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Abstract 

In this study, we numerically investigated the turbulence convective heat transfer performance (CHTP) and 

entropy production rate (EPR) of distilled water flowing through outwardly corrugated pipes. The effects of 

Reynolds number (5.0 × 103 ≤ ܴ݁ ≤ 4.0 × 104), normalized corrugation amplitude (0.03 ≤ ܦ/݁ ≤ 0.05), 

and normalized pitch (0.9 ≤ ܦ/ܲ ≤ 1.1) on the average Nusselt number (ܰݑ), friction factor(݂ݎ), 

performance evaluation criterion(ܲܥܧ), field synergy number(ܰܵܨ), and volumetric entropy production rate 

were examined. The results show that corrugation significantly improves heat transfer relative to the smooth 

pipe. Over the full Reynolds number range, ܰݑ increased by factors of 5.98, 5.19, and 4.81 for the same 

amplitude values, while the corresponding ܲܥܧ remained above unity, indicating an overall thermal-hydraulic 

advantage. The findings demonstrate that, in comparison to smooth pipe, corrugation enhances heat transfer 

performance. Stronger wall-induced secondary motion enhances the alignment between velocity and 

temperature-gradient fields, as evidenced by the field synergy number increasing with increasing corrugation 

amplitude but decreasing with increasing Reynolds number and pitch. A new term called synergy-thermal 

coupling index (STC) was introduced to evaluate how effectively field synergy translates into heat transfer 

enhancement. The STC analysis demonstrated that the improvement in convective heat transfer cannot be 

exclusively attributed to improved synergy between velocity and temperature gradient, as part of the gain is 

also associated with recirculation and turbulence production. In addition, multi-objective optimization 

revealed a clear trade-off among thermal enhancement, frictional drawback, and entropy generation, with the 

Pareto front indicating that the most favourable operating region occurs at a relatively low Reynolds number 

and moderate corrugation intensity. 
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1.0. Introduction 

Forced internal convective heat transfer is an essential transport process in many heat systems, including heat 

exchangers, automotive components, electronic cooling systems, air conditioning units, and solar heat 

collectors [1, 2]. In such systems, thermal performance is controlled by the interaction between the coolant's 

motion and heat transfer between the wall and the coolant [3]. Due to its strong practical importance, 

convective heat transfer in internal flows has been extensively investigated, especially in circular smooth 

pipes, which remain common in engineering applications because of their simplicity, ease of construction, and 

ease of inspection [4]. However, smooth pipes are associated with relatively low heat transfer rates, which has 

stimulated a continued interest in passive heat transfer enhancement techniques [5, 6].  

Passive methods are generally simpler, more cost-effective, and easier to implement in practical systems than 

active methods [7, 8]. Common examples are twisted tape inserts, helical loops, converging or diverging 

passages, surface roughness, baffles, gaps, and curved tubes. Among these, corrugated tubes have received 

significant attention, as their wavy surface geometry can promote boundary-layer disruption, secondary flow 

generation, and enhanced fluid mixing, all of which contribute to improved convective thermal transfer 

efficiency [8, 9, 10]. 

The corrugated tube is characterized by regular geometric graduations on its inner and outer surfaces. Its 

performance is strongly affected by parameters such as the corrugation amplitude, pitch, and width. By 

disrupting the flow structure near the wall, corrugations may induce recirculation zones, increase local 

turbulence, and enhance interaction between the core flow and the wall. These effects usually result in 

increased heat transfer rates but are often accompanied by increased pressure drop and increased pumping 

power demand [10, 11, 12]. Therefore, the design of corrugated pipes must balance thermal enhancement 

against hydraulic drawback. 

Despite extensive research on corrugated pipes for convective heat transfer enhancement, most previous 

publications concentrated mainly on the impacts of geometric parameters and Reynolds numbers on 

conventional hydrothermal performance indicators, such as the Nusselt number and friction coefficient, 

without explaining the underlying physics of the synergy between speed and temperature gradient. Moreover, 

there is still no generally accepted parameter that directly quantifies the efficiency of such synergies in 

improving the convective heat transfer performance of corrugated pipes. Moreover, although multi-objective 

optimization is used in related studies, it is often done using absolute performance indices that may not fully 

capture how design variables affect the improvement relative to a smooth reference configuration. 

The aim of this research is therefore to: 

i. Establish a synergy-thermal coupling index (STC) to assess the effectiveness of the synergy between 

velocity and temperature gradient in improving convective heat transfer performance. 

ii. Apply the field synergy principle and second-law analysis to explain the mechanism of heat transfer 

enhancement and entropy generation in outwardly corrugated pipes. 
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iii. Develop predictive correlations and perform multi-objective optimization to identify the best 

compromise among thermal enhancement, hydraulic drawback, and entropy production. 

This research thus documented a broad framework for evaluating the hydrothermal performance of outwardly 

corrugated pipes in turbulent flow. Moreover, applying the principle of field synergy provides a clearer 

physical interpretation of the reinforcement mechanism, and the optimization analysis provides practical 

guidance for designing efficient heat exchangers and cooling ducts. 

 

2.0: Materials and Methods 

2.1. Description of the physical model of the pipe 

This study investigates forced convective heat transfer of distilled water flowing through a curved tube under 

turbulent flow conditions generated using ANSYS Inc. [13]. The physical model as generated by ANSYS Inc. 

[13] is illustrated in Figure 1, and the main geometrical parameters are summarized in Table 1. A three-

dimensional model was adopted to better represent the curved geometry and to capture the spatial flow patterns 

induced by the periodic surface gradients. Unlike the simplified axisymmetric design, the 3D model enables 

detailed resolution of secondary movements, local recirculation zones, and non-uniform interactions between 

the core flow and the wall. This is important for a precise assessment of the hydrothermal behaviour of the 

corrugated pipe, particularly heat transfer enhancement, pressure drop variation, synergy between velocity 

and temperature gradient, and irreversibility production. The tube has a diameter of 0.03 m, an overall length 

of 0.8 m, and a corrugation width ratio of 
௪஽ = 0.4.normalized amplitude in the range 0.03 ≤ ௘஽ 0.05 , and 

normalized pitch in the range 0.9 ≤ ௉஽ 1.1. Outward corrugation modifies the flow pattern near the wall by 

repeatedly disrupting the boundary layer and forming recirculation zones along the pipe wall. This geometry 

is therefore expected to enhance mixing between the core flow and the wall fluid, thereby improving heat 

transfer but also increasing flow resistance. The current setup has been chosen to examine this thermal-

hydraulic trade-off and to support the analysis of the field synergy principle and entropy formation. 

 

 

 

 

                                       Figure 1: The outwardly Corrugated Pipe (3D geometry) 
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Table 1: Corrugation parameters 

Parameter Values 

Diameter of the pipe(ܦ) 0.03 m 

Amplitude of corrugation(௘஽) 0.03, 0.04, and 0.05 

Pitch of corrugation (௉஽) 0.9, 1, 1.1 

Width of corrugations (௪஽) 0.4 

Length of the Pipe (ܮ) 0.8 m 

 

2.2 Governing Equations 

The turbulent flow of distilled water through the outwardly corrugated pipe was modeled using three-

dimensional Reynolds-Averaged Navier-Stokes (RANS) equations, along with the continuum and flow 

equations. Since the flow is considered non-deterministic and Newtonian, the governing equations are 

presented in Cartesian tensor form. The SST k-ω turbulence model has been used to close the RANS equations, 

as it is effective for wall-curved flows with adverse pressure gradients and separation.  

 
௜ݔ߲߲ (௜ݑ௡௙ߩ) = 0 (1) 

 
௜ݔ߲߲ (௝ݑ௜ݑ) = ௝ݔ߲߲ ௙ߤ] ௝ݔ௜߲ݑ߲) + ௜ݔ௝߲ݑ߲ − 23 ௜௝ߜ ௝ݔ௜߲ݑ߲ )] + ௝ݔ߲߲ ఫ̅̅ݑప́ݑ́ߩ−) ̅̅ ̅) −  ௜ (2)ݔ߲߲ܲ

 
௜ݔ߲߲ ܧߩ)௜ݑ] + ܲ)] = ௝ݔ߲߲ [(݇௙ + ܿ௣ߤ௧ܲݎ௧ ) ௝ݔ߲߲ܶ +  ௜߬௜௝] (3)ݑ

The RANS was closed using the SST ݇ − ߱ model expressed as  

 
௜ݔ߲߲ (௜ݑ݇ߩ) = ௝ݔ߲߲ ௞߁) (௝ݔ߲߲݇ + ௞ܩ̃ − ௞ܻ + ܵ௞ (4) 

 
௜ݔ߲߲ (௜ݑ݇߱ߩ) = ௝ݔ߲߲ ௪߁) (௝ݔ߲߲߱ + ఠܩ − ௪ܻ + ఠܦ + ܵఠ      (5) 

௞ܻ and ఠܻ denotes the turbulent dissipations of k  and ߱,, respectively. More details about ܵܵܶ ݇ − ߱ is 

documented in Versteeg and Malalasekera [14]. 

 

2.3 Boundary Conditions 

 Inlet :  prescribled velocity  

Outlet: ௚ܲ௔௨௚௘ = 0 

Surface: no-slip,  ݍ′′ = 10,000 ܹ݉−2 
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2.4. Field synergy principle 

In convective heat transfer systems, the degree of alignment between the velocity vector and the temperature-

gradient vector is measured by the field synergy number (ܰܵܨ). The field synergy principle states that when 

these two vectors align more closely, the convective transport process improves and heat transfer increases 

[15, 16]. 

ܰܵܨ  = ߠݏ݋ܿ = ܸ̅. ∇ܶ|ܸ||∇ܶ|  (6)  

The volume average of ܰܵܨ is obtained by integrating over the test domain 

〈ܰܵܨ〉  = ∫ܸ̅. ∇ܸܶ݀∫|ܸ||∇ܶ| ܸ݀  (7)  

A new term called synergy-thermal coupling (STC) measures the effectiveness of synergy between velocity 

and temperature gradient in enhancing convective heat transfer performance by estimating the increase in 

convective heat transfer achieved in a modified pipe compared to a smooth pipe, corresponding to the increase 

in performance in the modified pipe relative to the smooth pipe. 

 STC = ௠ݑܰ − − ௠ܰܵܨ1 1 (8)  

where ܰݑ௠ and  ܰܵܨ௠ are expressed as  

௠ ݑܰ  = ௦௧௠ ݑ௠௢ௗܰ ݑܰ  

௠ ܰܵܨ = ௦௧௠ 〈ܰܵܨ〉௠௢ௗ 〈ܰܵܨ〉  

 

        

                       

(9) 

where  ݉݀݋ and ݉ݐݏ represent modified and smooth pipes, respectively 

 

2.5. Performance indices  

The average Nusselt number (ܰݑ) and friction factor (݂ݎ)are expressed as estimated as follows  

ݑܰ  = ℎܦℎ݇  

ݎ݂ = ܮ2ݑߩܲ∆ℎܦ2  

(10) 

 

(11) 

The normalized ݂ݎ  and ܰݑ are expressed as: 

௠ݎ݂  = ௦௧௠ݎ௠௢ௗ݂ݎ݂  

௠ݑܰ = ௦௧௠ݑ௠௢ௗܰݑܰ  

 

(12) 

The performance evaluation criterion (ܲܥܧ) is expressed as follows: 
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ܥܧܲ  = 1(௠ݎ݂)௠ݑܰ 3⁄  

 

(13) 

The volumetric entropy production rate due to temperature and velocity gradients is expressed by Kock and 

Herwig [17] as follows: 

 ܵ௧ℎ′′′ = 1̅ܶ2 (݇௙ + ௧ݎ௧஼೛ܲߤ ) 2(௜ݔ߲߲̅ܶ)
 (14a)  

 ܵ௩௜௦௖′′′ = ߤ̄ܶ (2݁௜௝݁௜௝) + ߝܶߩ
 (14b)  

The volume average thermal and viscous entropy production rates are expressed as follows: 

The total thermal and viscous entropy productions are generated by integrating over the pipe volume [18, 19, 

20]. 

 〈ܵ௧ℎ〉 = 1ܸ ∭ ( 1̅ܶ2 (݇௙ + ௧ݎ௧஼೛ܲߤ ) (2(௜ݔ߲߲̅ܶ) ܸ݀௏1
௏0  (15a)  

 〈ܵ௩௜௖〉 = 1ܸ ∭ ߤ̄ܶ) (2݁௜௝݁௜௝) + (ߝܶߩ ܸ݀௏1
௏0  (15b)  

The  volume average entropy production rate becomes 

 〈 ௚ܵ௘௡〉 = 〈ܵ௧ℎ〉 + 〈ܵ௩௜௖〉        (16) 

The normalized irreversibility (ܵ ௠)   is expressed as  

 ܵ ௠ = 〈 ௚ܵ௘௡〉 ௠௢ௗ〈 ௚ܵ௘௡〉 ௦௧௠  
       (17) 

 

2.6 Regression Analysis 

The regression analysis of diamensionaless output variables ܻ can be written in terms of nondiamensioanles 

input variables   1ܺ,ܺ2,ܺ3, . . . ܺ௡−1,ܺ௡ as follows: 

 ܻ = ߙ 1ܺ௠1ܺ2௠2ܺ3௠3 … ܺ௡−1௠(௡−1)ܺ௡௠௡     (18) 

In this study, the inut variables are ܴ݁, 
௘஽ and 

௉஽. Equation (3.35) becomes: 

 ܻ = ௠1ܴ݁ߙ ௠2(ܦ݁)  ௠3       (19)(ܦܲ)

We linearize this by applying natural logarithm: 

 ln(ܻ) = ln(ߙ) + ݉1 ln(ܴ݁) + ݉2ln (ܦ݁) + m3ln (ܦܲ)      (20) 

We can estimate ln(ߙ), ݉2݉ ,1 and ݉3 from the obtained data by writing simple programs in MATLAB 
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2.7 Multi-objective optimization  

This work aims to maximize ܰீݑ  and minimize 〈 ௚ܵ௘௡〉 ீ and ݂ܴ݁ ீ  subject to the following constraints: 0.03 ≤ ௘஽ ≤ 0.05, 0.9 ≤ ௉஽ ≤ 1.1  & 5.0 × 103 ≤ ܴ݁ ≤ 4.0 ×. 104. This is achieved using the non-dominated 

sorting algorithm (NSG-II) in order to determine the optimum solution (Pareto front).  

 

3.0 Results and Discussion 

This section presents and discusses the results of the CHTP and EPR simulations of distilled 2ܱܪ flow through 

an outwardly corrugated pipe. It focuses on the influence of the amplitude of corrugation (0.03 ≤ ௘஽ ≤  0.05 ), 

pitch of corrugation (0.9 ≤ ௉஽ ≤ 1.1) and flow conditions (5.0 × 103 ≤ ܴ݁ ≤  4.0 × 104) on ݑܰ ,ܿܨ, 〉  ݀݊ܽ ,ܥܧܲ,ݎ݂ ௚ܵ௘௡〉. The first subsection presents the contours of the field variables; the second subsection 

focuses on the parametric study; and the last section focuses on multi-objective optimization  

 

3.1 Grid sensitivity test and validation 

The grid dependence test was conducted on corrugated pipes of 
௘஽ = 0.05 and 

௣஽ = 1.1 at ܴ݁ = 4.0 × 104. 

This was achieved by varying the number of grids employed in the calculation. The variation in the number 

of grids against the estimated values of ܰݑ is shown in Table 2. The error between the 1093617 and 1288525 

mesh configurations for ܰݑ is 0.06%; therefore, the 1288525 mesh configuration was used for the remaining 

simulations. For validation purposes, we considered the work of Sun and Zeng [21], where the authors carried 

out an experimental investigation that measured the ܰݑ of dry air flowing in corrugated pipes with the 

following corrugation parameters (
௘஽ = 0.088, ௉஽ = 1.1) spanning the range of 1.0 × 104 ≤ ܴ݁ ≤ 4.0 × 104. 

The same problem was simulated, and the results obtained were compared with the experimental values; both 

agreed to a great extent. The average percentage error was less than 5%, as shown in Figure 2. Furthermore, 

we investigated the hydrothermal performance of water in straight pipes under fully developed flow conditions 

and compared the results obtained by ܰݑ and ݂  with the existing correlation developed by Dittus and Boelter ݎ

[22] for ܰݑ and Blasius [23] for ݂ݎ. Comparisons of the two correlations with the present results are shown 

in Figure 3 and Figure 5, respectively. The two comparisons strongly agreed with the existing correlations, 

and the average errors attributed to ܰݑ were 4.01% and the corresponding value for ݂ݎ was 5.04%. Finally, 

we estimate the entropy production rate in straight pipes under fully developed flow conditions and compare 

the results obtained with the analytical solution developed by [24]. A comparison of the two results is shown 

in Figure 2. The two results closely matched, with an average error of less than 6.93%. These results 

demonstrate that our model is accurate for investigating hydrothermal performance and the entropy production 

rate in this study. 
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                                                 Table 2: Grid Indepedence Test 

Number of mesh ܰݑ Deviation(%) 

392238 293.1755032  

602028 300.7927254 2.532382468 

677803 303.5228739 0.899486889 

982289 305.86 0.764116304 

1093617 306.0509 0.06237525 

1288525 306.2419192 2.532382468 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Validation of the experimental results of Sun and Zeng [21]  
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Figure 3: Validation of ܰݑ with Dittus & Boelter [22] correlation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Validation of ݂ݎ with the correlation of Blasius [23] 
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Figure 5: Validation of ௚ܵ௘௡ with the analytical solution of Ratt and Raut [24]. 

 

3.2 Contours 

Figure (6-10) provides the contour plots of velocity, pressure, turbulent kinetic energy, temperature, field 

synergy number, and entropy generation, respectively, provide a clear physical picture of how corrugation 

alters the internal flow structure. In the following discussion, a smooth pipe serves as a reference case, and 

the effect of corrugation amplitude is highlighted by comparing it with the modified geometry. Velocity 

contours show zero velocity at the wall and maximum velocity at the pipe's center, which is expected. In 

corrugated tubes, the flow is often disturbed by curved walls, leading to local separation and recirculation 

zones. As the amplitude increases, these recirculation areas become more pronounced and cover a larger part 

of the flow domain, resulting in stronger mixing between the fluid near the walls and the core fluid. This 

increased mixing plays a key role in the improved convective heat transfer observed in the modified pipeline. 

Pressure contours show that the curved tubes experience a larger pressure drop than the flat tubes. This is 

because the repeated expansion and contraction of the flow passage, caused by the corrugation geometry, 

increases flow resistance and produces negative pressure gradients at the peaks and troughs of the 

corrugations. As the amplitude rises, the pressure variation becomes more noticeable, confirming that the 

hydraulic pressure grows with greater corrugation amplitude. The turbulent kinetic energy contours show that 

the corrugated tubes produce more turbulence than the smooth tubes, especially in the near-wall region where 

velocity gradients are greatest. As a result, turbulent kinetic energy is concentrated around the corrugation 

zones and increases with increasing corrugation amplitude. This trend confirms that outward corrugations 

promote turbulence, increasing momentum exchange and improving thermal mixing. The temperature 

contours indicate a smoother thermal field in smooth tubes, whereas corrugated tubes display a noticeable 

thermal disturbance caused by boundary layer disruption. In modified pipes, the temperature distribution is 
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less uniform near the corrugated wall, as vortical structures repeatedly transfer heat from the wall to the main 

flow. As the corrugation amplitude increases, the thermal boundary layer (TBL) becomes thinner and more 

permeable, enhancing heat transfer from the wall to the liquid. The field synergy number (FSN) contours also 

demonstrate the effect of corrugation on the alignment between the velocity and temperature gradient. Less 

synergy is observed in smooth tubes, where the velocity and temperature gradient fields mostly remain 

orthogonal. In corrugated tubes, the development of radial velocity components improves local alignment in 

certain areas, especially around corrugated peaks, leading to higher FSN values. However, in recirculation 

zones, low FSN regions still occur where flow direction opposes the temperature gradient. Overall, the 

intensity of the FSN increases with greater corrugation amplitude, indicating improved transport through 

synergy. The entropy production contours show that thermal entropy generation (ܵ௧ℎ′′′) is concentrated near the 

wall, where the temperature gradient is strongest, while viscous entropy generation (ܵ௩௜௖′′′ ) is also concentrated 

there due to the high velocity gradients in the boundary layer. In corrugated tubes, both entropy generation 

fields are strongly distorted by surface profiles. This suggests that, although corrugation increases heat 

transfer, it also alters the distribution of irreversibility in the flow field. Furthermore, we noticed a zone near 

the surface of the corrugation where ܵ௩௜௖′′′  has minimum values and the size increases with increasing 
௘஽. This 

is attributed to the increase in the recirculation zone as 
௘஽ increases. Notably, the recirculation zone is 

characterized by a low-velocity gradient. 

 

 

ܦ݁ = 0.03 

 

ܦ݁ = 0.04 

 

ܦ݁ = 0.05 

 

            Straight 
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Figure 6: Contours of velocity in the staright and corrugated pipes for various 
௘஽ values 
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Figure 7: Contours of pressure in the staright and corrugated pipes for various 
௘஽ values 
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Figure 8: Contours of TKE in the staright and corrugated pipes for various 
௘஽ values 
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Figure 9: Contours of the temperature in the staright and corrugated pipes for various 
௘஽ values 
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Figure 10: Contours of the FSN in the staright and corrugated pipes for various 
௘஽ values 

 

3.3 Parametric studies  

3.3.1: Field Synergy Number  

Figure 11 and Figure 12 described the change in the average FSN with Reynolds number for smooth tubes 

and corrugated tubes with different 
௘஽ at constant  

௉஽, respectively. In all cases, the corrugated tubes exhibit a 

higher FSN than the smooth tubes, indicating better alignment between the velocity and temperature gradient 

fields in the modified geometry. This improvement is more pronounced as the 
௘஽ increases. At ܴ݁ =2.0 × 104,, the FSN in corrugated pipe with 

௘஽ = 0.03 is 0.076, and the corresponding value in the straight 

pipe is 0.06. This increase can be linked to the radial component of corrugation, which improves the interaction 

between the flow field and the thermal field. Consequently, the convective transport process is more efficient 

in a corrugated configuration. As Reynolds numbers increase, FSN decreases for both smooth and curved 

tubes. The reduction factors over the whole Reynolds number range are 0.91, 0.88, and 0.82 for 
௘஽ =0.03, 0.04 & 0.05, respectively. This trend indicates that greater turbulence at higher Reynolds numbers 

increases recirculation and non-uniform flow patterns, reducing the degree of effective alignment between 

velocity and temperature gradients. The effect of the corrugation's amplitude is also apparent in the results. 

FSN values increase from 0.078 to 0.088 as 
௘஽  rises from 0.03 to 0.05. This confirms that larger corrugation 

amplitudes increase the synergy between the flow and heat (thermal) fields by enhancing radial transport. 

Increasing the 
௣஽, on the other hand, has a slightly opposite effect. At ܴ݁ = 1.5 × 104, the values of ܰܵܨ in 

corrugated pipes with 
௘஽ = 0.03 and 

௉஽  0.9, 1.0 ܽ݊݀ 1.1 are 0.082, 0.08, and 0.077, respectively. This indicates 

that larger pitch values slightly reduce FSN, as the number of corrugating elements along the flow path 

decreases, thereby reducing the frequency of interference and the intensity of the radial mixing process. 

Overall, the results show that the corrugation amplitude has a higher impact on the field synergy number than 

the straight pipe. 
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Figure 11: Variation in ܰܵܨ against ܴ݁ for various values of 
௘஽ 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Variation in ܰܵܨ against ܴ݁ for various values of 
௉஽ 

 

3.3.2 Friction factor  

Figure 13 shows the variation of the friction coefficient with Reynolds number for smooth and curved pipes 

of various 
௘஽ values while 

௉஽  remain constant. In all cases, the corrugated tubes exhibit a higher friction 

coefficient than the smooth tubes, confirming that the corrugated geometry induces greater flow resistance. 

This behavior is expected because a curved wall continuously distorts flow and increases the wall shear stress. 

For example at ܴ݁ = 2.0 × 104, the coefficient of friction for the corrugated tube of  
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opposed to 0.025 for the straight tube. The higher friction factor is due to repeated flow separation and 
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amplitude of the corrugation increases, so does the friction coefficient at  ܴ݁ = 1.0 × 104, the values of ݂ݎ in 

the corrugated pipes of 
௘஽ = 0.03, 0.04 ܽ݊݀ 0.05  are 0.033, 0.035, and 0.037, respectively. This trend 

indicates that a stronger corrugation amplitude enhances turbulence and intensifies recirculation flow. The 

effect of the pitch is somewhat less pronounced but is nevertheless perceptible at ܴ݁ = 1.5 × 104, the values 

of ݂ݎ in corrugated pipes with 
௘஽ = 0.03 and 

௉஽  0.9, 1.0 ܽ݊݀ 1.1 are 0.031, 0.03, and 0.029, respectively.  The 

slight decrease in ݂ݎ with increasing pitch is attributed to fewer corrugation elements per unit strip length, 

which reduces the frequency of disturbances to the flow and thus the resistance. Overall, the results indicate 

that increasing the Reynolds number decreases the coefficient of friction, whereas increasing the corrugation 

amplitude increases it. The corrugated tube, therefore, offers better heat transfer at the cost of a higher pressure 

drop as depicted in Figure 14, and the final design must balance these competing effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Variation in ݂ݎ against ܴ݁ for various values of 
௘஽ 
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Figure 14: Variation in ݂ݎ  against ܴ݁ for various values of 
௉஽ 

 

3.3.3 Nusselt number  

Figure 15 and Figure 16 illustrates the variation of the ܰݑ with Reynolds number for both the smooth pipe 

and the corrugated pipes across different values of ݁/ܦ  and ܲ/ܦ. In all instances, the corrugated pipes 

demonstrate higher ܰݑ than the smooth pipe, thereby confirming that the corrugated geometry augments 

convective heat transfer. This phenomenon is attributed to the combined effects of boundary layer disruption, 

increased turbulence generation, and enhanced field synergy, all of which contribute to improved heat transfer 

from the wall to the fluid core. As Reynolds number increases, the ܰݑ also increases for both the smooth and 

corrugated pipes. Over the entire range of Reynolds numbers considered, the ܰݑ increases by factors of 5.98, 

5.19, and 4.81 for the corrugated pipes of  ݁/0.05 & 0.04 ,0.03  = ܦ, respectively, while the smooth pipe 

increases by a factor of 5.54. This trend is expected because higher Reynolds numbers promote stronger 

turbulent mixing, thinner thermal boundary layers, and faster transport of thermal energy away from the wall.  

The effect of ݁/ܦ  is also clearly visible. At ܴ݁ = 1.0 × 104, the values of ܰݑfor ݁/ܦ = 0.03, 0.04, and 0.05 

are 91.77, 100.43, and 105.49, respectively. The increase in amplitude strengthens the flow disturbances and 

enhances the radial motion, leading to more effective mixing and a higher rate of heat transfer. In contrast, 

increasing the 
௉஽  produces a slight reduction in the ܰݑ. At ܴ݁ = 1.5 × 104, the values of ܰݑ for ݁/ܦ =0.03and ܲ/ܦ = 0.9, 1.0, and 1.1 are 131.72, 130.75, and 129.03, respectively. This behavior is attributed to 

the reduced number of corrugation elements along the pipe length at higher pitch values, which weakens the 

frequency of boundary-layer disturbance and slightly lowers the heat transfer enhancement. Overall, the 

findings indicate that corrugation amplitude exerts a more substantial influence than pitch. Furthermore, 

higher Reynolds numbers and increased corrugation amplitudes both contribute to enhanced convective heat 

transfer. These observations align with the phenomena of augmented turbulence generation, the thinning of 

the TBL and the intensified field synergy induced by the outwardly corrugated geometry. 
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Figure 15: Variation in ܰݑ against ܴ݁ for various values of 
௘஽ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Variation in ܰݑ against ܴ݁ for various values of 
௉஽ 
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losses. Values above unity indicate that the thermal advantages of the modified pipe outweigh its hydraulic 

drawbacks compared to the smooth pipe. For all the corrugated configurations evaluated, the PEC remained 

above unity across the entire Reynolds number range, confirming that the outwardly corrugated pipe offers 

better overall performance than the smooth pipe. At low Reynolds numbers, the increase in heat transfer is 

significant enough to offset the rise in pressure drop, especially at larger corrugation amplitudes. ܴ݁ =5.0 × 103, the values of ܲܥܧ in the corrugated pipes of 
௘஽ = 0.03, 0.04 ܽ݊݀ 0.05  are 1.03, 1.18, and 1.29, 

respectively. The corresponding values at ܴ݁ = 4.0 × 105 are 1.06, 1.04, and 1.03, respectively. As the 

Reynolds number increases, the ܲܥܧ decreases for the higher-amplitude corrugations. Throughout the entire 

range of Reynolds numbers, the PEC decreases by factors of 0.08 and 0.87 of 
௘஽ =  0.04 ܽ݊݀ 0.05  

respectively, while for of 
௘஽ = 0.03  The PEC slightly increased by a factor of 1.02. The influence of pitch is 

relatively weaker than that of amplitude. The plots for different pitch ratios show only minor variation. This 

indicates that corrugation amplitude is the primary geometric parameter controlling PEC in the current setup, 

while pitch plays a secondary role. Overall, the results show that the optimal thermal-hydraulic balance is 

found at relatively low Reynolds numbers and moderate corrugation levels, where heat transfer improvement 

stays significantly larger than the pressure-drop drawback. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Variation in ܲܥܧ  against ܴ݁ for various values of 
௘஽ 
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STCI < 1 indicates a synergy-limited regime where part of the increased synergy results from vortex 

circulation and turbulent kinetic energy generation, which increase the area-averaged thermal energy 

efficiency without proportionally contributing to thermal transfer, thus producing a decreasing thermal return. 

The results showed that when D = 0.04, the system reaches STCI ≈ 1.00 at Re = 5,000, exactly at the 

equilibrium synergy threshold, which is the optimal value for converting synergy into Nu at low Re, with a 

non-monotonic profile that rises to approximately 0.62 at Re = 5,000. The maximum, about 0.62, occurs at 

Re = 10,000, reflecting the geometric activation limit below which the shallow gradient is not sufficiently 

energized to channel the products of synergy effectively into heat transfer to the walls. All amplitude cases 

operate within the synergy-limited regime with STCI < 1 at high Re. For pitch variation, all cases remain 

entirely below STCI = 1 across all conditions, indicating negligible sensitivity in low-to-moderate Re regimes 

above 20,000. The case with p = 1.1 maintains the highest STCI, which is attributed to the greater axial 

separation between the corrugation elements, providing an additional linear distance for the interaction 

between production reattachment and the TBL at low Re. This confirms that amplitude primarily controls the 

activation of synergy at low Re, while pitch governs the sustained conversion efficiency at high Re through 

different physical mechanisms. 

 

3.3.6. Thermal entropy generation rate   

Figure (18) illustrates the variation of ⟨S‴_th⟩ with Re for the straight pipe and corrugated pipes with various  ௘஽  and  
௉஽ . The results show that corrugated pipes exhibit a lower 〈ܵ௧ℎ〉 than the straight pipe across the range 

of Re considered. For instance, at ܴ݁ = 2.0 × 104, the value of 〈ܵ௧ℎ〉 for the corrugated pipe with e/D = 0.03 

is 43.01 Wm⁻³K⁻¹, compared with 49.60 Wm⁻³K⁻¹ for the straight pipe. This is expected because corrugation 

decreases the thermal boundary-layer thickness and enhances turbulence production, which reduces the 

temperature gradient and, consequently, 〈ܵ௧ℎ〉 In addition, an increase in Re reduced 〈ܵ௧ℎ〉 for all pipe 

geometries. For instance across the range of  Re ((5.0 × 103 ≤ ܴ݁ ≤ 4.0 × 104), considered 〈ܵ௧ℎ〉  in 

corrugated pipes with 
௘஽ = 0.03, 0.04, and 0.05 decreased to approximately 0.17, 0.20, and 0.21 of their 

respective initial values, compared with a corresponding reduction factor of 0.18 for the straight pipe. This 

outcome is expected because higher turbulence intensity progressively thins the thermal boundary layer with 

increasing Re, thereby lowering 〈ܵ௧ℎ〉 Furthermore, increasing
௘஽ decreased 〈ܵ௧ℎ〉. For example, at Re = 1.0 × 

10⁴, the outcomes of ⟨S‴_th⟩ for corrugated pipes with 
௘஽ = 0.03, 0.04, and 0.05 are 75.70, 69.17, and 65.87 

Wm⁻³K⁻¹, respectively. This result is expected because increasing corrugation amplitude enhances turbulence, 

which reduces the temperature gradient and thereby decreases 〈ܵ௧ℎ〉. In contrast, increasing P/D led to a 

marginal increase in 〈ܵ௧ℎ〉 For instance, at Re = 1.5 × 10⁴, the values of 〈ܵ௧ℎ〉 for corrugated pipes with 
௘஽ = 

0.03 and P/D = 0.9, 1.0, and 1.1 are 51.39, 52.48, and 54.10 Wm⁻³K⁻¹, respectively as depicted in Figure 19. 
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This is expected because increasing 
௉஽ causes less distortion of the thermal boundary layer and reduces 

turbulence, thereby increasing 〈ܵ௧ℎ〉. 
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Figure 18: Contours of ܵ௧ℎ′′′ in the staright and corrugated pipes with various 
௘஽ values 
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Figure 19: Variation in 〈ܵ௧ℎ〉   against ܴ݁ for various values of 
௘஽ 

 

3.3.7. Viscous enytropy production rate  

Figure (20) shows how 〈ܵ௩௜௖〉 varies with Re for the straight pipe and corrugated pipes with various 
௘஽  and  

௉஽. 

The results demonstrate that corrugated pipes exhibit higher 〈ܵ௩௜௖〉 than the straight pipe. For instance, at Re 

= 2.0 × 10⁴, the corrugated pipe with ௘஽ = 0.03 has 〈ܵ௩௜௖〉 = 3.14 Wm⁻³K⁻¹, compared with 2.67 Wm⁻³K⁻¹ for 

the straight pipe. This result is expected because corrugations enhance the velocity gradient and the eddy 

dissipation rate (ε), thereby increasing 〈ܵ௩௜௖〉. In addition, a rise in Re increased 〈ܵ௩௜௖〉 for all pipe geometries. 

For instance, across the range of Re considered, ⟨〈ܵ௩௜௖〉 in the corrugated pipes of 
௘஽ = 0.03, 0.04, and 0.05 

increased by factors of approximately 37.02, 39.17, and 40.60, respectively, compared to a corresponding 

increase factor of 31.18 for the straight pipe. This result is expected, as an increase in Re enhances the velocity 

gradient and eddy dissipation rate throughout the domain. Furthermore, an increase in 
௘஽ increased 〈ܵ௩௜௖〉 For 

instance, at Re = 1.0 × 10⁴, the values of 〈ܵ௩௜௖〉 for the corrugated pipes of e/D = 0.03, 0.04, and 0.05 are 0.94, 

0.99, and 1.03 Wm⁻³K⁻¹, respectively. This result is expected, as an increase in corrugation amplitude 

enhances turbulence, which strengthens the velocity gradient and eddy dissipation, leading to an increase in 〈ܵ௩௜௖〉 In contrast, an increase in 
௉஽ led to a marginal decrease in 〈ܵ௩௜௖〉 For instance, at Re = 1.5 × 10⁴, the 

values of 〈ܵ௩௜௖〉 for the corrugated pipes with 
௘஽ = 0.03 and P/D = 0.9, 1.0, and 1.1 are 2.26, 2.21, and 2.13 

Wm⁻³K⁻¹, respectively as depicted in Figure 21 and Figure 22. This is expected as an increase in 
௉஽ leads to 

reduced turbulence production, consequently decreasing 〈ܵ௩௜௖〉. Notably, for brevity, the variation in ⟨S‴_gen⟩ 
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against Re is not presented, as the trend closely resembles that of 〈ܵ௩௜௖〉. This is because 〈ܵ௩௜௖〉 dominates 〈ܵ௩௜௖〉 throughout the range of Re, geometric amplitude, and pitch considered.    
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Figure 20: Contours of ܵ௩௜௖′′′  in the staright and corrugated pipes with various 
௘஽ values 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

0

2

4

6

8

10

12

14

0 5000 10000 15000 20000 25000 30000 35000 40000 45000

〈𝑆_ܿ݅ݒ
〉. 

Re

a-0.03 a-0.04 a-0.05 STR



25 

 

Figure 21: Variation in 〈ܵ௩௜௖〉   against ܴ݁ for various values of 
௘஽ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Variation in 〈ܵ௩௜௖〉   against ܴ݁ for various values of 
௉஽ 

 

3.4.1  Regression Analysis 

The results of the regression analysis for ܰீݑ , ݂ܴ݁ீ and 〈 ௚ܵ௘௡〉ீ   as a function of the input variables ܴ݁, ௉஽   
and 

௘஽ are depicted in  Table 3. The R2 outcomes for ܰீݑ , ݂ܴ݁ீ and 〈 ௚ܵ௘௡〉ீ     are 0.873, 0.917 and 0.895, 

respectively. This implies that the regression models gave accurate predictions about variations in ܰ ீݑ , ݂ܴ݁ீ 

and 〈 ௚ܵ௘௡〉ீ   as a result of the three independent variables (ܴ݁, ௉஽   and 
௘஽). In addition, for ܰீݑ , the exponents 

of ܴ݁ and 
௉஽ are  nagetive, whereas that of 

௘஽ is positive. This  is expected as efficeincy of passive techniaue in 

enahncing convective heat tarnsfer perfromance decreases as ܴ݁  and ௉஽  increases. Regarding   ݂ܴ݁ீ. The 

exponent of ܴ݁ and 
௘஽  are postive while that of 

௉஽ is negative. This is also expected as increase in  ܴ݁ and 
௘஽  

enahnces pressure drop by increasing the turbulence production while increase in 
௣஽   decrease the turbulence 

production. Consequently reduction in pressure drop. Lastly for 〈 ௚ܵ௘௡〉ீ  both  ܴ݁ and  
௉஽  have postive 

exponent  while 
௘஽ has negative exponent. 

                                                  Table 3. Result of regression Analysis  
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ீݑܰ = 2.37ܴ݁−0.0097 0.1825(ܦ݁) 0.0729−(ܦ݌)
 

0.873 

݂ܴ݁ீ = 1.58ܴ݁0.0242 0.1269(ܦ݁) 0.2760−(ܦ݌)
 

0.917 

〈 ௚ܵ௘௡〉ீ = 0.444ܴ݁0.0065 0.1708−(ܦ݁) 0.1427(ܦ݌)
 

0.895 

 

3.4.2   Pareto front  

The result of multi-object optimization (pareto front) is describled in Figure (23). The results showed that the 

NSGA-II algorithm successfully produced a well-converged Pareto front for the corrugated pipe optimization. 

All Pareto-optimal solutions achieved ܰீݑ  > 1, ݂ܴ݁ீin the range 1.21–1.37, and 〈 ௚ܵ௘௡〉ீin the range 0.77–

0.87, confirming that the CP  outperforms the STR in both thermal and thermodynamic performance despite 

the attendant hydraulic drawback. The ܰீݑ − ݂ܴ݁ீprojection showed a concave trade-off profile with 

diminishing returns beyond ܰீݑ  ≈ 1.25, implying an increasing marginal hydraulic cost per unit of thermal 

augmentation at higher corrugation intensities. The ܰீݑ − 〈 ௚ܵ௘௡〉ீ projection showed a monotonically graph, 

establishing that enhanced CHTP is accompanied by a net reduction in irreversibility, as the corrugation-

driven suppression of TEPR outweighs the concurrent rise in viscous VEPR. Furthermore, the 〈 ௚ܵ௘௡〉ீ −݂ܴ݁ீ projection confirmed that higher-friction configurations correspond to lower EPR, consistent with 

corrugation-induced recirculation flow promoting thermal mixing more effectively than it elevates viscous 

dissipation. Consequently, solutions in the range ܰீݑ  ≈ 1.20–1.25 represent the optimal design compromise 

for hydraulically-constrained applications.  
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Figure 23: Pareto front for the multi-objective optimization 

 

4. Conclusions 

In this research, a comprehensive investigation of the turbulent hydrothermal performance of distilled water 

flowing through outwardly corrugated pipes from the perspective of the first and second thermodynamic laws 

was performed focusing, on the influence of flow conditions (5.0 × 103 ≤ ≤ 4.0 × 103) and corrugation 

parameters, such as the normalized amplitude (0.03 ≤ ௘஽ ≤ 0.05) and normalized pitch (0.9 ≤ ௣஽ ≤ 1.1), on 

selected hydrothermal performance indices, such as the average Nusselt number (ܰݑ), friction factor (݂ݎ), 

performance evaluation criterion (ܲܥܧ), average volumetric entropy production rate for (〈 ௚ܵ௘௡〉 ) and field 

synergy number. The main findings include but are not limited to the following: 

1. Increase in ܴ݁ and 
௘஽ enhances both CHTP and hydraulic pressure drop. However, the opposite is the case 

for 
௉஽. in addition, ܰܵܨ decrease with increasing ܴ݁ and  

௉஽. 

2. The results of STC revealed that the enhancement of CHTP observed cannot be entirely attributed to synergy 

between velocity and temperature gradient. 

3. The result of the regression showed that 
௘஽ has positive index to thermal enhancement while ܴ݁ and 

௉஽ have 

negative indices. However, both ܴ݁ and 
௘஽ have positive indices for hydraulic enhancement. 

4. The  ܰ ீݑ − ݂ܴ݁ீprojection of the Pareto front showed a concave trade-off profile with diminishing returns 

beyond ܰ ீݑ  ≈ 1.25, implying an increasing marginal hydraulic cost per unit of thermal augmentation at higher 

corrugation intensities 

5. Within the range of ܴ݁ considered TEPR dominate VEPR this cause decrease in EPR as ܴ݁ and 
௘஽ increase. 
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