TDPHE. The inner and
outer pipes are identified by the inlet mass flow rates of hot and cold water, respectively, while the pressure
identifies the conditions at the outlets.

Table 4: Boundary conditions for SDPHE, LFDPHE, and TDPHE.

Boundary Condition Parameters

Mass flow rate (my, ) = 0.085-0.426 kg/s
Temperatures: 50°C, 60°C and 70°C

Inner pipe—inlet hot water

Mass flow rate (i) = 0.0448-0.224 kg/s

Outer pipe—inlet cold water
PP Constant temperature 25°C

Outlets (for all models) Pressure outlet

All walls via system coupling

Walls (for all models) Outer surface of outer pipe heat flux 0 W/m? (Adiabatic)

2.5 Numerical Assumptions, Setup, and Convergence Criteria

ANSYS FLUENT 2022 R1 was used to simulate the hydrothermal process in a smooth DPHE and a
DPHE with built-in circular fins and plain twisted-tape inserts. The assumptions and convergence criteria
are set up to reliably measure flow behavior, heat transfer, and entropy generation, enabling a fair comparison
of the two passive enhancement strategies. All models are based on several assumptions: an incompressible
Newtonian fluid, steady-state single-phase flow, heat radiation is ignored, an adiabatic wall condition for
the outer surface of the outer pipe (valid for theoretical study only), and consistent physical parameters
with temperature.

To ensure a fair comparison, all models shared similar setup choices. The double-precision Fluent solver
was selected as pressure-based, with the energy model activated to calculate the temperature distribution
and energy transport. The selected viscous model was the realizable k- with enhanced wall treatment, and
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the curvature correction factor was set to unity. The realizable k—-¢ model was selected due to its suitability
for a wide range of flows, including rotational/swirl flows, channel flow with pressure variation, and curved
flow lines [25]. A coupled method was selected for the pressure and velocity calculations with second-order
upwind for pressure, momentum, turbulent kinetic energy, turbulent dissipation rate, and energy. Relaxation
factors were set to the program default values as follows: pressure = 0.5, momentum = 0.5, density = 1, body
forces = 1, turbulent kinetic energy = 0.75, turbulent dissipation rate = 0.75, turbulent viscosity = 1, and
energy = 0.75. The governing equations for this article are explained as follows [26]:

Continuity equation:

Jou oV ow
—+—+—=—=0 1)
ox dy oz
Conservation of mass
_du _ou _ou 0 ,—\ 0 ,—— 0 —— 1dp pfo*u o*u o4

- - - _— 2 _— I/ _ ! - __r LA -7 - - 2
uax+vay+waz)+(ax(u )+ay(uv)+az(uw)) pax+p(x2+ay2+azz )
_OvV oV _ oV 0 0 ,— 0 1dp p(o*v 9% 9%

_ _ _ _— I/ _ 12 _ T —___r LN - - 3
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_OW _Oow __ow 0 — lop u ’w oJ*w o*w

- - - — (a'w’ I AN Lnd 4
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The residual convergence behavior of the CFD solution for the three cases was generated. A sample of
the results is shown in Fig. 4. The most complicated geometry, and hence the most complex flow, is selected.
The necessary iterations to achieve convergence ranged from 200 to 220 for the SDPHE, 200-260 for the
LFDPHE, and 280-300 for the TDPHE. The required duration varies from one to two hours, depending on
the case. Solution convergence criteria were set to 1 x 107 for continuity, x-velocity, y-velocity, z-velocity,
and k-¢. At the same time, the energy convergence criteria were kept as 1 x 107°,

continuity
1.00e+4 x:velocity
y-velocity
1.00e+2 z-velocity
0 1.00e+0 energy
o —
o k
_'% 1.00e—2 - —— epsilon
Q
X 1.00e-4
1.00e-6
—~——
1.00e-8
0 100 200 300 400 500
Iterations

Figure 4: Residual convergence behavior of CFD solution for the TDPHE.
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3 Data Reduction Equations

To evaluate the thermal-hydraulic performance of the DPHE, the measured and simulated parameters
must be converted to dimensionless, performance-based quantities. The following data reduction equations
are used to calculate the Re, Nusselt number, friction factor, and thermal effectiveness, enabling consistent
comparison across different passive enhancement techniques. These correlations form the basis for analyzing
heat transfer, pressure drop, and entropy generation.

Heat transferred from hot water (Qy) defined by Eq. (6) and heat transferred to cold water (Q.) defined
by Eq. (7) can be calculated based on the energy balance of a fluid stream [27]:

Qn = 0y Cp 1 (Thyi — Thyo) (6)
Qc = 1'hccp,c(’:[‘c,o - Tc,i) (7)

where myCp , m.Cp, . are fluid properties (mass flow rate and specific heat) were calculated based on the
average temperature (T,yg) given by Eq. (8) as follows:

Tavg = (Ti + To)/2 (8)

where T; and T, represent inlet and outlet temperatures, respectively.

In addition, from the energy balance, it could be stated that the heat transferred from the hot water is
equal to the heat transferred to the cold water (Qp, = Q.).

The Nusselt number is a dimensionless quantity defined by Eq. (9) as the ratio of convective heat transfer
to purely conductive heat transfer across a fluid layer as follows:
Nu:(hth)/k (9)
where h is the convective heat transfer coefficient, D, is the hydraulic diameter, and k is the conductive heat
transfer coefficient.

The Reynolds number, Re, is a dimensionless quantity given by Eq. (10) as the ratio between inertial
forces and viscous forces in a fluid flow as follows:

Rep = puDy/p (10)

The performance evaluation criterion is defined by Eq. (11) as the ratio of the heat transfer enhancement
to the frictional penalty, expressed as:

PEC:( Nu )/( f )1/3 (1)

Nusmooth fsmooth

where f is the friction factor defined by Eq. (12) for laminar flow and Eq. (13) for turbulent flow as follows:

f = 64/Re 12)
f = 0.316/Re" > (13)

Total entropy generation (Sgen,total) defined by Eq. (14) as the measure of irreversibility caused by two
main effects: heat transfer across a finite temperature difference (Sgen ne) given by Eq. (15) and fluid friction

leading to pressure drops and viscous dissipation (Sgen ) given by Eq. (16). It quantifies the thermodynamic
losses that reduce the exchanger’s efficiency [28,29] as follows:

Sgen,total = Sgen,ht + Sgen,f (14)
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T T
Sgen,ht = MpCp 1 In ﬂ +m.C, ¢ In ﬂ (15)
Th,l TC,l
APy ; AP
Sgen,f = Zh b + DeZleo > (16)

PhTavg,h chavg,c
where APy, ; and AP, are the pressure differences across the hot and cold pipes, respectively.

For calculating the Bejan number (Be) can be used, and it’s given by:

S
Be = —gemht (17)

Sgen,ht + Sgen,f

4 Results and Discussion
4.1 Validation of the Computational Simulation Procedure

To verify ANSYS FLUENT 2022 RI, results were compared with those of Kumar et al. [23], featuring
flow rates between 0.02 and 0.1 kg/s. The temperatures at the hot water inlet were 332 and 303 K for the
cold water. Pressure and velocity equations were resolved using SIMPLEC with a skewness factor of 1. The
selected viscous model was the realizable k-¢ with enhanced wall treatment, and the curvature correction
factor was set to unity. Figs. 5 and 6 show that the relative deviation was less than 10%, which proves the
software’s accuracy.

313 313 -
@)

311 - ././k"/.
300 4 /
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309 A
§ 307 A \\\‘\1
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—a— Kumar et al. 2015
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Mass flow rate for hot water (kg/s) Mass flow rate for hot water (kg/s)

Figure 5: Validation of the current study with Kumar et al. [23] results. (a) at a cold-water flow rate of 0.02 kg/s. (b) at
hot-water flow rate 0.02 kg/s.

4.2 Effect of Fins and Twisted Tape on Cold Side Temperature Difference Profiles

Fig. 7 shows the effect of hot-side Re, on the cold-side temperature difference, ATc, for the three
models at two cold-side temperatures (Re. = 2000 and 10,000) and varying hot-water inlet temperatures
of 50°C-70°C. At low Re. = 2000, as shown in Fig. 7a, ATc increases with increasing Rey, for all models.
As Rey, increases, higher velocity and turbulence are introduced into the HEX, which, in turn, leads to an
increase in HT. This finding is consistent with the results reported by Nwokolo et al. [30], which makes the hot
water carry more heat energy to the DPHEs since heat capacity (mh,C, 1) increased as stated in Eq. (6). The
LFDPHE exhibits the highest ATc enhancement, outperforming the SDPHE by 17%-19% and the TDPHE
by 6%-8%. Low fins outperformed the twisted tape at low Re. because, in this region, weak convection on
the cold side mostly stops heat transfer. Low-finned pipe works better because it increases the surface area
and breaks the thermal boundary layer. These results agree well with those of Ammar Ali et al. [11].
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Figure 7: Temperature difference profiles for LFDPHE, TDPHE, and SDPHE. (a) at Re. = 2000 and (b) at Re. =10,000.

At high Re. = 10,000 as shown in Fig. 7b, the performance trend shifts. Although ATc continues to
rise with Rey,, the twisted tape demonstrates the strongest enhancement, surpassing the smooth pipe by
17%-26% and outperforming the low fins by nearly 10%. Under these conditions, the cold side is already
tully turbulent, and the heat transmission is no longer limited by cold-side convection. Instead, the hot-side
resistance becomes dominant, and the twisted tape provides significant improvements by generating strong
swirl and secondary flows that promote fluid mixing and reduce the hot-side boundary-layer thickness [31].
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In both cases, the smooth pipe consistently shows the lowest ATc, confirming that passive techniques provide
measurable thermal benefits.

The results in Fig. 8 highlight a regime-dependent enhancement mechanism: low-integral fins are
more effective at low Re, while twisted tape is more effective at high Re, where hot-side resistance controls
heat transfer.

30
Twisted Tape

Low Fin
Low Fin

wisted Tape

% Increase in ATc (vs
SDPHE)
>

Rec =2000 Rec =10000

Figure 8: The enhancement percentage in cold-side temperature difference at Re. = 2000 and at Re, = 10,000 using low
fins and twisted tape in the DPHE.

4.3 Effect of Reynolds Number, Fins, and Twisted Tape on Heat Transfer Rate

Fig. 9 shows the effect of Rey, on the heat transfer rate for the three models at Re of 2000 and 10,000,
with hot-water inlet temperatures of 50°C, 60°C, and 70°C. The heat transfer behavior is similar to the
temperature difference of cold water mentioned in Section 4.2. At low Re. = 2000, as shown in Fig. 9a, the
LFDPHE demonstrates the highest performance, achieving HT enhancements of approximately 9%-11%
over the SDPHE, whereas the TDPHE provides smaller improvements of 6%-7.7%. This behavior is
consistent with the earlier observation that low fins are more effective under weak cold-side convection, as
the added surface area and fin-induced disruption of the boundary layer mitigate cold-side resistance. At
high Re. =10,000, as shown in Fig. 9b, the performance trend reverses; the TDPHE exhibits substantial gains,
with HT enhancements ranging from 19% to 31% relative to SDPHE, while LFDPHE improvements remain
modest at only 3%-9%. This transition occurs when the cold side is already turbulent, with the primary
resistance on the hot side, where twisted tape significantly improves mixing and reduces thermal resistance.
The findings validate a regime-dependent enhancement mechanism, wherein low fins are beneficial at low Re,
whereas twisted tape prevails at high Re, as stated and cited in Section 4.2. Fig. 10 illustrates the above results
by comparing the enhancement percentage in the cold-side temperature difference for LFDPHE, TDPHE
and SDPHE.

4.4 Entropy Generation

Entropy generation reflects exergy degradation and represents thermodynamic irreversibility. It helps
designers make the best choices about system characteristics by measuring how much energy is lost due to
inefhiciencies [32].

Fig. 11 presents the variation of entropy generation due to heat transfer for the three configurations.
The TDPHE exhibits the highest entropy generation in all tested cases, exceeding that of the SDPHE by
approximately 20%-82%, while the LFDPHE shows intermediate values with increases of 15%-70% relative
to the baseline. These elevated values arise from enhanced fluid mixing, swirl, and boundary-layer disruption,



Energy Eng. 2026;123(12):9 13

which intensify heat transfer but simultaneously increase thermal irreversibility. Entropy generation peaks
at an inlet temperature of 70°C and increases with Rey, as higher flow rates enhance convective transfer and
amplify entropy production.
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Figure 9: Heat transfer between the fluids, (a) at Re. = 2000 and (b) at Re. =10,000.
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Figure 10: The enhancement percentage in the heat transfer for LFDPHE and TDPHE compared to SDPHE.
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Figure 11: Entropy generation due to heat transfer for SDPHE, LFDPHE, and TDPHE (a) at Re. = 2000 and (b) at
Re. =10,000.
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Fig. 12 illustrates the entropy generation due to frictional irreversibility. The results confirm that
increasing Rey, significantly raises frictional entropy due to higher turbulence intensity and elevated wall
shear stress. The TDPHE again produces the greatest penalty, with frictional entropy generation rising nearly
sixfold compared to its initial value, while the LFDPHE shows a threefold increase relative to the SDPHE.
This behavior is attributed to the swirling motion induced by twisted tape, which raises local wall shear stress
and elongates the fluid path length through spiral motion rather than straight flow, thereby increasing flow
resistance and dissipation losses.
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Figure 12: Entropy generation due to friction for SDPHE, LFDPHE, and TDPHE (a) at Re. = 2000 and (b) at
Re. =10,000.

In general, the results in Figs. 12 and 13 showed that entropy generation, whether from heat transfer
or frictional irreversibility, increases with Re; a similar behavior was reported by Mertaslan and Keklik-
cioglu [33], and Cao et al. [34]. As shown in Fig. 14, the highest value of total entropy generation calculated
using Eq. (14) was achieved by the twisted tape insert, followed by the low-finned pipe.
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Figure 13: The total entropy generation for SDPHE, LFDPHE, and TDPHE at different inlet hot water temperatures
and the highest Re in both cold and hot sides of Re. =10,000 and Re;, = 30,000.

Figs. 14 and 15 illustrate the variation of the Bejan number across the Re range studied. The Bejan
number remains close to 1.0 for all models, indicating that thermal transfer irreversibility dominates the
total entropy generation over fluid friction losses. As the hot water Re increases, the Bejan number decreases
slightly across all models, with the TDPHE consistently showing lower values than the SDPHE and LFDPHE.
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This decreasing trend and the difference between the two models occur because higher fluid velocities and
the presence of twisted tape physically enhance the turbulent mixing and swirl intensity, which increases

fluid friction and AP penalties relative to the overall Q.
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Figure 14: Bejan number for SDPHE, LFDPHE, and TDPHE at different inlet hot water temperatures at (a) 50°C,

(b) 60°C, and (c¢) 70°C of Re, = 2000.
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Figure 15: Bejan number for SDPHE, LFDPHE, and TDPHE at different inlet hot water temperatures at (a) 50°C,

(b) 60°C, and (c) 70°C of Re. =10,000.

4.5 Pressure Difference across Heat Exchangers

Fig. 16 shows a basic trade-oft in heat exchanger design: as heat transfer effectiveness increases, pressure
loss also increases. LFDPHE and TDPHE transport heat better than SDPHE, but they also generate higher
turbulence and friction, resulting in a much higher pressure drop, as also noted by Rashid et al. [35]. This
phenomenon means that pumping the fluid through the system requires more energy when the temperature
differential between the cold and hot water is greater. The LFDPHE generates around 1.24 pressure loss,
while the TDPHE generates around 4 times more than the SDPHE. Twisted tape shows a significantly higher

pressure loss at any given Re. This increase is the hydraulic penalty for the HT enhancement it provides.
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The pressure loss is due to the fluid moving in a swirling direction. A straight pipe doesn't move this way
naturally, and it takes work to make and keep it going. The swirling makes the fluid more turbulent and
increases friction, both along the pipe walls and on the twisted tape surface. This swirling motion causes a
considerably higher drop in pressure. The AP is caused by the energy needed to make the swirling motion
and resist the increasing drag.
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Figure 16: Comparison of pressure drop between (a) SDPHE and LFDPHE, and (b) SDPHE and TDPHE.

4.6 Thermal—Hydraulic Performance Evaluation Criteria

Fig. 17 presents the PEC for the LFDPHE configuration as a function of Re. at two hot-side Reynolds
numbers, Re, = 5500 (minimum) and Rey, = 29,000 (maximum). The PEC values generally lie in the range
of 1.02-1.17, depending on the cold-side Re and the inlet temperature of the hot water. In Fig. 18a, the PEC
achieves a maximum of 1.17 at Ty, ; = 70°C and Re, = 6000, corresponding to a 17% improvement over the
smooth configuration, which is considered the optimum operating point. In contrast, at Ty, ; = 50°C, the
maximum PEC is only ~1.08. As Rey, increases to 29,000 in Fig. 18b, PEC values approach unity, with a peak
of ~1.10 at 70°C (»#10% enhancement). At low inlet temperatures (50°C) combined with high Re., PEC can
reduce to nearly 1.0, indicating that the additional surface area provided by low integral fins offers negligible
benefit once turbulence has fully developed. These results emphasize that fins are most effective at moderate
Reynolds numbers and higher inlet temperatures, while their contribution diminishes under fully turbulent
operating conditions. The PEC behavior in the flow transitional region agreed with the previous study [36].
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Figure 17: Performance evaluation criterion for LFDPHE (a) at Re, = 5500 and (b) at Rey, = 29,000.
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Figure 18: Performance evaluation criterion for TDPHE (a) at Re. = 2000 and (b) at Re. =10,000.

Fig. 18 illustrates the PEC for TDPHE. The PEC values are consistently higher than those of the smooth
and finned models, ranging from 1.12 to 1.55 depending on Re. and inlet temperature. At Re. = 2000, PEC
values begin at ~1.12, corresponding to a 12% improvement, and increase to ~1.45 at Ty, ; = 70°C, indicating a
45% enhancement over the baseline. Under higher turbulence conditions (Re. =10,000), twisted tapes deliver
their strongest performance, with PEC peaking at ~1.55 for Ty,; = 70°C and Re, = 29,000, equivalent to a
55% enhancement, which is considered the optimum operating condition. These results confirm that swirl-
induced turbulence and secondary mixing generated by twisted tapes substantially increase convective heat
transfer, even with the associated frictional penalties, especially in fully turbulent flow regimes. The PEC
behavior agreed with the previous study [37].

While the implementation of passive enhancements increases entropy generation as shown in Figs. 11
and 12, this thermodynamic penalty is justified by the gains in the overall thermal-hydraulic performance,
as quantified by the PEC values in Figs. 17 and 18. As demonstrated by the current study, the net thermal-
hydraulic performance (PEC > 1) demonstrates that the enhancement in heat transfer is effectively more than
the increase in the irreversibility thereby validating these techniques for practical industrial optimization.

5 Conclusion

This study provided a methodical comparison of two passive thermal enhancement techniques, namely
circular fins and twisted tape inserts in double-pipe heat exchangers. The study clarifies the advantages
and disadvantages of increasing heat transfer, introducing friction, and making thermodynamics processes
irreversible. Based on the results presented, we can conclude the following:

Low-finned DPHE shows some improvements, with ATc and Q increasing by 19% and 11%, respectively,
with PEC values reaching 1.17.

A twisted tape insert in the SPHE outperforms fins for moderate to high Reynolds numbers. ATc and
Q increase up to 26% and 31%, respectively, with PEC values reaching 1.55. In comparison to smooth pipes.

The highest PEC values for low-finned double-pipe heat exchangers range from 1.02 to 1.17, with a hot-
water Reynolds number of 5500, cold-water Reynolds numbers ranging from 2000 to 10,000, and an inlet
hot-water temperature of 70°C.

The highest PEC values for a twisted tape insert in the DPHE range from 1.5 to 1.55, with a cold-water

Reynolds number of 10,000 and a hot-water Reynolds number ranging from 5500 to 29,000, with an inlet
hot-water temperature of 70°C.
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Twisted tape generates the most entropy (20%-82%), while low-integral fins generate less entropy
(15%-70%) by increasing entropy.

The pressure losses for low-finned pipe increased by a factor of 1.24. While, for twisted tape increased
it by a factor of 4.

When it comes to actual use, whether to use fins or twisted tapes depends on the conditions in
which they will be used. Low fins perform better in low-flow or transitional regimes because they give you
predictable gains with few penalties. Twisted tapes, on the other hand, are the best choice when there is a lot
of turbulence and flow. Even if they cost more to flow through, they are more efficient at transferring heat.
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Nomenclature

Symbols

Cp Specific heat (J/kg-K)

Dy Hydraulic diameter (m)

f Friction factor (-)

h Heat transfer coefficient (W/m?-K)
k Thermal conductivity (W/m-k)
m Mass flow rate (kg/s)

Nu Nusselt number (-)

P Pressure (Pa)

Q Heat transfer (W)

Re Reynolds number (-)

T Temperature (K)

u Velocity (m/s)

Greek Symbols

% Dynamic viscosity (Pa-s)

p Density (kg/m’)

AP Pressure drop (Pa)

AT Temperature difference (K or °C)
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Subscripts

avg Average

c Cold

f Entropy due to friction

gen Entropy generation

h Hot

ht Entropy due to heat transfer
i Inner

o Outer

Abbreviations

CFD Computational Fluid Dynamics
DPHE Double Pipe heat exchanger
DP Pressure drops

HEX Heat exchanger

HT Heat transfer

LFDPHE Low-finned double pipe heat exchanger

PEC

Performance Evaluation Criterion

SDPHE Smooth double pipe heat exchanger
TDPHE Double-Pipe Heat Exchangers with Twisted Tape Inserts

TT Plain twisted tape

TPF Thermal performance factor

References

1. Yin YD, Nong YS, Li YY, Hu R, Liu SJ, Zheng WH. Experimental study on the comprehensive heat transfer
performance of double-pipe heat exchangers with twisted elliptical tubes and with corrugated tubes. Int ] Therm
Sci. 2026;220:110280. doi:10.1016/j.ijthermalsci.2025.110280.

2. Ali Kadhim S, Ashour AM, Sherza JS, Bouabidi A, Hussein AK, Togun H, et al. Review of insertion scenarios
in enhancement performance of double-pipe heat exchanger: case of cut twist tape. Chem Eng Process Process
Intensif. 2025;213:110308. doi:10.1016/j.cep.2025.110308.

3. Al-Kayiem H, Kassim MS, Taher TS. Applications of compound nanotechnology and twisted inserts for enhanced
heat transfer. In: Bhattacharya S, Moghimi Ardekani M, Biswas RC, Mehta R, editors. Inverse heat conduction and
heat exchangers. London, UK: IntechOpen; 2020. doi:10.5772/intechopen.93359.

4.  Saleh SAA, Kadhim ZK, Khalaf KA. An experimental study of heating heavy fuel oil by hot air using helical fins
in a double-pipe heat exchanger. ] Adv Res Fluid Mech Therm Sci. 2024;112(2):102-15. doi:10.37934/arfmts.112.2.
102115.

5.  Praveenkumara BM, Gowda BS, Naveen HV. Experimental investigation of the effect of integrated fins on heat
transfer rate of double pipe heat exchanger. ] Mines Met Fuels. 2023:396-404. doi:10.18311/jmm{/2022/32939.

6. Hussein MA, Hameed VM. Experimental investigation on the effect of semi-circular perforated baffles with semi-
circular fins on air-water double pipe heat exchanger. Arab J Sci Eng. 2022;47(5):6115-24. d0i:10.1007/s13369-021-
05869-0.

7. Mohsen OA, Muhammed MAR, Hasan BO. Heat transfer enhancement in a double pipe heat exchanger using
different fin geometries in turbulent flow. Iran J Sci Technol Trans Mech Eng. 2021;45(2):461-71. doi:10.1007/
$40997-020-00377-2.

8. Mozafarie SS, Javaherdeh K, Ghanbari O. Numerical simulation of nanofluid turbulent flow in a double-pipe
heat exchanger equipped with circular fins. ] Therm Anal Calorim. 2021;143(6):4299-311. d0i:10.1007/s10973-020-
09364-w.

9. Mansour AJ, Kadhim ZK, Hussein KA. CFD study of heat transfer characteristics for annular serrated finned-tube

heat exchanger. Nabu Res Acad. 2018;5(1):77-7.


https://doi.org/10.1016/j.ijthermalsci.2025.110280
https://doi.org/10.1016/j.cep.2025.110308
https://doi.org/10.5772/intechopen.93359
https://doi.org/10.37934/arfmts.112.2.102115
https://doi.org/10.37934/arfmts.112.2.102115
https://doi.org/10.18311/jmmf/2022/32939
https://doi.org/10.1007/s13369-021-05869-0
https://doi.org/10.1007/s13369-021-05869-0
https://doi.org/10.1007/s40997-020-00377-2
https://doi.org/10.1007/s40997-020-00377-2
https://doi.org/10.1007/s10973-020-09364-w
https://doi.org/10.1007/s10973-020-09364-w

20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Energy Eng. 2026;123(12):9

Salman ZA, Kadhim ZK, Abdulhussein K, Kamil HA. An experimental study to improve heat transfer rate in
a double pipe heat exchanger using helical tape. In: 2021 International Conference on Advance of Sustainable
Engineering and Its Application (ICASEA); 2021 Oct 27-28; Wasit, Iraq. p. 16-21.

Ammar Ali M, Sajid M, Uddin E, Bahadur N, Ali Z. Numerical analysis of heat transfer and pressure drop in
helically micro-finned tubes. Processes. 2021;9(5):754. d0i:10.3390/pr9050754.

Kristiawan B, Rifa’i Al, Enoki K, Wijayanta AT, Miyazaki T. Enhancing the thermal performance of TiO,/water
nanofluids flowing in a helical microfin tube. Powder Technol. 2020;376:254-62. doi:10.1016/j.powtec.2020.08.020.
Abdulhamed AJ, Al-Akam A, Khudhayer W], Allw AS. Tubular heat enhancement using twisted tape inserts with
large holes. Energy Eng. 2024;121(2):273-90. d0i:10.32604/ee.2023.045583.

Sundar LS. Heat transfer, friction factor and exergy efliciency analysis of nanodiamond-Fe;O4/water hybrid
nanofluids in a tube with twisted tape inserts. Ain Shams Eng J. 2023;14(9):102068. doi:10.1016/j.asej.2022.102068.
Kumar B, Patil AK, Jain S, Kumar M. Effects of double V cuts in perforated twisted tape insert: an experimental
study. Heat Transf Eng. 2020;41(17):1473-84. d0i:10.1080/01457632.2019.1649926.

Yadav AS, Shrivastava V, Sharma A, Sharma SK, Dwivedi MK, Shukla OP. CFD simulation on thermo-hydraulic
characteristics of a circular tube having twisted tape inserts. Mater Today Proc. 2021;47:2790-5. doi:10.1016/j.matpr.
2021.03.396.

Safitra AG, Cahya Budi Utomo M, Nihayah H. Experimental and numerical study of double pipe heat exchanger
(DPHE) performance with variation of jagged twisted tape inserts. In: 2020 International Electronics Symposium
(IES); 2020 Sep 29-30; Surabaya, Indonesia. p. 29-30. doi:10.1109/ies50839.2020.9231776.

Kumar J, Afzal MS. Performance evaluation of a double-pipe heat exchanger using plain and rectangular-cut multi-
channel twisted tapes. Int ] Therm Sci. 2025;215:109994. doi:10.1016/j.ijthermalsci.2025.109994.

Dhumal GS, Havaldar SN. Enhancing heat transfer performance in a double tube heat exchanger: experimental
study with twisted and helical tapes. Case Stud Therm Eng. 2023;51:103613. doi:10.1016/j.csite.2023.103613.
Cabello R, Plesu Popescu AE, Bonet-Ruiz J, Curcé Cantarell D, Llorens J. Heat transfer in pipes with twisted tapes:
CFD simulations and validation. Comput Chem Eng. 2022;166:107971. doi:10.1016/j.compchemeng.2022.107971.
Ahmed MH. Investigation of the heat transfer and pressure drop in tubes with transverse ribs of zigzag
configurations. Appl Sci. 2022;12(11):5734. doi:10.3390/appl2115734.

Alsalhy MJ, Nashee SR, Ouda AA. Enhanced heat transfer performance in tubes using double-twisted tapes with
integrated triangle winglets. Int ] Energy Prod Manage. 2025;10(2):333-42. doi:10.18280/ijepm.100214.

Kumar S, Karanth K, Murthy K. Numerical study of heat transfer in a finned double pipe heat exchanger. World J
Model Simul. 2015;11(1):43-54. doi:10.53555/eijse.v3i3.95.

ANSYS, Inc. ANSYS fluent user’s guide, release 13.0. Canonsburg, PA, USA: ANSYS, Inc.; 2010.

Noorbakhsh M, Zaboli M, Mousavi Ajarostaghi SS. Numerical evaluation of the effect of using twisted tapes
as turbulator with various geometries in both sides of a double-pipe heat exchanger. ] Therm Anal Calorim.
2020;140(3):1341-53. d0i:10.1007/s10973-019-08509-w.

Saleh ZM, Al-Turaihi RS, Kadhim ZK. Enhancement of thermal performance of counter flow double pipe heat
exchanger by inserting wavy-edged tape. Front Heat Mass Transf. 2025;23(2):615-50. doi:10.32604/fhmt.2025.
063404.

Thulukkanam K. Heat exchanger design handbook. 2nd ed. Boca Raton, FL, USA: CRC Press; 2013. doi:10.1201/
b14877.

Djetel-Gothe S, Lanzetta F, Bégot S. Second law analysis for the experimental performances of a cold heat
exchanger of a stirling refrigeration machine. Entropy. 2020;22(2):215. doi:10.3390/e22020215.

Dhumal GS, Havaldar SN. Experimental investigation of entropy generation in a pipe heat exchanger with
turbulence generator inside and on the outside. Case Stud Therm Eng. 2023;51:103464. doi:10.1016/j.csite.2023.
103464.

Nwokolo N, Mukumba P, Obileke K. Thermal performance evaluation of a double pipe heat exchanger installed
in a biomass gasification system. ] Eng. 2020;2020:6762489. doi:10.1155/2020/6762489.


https://doi.org/10.3390/pr9050754
https://doi.org/10.1016/j.powtec.2020.08.020
https://doi.org/10.32604/ee.2023.045583
https://doi.org/10.1016/j.asej.2022.102068
https://doi.org/10.1080/01457632.2019.1649926
https://doi.org/10.1016/j.matpr.2021.03.396
https://doi.org/10.1016/j.matpr.2021.03.396
https://doi.org/10.1109/ies50839.2020.9231776
https://doi.org/10.1016/j.ijthermalsci.2025.109994
https://doi.org/10.1016/j.csite.2023.103613
https://doi.org/10.1016/j.compchemeng.2022.107971
https://doi.org/10.3390/app12115734
https://doi.org/10.18280/ijepm.100214
https://doi.org/10.53555/eijse.v3i3.95
https://doi.org/10.1007/s10973-019-08509-w
https://doi.org/10.32604/fhmt.2025.063404
https://doi.org/10.32604/fhmt.2025.063404
https://doi.org/10.1201/b14877
https://doi.org/10.1201/b14877
https://doi.org/10.3390/e22020215
https://doi.org/10.1016/j.csite.2023.103464
https://doi.org/10.1016/j.csite.2023.103464
https://doi.org/10.1155/2020/6762489

Energy Eng. 2026;123(12):9 21

31

32.

33.

34.

35.

36.

37.

Assaf YH, Akroot A, Alnamasi K, Ismail MA. Investigation of heat transfer performance in heat exchangers using
hybrid nanofluids and twisted tape inserts with fixed special rings. Sci Rep. 2025;15:18450. d0i:10.1038/541598-025-
02135-3.

Thanh LN, Nhut LM, Hoang AQ. The heat transfer and entropy generation of fin and inclined flat tube heat
exchanger. Case Stud Therm Eng. 2024;56:104202. doi:10.1016/j.csite.2024.104202.

Mertaslan OM, Keklikcioglu O. Investigating heat exchanger tube performance: second law efficiency analysis of
a novel combination of two heat transfer enhancement techniques. ] Therm Anal Calorim. 2024;149(19):11155-69.
doi:10.1007/s10973-023-12842-6.

Cao Y, Ayed H, Dizaji HS, Hashemian M, Wae-hayee M. Entropic analysis of a double helical tube heat exchanger
including circular depressions on both inner and outer tube. Case Stud Therm Eng. 2021;26:101053. doi:10.1016/].
csite.2021.101053.

Rashid FL, Alkhekany ZAK, Kurji HJ, Ahmad S, Chibani A, Kezzar M, et al. Enhancing the thermal perfor-
mance of different types of heat exchangers with fins: a comprehensive review. Int Commun Heat Mass Transf.
2025;166:109177. doi:10.1016/j.icheatmasstransfer.2025.109177.

Meyer JP, Olivier JA. Transitional flow inside enhanced tubes for fully developed and developing flow with different
types of inlet disturbances: part [—adiabatic pressure drops. Int ] Heat Mass Transf. 2011;54(7-8):1587-97. doi:10.
1016/j.ijheatmasstransfer.2010.11.027.

Bouregueba A, Begag A, Saim R, Kherrafi MA. Heat transfer enhancement in a heat exchanger tube using twisted
tapes with circular and hexagonal perforations. Int ] Thermodyn. 2025;28(3):187-95. doi:10.5541/ijot.1653747.


https://doi.org/10.1038/s41598-025-02135-3
https://doi.org/10.1038/s41598-025-02135-3
https://doi.org/10.1016/j.csite.2024.104202
https://doi.org/10.1007/s10973-023-12842-6
https://doi.org/10.1016/j.csite.2021.101053
https://doi.org/10.1016/j.csite.2021.101053
https://doi.org/10.1016/j.icheatmasstransfer.2025.109177
https://doi.org/10.1016/j.ijheatmasstransfer.2010.11.027
https://doi.org/10.1016/j.ijheatmasstransfer.2010.11.027
https://doi.org/10.5541/ijot.1653747

	A Comparative CFD Simulation and Hydrothermal Analysis of Double-Pipe Heat Exchangers Enhanced by Fins and Inserts as Passive Methods
	1 Introduction
	2 Computational Fluid Dynamics Framework
	3 Data Reduction Equations
	4 Results and Discussion
	5 Conclusion
	Nomenclature
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


