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Abstract 

This study examined the turbulent heat transfer performance, the Poiseuille number, and the performance 

evaluation criterion (PEC) of distilled water flowing in corrugated converging pipes. It systematically investigated 

the effects of the amplitude of the corrugation (0.02 ≤ 𝑒 𝐷 ≤ 0.03)⁄  and the Reynolds number (0.5 × 104 ≤ 𝑅𝑒 ≤

4.0 × 104) on both thermal and flow fields.  The governing equations and boundary conditions were numerically 

solved using the Shear Stress Transport (SST) turbulence model. The results indicated that as the corrugation 

amplitude increased, the average Nusselt number (𝑁𝑢), the normalised average Nusselt number (𝑁𝑢𝐺), the 

Poiseuille number (𝑓𝑅𝑒), the normalised Poiseuille number (𝑓𝑅𝑒𝐺), and PEC increased.  At 𝑅𝑒 = 4.0 × 104, 𝐷𝑅 =

1.2, 
𝑤

𝐷
= 0.2 and  

𝑒

𝐷
= (0.02, 0.025 & 0.03), the average Nusselt numbers were 348.48, 360.69 and 368.78, 

respectively. The corresponding 𝑓𝑅𝑒 values were 4407.89, 4502.67, and 4571.15, respectively. The 𝑁𝑢𝐺  values at 

𝑅𝑒 = 1.5 × 104 for 𝑒 𝐷 = 0.02, 0.025 & 0.03⁄  were 1.36, 1.46 and 1.52, respectively. The 𝑓𝑅𝑒𝐺  values at 𝑅𝑒 =

3.0 × 104 for 𝑒 𝐷⁄  (0.02, 0.025, and 0.03) were 3.16, 3.22 and 3.27, respectively. The corrugated converging pipe 

enhanced 𝑁𝑢 compared with a smooth pipe for all the pipe configurations considered, as revealed by 𝑁𝑢𝐺 > 1. 

Keywords: Poiseuille number, Nusselt number, Enhancement, Boundary equations, Corrugation amplitude. 

 

Nomenclature 

𝑒 𝐷⁄  Corrugation amplitude 

𝑤 𝐷⁄  Corrugation width 

𝐶𝑝  Specific heat capacity at constant pressure [𝐽 𝑘𝑔−1𝐾−1] 

𝑁𝑢  Nusselt number 

𝑅𝑒  Reynolds number 

𝑓𝑅𝑒 Poiseuille number 

𝑃𝑟𝑡  turbulent Prandtl number 

𝐵𝑒  Bejan number 

𝑓𝑅𝑒𝐺 Normalised Poiseuille number 

𝑁𝑢𝐺 Normalised average Nusselt number 

𝜔  Specific dissipation rate [ 𝑘𝑔𝑚−1𝑠−1] 

𝑘  Turbulent kinetic energy [𝑚2 𝑠−2] 
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𝑞′′  Heat flux  [𝑊 𝑚−2] 

𝑑𝑃  Pressure drop [𝑁𝑚−2] 

𝑦+  Non-dimensional wall parameter of distance 

𝑌𝑘  Turbulent dissipation of 𝑘 [𝐽 𝑘𝑔−1] 

𝐺𝑘  Rate of production of 𝑘 [𝐽 𝑘𝑔−1] 

𝜆  Thermal conductivity [𝑊 𝑚−2 𝐾−1] 

Г𝑘  Effective diffusion of 𝑘 [𝑘𝑔 𝑚−1 𝑠−1] 

Г𝜔  Effective diffusion of 𝜔 [𝑘𝑔 𝑚−1 𝑠−1] 

𝐺𝑘  Generation of turbulent kinetic of 𝑘 [𝑘𝑔 𝑚−1 𝑠−1] 

𝐺𝜔  Generation of turbulent kinetic of 𝜔 [𝑘𝑔 𝑚−1 𝑠−1] 

𝜌  Density [𝑘𝑔 𝑚−3] 

𝐷  Tube diameter [𝑚] 

𝜇𝑡  Turbulent viscosity [𝑘𝑔 𝑚−1 𝑠−1] 

𝜖  Eddy dissipation rate [𝑚2 𝑠−3𝑘𝑔] 

 

Abbreviations 

CHTP Convective heat transfer performance 

PEC Performance evaluation criterion 

TBL Thermal boundary layer 

DR Diameter Ratio 

RANS Reynolds average navier stokes equation 

 

1. Introduction 

In recent years, the rapid rise in energy demand has overwhelmed existing systems, highlighting the 

need for more studies on energy management. Heat exchangers are essential equipment to ensure heat 

transfer between media at specified rates and temperatures. Among energy transfer systems, they have 

played a vital role to date. Numerous studies have reported that the material and structure of heat 

exchanger tubes significantly affect thermal performance (Li et al., 2023; Shuvo et al., 2023; Abbas and 

Dhaidan, 2018). Heat exchangers are used in both domestic and industrial applications, such as heating, 

ventilation, and air conditioning (HVAC), steam condensation for power plants, food industries, 

chemical plants, and natural gas processing (Zhong et al., 2024). The most common type is the smooth 

pipe heat exchanger, which is widely used in evaporators due to its simple design, ease of manufacture, 

and cost-effectiveness (Liu et al., 2024).  However, it is limited by low thermal efficiency. Consequently, 

research continues to focus on designing more efficient heat exchangers that are also lighter and 

smaller.  

Improvements in convective heat transfer are achieved through three types of enhancement 

techniques: passive, active, and compound methods (Liao et al., 2021). Active methods require a 

continuous power supply and include surface disturbance, jet impingement, magnetic field-assisted 

fluid flow, mechanical aids, and vibration (Corcoles et al., 2020). Passive methods do not need external 

power; instead, they involve modifying the tube geometry to increase turbulence and disrupt the 

boundary layer. Examples include coiled tubes, porous surfaces, surface roughness, dimpled tubes, 

surface tension devices, corrugated pipes, and converging pipes (Chaurasiya et al., 2023). Passive 

techniques have demonstrated excellent performance due to their simple construction and energy 

efficiency (Calomino et al., 2018; Zhang et al., 2021; Peng et al., 2025). Compound techniques combine 

active and passive methods, or different passive techniques, to enhance heat transfer performance (Qin 

et al., 2020). Examples include extended surfaces and surface vibration, roughened surfaces with fluid 

vibration, ribs with tube inclination, surfactants with extended surfaces, converging pipes with 

corrugation, and modified pipes with nanofluids (Al-Daamee and Hamza, 2024).  

https://doi.org/10.56534/acjpas.2026.v5.i1.193
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Among these modifications, corrugated surfaces have emerged as one of the most effective passive 

strategies for maximising heat transfer and overall efficiency, despite the associated increase in 

pressure drop. The grooves on their walls induce flow disturbance and turbulence, which generate 

secondary flows, enhance mixing and thin the thermal boundary layer (TBL), thereby improving 

convective heat transfer. Converging pipes, whose cross-sectional area decreases along the flow 

direction, are also effective because they enhance advective heat transfer occurring in the direction of 

flow. These pipes are widely used due to their ease of fabrication, low maintenance requirements, and 

high convective heat transfer performance. Improved heat transfer performance is often accompanied 

by an increase in pressure drops (Zahran et al., 2022; Al-Obaidi, 2024). Several studies have 

experimentally and numerically examined heat transfer regimes in corrugated and converging pipes 

using various fluids. Dizaji et al. (2015) evaluated pressure drop and turbulent CHTP of distilled water 

flowing through various corrugated pipe shapes (convex and smooth, convex and convex, convex and 

concave) in a double-pipe heat exchanger using experimental methods. They analysed how different 

corrugation profiles affected pressure drop and Nusselt number and found that the convex and smooth 

configuration increased both the pressure drop and the Nusselt number.  

Chen et al. (2019) investigated the convective heat transfer performance (CHTP) and pressure drop of 

a heat exchanger equipped with an asymmetrical outward convex corrugated tube (ACT) using both 

experimental and numerical approaches. They reported that increasing the nondimensionalized fillet 

radius (r/l) enhanced both the pressure drop and the Nusselt number. Qingchan et al. (2021) 

numerically studied heat transfer in a heat exchanger with sinusoidal plate channels under a turbulent 

flow regime. They found that a phase shift angle of 324° yielded optimal heat transfer performance. Al-

Obaidi (2022) numerically evaluated the hydrothermal performance of distilled water flowing in a 

laminar regime within a corrugated pipe. The study demonstrated that increasing the number of 

corrugated rings enhanced both the pressure drop and the Nusselt number, as these rings promoted 

fluid mixing near the thermal boundary layer, thereby improving thermal performance. Nashee (2023) 

examined fluid flow and heat transfer in a corrugated channel, analysing the effects of different 

corrugation orientations (triangular, sinusoidal, square). The results indicated that triangular 

corrugations provided the best thermal performance but increased the pressure drop. 

Liao and Lian (2023) compared a simple corrugated tube (SCT) with a compound corrugated tube 

(CCT) and found that CCT provides more effective fluid mixing near the walls, resulting in enhanced 

heat transfer. Zhai et al. (2024) numerically investigated the influence of corrugation height, corrugation 

width, and Reynolds number (4000–12000) on thermal performance. Their results showed that 

increasing the corrugation height raises turbulent kinetic energy (TKE), vortex formation, and the 

friction factor, while decreasing the Nusselt number. Conversely, a larger corrugation width produces 

the opposite effects. Therefore, for this specific pipe design, a larger corrugation width combined with 

a smaller overall pipe diameter appears to be the most advantageous configuration. 

A study on converging pipes was conducted by Hamediani (2020), who examined the impact of 

operational and geometrical parameters on the heat transfer performance of nanofluids in a 

convergent-divergent tube under turbulent conditions. The study considered various cone wall 

diameters, cone pitches, and cone heights, using two different water-based nanofluids, namely 

water/Al2O3 and water/CuO. Their results indicated that water/Al2O3 exhibits superior thermal 

performance compared to the other nanofluids. Zada et al. (2024) studied the heat transfer performance 

of engine oil flowing with hybrid nanoparticles in a convergent-divergent channel. The study 

examined different velocity profiles under varying Hartmann numbers. In the convergent section, a 

higher porosity parameter resulted in an increased temperature field. Kaood et al. (2024) examined the 

hydrothermal and entropy generation performance of convergent tubes with various dimple shapes 

under turbulent flow conditions. The results revealed that the stepped conical convergent tube 

achieved the highest mean thermal enhancement factor, with a 7.81% improvement compared to a 

smooth pipe.  

Laila and Marwat (2021) adopted a numerical approach to evaluate the CHTP of a nanofluid flowing 

through a rectangular converging-diverging channel. The effects of Reynolds number and nanoparticle 

https://doi.org/10.56534/acjpas.2026.v5.i1.193
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volume fraction on the average Nusselt number and pressure drop were analysed. The results showed 

that increasing the Reynolds number and nanoparticle concentration enhanced thermal performance. 

Iweka and Fadodun (2021) examined the heat transfer performance of an AlO₃/H₂O nanofluid flowing 

in a Bessel-like converging pipe under laminar flow conditions. The authors investigated the effects of 

nanoparticle volume fraction (0 ≤ 𝜑 ≤ 3%), convergence index (0 ≤ 𝜃 ≤ 3), and Reynolds number 

(300 ≤ 𝑅𝑒 ≤ 1200) on the average Nusselt number and drop in pressure. The outcomes revealed that 

increasing the convergence index, volume fraction, and Reynolds number enhanced both the 

convective thermal performance and pressure drop. Furthermore, the performance evaluation criterion 

(PEC) of Bessel-like converging pipes improved as the Reynolds number decreased.  Based on the 

previous literature, few studies have combined two different passive enhancement techniques, 

particularly corrugated and converging pipes, to achieve improved thermal efficiency. Therefore, the 

present study aimed to integrate corrugation and convergence in a single-pipe configuration, to 

investigate how corrugation amplitude and Reynolds number affect the thermal performance of 

distilled water flowing through corrugated converging pipes, and to examine the effect of Reynolds 

number on the Poiseuille number and PEC. 

2. Methodology 

2.1 Description of the Physical Model of the Pipe 

The study examined the heat transfer performance of distilled water passing through an outwardly 

corrugated converging pipe in the turbulent regime. Figure 1(a) illustrates the three-dimensional (3D) 

pipe used in this work. The examined pipe length was constructed to vary the size of the inlet to outlet 

diameter while keeping the surface area and the total sum of both the inlet and outlet diameters 

constant. Thus, the 3D was reduced to a 2D in order to minimise the cost and computational time.  

Figures 1(b) and 1(c) show the 2D axisymmetric geometries. The investigation was conducted under a 

fully developed turbulent flow regime. The geometrical dimensions of the corrugated pipes and the 

diameter ratio (DR) of the converging pipes are presented in Tables 1 and 2, respectively. 

Table 1: The geometrical dimension of the corrugated pipes 

Parameter Values (mm) 

Corrugation amplitude (
𝑒

𝐷
) 0.2, 0.3, & 0.4 

Corrugation width (
𝑤

𝐷
) 0.02 

Trough between two corrugations (
𝑝−𝑤

𝐷
) 0.6 

Length of the Pipe (𝐿) 0.4 

Diameter of the Pipe (𝐷)    0.03 m 

 

Table 2: The Diameter ratio (DR) used for the study 

𝑫𝑹 =
𝑫𝒊𝒏

𝑫𝒐𝒖𝒕
 

𝑫𝒊𝒏(𝒎) 𝑫𝒐𝒖𝒕(𝒎) 

1 0.015 0.015 

1.2 0.01636 0.01386 

 

https://doi.org/10.56534/acjpas.2026.v5.i1.193
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(a) 

 
(b) 

 
(c) 

Figure 1: (a) The outwardly Corrugated Converging Pipe (3D geometry), (b) 2D Axisymmetric model 

of corrugated converging pipe and (c) Description of the Geometric Parameters 

The steady state governing equations include the conservation of mass (continuity), momentum 

(Reynolds-averaged Navier‒Stokes), and energy equations, which are expressed as (Abdullah et al., 

2021; Fadodun et al., 2024): 

Continuity Equation: 

 𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖) = 0 
  

(1) 

Momentum Equation 

 𝜕

𝜕𝑥𝑗

(𝜌̅𝑢̅𝑖𝑢̅𝑗) = −
𝜕𝑝̅

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

[𝜇 ((
𝜕𝑢𝑗

𝜕𝑥𝑖

+
𝜕𝑢𝑖

𝜕𝑥𝑗

) −
2

3

𝜕𝑢𝑖

𝜕𝑥𝑗

𝛿𝑖𝑗)] +
𝜕

𝜕𝑥𝑗

(−𝜌𝑢𝑖́ 𝑢𝑗́
̅̅ ̅̅ ̅) 

(2) 

Energy equation 

 𝜕

𝜕𝑥𝑖

[𝑢𝑖(𝜌𝐸 + 𝑃)] =
𝜕

𝜕𝑥𝑗

[(𝜆 +
𝐶𝑃𝜇𝑡

𝑃𝑟𝑡

)
𝜕𝑇

𝜕𝑥𝑗

+ 𝑢𝑖(𝜏𝑖𝑗)
𝑒𝑓𝑓

] = 0 
      

(3) 

The deviatoric stress tensor (𝜏𝑖𝑗) is expressed as 

 
(𝜏𝑖𝑗)

𝑒𝑓𝑓
= 𝜇𝑒𝑓𝑓 [(

𝜕𝑢𝑗

𝜕𝑥𝑖

+
𝜕𝑢𝑖

𝜕𝑥𝑗

) −
2

3

𝜕𝑢𝑖

𝜕𝑥𝑗

𝛿𝑖𝑗] 
  

(4) 

https://doi.org/10.56534/acjpas.2026.v5.i1.193
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where, 𝑝̅ is the pressure,  𝑢  is the velocity,  𝜇 is the dynamic viscosity, 𝜌 is the density of the liquid,  𝜇𝑡 

is the turbulent viscosity, 𝐶𝑃 is the specific heat capacity, 𝐸 is the total energy,  𝑘 is the thermal 

conductivity, 𝑇 is the temperature, 𝑃𝑟𝑡 is the turbulent Prandtl number, and 𝜌𝑢𝑖́ 𝑢𝑗́
̅̅ ̅̅ ̅ is the Reynolds tensor 

stress.  

The SST k- ω turbulent model is applicable, since flow separation is expected as a result of the presence 

of corrugation. This model captures flow separation accurately compared with other RANS models Li 

et al., 2023). The turbulence kinetic energy (𝑘) and the dissipation rate (𝜔) equations are shown in 

Equations (5) and (6): 

 𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑖

[Г𝑘

𝜕𝑘

𝜕𝑥𝑖

] + 𝐺𝑘 − 𝑌𝑘 
(5) 

 

 𝜕(𝜌𝜔𝑢𝑖)

𝜕𝑥
=

𝜕

𝜕𝑥𝑖

[Г𝜔

𝜕𝜔

𝜕𝑥𝑖

] + 𝐺𝜔 − 𝑌𝜔 + 2(1 − 𝐹1)𝜌𝜎𝜔,2

1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖

 
(6) 

 where 𝑖 and 𝑗 represent the two coordinates (𝑥 and 𝑦). The terms 𝐺𝑘 and 𝐺𝜔 represent the production 

of turbulent kinetics due to average velocity gradients and production rates of 𝑘 and 𝜔. The symbols 

𝑌𝑘 and 𝑌𝜔 represent the turbulent dissipations of 𝑘 and 𝜔 and are written as: 

 𝑌𝜔 = 𝜌𝜔2𝛽2   (7) 

 𝑌𝑘 = 𝜌𝑘𝜔𝛽1 (8) 

 Г𝑘 = 𝜇 +
𝜇𝑡

𝜎𝑘

 (9) 

 Г𝜔 = 𝜇 +
𝜇𝑡

𝜎𝜔

 (10) 

The terms  Г𝑘 and Г𝜔   in Eqs. (9) and (10) denote the effective diffusivity of 𝑘 and 𝜔. 

 
𝜎𝜔 =

1

𝐹1

𝜎𝜔,1
+

(1 − 𝐹1)
𝜎𝜔,2

 
                           

(11) 

The turbulent viscosity (𝜇𝑡) is modeled as: 

 

where the strain rates 𝜎𝑘 and 𝜎𝜔 are the effective turbulent Prandtl numbers for 𝑘 and 𝜔, 𝐹1 and 𝐹2 are 

the blending functions, and 𝛼∗ is a model constant. 

 
𝜎𝑘 =

1

𝐹1

𝜎𝑘,1
+

(1 − 𝐹1)
𝜎𝑘,2

 
(13) 

 𝐹1 = 𝑡𝑎𝑛(𝜑1
4) (14) 

 𝐹2 = 𝑡𝑎𝑛(𝜑2
4) (15) 

where, 

 
𝜇𝑡 =

𝜌𝑘

𝜔

1

(
1

𝛼∗
𝑆𝐹2

𝛼1𝜔
)
 

(12) 

https://doi.org/10.56534/acjpas.2026.v5.i1.193
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𝜑1 = 𝑚𝑖𝑛 [𝑚𝑎𝑥 (

√𝑘

0.09𝜔𝑦+
,

500𝜇

𝜌𝑦+2𝜔
) ,

4𝜌𝑘

𝜎𝜔,2𝐷+
𝜔𝑦+2

] 

 

 

    

(16) 

 
𝐷+

𝜔 = [2 × 10−20
𝜌

𝜎𝜔,2𝜔

𝜕𝜔

𝜕𝑥𝑗

𝜕𝑘

𝜕𝑥𝑗

] 

 

  

    

(17)                            

 
𝜑2 = 𝑚𝑎𝑥 [(

2√𝑘

0.09𝜔𝑦

500𝜇

𝜌𝑦2𝜔
)] 

 

  

    

(18) 

The SST 𝑘 − 𝜔 model constants used in this study are 𝜁∗ = 1.5, 𝛽∞
∗ = 0.09, 𝜎𝑘 = 𝜎𝜔 = 2, 𝛽𝑖 =

0.072,𝑅𝑘 = 6, 𝑅𝛽 = 8, 𝑅𝜔 = 2.95, 𝛼∞
∗ = 1, ∝∞= 0.52, 𝜎0 =

1

9
 

Boundary Conditions 

Inlet 

𝑢𝑥,𝑖𝑛 = 𝑃𝑟𝑒𝑠𝑐𝑟𝑖𝑏𝑒𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑢𝑟,𝑖𝑛 = 0,  𝑇𝑖𝑛 = 300𝐾, 𝑘 =
3

2
(𝐼 𝑢𝑖𝑛)2,   𝜔 =

𝑐𝜇
0.75𝑘0.5

𝐷ℎ
 

Outlet 

𝑃𝑔𝑎𝑢𝑔𝑒 = 0, 
𝜕𝑢𝑥

𝜕𝑥
= 0, 

𝜕𝑢𝑟

𝜕𝑟
= 0, 

𝜕𝑇

𝜕𝑥
= 0 

𝜕𝑘

𝜕𝑥
= 0,   

𝜕𝜔

𝜕𝑥
= 0, 

Wall: 

No-slip (𝑢𝑥 = 0, 𝑢𝑟 = 0),  𝑞′′ = 5,000 𝑊𝑚−2 

Symmetry line: 

 (
𝜕𝑢𝑥

𝜕𝑟
= 0,

𝜕𝑇

𝜕𝑟
= 0) 

The aforementioned governing equations and turbulence models were evaluated via the finite volume 

method (FVM) in ANSYS Fluent software while considering the boundary conditions stated above. 

Thermophysical Properties of Water 

In this study, distilled water was used as a working fluid. The thermophysical properties of 

distilled/H2O at different temperatures- including density, viscosity, thermal conductivity, and specific 

heat capacity were experimentally determined and are expressed as follows (Kays and Weigand, 2005; 

Fadodun and Fadodun, 2024): 

 𝜌𝑓 = 330.12 + 5.92𝑇 − 1.63 × 10−2𝑇2

+ 1.33 × 10−5𝑇−3 
   

(19) 

 𝐶𝑃 = 10−3(10.01 − 5.14 × 10−2𝑇 + 1.49 × 10−4𝑇2

− 1.43 × 10−7𝑇3) 
   

(20) 

 𝜇𝑓 = 0.00002414 × 10
(

247.81
𝑇−140

)    

(21) 
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 𝑘𝑓 = 0.76761 + 7.53211 × 10−3𝑇 − 0.98244

+× 10−5𝑇2 
    

(22) 

Each thermophysical property was evaluated at an inlet temperature (300 K), as the temperature 

gradient between the inlet and outlet regions is less than 2 K. Therefore, these properties were assumed 

to remain constant throughout the simulation. Table 3 shows the thermophysical properties employed 

in this study. 

Mesh Generation 

A fine mesh is applied near the wall pipe to ensure that the height of the first layer cell lies inside the 

viscous layer (𝑦+ ≈ 1). This was done to accurately apprehend the boundary layer effect. The size of 

the mesh decreases along the radial direction as depicted in Figure 2. The energy, momentum, and 

turbulent equations were discretised using a second-order upwind scheme (Javed et al., 2023). The 

semi-implicit method for pressure link equation (SIMPLE) algorithm was adopted to implement 

pressure ‒ velocity coupling. The discretised equations were solved iteratively, with the convergence 

criteria set to 10−8,  such that: 

 
|
𝑀𝑖+1 − 𝑀𝑖

𝑀𝑖+1
| ≤ 10−8 

(23) 

where 𝑀 and 𝑖 denote field variables and the number of iterations, respectively. 

Data Deductions 

These terms are applied to analyse the performance of a system. The Reynolds number (𝑅𝑒) is 

expressed as (Ajeel et al., 2019): 

 
𝑅𝑒 =

𝜌𝑢𝑖𝑛𝐷ℎ

𝜇
 

(24) 

where 𝜌, 𝑢𝑖𝑛, 𝐷ℎ  and 𝜇 are the fluid’s density, the inlet velocity, the hydraulic diameter, and the viscosity 

of the working fluid, respectively. 

The velocity at the inlet was evaluated from the Reynolds number (𝑅𝑒) and expressed as (Ajeel et al., 

2018): 

 
𝑢𝑖𝑛 =

𝑅𝑒𝜇

𝜌𝐷ℎ

 
   

(25) 

The heat transfer coefficient (h) is expressed as (Kaood et al., 2023): 

 
ℎ =

𝑞′′

(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑏𝑢𝑙𝑘)
 

(26) 

where, 𝑇𝑤𝑎𝑙𝑙 is the temperature of the pipe wall and 𝑇𝑏𝑢𝑙𝑘  is the mean fluid temperature. 

The Nusselt number (𝑁𝑢) is estimated as follows (Safarzadeh et al., 2021): 

 
𝑁𝑢 =

ℎ𝐷ℎ

𝑘
 

(27) 

Substituting Eqn. (27) into (28), we obtain: 

 
𝑁𝑢 =

𝑞′′𝐷ℎ

(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑏𝑢𝑙𝑘)𝑘
 

(28) 
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where 𝑇𝑏𝑢𝑙𝑘 is calculated by (Zhong et al., 2024): 

 𝑇𝑏𝑢𝑙𝑘 = 0.5(𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡) (29) 

 

 

Figure 2: Mesh captured with the Boundary Layer 

The Prandtl number is expressed as Cao et al. (2021): 

 
𝑃𝑟 =

𝜇𝐶𝑝

𝑘
 

(30) 

The friction factor, denoted by  𝑓, is given by (Chen et al., 2019): 

 
𝑓 =

2𝐷ℎ∆𝑃

𝜌𝑢2𝐿
 

(31) 

The Poiseuille number, 𝑓𝑅𝑒, is the product of the friction factor and Reynolds number, which is written 

as: 

 
𝑓𝑅𝑒 =

2𝐷ℎ
2∆𝑃

𝜇𝑢𝐿
 

 

(32) 

where 𝐷ℎ, ∆𝑃, 𝑢, 𝜇 and 𝐿 are the hydraulic diameter, pressure drop, velocity of the fluid, viscosity, and 

pipe length, respectively. 

The normalized 𝑓𝑅𝑒  for modified pipes is expressed as: 

 
𝑓𝑅𝑒𝑁 =

𝑓𝑅𝑒𝑚𝑜𝑑

𝑓𝑅𝑒𝑠𝑡𝑟

 
(33) 

where 𝑓𝑅𝑒𝑚𝑜𝑑 and 𝑓𝑅𝑒𝑠𝑡𝑟 are the Poiseuille numbers for modified and straight pipes, respectively. 

The normalized 𝑁𝑢 for the modified pipe expressed as: 

 
𝑁𝑢𝑁 =

𝑁𝑢𝑚𝑜𝑑

𝑁𝑢𝑠𝑡𝑟

 
(34) 

where 𝑁𝑢𝑚𝑜𝑑   and 𝑁𝑢𝑠𝑡𝑟 are the Nusselt numbers in modified and straight pipes, respectively. 
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The thermal‒hydraulic performance evaluation criterion 𝑃𝐸𝐶 can be evaluated as follows (Al-Obaidi, 

2022): 

 

 

𝑃𝐸𝐶 =
𝑁𝑢𝑚𝑜𝑑/𝑁𝑢𝑠𝑡𝑟

(𝑓𝑚𝑜𝑑/𝑓𝑠𝑡𝑟)
1

3⁄
 

(35) 

 

The validation of the Nusselt number (𝑁𝑢)  by Gnielinski is expressed in Eqn. (36), whereas the friction 

factors (𝑓) by Blasius and Filonenko are shown in Eqns. (37) and (38), respectively (Hu et al., 2021). 

 

 

𝑁𝑢 =
(

𝑓
8⁄ ) (𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7 (
𝑓

8⁄ )
0.5

(𝑃𝑟
2

3⁄ − 1)

 

 

(36) 

 
𝑓 =

0.316

𝑅𝑒0.25
          𝑓𝑜𝑟 𝑅𝑒 ≤ 2 × 104 

 

(37) 

 𝑓 = (1.82𝑙𝑜𝑔10𝑅𝑒 − 1.64)−2  

(38) 

Grid Independence Analysis and Validation 

A grid-independence analysis was conducted to determine the optimum number of elements required 

for accurate results. To perform analysis, various mesh configurations were tested to estimate the 

average Nusselt number (𝑁𝑢) of distilled H2O flowing in an outwardly corrugated converging pipe at 

𝐷𝑅 = 1.2, 𝑅𝑒 = 4.0 × 104 and 
𝑒

𝐷
= 0.03.  Several grid configurations were evaluated, as shown in Table 

3. For mesh configurations 97121 and 211659 elements, the corresponding 𝑁𝑢  values were 341.25 and 

336.711, respectively. The relative error was less than 1.5%. This result shows that the mesh 

configuration with 97121 elements was sufficient and was therefore selected for the remainder of the 

study. 

For validation purposes, the friction factor (𝑓) and Nusselt number (𝑁𝑢) of distilled H2O flowing in a 

smooth straight pipe were evaluated. The 𝑁𝑢 results were compared with the correlations proposed 

by Gnielinski (1976) in Equation (36), while the 𝑓 results were compared with the correlations 

developed by Filonenko (1954) and Blasius (1913) in Equations (37) and (38), respectively. The 

comparison of 𝑁𝑢 is shown in Figure 3, and that of  𝑓 in Figure 4, showing strong agreement between 

the numerical results and the established correlations. 

Table 3: Grid Independence Analysis 

Number of meshes Nusselt number Relative error % 

25020 361.1412 - 

57822 341.2532 5.83 

97121 336.7110 1.35 

211659 336.7221 0.003 
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Figure 3: Validation for Nusselt Number 

 

Figure 4: Validation of the Friction Factor 

3. Results and Discussion  

Convective Heat Transfer Performance (CHTP) 

Figure 5 (a) and (b) depict the impact of (
𝑒

𝐷
) on the velocity and temperature contours of a straight pipe 

and the three corrugated converging pipes. At the wall surface, the fluid velocity is zero, confirming 

that the no-slip condition is appropriately applied. Additionally, recirculation zones were observed 

within the corrugations due to the adverse pressure gradient (APG). This recirculating flow disrupts 
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the TBL, causing it to thin and enhancing mixing between the heated fluid near the wall and the 

unheated fluid in the central region. Furthermore, the flow accelerates in the converging pipe as the 

diameter ratio (DR) increases, leading to enhanced heat transfer due to increased advection (heat 

transfer along the flow direction).   

 

Figure 5: (a) Velocity and (b) Temperature Contours of varying corrugation amplitude of distilled 

Water Flow in a Straight Smooth Pipe (SP) and Outwardly Corrugated Converging Pipes at 𝑅𝑒 =
1.0 × 104 

The velocity contour in the straight pipe remains uniform, validating the assumption that the flow is 

hydrodynamically fully developed from the inlet section. The TBL in the modified pipe was disrupted 

compared to that of the smooth pipe due to the presence of corrugations. Furthermore, higher 

temperatures are observed in the recirculation regions. This is attributed to the low velocity of the 

recirculating flow which limits heat transfer between the pipe wall and the core fluid region.  

Figures 6 (a) and (b) illustrate the impact of (
𝑒

𝐷
) on the pressure and turbulent kinetic energy (TKE) 

contours. The pressure gradually reduces along the flow path for all pipe configurations considered. 

The adverse pressure gradient (APG) is beneath the corrugations, and its intensity increases as 

(
𝑒

𝐷
) increases. The TKE represents the intensity of mixing between the fluid near the pipe centre and 

the fluid close to the wall. The TKE is more pronounced in the modified pipe than in the smooth pipe. 

Its intensity is higher near the pipe surface and decreases toward the core region. This behaviour is 

expected, as TKE is primarily influenced by velocity fluctuations, which are more significant within 

the boundary layer along the flow direction. Furthermore, increased TKE enhances the mixing rate 

between the heated fluid near the wall and the warmer fluid in the pipe core. These two effects lead to 

an improvement in the CHTP and an increase in the Nusselt number 𝑁𝑢. Consequently, an increase in 

the Nusselt number 𝑁𝑢.  
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Figure 6: (a) Pressure and (b) Turbulence kinetic energy (TKE) contours of varying corrugation 

amplitude of distilled water flow in a straight smooth pipe (SP) and outwardly corrugated converging 

pipes at 𝑅𝑒 = 1.0 × 104 

Figure 7a shows the variation of 𝑁𝑢 with respect to 𝑅𝑒 at various 
𝑒

𝐷
  values for the modified pipes. The 

results indicate that 𝑁𝑢 is higher in the modified pipes than in the straight pipe because the presence 

of corrugations induces flow disturbance, which enhances turbulence and mixing near the pipe wall. 

This reduces the TBL thickness and improves convective heat transfer. Additionally, an increase in 𝑅𝑒 

enhances 𝑁𝑢 for all pipe configurations examined.  For example, across the investigated Reynolds 

number range  (0.5 × 104 < 𝑅𝑒 < 4.0 × 104) the values of  𝑁𝑢 for 
𝑒

𝐷
= 0.02, 0.025, 0.03, at 𝐷𝑅 = 1.2 and  

𝑤

𝐷
= 0.2 increase by factors of 6.7, 7.0, and 7.1, respectively. The corresponding value for the straight 

pipe is 5.8. 

The increase in 𝑁𝑢 is attributed to the rise in 𝑅𝑒, which leads to greater turbulence production and 

stronger recirculation flow. These two factors enhance mixing and reduce the thermal boundary layer 

thickness, thereby improving the CHTP and increasing 𝑁𝑢. Considering the impact of 
𝑒

𝐷
 on 𝑁𝑢, higher 

𝑒

𝐷
 values result in greater 𝑁𝑢. For instance, at 𝑅𝑒 = 4.0 × 104, 𝐷𝑅 = 1.2 and 

𝑤

𝐷
= 0.2, the 𝑁𝑢 values for 

𝑒

𝐷
= (0.02, 0.025 & 0.03) are 348.48, 360.69 and 368.78, respectively. This improvement is attributed to 

the increased flow turbulence and the reduction in TBL thickness, leading to an increase in 𝑁𝑢. In 

addition, Figure 7b depicts the plot of 𝑁𝑢𝐺  versus 𝑅𝑒. The values of 𝑁𝑢𝐺 at 𝑅𝑒 = 1.5 × 104 for 

𝑒 𝐷(0.02, 0.025 & 0.03)⁄  in the modified pipes are 1.36, 1.46 and 1.52, respectively. These results indicate 

that enhanced convection (𝑁𝑢𝐺 > 1) is achieved in all corrugated converging pipes. 
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Figure 7: Plots of (a) 𝑁𝑢  and (b) 𝑁𝑢𝐺 against 𝑅𝑒 considering the corrugation amplitude 

 

Figure 8: The variation of (a) 𝑓𝑅𝑒 and (b) 𝑓𝑅𝑒𝐺 against 𝑅𝑒 for different corrugation amplitudes 

Figure 8a depicts the variation of 𝑓𝑅𝑒 with respect to 𝑅𝑒 at different  
𝑒

𝐷
 values for the modified pipes. 

The outcome revealed that 𝑓𝑅𝑒 is higher in the modified pipe than in the smooth pipe. Additionally, 

𝑓𝑅𝑒 increases as 𝑅𝑒 increases. For instance, over the investigated Reynolds number range 

(5.0 × 103 < 𝑅𝑒 < 4.0 × 104),  the values of 𝑓𝑅𝑒 for 
𝑒

𝐷
= 0.02, 0.025 & 0.03,   at 𝐷𝑅 = 1.2 and  

𝑤

𝐷
= 0.2  

increase by factors of 5.8, 5.9, and 6.1, respectively. The equivalent value for the straight pipe is 4.4. 

This result is anticipated because higher 𝑅𝑒 intensifies flow turbulence, increasing flow resistance and, 

consequently, the required pumping power. Considering the influence of  
𝑒

𝐷
 on 𝑓𝑅𝑒, as shown in Figure 

8a, increasing  
𝑒

𝐷
 enhances 𝑓𝑅𝑒. For example, at 𝑅𝑒 = 4.0 × 104, 𝐷𝑅 = 1.2 and 

𝑤

𝐷
= 0.2, the values of 𝑓𝑅𝑒 

of 
𝑒

𝐷
= 0.02, 0.025 &  0.03  in the corrugated converging pipes are 4407.89, 4502.67, and 4571.15, 

respectively. This trend is expected because corrugations act as turbulence promoters, and increasing 

the corrugation amplitude intensifies turbulence leading to an increase in 𝑓𝑅𝑒, as discussed earlier. 

Figure 8b illustrates the variation of 𝑓𝑅𝑒𝐺 with respect 𝑅𝑒, showing the influence of 𝑒 𝐷⁄  on 𝑓𝑅𝑒𝐺 . It is 

noticed that increasing both 𝑅𝑒 and 𝑒 𝐷⁄  leads to an increase in 𝑓𝑅𝑒𝐺. For example, at  𝑅𝑒 = 3.0 × 104, 

the values 𝑓𝑅𝑒𝐺 in the corrugated converging pipes for 𝑒 𝐷⁄  (0.02, 0.025, and 0.03) are 3.16, 3.22 and 

3.27, respectively. This indicates that increasing 𝑒 𝐷 ⁄ results in a higher friction factor in the modified 

pipes, which makes fluid flow more difficult due to increased resistance. 
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Figure 9 presents the variation of the performance evaluation criterion (PEC) against the 𝑅𝑒 at different 
𝑒

𝐷
  values for the corrugated converging pipes. The graph shows that PEC decreases as 𝑅𝑒 increases. 

For example, at 𝑅𝑒 = 5.0 × 103 ,   
𝑒

𝐷
= 0.02, 𝐷𝑅 = 1.2 and 

𝑤

𝐷
= 0.2, the PEC value is 1.38, whereas the 

corresponding value at 𝑅𝑒 = 4.0 × 104  is 0.99. This trend is expected because increasing 𝑅𝑒 results to 

increase in 𝑓𝑅𝑒𝐺 and 𝑁𝑢𝐺. However, the enhancement in 𝑓𝑅𝑒𝐺 is significantly greater than that in 𝑁𝑢𝐺 .  

Considering the influence of 
𝑒

𝐷
 on PEC, an increase in  

𝑒

𝐷
 improves the PEC. For example, at 𝑅𝑒 =

104, 𝐷𝑅 = 1.2 and 
𝑤

𝐷
= 0.2, PEC values for  

𝑒

𝐷
= (0.02, 0.025 and 0.3) are 1.25, 1.36, and 1.42, respectively. 

This indicates that the increase in 𝑁𝑢𝐺 with higher 
𝑒

𝐷
  value is accompanied by a proportionally 

moderate increase in 𝑓𝑅𝑒𝐺 , thereby enhancing the overall thermal performance. 

  

  Figure 9: Plot of 𝑃𝐸𝐶 against 𝑅𝑒 Considering the Amplitude 

Further analysis revealed that, across the Reynolds number range (5.0 × 103 ≤ 𝑅𝑒 ≤ 3.5 × 104) at 𝐷𝑅 =

1.2 and various corrugation amplitudes (
𝑒

𝐷
), the modified designs exhibit better overall CHTP than 

smooth straight pipe (𝑃𝐸𝐶 > 1). 

5. Conclusion 

This work presents a numerical investigation of the turbulent convective heat transfer performance of 

distilled/H2O flowing through a corrugated converging pipe. The finite volume method (FVM) in 

ANSYS Fluent was used to develop and discretise the governing equations for continuity, momentum 

(Reynolds-averaged Navier‒Stokes), and energy. The SIMPLE algorithm was applied to solve the 

pressure-velocity coupling. The numerical study examined the effects of the Reynolds number 
(0.5 × 104 ≤ 𝑅𝑒 ≤ 4.0 × 104) and corrugation amplitude (0.02 ≤ 𝑒 𝐷 ≤ 0.03⁄ ) on the Nusselt and 

Poiseuille numbers. The results showed that increasing the corrugation amplitude and Reynolds 

number enhanced convective heat transfer, as indicated by the Nusselt number. This study 

demonstrates that combining passive enhancement techniques, such as corrugated and converging 

geometries, improves the heat transfer performance of heat exchangers compared to smooth pipes. 

These findings may help engineers improve the design of devices such as internal combustion engines, 

refrigerators, and HVAC systems. 
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