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Abstract 
 

The article provides a numerical analysis of the heat transfer characteristics and laminar periodic flow in a three-dimensional 
3-start spirally corrugated tube. The working fluid is air, with a flow rate in terms of Reynolds numbers (Re) that ranges from 
200 to 2,000. The investigation is conducted at six different pitch ratios (PR = 0.75, 1.0, 1.25, 1.5, 2.0, and 2.5) and five 
different depth ratios (DR = 0.02, 0.04, 0.06, 0.08, and 0.10). The results indicated that the spiral flow along the tube length 
was generated by the 3-start spirally corrugated tube. The swirl flow is divided into two components: the primary swirl flow, 
which is visible at the core, and the secondary swirl flow, which is visible at the near wall. These components contribute to 
the enhancement of fluid mixing, boundary layer disruption, and heat transfer on the tube wall. The Nusselt number (Nu) 
and friction factor (f) were increased as a result of the decrease in PR and the increase in Re and DR. The range of 
the Nu/Nu0, f/f0, and thermal performance factor (TPF) in a range analysis is 1.02 - 15.90, 0.97 - 5.52, and 0.73 - 2.33, 
respectively. At Re = 2,000, the corrugated tube with DR = 0.10 exhibited the greatest TPF of 2.33. Additionally, the results 
indicate that the 3-start spirally corrugated tube significantly improves heat transfer compared to the corresponding straight 
tube. The findings suggest that the structural characteristics of the flow path within the tube can be changed by a 
suitable PR and DR to optimize the overall heat transfer rate and thermal performance factor. 
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1. Introduction 

In both industrial production and daily life, heat transfer is 

critically important. Heat exchangers are extensively 

employed in industrial sectors including aerospace, power 

plants, refrigeration, and automobiles[1,2] as the primary 

component of heat exchange. A significant device for the 

implementation of the heat transfer process is the heat 

exchanger. The adoption of reasonable and effective methods 

to enhance the heat transfer efficiency of heat exchangers in 

order to meet the more compact and efficient requirements has 

been widely used due to its robust structure, extensive 

applications, easy processing, and low cost, which has been 

necessary with the development of technology.  The influence 

and constraints of specific working conditions render the 

utilization of methods that can enhance heat transfer efficiency 

without the need for external additional energy more appealing 

to researchers.[3-5] Of these, the spirally corrugated tube is a 

variety of enhanced heat transfer tube that exhibits exceptional 

performance. The surface morphology of heat transfer tubes 

can be altered through the use of corrugations and dimples.[6-9] 

Corrugations have been effectively applied to the surface of 

heat transfer tubes due to their simplicity of processing. 

However, a significant quantity of research is still being 

conducted to investigate the mechanism by which 

corrugations improve THCP.  

Several researchers have developed modifications to the 

geometry or shape of corrugated tubes to enhance the rate of 

heat transfer and thermal performance in a heat exchanger. 

These modifications can be seen in Fig. 1, which depicts the 

various tube shapes. Tang et al.[10] numerically studied the gas-

liquid tubular heat exchanger’s hydrodynamic and thermal 

performance with directionally varying twisted oval tubes. 

They examined how the twisting angle, twisting direction, and 

the flow rate influenced the overall performance. The 

directional varying twisted oval tubes augmented the fluid 

mixing and increased the heat transfer. Compared to the 

circular tubular, directionally varying twisted oval tubes 

would increase the Nusselt numbers and overall performance 

factor by 5.8%-10.2% and 7.4%-10.7%, respectively, and 

decrease the friction factor by 5.0%-7.8% within the velocity  
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Fig. 1: Previous works of modified corrugated tubes. 

 

of 5-9 m/s. Li et al.[11] numerically studied the heat flow 

characteristics of the twisted elliptical tubes. Reynolds 

numbers ranged from 710 to 4,790. Their study reveals that 

heat transfer, friction factor, and total entropy generation 

increased with the rise of the Reynolds number and aspect 

ratio while decreasing with the rise of twist ratio and aspect 

ratio. The Nusselt number and pressure drop obtained the 

highest value when the aspect ratio was 2.16 and the twisted 

ratio was 11.9. The lowest total entropy generation was 

obtained when the aspect ratio was 1.34 and the twisted ratio 

was 26.33. Azizi et al.[12] carried out a numerical study to 

investigate how twisting elliptical tubes influenced the 

thermo-fluid characteristics in a dual-pipe heat exchanger. The 

parameters of aspect ratio, even and uneven twisting pitches 

of the twisting elliptical tube were taken into comparison, as 

well as the flow arrangement. Their result demonstrates that 

the increasing aspect ratio and decreasing even twisting pitch, 
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would enhance the heat transfer and the pressure drop. The 

counter-flow provided better heat transfer by 2-4% without 

increasing pressure drop compared to the parallel flow. The 

uneven twisting pitches, which had a pitch of 100 - 200 - 

400mm arranged in parallel flow, obtained a high-

performance assessment criterion. The counter-flow arranged 

twisting elliptical tube with a twisting pitch of 100 mm, would 

give the highest performance assessment criterion of 1.166. 

Cai et al.[13] investigated how the height-to-diameter ratio of 

the corrugation (H/D), the pitch-to-diameter ratio (P/D), and 

the width-to-diameter ratio (W/D) affect the thermofluid 

characteristics of ice slurry in a tube with outward transverse 

corrugations (OTCT). The outcome illustrated that a higher 

H/D and lower P/D and W/D would induce better vortical 

structure in turbulent flow and better ice particle distribution. 

A similar trend was also observed in the variations of the 

average Nusselt number and the friction factor. The highest 

overall thermal performance was achieved at a Reynolds 

number of 9540, a W/D of and an ice volume fraction at the 

inlet of 10%.  The heat transfer and friction factor of 

nanofluids in tubes featuring dual spherical dimples were 

studied by Ahmad et al.[14] The single nanofluids (CuO/water, 

etc.) and composite nanofluids (Al2O3-CuO/water, etc.) at 

various nanoparticle concentrations of 1%-3% were studied. 

The Nusselt number ranged from 10,000 to 30,000. The dual 

spherical dimples disrupted laminar flow, which would 

augment the heat transfer. Their result revealed that dual-

dimpled tubes with different nanoparticles augmented the heat 

transfer coefficient by 20–25% compared to the plain tubes. 

The Nusselt number rose by the dual spherical dimple 

structures when the nanoparticle concentrations were higher. 

All studied corrugated tubes have a performance evaluation 

criterion over unity. The nanoparticle concentration of 3% 

Al2O3-CuO/water hybrid nanofluid performed best, obtaining 

a 20.62% thermal performance index. 

Moya-Rico et al.[15] carried out a numerical study on the 

thermal hydraulics performance in the dual tube heat 

exchanger (DTHX) 21 cases, including plain tubes and inner 

and outer corrugated tubes, were examined. A sugar–water 

mixture with a Brix concentration of 60° was employed as the 

working fluid. The results illustrated that the velocity and the 

corrugation parameters would affect the heat transfer. Outer 

corrugations with small groove dimensions enhanced heat 

transfer, with a 5% improvement in average efficiency and 

performance over the smooth shell. And the deeper grooves 

had no effect. For the inner tube, the deepest configurations, 

which had a groove depth of 1.1 mm (CO11) and 1.2 mm 

(CO12), performed best, with CO12 achieving a 19% efficiency 

gain and CO11 a 9% improvement compared to the smooth 

tube. Liao et al.[16] numerically studied how the compound 

corrugation affected the thermal performance of corrugated 

tubes. The Reynolds number range was from 5,000 to 30,000. 

The width (W2) and depth (H2) of the compound corrugation 

were examined. The outcome reveals that the compound 

corrugation performed better in turbulent kinetic energy and 

Nusselt number than the simple corrugation by 22% and 

10.1%, respectively, and the heat transfer increased with the 

rising of W2 and H2. The highest Nusselt number ratio (2.15) 

was observed with a width to diameter of 0.3 and depth to 

diameter of 0.05. Kirkar et al.[17] examined how the 

corrugating pitches of 6 mm, mm,12 mm, and 18 mm and 

depths of 0.6 mm, 0.8 mm, and 1.0 mm influenced the heat 

transfer, friction factor, and the overall thermal performance 

numerically. The Reynolds number ranged from 480 to 6,100, 

and water was used as the testing fluid. They found that the 

corrugation induced better heat transfer than a plain tube did 

in the laminar flow. The best overall thermal performance was 

2.48. A numerical study was conducted to simulate the heat 

transfer and fluid flow performance in corrugated spiral tubes 

with various corrugation patterns by Elboughdiri et al.[18] The 

corrugation patterns, including inner, outer and the inner-outer 

combined configuration, were taken into study to compare 

with a smooth tube. The results indicated that the inner 

corrugation significantly enhanced the heat transfer, which led 

to a 53% increase. The Nusselt number rose with the 

increasing of corrugation height, and so did the friction factor, 

which led to a reduction of the thermal performance factor. 

The highest thermal performance factor value was observed at 

a corrugation width ratio of 0.1. The increase in the 

corrugation pitch improved the heat transfer. And the inner 

corrugation yielded the highest value. But the outer 

corrugation provided the best thermal performance. Yang et 

al.[19] numerically analysed how the start number, groove depth 

and groove pitch affected the heat transfer in a corrugated tube. 

It was observed that secondary flow caused by the corrugation 

near the wall enhanced the heat transfer. The average heat 

transfer coefficient was enhanced by 36.3% when the depth 

increased from 1mm to 3 mm. Meanwhile, increasing the 

corrugation pitch from 9 mm to 13 mm would lead to a 4.8% 

reduction in the average heat transfer coefficient. For the four-

start corrugated tube, the optimal parameter combination of 

corrugation depth of 3 mm and pitch of 9 mm resulted in heat 

transfer enhancements of 15% and 4.9% at Reynolds numbers 

Re = 30,000 and 60,000, respectively. 

Kumar et al.[20] evaluated the entropy production and 

thermohydraulic performance of corrugation tubes with 

various corrugation starting profiles. The findings 

demonstrated that different initial corrugation types would 

result in different entropy production and thermohydraulic 

performance. In all flow velocity conditions, the inward-

outward arc corrugations led to the highest Nusselt number 

and better heat transfer performance but a higher friction factor. 

Under the condition of a high Reynolds number, the outward 

arc-inward arc configuration resulted in the lowest entropy 

production of 0.398 W/K. The total entropy production was 

below 1.0 for all studied cases. Ghazanfari et al.[21] 

numerically compared the twisting tube’s thermohydraulic 

performance in a helical coil heat exchanger with a plain tube. 

They investigated the influence of the flow velocity, pitches 

and twisted tube configurations on the heat transfer and 
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pressure drop. It was observed that a higher Reynolds number 

would result in a pressure drop reduction of 25% and a heat 

transfer coefficient increase of 35%. A pitch of 5.5mm proved 

to be the optimal option for better balance between the heat 

transfer enhancement and pumping cost. At lower Reynolds 

numbers, twisted tubes showed significant performance 

advantages, with Performance Evaluation Criterion (PEC) 

values 20–33% higher than those of smooth circular tubes. But 

this advantage diminishes at higher Reynolds numbers, with 

PEC augmentation lower than 10%. When using a counter-

flow twisted tube configuration, the Nusselt number increases 

by approximately 13%, the friction factor rises by 11%, and 

the overall PEC is enhanced by 10%. 

Liao, Jing and Lian[22] numerically analyzed the effects of 

simple and compound corrugations on the thermal and 

hydraulic performance. Their findings demonstrated that the 

compound corrugations enhanced thermal and hydraulic 

performance by enhancing the fluid’s impact on the tube wall, 

breaking the boundary layer and enlarging the secondary flow 

area. At a Reynolds number of 20,000, the compound 

corrugated tube achieved a performance evaluation criterion 

(PEC) value 1.315 times that of the simple corrugated tube.  

Abdelmagied et al.[23] numerically and experimentally studied 

the influence of a twisted tube in triple-helical-tube (THTITT) 

on the thermal and exergy performance. Compared to the 

earlier double helical twisted tube-in-tube (DHTITT), 

THTITT induced an additional fluid stream and a twisted inner 

tube to increase interfacial surface area and temperature 

gradients among the three fluids. The effects of twist pitch 

ratio, hydraulic diameter, coil torsion angle, inclination angle, 

and Dean number were established to investigate. Results 

showed that THTITT enhanced the Nusselt number by 61.8% 

over DHTITT, with minimal increase in friction factor. Han et 

al.[24] carried out a numerically simulation. They analyzed the 

fouling behavior in corrugated tubes with various corrugation 

parameters. They investigated the influences of corrugation 

height, width, and pitch on local fouling thermal resistance. 

The results indicated that corrugated tubes had significantly 

better antifouling performance than smooth tubes, with an 

average local fouling resistance 27% lower. The fouling 

resistance showed a periodic distribution along the tube length. 

with max. located at the upstream of the converging section 

obtained the highest value, and the lowest value was observed 

in the middle. Increasing corrugation height reduced local 

fouling resistance, whereas greater width and pitch led to 

higher resistance. Overall, corrugation height was found to be 

the most influential parameter in fouling suppression.  Chithra 

et al.[25] investigated twisted square ducts combined with a 

twisted tape to evaluate thermal performance in the laminar 

flow region. They found that the test ducts generated swirl 

flow both in the spanwise plane and as a continuous swirling 

motion along the duct. This swirl flow significantly enhanced 

flow mixing near the duct wall, leading to an improved heat 

transfer rate compared to smooth square ducts. The maximum 

TPF was found to be 1.44 at Re = 1500. Guo and Wang[8] 

investigated twisted elliptical tubes with various cross-

sectional areas to enhance thermal performance in laminar 

forced convective heat transfer. They reported that the twisted 

elliptical tubes induced secondary flows and provided higher 

convective heat transfer than smooth, straight elliptical tubes. 

The maximum TPF was found to be 1.6 at Re = 1,500. 

Previous studies showed that the corrugated tube heat 

transfer enhancement can effectively disrupt the thermal 

boundary layer through the periodic concave-convex structure 

of the corrugated tube, promoting fluid mixing. Moreover, 

compared with linear, uniform circular tubes, the corrugated 

tube increased the surface area, thereby expanding the heat 

transfer area. Compared with the inserted turbulators, the 

corrugated tube has a relatively milder pressure drop under the 

same heat transfer enhancement effect, and had a higher heat 

transfer performance factor, which means lower pumping 

consumption and lower energy loss. However, this technology 

still needs to be considered in terms of heat transfer trade-offs, 

and it is sensitive to geometric parameters. The heat transfer 

performance depends largely on the shape of the corrugation 

and the geometric parameters of the corrugation. In addition, 

most investigations focus on the turbulent flow region, while 

the effect on heat transfer performance in the laminar flow 

region has rarely been reported. Moreover, the engineering 

applications where the corrugated tube heat exchangers were 

used in laminar flow include: the food and beverage industry 

(heat exchangers for pasteurization or sterilization) and the 

pharmaceutical and biotechnology processes (the corrugated 

tube help increase heat transfer performance while 

maintaining gentle flow conditions to avoid damaging the 

product). Consequently, the primary objective of this article is 

to investigate the impact of a newly designed three-

dimensional 3-start spirally corrugated tube with a variety of 

pitch ratios (PR = 0.75, 1.0, 1.25, 1.5, 2.0, and 2.5) and five 

distinct depth ratios (DR = 0.02, 0.04, 0.06, 0.08, and 0.10) in 

the laminar flow region using numerical simulation technique. 

The mechanism of flow structure, pressure loss, and heat 

transmission can be more effectively comprehended by 

twisting the corrugated tube in this study. The working fluid in 

the current study is air, with a flow rate in units of Reynolds 

numbers that ranges from 200 to 2,000. A comparison is made 

between the numerical results and the linear, uniform circular 

tube. 
 

2. Mathematical foundations 

The numerical model for fluid flow and heat transfer in the 

tube is developed under the following assumptions: fluid flow 

and heat transfer are in three-dimensional steady conditions, 

the flow is laminar and incompressible, fluid properties are 

constant, and body force, viscous dissipation as well as 

radiation heat transfer are negligible.  Based on the above 

assumptions, the tube flow is governed by the continuity, the 

Navier-Stokes and the energy equations. In the Cartesian 

tensor system these equations can be written as follows Eqs. 

(1-4): 
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Continuity equation: 

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0  (1) 

Momentum equation:  

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖
)] −

𝜕𝑝

𝜕𝑥𝑖
 (2) 

Energy equation: 

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑇) =

𝜕

𝜕𝑥𝑗
(𝛤

𝜕𝑇

𝜕𝑥𝑗
)  (3) 

where Γ is the thermal diffusivity and is given by Pr/μΓ =   

All the governing equations can be re-organized and 

expressed in a standard form that includes the convection, 

diffusion, and source terms for three-dimension flows as 

follows 

𝜕

𝜕𝑥
(𝜌𝑢𝜑) +

𝜕

𝜕𝑦
(𝜌𝑣𝜑) +

𝜕

𝜕𝑧
(𝜌𝑤𝜑) −

𝜕

𝜕𝑥
(𝛤𝜑𝑥

𝜕𝜑

𝜕𝑥
)

−
𝜕

𝜕𝑦
(𝛤𝜑𝑦

𝜕𝜑

𝜕𝑦
) −

𝜕

𝜕𝑧
(𝛤𝜑𝑧

𝜕𝜑

𝜕𝑧
) = 𝑆𝜑

  (4) 

In the numerical simulation of heat transfer and fluid 

dynamics, the system of algebraic equations derived from 

discretized governing equations can be solved for each 

variable through an iterative relaxation process, with 

coefficients updated via the Tri-Diagonal Matrix Algorithm 

(TDMA) or other efficient linear solvers (such as the Gauss-

Seidel iteration). The main challenge in solving the velocity 

field is the implicit coupling of the pressure field: the gradient 

of pressure term in the Navier-Stokes equations inspires the 

velocity field, which means that the solution of momentum 

equations depends on the unknown distribution of pressure. To 

solve this significant coupling problem, this study uses the 

Patankar and Spalding[26]-proposed SIMPLE (Semi-Implicit 

Method for Pressure-Linked Equations) approach. The 

approach accomplishes the iterative decoupling of the pressure 

and velocity fields by building a pressure correction equation 

and incorporating continuity restrictions. A coupled technique 

within the pressure-based solver is used to update the pressure 

field and velocity components simultaneously for the three-

dimensional numerical model built on the ANSYS FLUENT 

platform. To ensure the solution accuracy of thermophysical 

processes, the energy conservation equation is assigned a 

convergence criterion of 10-6 more stringent than the 10-5 

criterion for other transport equations (momentum, continuity, 

and turbulence). This hierarchical convergence strategy 

effectively suppresses the accumulation of energy non-

conservation errors while maintaining computational 

efficiency, proving particularly suitable for simulations 

sensitive to temperature gradients, such as phase-change heat 

transfer and conjugate heat conduction.  

 

3. Numerical Method 

3.1 Geometric shape simulation of 3-start spirally 

corrugated tube 

The 3-start spirally corrugated tube is formed by modifying 

the shape of a straight tube as seen in Fig. 2. The tube's 

diameter and length are defined as D and L. This study aims to 

investigate the heat transfer enhancement of the 3-start spirally 

corrugated tube with varying corrugation dimensions by 

comparing the results with those of the smooth tube. Fig. 2 

depicts the computational domain and structural schematic of 

the model. Parameters for the 3-start spirally corrugated tube 

include the pitch ratio and five distinct depth ratios. 

Specifically, the pitch-to-diameter ratio (p/D, or PR) is 0.75, 

1.0, 1.25, 1.5, 2.0, and 2.5, while the depth-to-diameter ratio 

(e/D, or DR) is 0.02, 0.04, 0.06, 0.08, and 0.10. The pitch (p) 

is defined as the helical length over a 360° rotation. The depth 

of groove corresponds to the depth (e) of the helical elliptical 

tube. The study investigates the 3-start spirally corrugated 

tubes with the aforementioned parameters over the Reynolds 

number (Re) range of 200–2,000. Details of the geometric 

configuration are provided in Table 1.  

 

 
Fig. 2: Module of the 3-start spirally corrugated tube. 
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Table 1: Geometric details of the 3-start spirally corrugated tube. 

Type of tube PR DR 

3-start spirally 

corrugated tube 

0.6, 0.8, 1.0, 1.5, 

2.0, 2.5, 3.0, 3.5,4.0 

0.03, 0.04, 0.05, 

0.06, 0.07, 0.10, 

0.15,0.20 

 

3.2 Boundary conditions 

This study investigates the airflow characteristics in a 3-start 

spirally corrugated tube which is constructed from copper. The 

numerical setup adopts periodic boundary conditions at the 

inlet and outlet of the flow domain. A constant mass flow rate 

of air at 300 K is assumed in the flow direction rather than a 

constant pressure drop due to periodic flow conditions. The 

inlet and outlet profiles for the velocities are assumed to be 

identical. The physical properties of the air are evaluated at 

average bulk temperature. Impermeable boundary and no-slip 

wall conditions have been implemented over the tube wall as 

well as the baffle. It should be noted that the inlet and outlet 

dimensionless temperatures are set to be the same. The 

computational results are shown in the topologies of flow and 

heat transfer. 

 

3.3 Parameters 

In this research, the Reynolds number (Re), friction facto (f), 

local and average Nusselt numbers (Nux and Nu), and thermal 

performance factor (TPF) are selected as critical parameters. 

The mathematical expressions are given in Eq. (5) to (12).[26,27], 

sequentially: 

𝑅𝑒 =
𝜌𝑢̅𝐷ℎ
𝜇

 (5) 

𝑓 =
(𝛥𝑃 𝐿⁄ )𝐷ℎ
1
2𝜌𝑢

2  (6) 

where P represents the drop of pressure, 𝑢 is mean flow rate 

at the cross-sectional area and Dh is the hydraulic diameter 

which can be calculated by 4A/P, A is the cross-sectional area 

and P is the wetted perimeter of the cross-section. 

The Newton’s law of cooling can be expressed as: 

𝑞̇𝑐𝑜𝑛𝑣 = ℎ(𝑇𝑠 − 𝑇∞)  (7) 

When the tube wall adopts the no-slip boundary condition, 

under the condition of constant heat flux, the heat transfer type 

between the wall and the near wall layer is considered to be 

heat conduction. The corresponding heat transfer equation can 

be expressed as follows: 

𝑞̇𝑐𝑜𝑛𝑣 = 𝑞̇𝑖𝑛𝑝𝑢𝑡  (8) 

ℎ =
𝑞̇𝑖𝑛𝑝𝑢𝑡

(𝑇𝑠 − 𝑇∞)
 (9) 

𝑁𝑢𝑥 =
ℎ𝑥𝐷ℎ
𝑘𝑎

 (10) 

where h and k are the convective heat transfer coefficient and 

thermal conductivity, respectively. 

𝑁𝑢 =
1

𝐴
∫𝑁𝑢𝑥𝑑𝐴  (11) 

Thermal performance factor (TPF) represents the ratio of 

the heat transfer coefficient of an augmented surface (3-start 

spirally corrugated tube).  

𝑇𝑃𝐹 =
(𝑁𝑢 𝑁𝑢0⁄ )

(𝑓 𝑓0⁄ )
1
3

 (12) 

Nu0 and f0 are the Nusselt number and friction factor of the 

smooth straight tube, respectively. 

 

4. Results and discussion 

4.1 Smooth tube and grid validation 

In order to ensure the accuracy of the calculation results, this 

paper compares the simulated Nusselt number and friction 

coefficient of the smooth tube with the theoretical values. It is 

well known that in laminar flow, the fluid viscosity is 

dominant, the flow velocity is low and the flow is stable, and 

the theoretical solution or empirical correlation of the Nusselt 

number is relatively mature. Under the constant wall 

temperature boundary conditions in the fully developed 

section, that is, the flow and temperature distribution are stable, 

the Nusselt number in the fully developed section of the 

smooth tube laminar flow is theoretically constant Nu0 = 

3.66.[27] And the product of the theoretical friction factor and 

the Reynolds number of the circular tube is a constant of 64.[27] 

The calculation formula of the friction factor and the 

theoretical value of the Nusselt number of the straight tube can 

be expressed as Eqs. (13,14): 

𝑓0 = 64 𝑅𝑒⁄  (13) 

𝑁𝑢0 = 3.66  (14) 

Fig. 3 illustrates the validation of the Nusselt number and 

friction factor based on the results of the present calculation of 

the smooth tube. The values obtained by the present work and 

the values obtained by the exact solution are compared in the 

figure. It was found that the Nusselt number and friction factor 

have an error of less than 0.2% and 0.3%, respectively, in 

comparison to the exact solution. The numerical results are 

reliable and in good accord with the exact solution.  Fig. 4 

shows a fluid flow simulation in a smooth tube, conducted at 

five different mesh sizes (50,000, 100,000, 150,000, 200,000, 

and 250,000). The simulation fluid used was air, and the 

calculations were performed at a Reynolds number of 1,000. 

Table 2 shows that when the mesh size increases from 200,000 

to 250,000, the Nusselt number and friction coefficient show 

only slight fluctuations or remain constant. The numerical  
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Fig. 3: Comparison of the predicted Nu and f values of present smooth tubes. 

 

 
Fig. 4: Effect of grid number on fluid flow simulation of a smooth tube. 

 

Table 2: Effect of grid independent on Nusselt number and friction factor values. 

Grids numbers Nu f % Error (Nu) %Error (f) 

50,000 11.2683 0.303757 14.42% 15.14% 

100,000 9.642937 0.257746 8.19% 8.05% 

150,000 8.853027 0.236982 6.93% 7.11% 

200,000 8.238777 0.220111 5.50% 6.77% 

 

simulation results indicate that a mesh size of 200,000 is 

recommended. This selection is based on the fact that mesh 

sizes below 200,000 can significantly deviate from the Nusselt 

number and friction coefficient obtained in the numerical 

simulation, affecting the accuracy of the results. Using a mesh 

size exceeding 200,000, while maintaining accuracy, 

consumes significant computational time and computer 

resources, resulting in unnecessary waste. 

 

4.2 Heat transfer and flow in a smooth tube 

Fig. 5 illustrates the flow structure and heat transfer 

characteristics of a smooth tube at a Reynolds number of 2000. 

Fig. 5(a) shows the three-dimensional flow field structure. The 

fluid in the tube exhibits a stable, straight-line flow pattern 

(streamlines parallel to the axial direction) both in the center 

and near the wall. This indicates a uniform velocity gradient 

dominated by viscous forces in laminar flow. Fig. 5(b) depicts 

the temperature distribution in the transverse plane of the flow 

and flow structure. Under constant wall temperature boundary 

conditions, the temperature is highest at the tube wall and 

gradually decreases toward the center, forming a symmetrical 

parabolic temperature profile. This distribution is inversely  
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Fig. 5: Flow structure and heat transfer characteristics of a smooth tube (Re = 2,000). 

 

correlated with the velocity profile—the center has the highest 

velocity (strongest convective transport capacity) and the 

lowest temperature, while the near-wall surface, where the 

velocity is lowest due to viscous resistance, has the highest 

temperature, consistent with the principle that molecular 

diffusion dominates near-wall heat transfer in laminar heat 

transfer. Fig. 5(c) depicts the Nusselt number distribution at 

the tube wall. In the fully developed laminar flow section and 

under constant wall temperature conditions, the Nu value 

stabilizes near the theoretical value of 3.66 and presents a 

circumferentially uniform horizontal distribution curve, 

confirming the heat transfer uniformity brought about by the 

symmetry of the circular tube and indicating that the flow and 

thermal boundary layer have reached a stable state.  

 

4.3 Flow and heat transfer in 3-start spirally corrugated 

tube 

4.3.1 Effect of Reynolds number 

Fig. 6 shows the three-dimensional flow structure for 

Reynolds numbers (Re) of 200, 1000, and 2000 when the 

depth ratio (DR) is 0.10 and the pitch ratio (PR) is 1.0.  The 3-

start spirally corrugated tube induced a continuous swirling 

flow along the tube. This flow pattern is characteristic of 

spirally corrugated walls or twisted tubes/ducts, as reported in 

previous studies.[17,25] A primary flow is driven by the uniform 

pressure gradient at the center of the tube. Near the tube wall 

(especially in the flutes), the tangential motion of the fluid 

caused by the wall constraints and the spiral structure 

generates a secondary flow. At a Reynolds number of 200, the 

flow is in a low Reynolds number regime. At this point, the 

fluid viscosity is significant, the swirling structure is fine and 

complex, the interaction between the primary and secondary 

flows is mild, and the turbulence intensity is low. At a 

Reynolds number of 1000, the inertial effect of the fluid 

intensifies. The swirling pattern becomes more regular, the 

propulsion of the primary flow is enhanced, the secondary 

flow develops more fully in the flutes, and the influence of 

turbulence on fluid mixing becomes increasingly prominent. 

A Reynolds number of 2000 further strengthens the dominant 

role of inertia. The swirl structure is clearer and more regular, 

the exchange of momentum between the mainstream and 

secondary flows is more intense, and the degree of turbulence 

is increased. The increased turbulence significantly enhances 

the mixing of fluids near the center and wall of the tube. 

Fig. 7 shows the flow field temperature distribution and 

two-dimensional flow structure for Reynolds numbers (Re) of 

200, 1000, and 2000, respectively, under the conditions of a 

depth ratio (DR) of 0.10 and a pitch ratio (PR) of 1.0.  
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Fig. 6: Influence of Reynolds number on flow structure (DR= 0.10 and PR = 1.0). 

 

 
Fig. 7: Influence of Reynolds number on temperature (DR= 0.10 and PR = 1.0). 

 

 
Fig. 8: Influence of Reynolds number on Nusselt number distribution (DR = 0.10 and PR = 1.0). 

 

Generally, the 3-start spirally corrugated structure generated a 

swirl flow on the transverse plane, which is similar pattern to 

that reported in.[6,17,25,26] As the Reynolds number increases, the 

swirl significantly thins the fluid boundary layer at the tube 

wall. Specifically, the cooler fluid in the center is driven by the 

swirl to migrate toward the tube wall. This flow behavior 

directly increases the fluid mixing between the fluid and the 

tube wall. Fig. 8 shows the distribution characteristics of the 

Nusselt number (Nu) at the tube wall for Reynolds numbers 

(Re) of 200, 1000, and 2000, respectively, under the conditions 

of a depth ratio (DR) of 0.10 and a pitch ratio (PR) of 1.0. The 

findings indicate that as the Reynolds number rises, the heat 

transfer at the tube wall increases accordingly. And the area of 

high heat transfer markedly increases with a higher Reynolds 

 

(a) Re = 200                         (b) Re = 1,000                         (c) Re = 2,000 

 

(a) Re = 200                    (b) Re = 1,000                    (c) Re = 2,000 
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number. The internal mechanism is that the increase in 

Reynolds number promotes the disturbance and flow of the 

fluid toward the tube wall, enhances the degree of fluid mixing, 

and thus makes the heat transfer process between the fluid and 

the tube wall more efficient. 

 

4.3.2 Effect of pitch ratio (PR) 

Fig. 9 shows the three-dimensional flow patterns for pitch 

ratios (PR) of 0.75, 1.0, 1.25, 1.5, 2.0, and 2.5 under the 

conditions of a depth ratio (DR) of 0.08 and a Reynolds 

number (Re) of 1600. As the PR increases, the vortex 

frequency decreases. This is due to a decrease in the amount 

of fluid entering the tube wall and a weakening of the fluid 

mixing, which in turn leads to a decrease in heat transfer 

between the low-temperature fluid in the tube core and the 

high-temperature fluid on the wall. Fig. 10 shows the cross-

sectional two-dimensional flow pattern for the corresponding 

PR under the same DR and Re conditions. At low PR, swirl 

generation is more efficient at the walls and grooves, 

accelerating the flow swirl along the tube wall, which 

facilitates the destruction of the thermal boundary layer and 

enhances fluid mixing. Fig. 11 shows the distribution of the 

tube wall Nusselt number for different PRs under this 

condition. The smaller the PR, the more significant the heat 

transfer to the tube wall. This is because a larger PR reduces 

the fluid mixing and reduces the heat transfer between the low-

temperature fluid in the tube core and the high-temperature 

fluid on the wall. Figs. 9-11 illustrate the influence of PR on 

flow and heat transfer: as the PR increases, the vortex 

frequency and swirl intensity will diminish, which leads to 

reduced fluid mixing and hindered heat exchange between the 

tube wall and core fluids. In contrast, a lower PR increases 

swirl by disrupting the thermal boundary layer, thereby 

enhancing heat transfer performance. These three factors 

together confirm the inherent coupling law between flow 

characteristics and heat transfer performance.

 

 
Fig. 9: Influence of PR on three-dimensional flow pattern (DR = 0.08 and Re = 1,600). 

 

 
Fig. 10: Influence of PR on two-dimensional flow pattern (DR = 0.08 and Re = 1,600). 

 

(a) PR = 0.75  

(b) PR = 1.0 

 

(c) PR = 1.25 

 

(d) PR = 1.5 

 

(e) PR = 2.0 

 

(f) PR = 2.5. 

 

 

(a) PR = 0.75                        (b) PR = 1.0                        (c) PR = 1.25 

 

(d) PR = 1.5                        (e) PR = 2.0                        (f) PR = 2.5 
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Fig. 11: Influence of PR on Nusselt number distribution (DR = 0.08 and Re = 1,600). 

 

4.3.3 Effect of depth ratio (DR) on flow structures and 

Nusselt number distribution 

Fig. 12 shows the three-dimensional flow structure for depth 

ratios (DR) of 0.02, 0.04, 0.06, 0.08, and 0.1 under conditions 

of a pitch ratio (PR) of 2.0 and a Reynolds number (Re) of 600. 

It indicates that the degree of turbulence increases with the 

increasing DR. Fig. 13 presents the two-dimensional cross-

sectional flow pattern under the same operating conditions. As 

DR increases, the fluid flow undergoes more obvious 

deflection, separation, and reattachment. These changes 

promote the formation of larger vortices and secondary flows, 

which enhances fluid mixing and disrupts the boundary layer. 

This overall process improves heat transfer efficiency. Fig. 

14 shows the distribution of the Nusselt number at the tube 

wall under these conditions. The results show that as the DR 

increases, heat transfer at the tube wall also increases, as can 

Regions of enhanced heat transfer result from the facilitation 

be seen from the intensification of the red contour lines. of the 

flow, while regions of reduced heat transfer are associated with 

the flow passing through the deeper grooves. Figs. 12-14 

systematically demonstrate the influence of depth ratio (DR) 

on flow and heat transfer, as well as the inherent correlation 

mechanism. The three figures mutually reinforce each other, 

clearly demonstrating the inherent coupling principle that DR 

enhances lateral mixing by increasing turbulence intensity, 

thereby improving heat transfer performance. 

 

 
Fig. 12: Influence of DR on three-dimensional flow structure (PR = 2.0 and Re = 600). 

 

 

(a) PR = 0.75 

 

(b) PR = 1.0 

 

(c) PR = 1.25 

 

(d) PR = 1.5 

 

(e) PR = 2.0 

 

(f) PR = 2.5. 

 

 

(a) DR=0.02 

 

(b) DR=0.04 

 

(c) DR = 0.08 

 

(d) DR = 0.08 

 

DR = 0.1 
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Fig. 13: Influence of DR on two-dimensional flow structure (PR = 2.0 and Re = 600). 

 

 
Fig. 14: Influence of DR on Nusselt number distribution (PR = 2.0 and Re = 600). 

 

4.3.4 Effect of PR and DR on heat transfer 

Fig. 15 shows how the Nusselt number (Nu) and Nusselt 

number ratio vary with Reynolds number (Re) at different 

pitch ratios (PR) and depth ratios. Nusselt number (Nu) 

increases with increasing Reynolds number (Re) at all pitch 

ratios (PR). For the same Re and PR, the greater the depth ratio 

(DR) of the three-lobed bellows, the higher the Nu value, 

significantly outperforming that of the smooth tube. Fig. 15(a) 

shows that Nu increases monotonically with increasing Re 

under all DR and PR conditions. This trend is consistent with 

the findings reported in.[6,17,25-27] Furthermore, at Re = 2000, 

under the same Re and PR conditions, Nu increases with 

increasing DR. Under different PR values, when Re = 2000 

and DR = 0.1, the highest Nusselt number ranges from 11.92 

to 20.25. Correspondingly, Fig. 15(b) shows that the 

maximum tube Nusselt number ratio, Nu/Nu₀, is achieved at 

Re = 2000 and DR = 0.1.  As reflected in the graphs by the 

significant increases in Nu and Nu/Nu₀ with increasing DR.  

The phenomenon is caused by the flow characteristics such as 

strong vortexes and large wake vortices. Increasing DR 

instigates these flow characteristics.  This is due to strong 

lateral mixing and boundary layer disruption, which greatly 

enhance heat transfer between the cold and hot fluids, and 

appeared a similar trend to that reported in.[ 6 , 1 7 , 2 8 , 2 9 ] The 

increase in DR provides a more sufficient momentum basis for 

these flow enhancement phenomena, further promoting  

 

 

 

(a) DR = 0.02 

 

(b) DR = 0.04 

 

(c) DR = 0.08 
 

(d) DR = 0.08 

 

DR = 0.1 

 

 

 

(a) DR = 0.02 

 

(b) DR = 0.04 

 

(c) DR = 0.06 

 

(d) DR = 0.08 

 

(e) DR = 0.10 
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Fig. 15: Effect of and DR on heat transfer. 

 

improved heat transfer performance. When PR increases from 

0.7 to 2.5, at the same Re and DR, the maximum Nu value 

increases from 18.98 to 20.25 and then decreases to 11.91. The 

maximum value of Nu/Nu0 rises from approximately 5.18 to 

5.5 and then decreases to approximately 3.2. Under the same 

Re and DR values, a smaller PR value results in a higher heat 

transfer effect.  This conclusion is compatible with the 

findings from the earlier discussion about how PR affects heat 

transfer and flow. 

4.3.5 Effect of PR and DR on friction factor 

Fig. 16 shows how the friction coefficient (f) and friction 

coefficient ratio (f/f₀) vary with Reynolds number (Re) for 

different pitch ratios (PR) and tube depth ratios (DR). Fig. 16(a) 

shows that for different pitch ratios (PR) and tube depth ratios 

(DR), f generally decreases with increasing Re, which similar 

trend to that reported in.[6,17] The larger the DR, the higher the 

value at which f stabilizes after decreasing. The friction factor 

of the smooth tubes remains low. Fig. 16(b) shows that f/f₀ 
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increases with increasing Re, which similar trend to that 

reported in.[6,17] For the same Re and PR, the greater the DR, 

the higher the f/f₀ value. Increasing DR enhances fluid flow 

disturbance in the tube, which makes the boundary layer easy 

to be disrupted and increases tube wall friction. This effect is 

reflected in the increase in f and f/f₀ with increasing DR. As Re 

increases, the inertia of the fluid intensifies, further 

exacerbating this disturbance and driving a continuous 

increase in f/f₀. When PR increases from 0.75 to 2.5, at the 

same Re and DR, the trend of f is similar to that of Nu, 

fluctuating first and then decreasing. The maximum value of 

f/f₀ also shows an upward trend followed by a downward trend, 

and f/f₀ is relatively higher at smaller PR values. Concurrently, 

as Re and DR increase and PR decreases, the friction 

coefficient is higher than that of the smooth tube, with the f/f₀ 

value varying between 1.28 and 15.89 times.

 

 
Fig. 16: Effect of and DR on friction factor. 

 

4.3.6 Effect of PR and DR on TPF 

Fig. 17(a) shows the variation of the thermal performance 

factor (TPF) with Reynolds number (Re) for different pitch 

ratios (PR) and tube depth ratios (DR). Overall, TPF increases 

with increasing Re, which similar trend to that reported 

in.[6,17,25,26] This is because as Re increases, the turbulence of 

the fluid increases, which both enhances heat transfer 

(increasing Nu) and reduces the increase in frictional factor (f), 

resulting in a relatively gradual improvement in TPF. Under 

the same Re and PR conditions, the TPF increases with  
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Fig. 17: Effect of PR and DR on TPF. 

 

increasing DR. The rising DR induces flow characteristics 

such as strong vortexes and large wake vortices within the tube. 

Intense lateral mixing and boundary layer disruption 

significantly enhance heat transfer between the hot and cold 

fluids. The increase in frictional factor has a relatively small 

negative impact on TPF, resulting in a significant increase in 

TPF with increasing DR. At the same Re and DR, the TPF 

growth trends for different PRs vary, but overall, the TPF 

decreases with increasing PR. At a lower Reynolds number, 

where, Re = 200, the trend of TPR increasing with DR is 

opposite to that at Re = 2000, but the overall effect on TPF is 

limited. Fig. 17(b) and 17(c) show 2D and 3D contour of TPF 

changes at Re = 2000, respectively, for different pitch ratios 

and tube depth ratios. 3D contour intuitively demonstrates the 

impact of different PR and DR on TPF. TPF reaches its 

maximum value at PR = 1.0 and DR = 0.1. This indicates that 

PR affects TPF by changing the structural characteristics of 

the flow in the tube. The overall thermal performance will be 

optimized with proper PR and DR values. 

 

5. Comparison with previous work 

The maximum TPF of the 3-start spirally corrugated tube (PR 

= 1.0, DR = 0.1) was compared with that reported in previous 

studies, including twisted square ducts combined with a 

twisted tape[25] and twisted elliptical tubes[8] as depicted in Fig. 

18. As shown in the figure, the 3-start spirally corrugated tube 

achieved the highest TPF, which was approximately 28.57% 

and 41.57% higher than those of the twisted square ducts with 

a twisted tape and the twisted elliptical tubes, respectively. 

 

 
Fig. 18: Comparison with previous work. 
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6. Conclusion 

The report presents computational results regarding the flow 

structure, pressure loss, and heat transfer performance factor 

of a 3-start corrugated tube.  In the laminar flow regime, Re = 

200 to 2,000, the effects of the pitch ratio (PR = 0.75, 1.0, 1.25, 

1.5, 2.0, and 2.5) and five distinct depth ratios (DR = 0.02, 0.04, 

0.06, 0.08, and 0.10) were examined. The computational 

results showed that the 3-start spirally corrugated tube 

generates helical swirl flow and main helical swirl flow, which 

contributes to the reduction of the thermal boundary layer 

thickness and the improvement of the heat transfer rate. The 

numerical study can be concluded as follows: 

At various DR and PR, Nu rises as Re increases. As Re rises, 

fluid mixing and turbulence are improved, and better flow 

conditions for heat transfer are produced. A larger DR 

outperforms smooth tubes greatly, which yields higher Nu at 

the same Re and PR. This is due to the fact that higher DR 

causes flow features like large tail vortices and strong vortexes, 

which greatly improve heat transfer between the hot and cold 

fluids by promoting lateral mixing and severely disrupting the 

boundary layer. The maximum Nu ranges from 11.92 to 20.25 

when DR = 0.1. As PR increases from 0.75 to 2.5, Nu initially 

increases and then decreases at the same Re and DR. It 

indicates that the smaller PR values will enhance heat transfer.  

As Re increases, f generally decreases, while f/f0 increases 

with increasing Re. At the same Re and PR, a larger DR leads 

to a higher value at which f stabilizes after decreasing, and also 

to a higher f/f0 value. This fact is because an increased DR 

enhances fluid flow disturbances, increasing frictional 

resistance between the fluid and the tube wall. When PR 

increases from 0.75 to 2.5, at the same Re and DR, f first 

fluctuates and then decreases.  

The thermal performance factor (TPF) increases with 

increasing Re. This is because the benefits of heat transfer 

enhancement outweigh the negative effects of increased 

frictional factor. The TPF value rises as DR increases with the 

same Re and PR. The effect of PR on TPF varies at the same 

Re and DR; the highest TPF of 2.33 is attained close to PR = 

1. The results indicate that a suitable PR and DR can optimize 

overall thermal performance by changing the structural 

characteristics of the flow path within the tube. However, at 

low Reynolds numbers (e.g., Re = 200), PR has limited effect 

on TPF. 

In summary, increasing Re and DR and selecting 

appropriate PR and smaller PR can help improve the 

comprehensive thermal performance of the 3-start spirally 

corrugated tube and provide a theoretical basis and 

optimization direction for the application of bellows in the 

field of enhanced heat transfer. 

The effects of varying the pitch ratio (PR) and five distinct 

depth ratios (DR) of the 3-start corrugated tube on heat transfer 

rate, pressure loss, and thermal performance factor 

characteristics were not investigated in the current research. 

Future research will investigate the potential of combining 

these 3-start corrugated tubes with twisted tape to boost the 

swirling flow within the core of the corrugated tube, thereby 

enhancing the heat transfer rate and TPF. We can use this 

information to guide the design of efficient heat exchange 

devices. 
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Nomenclature 

A Cross-sectional area, m2 or heat transfer area inside tube 

surface a, m3 

D Characteristic diameter of helical oval tube 

DR Depth-to-diameter ratio, (e/D) 

Dh Hydraulic diameter 

f Friction factor  

h Convective heat transfer coefficient, W m−2 K−1 

k turbulent kinetic energy, (𝑘 =
1

2
𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ), m2s-2  

ka thermal conductivity of air, W m−1 K−1 

Nu Nusselt number  

P Wetted perimeter of the cross-section 

PR Pitch-to-diameter ratio, (p/D) 

p Helical oval tube pitch, m or static pressure, Pa  

Pr Prandtl number  

P Drop of pressure 

𝑞̇ Heat flux, W/m2 

Re Reynolds number, -  

T Temperature, K  

TPF thermal performance enhancement factor, - 

ui Velocity component in xi-direction, m s−1  

uj Velocity component in xi-direction, m s−1 

u Velocity component in x-direction, m s−1  

v Velocity component in y-direction, m s−1 

w Velocity component in z-direction, m s−1 

𝑢 Mean flow rate at the cross-sectional area 

x Coordinate direction 

Greek letters 

μ Dynamic viscosity, kg s−1 m−1 

Γ Thermal diffusivity  

ρ density, kg m−3 

φ scalar φ 

Subscripts 

0 smooth tube  

conv convection 

i input 

s Surface of the solid wall 
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∞ Fluid far from the wall 
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