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In industrial waste-heat recovery, double-tube heat exchangers are 

widely used owing to their structural adaptability and operational 

reliability. To enhance thermal performance, this study proposes a 

discontinuous high–low double helical fin double-tube heat ex-

changer and numerically investigates the effects of fin discontinuity 

distance, low-fin height, and helix angle on shell-side flow and heat 

transfer. The results indicate that periodic axial interruptions com-

bined with alternating fin heights intensify turbulence and promote 

fluid mixing, thereby enhancing heat transfer. Response Surface 

Methodology is used to optimize the structural parameters, and the 

results show that the helix angle is the dominant factor, with a notable 

interaction with the fin discontinuity distance. Under the optimal con-

ditions of a fin discontinuity distance of 142.5 mm, a low-fin height 

of 12.1 mm, and a helix angle of 59.3°, the optimized configuration 

increases the Nusselt number by 28.25%, reduces the friction factor 

by 9.68%, and improves the performance evaluation criterion by 38% 

compared with a conventional single helical fin configuration. These 

findings provide quantitative guidance for the design of high-effi-

ciency double-tube heat exchangers. 
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1. Introduction 

Heat exchangers are fundamental devices for thermal energy transfer and are widely em-

ployed in industries such as chemical processing, petroleum refining, refrigeration, aerospace 

thermal control, and waste-heat recovery [1, 2]. Among these configurations, the double-tube 

heat exchanger (DTHE) is extensively used in engineering applications owing to its simple 

structure, operational reliability, and broad applicability [3-5]. Existing strategies for enhancing 

shell-side heat transfer in DTHEs include modifications of the inner-tube geometry, the adop-

tion of composite structural designs, and the application of nanofluids. In addition, alternative 



waste-heat recovery concepts, such as heat-pipe and pulsating heat-pipe devices, have been 

investigated [6-8]. Meanwhile, active enhancement methods, including ultrasonic vibration, have 

been explored to intensify fluid mixing and disrupt thermal boundary layers in heat exchangers [9-

12]. In recent years, fin structures applied to the inner-tube surface have attracted increasing 

attention because they offer a cost-effective means of improving heat transfer, indicating con-

siderable potential for enhancing the performance of DTHEs. 

Modifying the inner-tube geometry in a DTHE can effectively enhance heat transfer per-

formance. Liu et al.  [13] experimentally compared a self-supporting twisted elliptical tube bun-

dle with a conventional circular tube bundle in an oil cooler under shell-side conditions, and 

found that the elliptical bundle significantly improved heat transfer efficiency while reducing 

flow resistance at low Reynolds numbers (Re). Barati et al.  [14] combined experiments and 

numerical simulations to investigate alternating flat tubes, reporting that an optimized alternat-

ing angle increased overall thermal performance by up to 54% relative to circular pipes. 

Al‑Obaidi et al. [15]  developed a three-dimensional numerical model to examine the influence 

of corrugation geometry on flow and heat transfer; validation against experimental data showed 

that, for Re = 4,000–12,000, ring spacing, corrugation arc angle, and circumferential distribu-

tion play critical roles in governing performance. Alhamid et al.  [16] systematically analyzed 

circular-arc recessed corrugated tubes and reported a peak performance evaluation at an arc 

diameter of 0.5 mm and Re = 1,500. Wu et al.  [17] modeled a DTHE with inner and outer 

corrugated spiral tubes, showing that optimized corrugation depth and pitch enhanced heat 

transfer, increasing the Nusselt number (Nu) by 40.3%–97.3% and improving performance 

evaluation criterion (PEC) by 12.8%–65.9%. Similarly, passive enhancement concepts such as 

twisted-tube inserts and helical or coiled tube configurations have been investigated to improve 

heat transfer by intensifying secondary flow and promoting fluid mixing [18-23]. 

Composite structural designs have also been shown to improve DTHE performance. In-

sert-based approaches, including twisted-tape and wire-coil configurations, have been reported 

to enhance the overall thermal performance of double-pipe heat exchangers [24, 25]. Chaurasia 

and Sarviya  [26] found that double-twist tape inserts yielded higher Nu and pressure drops, but 

achieved superior overall thermal performance compared with single-twist inserts. Hussein 

et al.  [27] reported that semi-circular perforated baffles on the annulus side increased the aver-

age overall heat transfer coefficient by 80.6% at an optimal perforation diameter of 20 mm, and 

that the thermal performance factor exceeded unity for all perforated cases. Barzegar et al.  [28] 

showed that rectangular-cut twisted tape (RCT) improves performance relative to conventional 

twisted tape and no-insert configurations; the thermal-performance factor reached 1.46 at a cut-

depth ratio of 0.33 and width ratio of 0.15. For nanofluids, For nanofluids, Demir et al. [29]  

demonstrated substantial heat transfer enhancement at low nanoparticle concentrations using 

two-dimensional single-phase simulations, whereas Reddy et al.  [30]  experimentally investi-

gated a DTHE using a titanium dioxide–water/ethylene glycol hybrid nanofluid combined with 

wire-coil inserts. At a nanoparticle volume fraction of 0.02%, the heat transfer coefficient and 

the friction factor (f) increased by 10% and 8.73%, respectively, compared with the base fluid; 

with wire-coil inserts, these increases rose to 13.85% and 10.89%. Recent studies and reviews 

further indicate that nanofluid type and concentration can enhance convective heat transfer in 

double-pipe heat exchangers, typically at the expense of increased flow resistance [31-34]. 



Both straight and helical fin configurations can enhance DTHE performance. Kahalerras 

and Targui  [35] showed that increasing porous-fin height can substantially raise the mean Nu 

at Rk  =  1. Maakoul  et al. [36] proposed the application of segmented longitudinal straight fins 

in double-tube heat exchangers, resulting in a 31%–48% increase in heat transfer rate at the 

same pumping power compared with conventional straight fins. Using GA coupled with a dis-

continuous Galerkin FEM, Iqbal et al.  [37, 38] optimized longitudinal fin profiles and achieved 

up to a 289% increase in the heat transfer coefficient, depending on the characteristic diameter 

used for tuning. Using field synergy theory, Wang et al. [39] designed a staggered helical fin 

DTHE that reduced pressure drop by 10%–30% and improved overall efficiency relative to a 

conventional straight helical fin model. Parinya et al.  [40] compared embedded and welded 

helical fin exchangers on the air side, reporting superior thermal performance for embedded 

fins due to more reliable fin–tube junctions, whereas welded fins incurred higher pressure losses 

from slag at the fin roots. Hosseinkhani et al. [41]  performed multi-objective optimization on 

a spiral baffle fin gas-to-gas DTHE for flare-gas recovery and found that reducing fin pitch 

enhances heat transfer but increases flow resistance; gas-phase radiation raised heat flux with 

little hydraulic penalty, enabling identification of an optimal trade-off. In this context,, studies 

on helical fin designs have shown that fin number and arrangement strongly influence the bal-

ance between heat transfer enhancement and flow resistance in double-pipe heat exchangers 

[42, 43]. 

Previous studies have shown that modifying inner-tube geometry can enhance shell-side 

heat transfer by increasing flow disturbance; however, such approaches are often accompanied 

by a substantial rise in flow resistance. Composite enhancement structures can further improve 

thermal performance, but their practical implementation is frequently limited by excessive pres-

sure drop, increased manufacturing complexity, and reduced structural adaptability. In other 

enhanced passages, it is also observed that increasing flow disturbance to improve heat transfer 

simultaneously increases frictional losses and raises fabrication requirements. [44-47]. 

Helical fins are widely used in DTHEs because they induce swirling flow and enhance 

convective heat transfer. Nevertheless, most existing helical fin designs employ continuous and 

uniform fin geometries, which tend to maintain strong swirl throughout the annulus. Conse-

quently, flow resistance may increase markedly, while the ability to regulate local flow struc-

tures remains limited, making it difficult to achieve an optimal balance between heat transfer 

enhancement and pressure drop. 

To address this issue, the present study proposes a discontinuous high–low double-helical 

fin configuration. Periodic flow interruption and fin height variation are introduced to weaken 

the persistence of the helical boundary layer, thereby enhancing heat transfer while mitigating 

excessive pressure losses. Shell side flow and heat transfer characteristics are investigated using 

numerical simulations, and Response Surface Methodology (RSM) is employed to optimize the 

structural parameters. The results provide quantitative support and design guidance for high 

efficiency DTHEs. 

2. Physical model 

Fig. 1(a) presents a schematic of the physical model of the DTHE. As shown in fig. 1(b), 

the conventional configuration employs a single helical fin, whereas fig. 1(c) illustrates the 



effective heat transfer section of the investigated DTHE with discontinuous high–low double-

helical fins. In the proposed design, air flows through a helical passage formed by the annular 

gap between the inner and outer tubes and the spiral fins. The fin thickness is denoted by δ, and 

the fins are made of copper. The double-helical fins comprise alternating high and low fins: the 

high fins have a height equal to the annular gap, H = 14 mm, while the low fins have a height 

of h = 7 mm. The initial low fin height is set to 7 mm, approximately one half of the high fin 

height, based on previous numerical analyses. At h = 7 mm, shell side disturbance and mixing 

are sufficiently developed; therefore, this configuration is adopted as the baseline case. 

 

(a) Schematic illustration of the physical model of the DTHE 

 

(b) Computational domain of the conventional single helical fin DTHE 

 

(c) Computational domain of the discontinuous high-low double-helical fins DTHE 

Fig. 1. Schematic illustration of the model 

 

Different helix angles correspond to different pitches. As shown in fig. 2(a), the helix 

angle α is defined as the angle between the helix line and the plane perpendicular to the tube 

axis. Consider the right triangle ABC, in which the base AB is wrapped into a circle; the length 

of AB corresponds to the inner-tube circumference (that is, the projected circumference of the 

helix line), BC represents the pitch S, and AC denotes the developed length of one helix pitch  

[48]. Accordingly, α can be expressed as follows: 

 arctan
S

d



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Fig. 2(b) presents a schematic of the fin geometric parameters. The discontinuous fin 

pattern is implemented by dividing the helical fins into discrete blocks. Each fin block extends 

circumferentially and axially over a prescribed distance S and then terminates; the subsequent 

block is circumferentially offset by 90°, as illustrated in fig. 2(c). This arrangement preserves 

an overall double-helical appearance while introducing periodic interruptions that modify the 

flow path and promote mixing. The detailed geometric parameters and notation are listed in tab. 



1. The model dimensions were selected based on commonly used configurations reported in 

previous DTHE studies, together with general heat exchanger design guidelines, to provide 

adequate flow passage, avoid excessive blockage, and ensure structural and manufacturing fea-

sibility. 

 

(a) Schematic of the helix angle calculation 

 

(b) Fin structural parameters 

 

(c) cross-section at section A 

Fig. 2. Schematic of model parameters 

 

Tab. 1. Fundamental geometric parameter values of the model. 

Parameter Value Parameter Value 

Inner‑tube diameter d/mm 22 Outer‑tube diameter D/mm 50 

Inner‑tube wall thickness 

δtube/mm 
1 Fin thickness δ/mm 1 

Helix angle α/(°) 55 Helix pitch S/mm 100 

Low‑fin height h/mm 7 High-fin height H/mm 14 

 

3. Mathematical model and boundary conditions 

The numerical model is established based on the following assumptions. The working 

fluid is air and is treated as incompressible with constant thermophysical properties. A no-slip 

boundary condition is applied on all solid walls, and heat loss to the ambient is neglected. Tur-

bulence is modeled using the renormalization-group (RNG) k-ε model [49], which improves 

upon the standard k–ε formulation by modifying the turbulent viscosity and providing an ana-

lytical expression for the turbulent Prandtl number. Owing to its reported robustness for flows 

with strong swirl and streamline curvature, the RNG k–ε model is adopted for the present finned 

DTHE simulations. Because the temperature range is moderate and the flow velocities are rel-

atively low, thermal radiation and viscous dissipation are neglected. The governing equations, 



with thermal radiation, viscous dissipation, and gravitational body forces neglected, are ex-

pressed as follows: 

Continuity equation: 
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Momentum equation for turbulent flow: 
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Energy equation for turbulent flow: 
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k and ε: 
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The model constants C1ε, C2ε, and Cμ are assigned values of 1.42, 1.68, and 0.0845, re-

spectively. 

The boundary conditions are summarized in tab. 2. 

 

Tab. 2. Boundary conditions used in the numerical simulations. 

Item Boundary type Value 

Inlet (shell side) Velocity inlet Tin = 298 K, Re = 4,000–16,000 

Outlet (shell side) Pressure outlet Pout = 0 Pa 

Heated wall (inner tube) Constant temperature wall Twall = 373 K 

Outer wall (outer tube) Adiabatic wall 0 

 

Considering heat conduction in the helical fins, the fin surfaces are modeled as no-slip 

walls with thermal coupling. The annular passage formed by the inner tube, outer tube, and 

helical fins has a cross-section that can be approximated as rectangular along the helical direc-

tion. For complex non-circular passages, the hydraulic diameter is commonly used as the char-

acteristic length for defining the Reynolds number and other dimensionless parameters [50]. In 

the high–low double-helical fin configuration, the contribution of the low-height fins must be 

explicitly included in the equivalent hydraulic diameter. Accordingly, the hydraulic diameter 

(De) is defined as follows: 
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Reynolds number: 
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The fanning friction factor is: 
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Heat transfer coefficient: 
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Nusselt number: 
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The Performance Evaluation Criterion (PEC) provides a standardized approach for as-

sessing the overall performance of a heat exchanger by balancing the enhancement in heat 

transfer against the associated changes in flow resistance. A PEC value greater than 1 indicates 

that, under comparable flow conditions, the improvement in heat transfer is more favorable 

relative to the incurred pressure drop, rather than implying an absolute simultaneous improve-

ment in both heat transfer and flow resistance. The PEC is defined as follows [51]: 
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Where Nu0 and f0 refer to the average Nusselt number and friction factor of the conven-

tional single helical fin DTHE, respectively. 

4. Numerical methods and validation 

The governing equations are discretized using the finite volume method, and pressure–

velocity coupling is handled using the SIMPLE algorithm. The momentum and energy equa-

tions are solved with a second order upwind scheme, whereas the transport equations for tur-

bulent kinetic energy k and dissipation rate ε are solved using a first order upwind scheme. To 

ensure numerical reliability while controlling computational cost, a mesh independence study 

is performed. Fig. 3 shows the variations of Nu and f for the discontinuous high–low fin model 

as a function of the total number of grid cells. 

As shown in fig. 3, increasing the grid count from 221,596 to 2,331,823 cells leads to a 

noticeable increase in Nu and a corresponding decrease in f, indicating that meshes in this range 



are not sufficiently refined to yield grid independent predictions. When the mesh is further re-

fined from 2,331,823 to 3,917,653 cells, the changes in Nu and f become negligible. A quanti-

tative comparison shows that the solution obtained with 2,331,823 cells differs from the 

3,917,653-cell reference solution by approximately 0.7% in Nu and 0.3% in f. Considering both 

accuracy and computational cost, the mesh with 2,331,823 cells is selected for subsequent sim-

ulations (see fig. 4). Near wall turbulence is treated using the standard wall function approach, 

and the mean wall y⁺ is 40.34, which is consistent with the adopted near wall treatment. 

 

Fig. 3. Mesh independence verification 

 

Fig. 4. Mesh generation of the computational domain 

 

Model validation was conducted using established empirical correlations. Because no 

experimental data or dedicated correlations are available for the proposed discontinuous high–

low double-helical fin configuration, the numerical approach was first applied to a conventional 

helical finned DTHE to reproduce annulus-side flow and heat transfer characteristics. The pre-

dicted Nu and f were compared with the experimental correlations reported by Zhang  [52] (eqs. 

(15) and (16)). As shown in fig. 5, over the investigated Re range, the maximum deviation is 

below 12% for Nu and below 15% for f, indicating that the simulations capture the experimental 

trends with acceptable accuracy. The larger deviation in f may be attributed to modeling sim-

plifications, such as neglecting the influence of fin surface roughness, as well as the greater 

difficulty of predicting pressure drop in helical annular flows. Moreover, the empirical correla-

tions are fitted under specific experimental conditions, which may introduce additional uncer-

tainty in the comparison. 



To further assess the suitability of the turbulence model, additional simulations were con-

ducted using several turbulence closures, including the Standard k–ε, Realizable k–ε, RNG k–

ε, and SST k–ω models. The predicted Nu and f were compared with the experimental data, as 

shown in fig. 6. 

As shown in fig. 6(a), the RNG k–ε model exhibits the closest agreement with the exper-

imental Nu over the investigated Re range. The Standard and Realizable k–ε models show larger 

deviations at higher Re, whereas the SST k–ω model consistently underpredicts heat transfer. 

Similar trends are observed for the f in fig. 6(b). Overall, the RNG k–ε model provides the most 

balanced accuracy for both heat transfer and flow resistance and is therefore adopted for the 

subsequent parametric and optimization analyses. 

 
0.6188 0.40.1414Nu Re Pr  (15) 

 
0.34771.0159f Re  (16) 

 

Fig. 5. Model validation 

 

  

(a) Nu as a function of Re (b) f as a function of Re 

Fig. 6. Experimental vs numerical results for different turbulence models 

 

5. Analysis of the effects of structure on flow and heat transfer characteristics 

5.1 Analysis of shell-side flow and heat transfer characteristics 



Fig. 7 presents the velocity contours on the Y-plane for the two fin configurations. The 

sectional mean velocity is 7.7 m/s for the conventional single helical fin configuration (fig. 7(a)) 

and 7.5 m/s for the discontinuous high–low double-helical fin configuration (fig. 7(b)). For the 

conventional configuration, the velocity field is markedly non-uniform. A substantial portion 

of the cross-section is occupied by low-velocity regions (approximately 2–5 m/s), mainly lo-

cated near the central part of the annulus, whereas higher velocities are concentrated in the 

vicinity of the fin surfaces. This pattern is attributable to the continuous helical passage, which 

sustains centrifugal effects and promotes velocity stratification. 

By contrast, the discontinuous high–low double-helical fin configuration exhibits a more 

compact velocity distribution, with most of the flow remaining within a moderate range of ap-

proximately 5–8 m/s. The reduction in low-velocity regions indicates that dead-flow zones are 

effectively suppressed. Although the sectional mean velocity is slightly lower, the overall field 

becomes more uniform due to enhanced momentum redistribution induced by axial interrup-

tions and fin-height variation. 

 

(a) Conventional single helical fins 

 

(b) Discontinuous high-low double-helical fins 

Fig. 7. Velocity distribution on the Y-plane for the two configurations 

 

Fig. 8 presents the temperature contours on the Y-plane for the two fin configurations. 

The sectional mean temperature is 326 K for the conventional single helical fin configuration 

(fig. 8(a)) and increases to 332 K for the discontinuous high–low double-helical fin configura-

tion (fig. 8(b)). In the conventional configuration, the temperature field remains relatively low 

and exhibits noticeable non-uniformity, especially in regions away from the inner tube where 

extensive low-temperature zones persist. By contrast, the discontinuous high–low double-heli-

cal fin configuration produces a higher and more uniformly distributed temperature field across 

the annulus. 

The contours indicate that the medium-to-high temperature range (approximately 330–

350 K) occupies about two-thirds of the cross-sectional area for the discontinuous high–low 

double-helical fin configuration, whereas it accounts for only about one-third in the conven-

tional configuration. This suggests that the discontinuous high–low design substantially en-

larges the effective heat transfer region and improves thermal uniformity within the annulus. 

These improvements are attributed to the combined effects of increased effective fin sur-

face area and a periodically interrupted, height-varying helical flow path, which promotes flow 

redistribution and disrupts the thermal boundary layer. Consequently, heat transfer is enhanced 



throughout the annular region, leading to improved temperature uniformity and overall thermal 

performance. 

 

(a) Conventional single helical fins 

 

(b) Discontinuous high-low double-helical fins 

Fig. 8. Temperature distribution on the Y-plane for the two configurations 

 

5.2 Response trends of average Nusselt number and friction factor 

Fig. 9(a) compares Nu for the conventional single helical fin configuration and the dis-

continuous high–low double-helical fin configuration over the investigated Re range. For both 

configurations, Nu increases with Re. The difference between the two cases widens with Re, 

increasing from approximately 2.03 at Re = 4,000 to approximately 15.25 at Re = 16,000. 

Across the studied range, the discontinuous high–low configuration yields Nu values that are 

about 5%–19% higher than those of the conventional configuration, with the largest relative 

improvements at higher Re. This indicates that the interrupted high–low geometry is particu-

larly effective under stronger flows, owing to enhanced turbulence generation and intensified 

near-wall mixing. 

Fig. 9(b) compares the friction factor f for the two configurations. For both designs, f 

decreases with increasing Re. Over the examined range, f for the discontinuous high–low con-

figuration remains higher than that for the conventional configuration, decreasing from about 

0.47 at Re = 4,000 to about 0.30 at Re = 16,000, compared with a decrease from about 0.41 to 

about 0.27 for the conventional configuration. The corresponding difference narrows from ap-

proximately 0.058 at Re = 4,000 to approximately 0.029 at Re = 16,000, as viscous effects 

become less dominant at higher Re. 

To provide quantitative support for the turbulence-based interpretation, fig. 10 presents 

the volume-averaged turbulent kinetic energy k as a function of Re for both configurations. As 

Re increases, k increases monotonically in both cases, and the discontinuous high–low double-

helical fin configuration consistently exhibits higher k values than the conventional single hel-

ical fin configuration. This indicates a higher turbulence level and stronger mixing induced by 

the proposed geometry, which benefits heat transfer but also increases momentum dissipation, 

contributing to the higher friction factor observed in fig. 9(b). 

The higher f of the discontinuous high–low configuration can be attributed to the in-

creased flow path complexity and elevated turbulence intensity, together with more frequent 

local accelerations and decelerations. These features may promote separation and vortex for-

mation at fin discontinuities and, combined with the larger wetted surface area, lead to increased 

pressure losses. Overall, the proposed design enhances Nu but also increases f, highlighting the 

interplay between heat transfer augmentation and flow resistance. 



The observed performance trends of the discontinuous high–low double-helical fin con-

figuration can be attributed to the combined effects of fin discontinuity, alternating fin height, 

and helix angle. Axial fin discontinuity introduces periodic disturbances that promote repeated 

redevelopment of the velocity and thermal boundary layers and mitigate the velocity stratifica-

tion typical of continuous helical passages. Alternating high and low fin heights enhance local 

shear and momentum redistribution, thereby improving mixing and heat transfer uniformity 

while avoiding excessive flow blockage. Meanwhile, the helix angle regulates the strength of 

secondary swirling flow and thus governs the interplay between heat transfer enhancement and 

pressure loss. Together, these mechanisms provide a consistent physical explanation for the 

variations in Nu and f observed in this section and support the interpretation of the PEC dis-

cussed in the subsequent optimization analysis. 

  

(a) Comparison of Nu for the two fin configu-

rations 

(b) Comparison of f for the two fin configura-

tions 

Fig. 9. Variations of Nu and f with Re for the conventional single helical fin and discontinuous 

high–low double-helical fin configurations. 

 

 

Fig. 10. Variation of annulus volume-averaged turbulent kinetic energy with Re for the two con-

figurations. 

 

5.3 Field synergy analysis 

Based on the field synergy theory proposed by Academician Guo Zengyuan [53], con-

vective heat transfer depends not only on fluid velocity, thermophysical properties, and the 

temperature difference at the solid-fluid interface, but also on the degree of alignment between 

the velocity vector field and the temperature-gradient vector field [54]. A larger cosine of the 



angle between the velocity vector and the temperature gradient, that is, a smaller synergy angle 

β (β < 90°), corresponds to closer alignment of the two fields. Enhanced field synergy is asso-

ciated with improved convective heat transfer performance. The synergy angle (β) is defined as 

[55]: 

 arccos
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In the present study, the reported synergy angle is obtained by volume-averaging the 

local values over the effective heat transfer region. The local synergy angle in each computa-

tional cell is calculated by extracting the cell-wise velocity vector and temperature gradient 

using User Defined Functions (UDF). 

At Re = 10,000, the distribution of the field synergy angle on the XY plane at Z = 500 

mm is shown in fig. 11. In fig. 11(a), the contour field is relatively uniform, with a large area 

occupied by high-angle regions, whereas fig. 11(b) exhibits a more heterogeneous pattern with 

a greater proportion of low-angle regions. This indicates that the discontinuous high–low dou-

ble-helical fins, owing to their staggered and periodically interrupted geometry, enhance turbu-

lence and mixing, thereby improving the alignment between the velocity field and the temper-

ature-gradient field and yielding smaller synergy angles. According to field synergy theory, 

smaller synergy angles correspond to stronger field alignment and improved convective heat 

transfer, which helps explain the enhanced heat transfer performance of the discontinuous high–

low configuration relative to the conventional single helical fin configuration. 

 

  

(a) Conventional single helical fins (b) Discontinuous high-low double-helical fins 

Fig. 11. Local distribution of the synergy angle on the XY plane at Z = 500 mm (Re = 10,000) 

 

6. Response Surface Methodology optimization study 

RSM is a statistical optimization technique that constructs a surrogate model from a lim-

ited number of experiments or simulations to establish relationships between design variables 

and performance indicators for prediction and optimization. In heat transfer research, RSM has 

also been integrated with data-driven surrogate modeling to improve response prediction and 

enable efficient optimization [56, 57]. 



6.1 Influence of single-factor variations on heat transfer performance 

Single-factor experiments represent the initial stage of RSM and are used to evaluate the 

effect of an individual input variable on the response while keeping the other variables constant 

[58]. In each test, the selected variable is varied systematically and the corresponding response 

in Nu is recorded, which provides a preliminary indication of parameter importance and helps 

determine suitable ranges for subsequent optimization. In the present study, the investigated 

factors are the fin discontinuity distance (S), low-fin height (h), and helix angle (α). The param-

eter ranges used in the single-factor analysis are chosen based on physical feasibility, geometric 

constraints, and practical manufacturability, and are intended to define a reasonable design 

space for the subsequent RSM optimization. Figs. 12–14 show the effects of these factors on 

Nu for the discontinuous high–low double-helical fin DTHE at Re = 10,000. 

Fig. 12 shows that Nu first increases and then decreases as S increases. When S increases 

from 0 to 100 mm, Nu rises gradually and reaches a maximum at S = 100 mm. With a further 

increase in S from 100 to 500 mm, Nu decreases monotonically. Accordingly, a design range of 

S = 0–200 mm is recommended to obtain favorable heat transfer performance. 

Fig. 13 shows a non-monotonic influence of h on Nu. The variation in Nu is small for h 

= 1–4 mm, increases to a peak value of 80.46 at h = 12 mm, and then decreases to 77.72 at h = 

14 mm, which is likely associated with reduced turbulence intensity and weakened mixing at 

larger h. Therefore, h = 10–14 mm is suggested. 

A similar trend is observed in fig. 14: Nu increases as α increases from 45° to 55°, reaches 

a maximum at α = 55°, and then decreases as α increases further to 65°. Consequently, α = 50°–

60° is recommended. 

  

Fig. 12. Effect of S on Nu Fig. 13. Effect of h on Nu 

 

Fig. 14. Effect of α on Nu 

 

6.2 Model construction and variance significance analysis 



Based on the single-factor experiments, the design variables and their levels are listed in 

tab. 3. A Box–Behnken design with three factors at three levels was adopted, yielding 17 runs. 

The simulation results were then substituted into eqs. (8)–(14) to calculate Nu, and the outcomes 

are summarized in tab. 4. Repeated center-point runs were included to estimate numerical error 

and to assess the reproducibility and adequacy of the response surface model. 

 

Tab. 3. Factors and levels for Box Behnken design 

Level 
A B C 

Fin discontinuity distance S/mm Low-fin height h/mm Helical angle α/(°) 

-1 0 10 50 

0 100 12 55 

1 200 14 60 

 

Tab. 4. Box Behnken design and results 

Run number A B C Nu 

1 200 12 50 71.33 

2 0 12 50 70.91 

3 0 10 55 72.17 

4 100 12 55 80.46 

5 100 10 50 72.89 

6 200 14 55 77.17 

7 200 12 60 80.64 

8 100 12 55 80.46 

9 200 10 55 77.11 

10 100 10 60 78.47 

11 100 14 50 71.85 

12 100 12 55 80.46 

13 0 14 55 73.28 

14 100 14 60 80.29 

15 0 12 60 75.60 

16 100 12 55 80.46 

17 100 12 55 80.45 

 

For the discontinuous high–low double-helical finned DTHE, an analysis of variance 

(ANOVA) was performed using Design-Expert 13, and a quadratic polynomial regression 

model was fitted to describe the relationship between the response indicators and the structural 

parameters. This correlation is valid only within the parameter ranges and operating conditions 

investigated in this study. The resulting regression equation is given as follows: 

 
2 2 2

297.32583 0.02541 9.12472 10.37903

0.001315 0.002306 0.071655

0.00339 0.533862 0.097901

Nu A B C

AB AC BC

A B C

    

  

  

 (18) 

A comparison between Nu values predicted by the response surface model and those 



obtained from simulations is presented in fig. 15. The solid line denotes the model prediction, 

and the symbols represent the simulation data. The deviation remains within 5%, indicating 

good agreement between the RSM predictions and the CFD results. 

 

Fig. 15. Comparison of predicted and actual values (RSM) 

 

Tab. 5. ANOVA results for the regression model 

Source 
Sum of 

squares 

Degrees of 

freedom 
Mean square F value P value 

Model 234.8 9 26.09 126.46 <0.0001 

A 25.51 1 25.51 123.64 <0.0001 

B 0.4731 1 0.4731 2.29 0.1737 

C 98.09 1 98.09 475.5 <0.0001 

AB 0.2766 1 0.2766 1.34 0.2849 

AC 5.32 1 5.32 25.77 0.0014 

BC 2.05 1 2.05 9.96 0.016 

A² 48.34 1 48.34 234.33 <0.0001 

B² 19.2 1 19.2 93.07 <0.0001 

C² 25.22 1 25.22 122.26 <0.0001 

Residual 1.44 7 0.2063   

Lack of 

Fit 
1.44 3 0.4814   

Cor total 236.24 16    

R² = 

0.9939 

Adjusted R² = 

0.986 

Predicted R² = 

0.9022 

Std. Dev. = 

0.4542 

C. V. = 

0.5921% 

Adeq Precision = 

30.3555 

 

The model coefficients were estimated using the least-squares method in Design-Expert 

13, and the corresponding ANOVA results are summarized in tab. 5. The statistical metrics 

indicate an excellent fit of the quadratic model (R² = 0.9939, adjusted R² = 0.9860) and good 

predictive capability (predicted R² = 0.9022). In addition, the residual standard deviation is 

0.4542, the coefficient of variation is 0.5921%, and Adeq Precision is 30.3555, indicating ade-

quate model accuracy and a strong signal-to-noise ratio within the investigated ranges. 

As shown in tab. 5, the overall model is highly significant (F = 126.46, P < 0.0001). Here, 



A, B, and C denote the fin discontinuity distance, low-fin height, and helix angle, respectively; 

AB, AC, and BC are interaction terms, and A2, B2, and C2 are quadratic terms. Factors A and C 

are significant (P < 0.0001), whereas B is not significant as a main effect (P = 0.1737). The 

interaction terms AC and BC are significant (P < 0.05), while AB is not (P = 0.2849). All quad-

ratic terms are significant (P < 0.05), confirming pronounced nonlinear effects. 

Based on the F values, C (helix angle) has the strongest influence (F = 475.50), followed 

by A² (F = 234.33), A (F = 123.64), C² (F = 122.26), and B² (F = 93.07). The interaction terms 

AC (F = 25.77) and BC (F = 9.96) are smaller but still influential, whereas B (F = 2.29) and 

AB (F = 1.34) are not significant. Overall, the factor importance for Nu ranks as C > A > B 

(helix angle > fin discontinuity distance > low-fin height). 

In the discontinuous high–low double-helical finned DTHE, the helix angle (C) is the 

most influential factor affecting Nu, and both its linear and quadratic terms are statistically 

significant. The fin discontinuity distance (A) also exhibits significant linear and nonlinear ef-

fects, indicating that A should be optimized to balance hydraulic losses and heat transfer en-

hancement. The low-fin height (B) has a relatively small main effect on Nu within the investi-

gated range; however, its interaction with C is significant, suggesting that the influence of B is 

primarily expressed through interaction effects rather than as an independent dominant factor. 

Therefore, the optimization should prioritize the helix angle, subsequently adjust the fin dis-

continuity distance to achieve a suitable balance between pressure drop and heat transfer, and 

finally consider the interactions among A, B, and C to obtain the best overall thermal perfor-

mance. 

In summary, the fitted quadratic model captures the primary trends in the simulation re-

sults and is suitable for predicting heat transfer performance within the investigated parameter 

space. It therefore provides a reliable basis for response-surface optimization and subsequent 

design refinement. 

Fig. 16(a) presents the response surface and contour plot of A versus B for Nu. Nu in-

creases with B to a maximum and then decreases, indicating a pronounced nonlinear effect and 

an optimal B. The variation along the A direction is milder, and the nearly elliptical, relatively 

flat contours suggest a weak AB interaction, with B exerting the dominant influence. 

Fig. 16(b) shows the response surface and contour plot for A versus C. Nu increases 

markedly with C, and the surface exhibits strong curvature along the C direction, indicating the 

presence of an optimal helix angle. The contour lines become denser at higher C and show a 

clear AC interaction, whereas the wider spacing along the A axis reflects the weaker main effect 

of A. A closed contour region identifies an extremum at high C combined with a moderate A. 

Fig. 16(c) presents the response surface and contour plot for B versus C. The surface 

further confirms that C has the strongest positive effect on Nu. The contours are generally el-

liptical, and their relative flattening (fig. 16(a) < fig. 16(c) < fig. 16(b)) indicates the interaction-

strength ordering AC > BC > AB, consistent with tab. 5. 

The optimized structural parameters for the discontinuous high–low double-helical fin 

DTHE are: S = 142.5 mm, h = 12.1 mm, and α = 59.3°. Under the specified conditions, the 

response surface model predicts Nu = 82.24. 

To verify the feasibility of the predicted optimal parameters, a CFD model of the discon-



tinuous high–low double-helical fin DTHE was constructed using the optimal parameter com-

bination obtained from the RSM optimization. The geometric configuration, meshing strategy, 

and boundary conditions were kept identical to those of the unoptimized model to ensure a fair 

comparison. The Nu for the optimized configuration was obtained from CFD and compared 

with both the unoptimized model and the RSM prediction; the results are summarized in tab. 6. 

As shown in tab. 6, the relative deviation between the CFD result for the optimized con-

figuration and the RSM-predicted value is only 0.5%, indicating high predictive accuracy. 

Moreover, relative to the unoptimized model, the optimized discontinuous high–low double-

helical fin DTHE achieves an 11.3% increase in Nu. These results confirm the reliability of the 

regression model linking the structural parameters to Nu and demonstrate the effectiveness of 

RSM for structural parameter optimization of this type of heat exchanger. 

  

(a) Influence of factors A and B on Nu (b) Influence of factors A and C on Nu 

 

(c) Influence of factors B and C on Nu 

Fig. 16. Response surface and contour plots 

 

Tab. 6. Structural parameters and Nu values before and after optimization 

 S/mm h/mm α/° Nu 

Before optimization 100 7 55 73.52 

Optimized (Predicted value) 142.5 12.1 59.3 82.24 

Optimized (CFD-calculated value) 142.5 12.1 59.3 81.81 

 

6.3 PEC improvement assessment 

For comparison, the proposed configuration and the conventional single helical fin heat 

exchanger use identical geometric dimensions, material properties, and operating conditions. 



Fig. 17 shows PEC as a function of Re for the conventional single helical fin case, the unopti-

mized model, and the optimized discontinuous high–low double-helical fin DTHE. Across the 

investigated Re range, the optimized configuration consistently yields the highest PEC, and its 

advantage increases with Re. Compared with the conventional single helical fin configuration, 

the optimized design increases Nu by 28.25% and reduces f by 9.68%, resulting in a PEC of 

approximately 1.38. Relative to the unoptimized model, it increases Nu by 11.3%, reduces f by 

20%, and improves PEC by 19.8%. 

To place the present results in the context of existing research, a benchmark comparison 

was conducted against the helical finned DTHE reported by El Maakoul et al. [59]. The com-

parison was performed in terms of PEC using a consistent definition and matched operating 

and boundary conditions within the same numerical framework. As shown in fig. 18, the pro-

posed discontinuous high–low double-helical fin configuration yields consistently higher PEC 

values across the investigated Re range. 

After structural optimization, the discontinuous high–low double-helical fin design en-

hances heat transfer while reducing flow resistance, leading to a substantial increase in PEC. 

Increasing the low-fin height enlarges the effective heat transfer area and improves heat transfer 

capability. A larger helix angle strengthens circumferential guidance and induces more intense 

secondary disturbances, thereby promoting heat transport between the core flow and the near-

wall region. In addition, increasing the fin pitch reduces fin density per unit length, alleviates 

flow blockage, and lowers pressure losses. As a result, heat transfer performance is improved 

without a proportional increase in pressure drop. 

  

Fig. 17. PEC vs. Re for three helical fin con-

figurations 

Fig. 18. PEC comparison with El Maakoul et 

al. [59] 

 

7. Conclusion 

This study proposes a discontinuous high–low double-helical fin configuration in a DTHE to 

enhance heat transfer while limiting the pressure-drop penalty. Numerical simulations were con-

ducted to evaluate shell-side flow and heat transfer characteristics. RSM was then employed to op-

timize the helical angle α, low-fin height h, and fin-discontinuity distance S, yielding an optimal 

parameter combination. The principal conclusions are as follows: 

(1) The proposed discontinuous high–low double-helical fins introduce periodic disturb-

ances and alternating fin heights, which intensify mixing and improve flow redistribution in the 



annulus. Consequently, low-velocity regions and dead-flow zones are reduced, and the shell-

side velocity field becomes more uniform. 

(2) Over Re = 4,000–16,000, the proposed configuration provides a net performance ben-

efit. Compared with the conventional single helical fin configuration, Nu increases by 5.0%–

19.3%, accompanied by a moderate increase in f of 10.4%–14.0%. The reduced volume-aver-

aged synergy angle β supports the interpretation that improved alignment between the velocity 

and temperature-gradient fields contributes to enhanced convection. 

(3) The geometric effects are nonlinear and coupled. The helical angle α plays the dom-

inant role in balancing heat transfer and pressure loss, whereas h and S primarily regulate dis-

turbance intensity and local loss generation. In practice, performance tuning should prioritize 

α, followed by coordinated adjustment of h and S to avoid excessive blockage while maintain-

ing effective periodic disturbance. 

(4) According to the response surface analysis, the model demonstrates strong statistical 

significance. The optimal parameter combination is S = 142.5 mm, h = 12.1 mm, and α = 59.3° 

at Re = 10,000. Under these optimal conditions, the optimized discontinuous high-low double-

helical fin configuration yields an 11.3% increase in Nu, a 20% reduction in f, and a 19.8% 

improvement in PEC compared with the unoptimized design.  

Future work will extend the present numerical analysis to additional working fluids to 

further assess the influence of fluid properties on the performance of the proposed configuration. 

Practical deployment will also require consideration of operating constraints and maintainabil-

ity in waste-heat recovery environments. 
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Nomenclature um Shell-side average flow velocity (m/s) 

A Total heat transfer area (mm2) W Flow channel height (mm) 

Cp Specific heat capacity (kJ/(kg∙K)) u, v, w Components of velocity vector (m/s) 

DTHE Double-tube heat exchanger x, y, z Coordinates 

d Inner tube diameter (mm)   

D Outer tube diameter (mm) Geek symbols 

De Hydraulic diameter (mm) k Turbulence kinetic energy (m2/s2) 

f Friction factor ε Turbulent dissipation rate 

Gk Turbulence production term λ Thermal conductivity (W/(m∙K)) 

h Height of low fins (mm) ρ Density (kg/m³) 

H Height of high fins (mm) 𝛿 Thickness of fins (mm) 

Hs Pitch of helical fins (mm) μ Dynamic viscosity (kg/(m·s)) 

ha 
Heat transfer coefficient 

(W/(m2·K)) 
α Helical angle (°) 

L Effective length of heat exchanger β Synergy angle (°) 



(mm) 

∆L 
Length of the helical channel 

(mm) 
  

m Mass flow rate (kg/s) Subscripts 

Nu Nusselt number in Inlet 

P Pressure (Pa) i, j, k Directions of the coordinate system 

ΔP Pressure drop (Pa) fins Helical fin surface 

PEC Performance evaluation criteria out Outlet 

Q Heat transfer rate (W) outer Outer tube wall 

Re Reynolds number shell Shell-side 

S Fin gap distance (mm) 0 Value of double tube with single helical fin 

T Temperature (K)   
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