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Abstract 

Heat transfer and hydrodynamic characteristics are compared numerically 

for the straight, stepped, zigzag spiral and Archimedean helical tubes of 

various cross-sectional shapes under laminar flow conditions ranging 

between 1300 - 2500 of water and CuO-water nanofluid. The channel 

geometries considered are circular, square, rectangular, elliptic (oval), T-

section, and I-section, with a total length of 1830 mm. The simulations are 

conducted with Ansys Fluent R2021. Heat transfer characteristics are 

examined for the inlet fluid temperature and the external tube surface heat 

flux system. Best cross-sections are chosen, and a fluid path is designed that 

leads to the maximum heat transfer efficiency and ease of frictional losses, 

using water as the working fluid. After optimizing the structure, CuO-water 

nanofluids with volume fractions of 1% and 2% are employed to assess 

enhancements in heat transfer and pressure drop relative to pure water. With 

the presence of spirally directed flow using a helical twisted channel, the I-

shaped model exhibits much-enhanced thermal characteristics compared to 

those in linear channels, with further enhancement in maximum temperature 

at the outlet to (312.7 K) from the conventional round tube value of (305.7 K). 

On the other hand, as imposed with Archimedean helical flow pattern in 

conjunction with the I-shaped scenario, there is an increase in heat transfer 

improvement leading to outlet temperatures with values of (315.0 K) as 

opposed to straight channel results (312.7 K). Furthermore, promisingly 

higher levels of heat transfer are found for CuO for output temperatures 

ranging from (316.1 K) to (317.0 K), corresponding to nanoparticle 

concentrations of 1% and 2% respectively. It is also ascertained that an I-

section together with an Archimedean helical trajectory showed higher 

thermal efficiency, although this leads to increased energy consumption 

arising from the dynamic resistance of the fluid flow. The results provide 

insights into a favorable approach to I-shaped channels for enhanced designs 

in advanced thermal systems. 
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1. Introduction 

The thermal transfer properties of Archimedean helical tubes have been investigated worldwide 

because they offer higher heat transfer efficiency, better use of space, and greater operational 

convenience. In addition, thermal conductance efficiencies of systems like heat exchangers, coolers, and 

hydrogen rooms employed in power conversion are primarily based on thermophysical property data 

for typical working fluids, such as oil, ethylene glycol (EG), and water. However, water, glycol, and oil 

exhibit low heat transfer efficiency due to their low thermal conductivity. New surveys and development 

projects are now underway to improve the thermal transfer properties of fluids [1, 2]. Heat transfer 

enhancement in tubes has attracted significant research interest recently. There are several techniques 

used to improve heat transfer rates, which are classified into two frameworks: active and passive. The 

external force is the difference in the nature of the active one. Among other passive methods [3], an 

attempt is also made to alter the flow geometry and the fluid's thermophysical properties by adding 

additives to the base fluid. Material properties of the tube, type of fluid flow, shape and geometry of the 

section, velocity of the liquid, and nature and properties of the working fluid (CPI) affect the 

enhancement in heat transfer. Spiral tubes were used as a geometric method in the 19th century because 

of their high thermal performance, small size, and simple fabrication for many applications, including 

chemical reactors, power plants, rocket engines, heat exchangers, and metal pipes in the oil and gas 

industry. Helically coiled tubes are commonly employed in steam generators and heat exchangers in the 

chemical industry, refrigeration plants, marine propulsion systems, and integral arrangements of nuclear 

reactors [4]. 

Kurnia et al. [5] simulated a variety of coiled noncircular tubes and contrasted them with straight 

conduits. The coiled tubes consist of spiral channels, helical spiral channels, and conical spiral channels. 

The coiled channels have superior heat transfer performance compared to straight channels. Kurnia et 

al. [6] conducted a literature review of numerical studies of plane spiral ducts with non-circular sections, 

using fixed mass flow rates and constant wall heat flux or constant wall temperature as input parameters. 

Sections are square channel, rectangular channel, half-round channel, trapezoidal channel, and triangular 

channel. The spiral channels were compared with a straight channel. The optimal heat transmission 

performance under both cases was the T-section with a trapezoidal cross-section, according to the 

results. It was also demonstrated that the straight duct has the lowest heat transfer effectiveness with 

constant wall temperature. For the constant wall heat flux, the Nusselt numbers for in-plane spiral ducts 

with rectangular, triangular, and semicircular cross sections are lower than those for straight ducts. 

Studying the fluid dynamics in spiral pipes is a basic exploration in this respect [7, 8] and predicts 

that secondary flow would occur when the Dean number surpasses its own critical value. A numerical 

study of heat transfer and entropy generation in laminar flow inside a spiral tube with a cross-section of 

different geometries was conducted by Jondicka [9]. Exergy and energy analyses were performed for 

square, elliptical, and circular sectors. Exergy analysis showed that entropy generation in straight pipes 

is higher than in pipes. From an exergy analysis perspective, spiral pipes are more effective than straight 

pipes. 

Sasmito et al. [10] numerically investigated the mixing, reaction, and heat transfer properties of 

a microchannel T junction with coiled base channels. The coiled base microchannels include conical, 

in-plane, and helical spirals. The results showed that the mixing, reaction, and heat transfer rates are 

greatly improved by using the coiled base channel. In addition, a helical spiral channel gives maximum 

efficiency. Sasmito et al. [11] investigate enhanced laminar heat transfer in square cross-section tubes, 
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namely straight, conical spiral, in-plane spiral, and helical spiral routes, using nanofluid compared to 

water. The addition of 1% volumetric fraction of nanoparticles is found to increase heat transfer by 

improving thermal performance in all the tubes. Moreover, in-plane spiral tubes exhibit better 

enhancements than coiled tubes for nanofluids. 

Nobari et al. [12] conducted a numerical simulation to investigate the impact of secondary flow 

on heat transfer in curved pipes. The results indicate that at the tube's entrance, the maximum velocity 

shifts away from the centerline, nearing the inner wall, while remaining close to the outer wall due to 

centrifugal force. Pan et al. [13] conducted a computational investigation of heat transfer and pressure 

loss in oscillating flow within a helical rectangular channel-heat exchanger. The results demonstrate that 

the helical rectangular channel heat exchanger exhibits superior performance at increased frequency and 

velocity. Sasmito [14] performed a numerical investigation of the heat transmission properties of a flat 

spiral tube with several cross-sectional shapes, including circular, square, rectangular, triangular, 

trapezoidal, and semicircular. This study analyzed a cross-section at a constant Reynolds number. The 

boundary conditions consisted of a constant heat flux and a constant wall temperature. Rectangular and 

triangular sections exhibit enhanced heat transfer efficiency compared to alternative arrangements. 

Typically, flat spiral tubes demonstrate a diminished heat transfer-to-pressure drop ratio.  

Mirgolbabaei et al. [15] conducted a numerical investigation of the combined displacement heat 

transfer in a spiral coil situated within a cylindrical shell, investigating different Reynolds and Rayleigh 

numbers. Moreover, they examined the ratio of tube diameter to coil diameter in conjunction with certain 

dimensionless pitches. The differentiation between their research and analogous studies is the 

incorporation of boundary conditions for a fluid-to-fluid heat exchanger, as opposed to sustaining 

constant-temperature and constant-heat-flux conditions at the wall. Kurnia et al. [16] demonstrated that 

non-Newtonian solutions of carboxymethyl cellulose (CMC) enhance heat transfer efficiency by a factor 

of two relative to water, necessitating a pressure increase of up to four times. Moreover, it has been 

noted that heat transfer and pressure drop are not directly proportional to CMC concentration. The 

vertical spiral coil has enhanced heat transfer efficiency relative to flat and conical spirals; still, it results 

in considerable pressure loss and should be employed with caution. Ji et al. [17] discovered that the heat 

transfer coefficient and Nusselt number in flat spiral tubes with an elliptical cross-section augment with 

an increase in water mass flow rate or rotation pitch. The maximum heat transfer coefficient and Nusselt 

number occur with a radius ratio of 1. The helical trajectory of particles produces periodic nonlinearities 

in the velocity field. The flow of particles and the frequency of spiral motion are significantly influenced 

by the radius ratio, diminishing as the radius ratio increases. Wang et al. [18] conducted a study 

examining spiral corrugated tubes. Liu et al. [19] determined the maximum Reynolds number, Nusselt 

number, wave peak-to-diameter ratio, and wave valley-to-diameter ratio. Liu et al. [19] investigated the 

heat transfer of CO2 within a spiral tube at supercritical conditions. 

Sadeghinezhad et al. [20] numerically and experimentally studied the turbulent convective heat 

transfer behavior of graphene nanoplatelets (GNP) nanofluids in a flat stainless-steel pipe and subject 

to uniform heat flux on its external wall with an internal diameter of 10 mm. The effects of nanoparticle 

concentration and heat flux were observed in the present investigation to enhance heat transfer in 

turbulent flow. The Nu number of the GNP nanofluid was found to exceed that of the base fluid by 3–

83%, depending on the concentration range of 0.025-0.1 wt%. Ranjbarzadeh et al. [21] developed an 

isotherm heat transfer system to examine the influence of GO-DW nanofluid flow on heat transfer and 

friction coefficient in a circular pipe with an inner diameter of 8.5 mm. The volumetric concentration of 
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the nanofluid ranged from 0% to 0.1%, while the Reynolds number was set between 5250 and 36,500. 

The nanofluid exhibited a maximum enhancement of 40.3% in the convection heat transfer coefficient 

relative to the base fluid. A maximum increase of 16% in pressure loss was achieved. Karabulut et al. 

[22] examined the enhancement in convective heat transfer of MWCNTDW nanofluid at a volumetric 

concentration of 0.01% in a copper pipe with an inner diameter of 8 mm and a length of 1830 mm. At 

Re 2753, a 20% enhancement in the heat transfer coefficient was attained relative to the DW under a 

heat of 500 W delivered externally to the pipe. 

Rahman et al. [23] investigated the thermal fluid dynamics of Aluminum oxide -Cu/water hybrid 

nanofluid in an inclined lid-driven cavity. The angle of inclination was found to affect the flow and heat 

transmission properties of the Al2O3-Cu/water hybrid nanofluid in the cavity. Maiga et al. [24] 

investigated the forced convective heat transfer of water-Al2O3 and ethylene glycol-Al2O3 flows within 

a uniformly heated tube. The results indicated that heat transfer is improved with a greater volume %, 

and the enhancement in heat transfer for ethylene glycol-Al2O3 surpasses that of water-Al2O3. Nassan et 

al. [25] analyzed the heat transfer characteristics of water-Aluminum oxide and water-CuO in laminar 

flow within a square tube. The findings demonstrated that the nanofluid enhances heat transfer, with the 

augmentation in water-CuO being more pronounced in square tubes compared to water. Hassani et al. 

[26] investigated the Al2O3/water nanofluid within an elliptical tube fitted with a twisted tape. The 

comparison research indicates that the integration of twisted tape and nanofluid significantly 

outperforms the use of either method independently in terms of heat transfer enhancement and thermal 

efficiency. Heris et al. [27] conducted an experimental investigation on the convective heat transfer of 

laminar flow of water and Al2O3 in square tubes. A heat transfer improvement of approximately 27.6% 

was achieved at a volume fraction of 2.5%. 

Unlike previous works analyzing restricted tube geometries and traditional cross sections, this 

paper considers both a broader range of conventional and new cross-sectional shapes, as well as 

redesigned flow pathways. This method allows an overall evaluation of the combined influences of the 

tube geometry, cross-section type, and flow path that were not previously studied simultaneously. In the 

present study, tubes with different cross-section shapes, including circular, square, rectangular, 

elliptical, and T-and I-shaped, were studied. Different flow paths: straight, stepped, zigzag, spiral, and 

Archimedean helical were examined. A uniform heat flux is imposed at all paths. Based on the numerical 

analysis, the flow path and cross-section with the best heat-transfer performance are selected for detailed 

study.  

2. GOVERNING EQUATIONS  

In the present study, the flow of water-based nanofluid containing CuO nanoparticles with volume 

fractions of 1% and 2% is numerically investigated. The nanofluid flows through tubes with different 

geometrical configurations. The cross-sectional shapes considered for the tube are circular, square, 

rectangular, elliptic, T-shaped, and I-shaped. A constant heat flux is applied to the tube’s outer surface 

for all cases, with a boundary condition of 3623 [Wm-2] (total heat input of about 250[W]). The tube 

length is kept constant at L = 1830 [mm], and the same operating parameters are used for both 

configurations to allow a fair comparison. 

The optimum cross-section is compared with various channel geometries, such as stepped, zigzag 

spiral, and Archimedean helical paths, to analyze the effect of the flow path on thermal-hydraulic 

performance. Finally, the CuO–water nanofluid is employed to assess the enhancement in heat transfer 
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performance and pressure drop behavior. The investigated tube cross-sections and flow pathways are 

schematically illustrated in Fig. 1 and Fig. 2, respectively, while the detailed geometrical parameters of 

the tubes are summarized in Table 1. 

The governing equations for steady-state, temperature-dependent properties, three-dimensional 

mass conservation, Navier-Stokes, and energy conservation can be expressed as: 

Continuity equation: 

                                                               ∇. (𝜌(𝑇)𝑉) = 0                                                  (1) 

Momentum equation: 

                                      𝜌(𝑇)(𝑉 . ∇) 𝑉 = − ∇𝑃 + ∇. [𝜇 (𝑇)(∇𝑉)]                                  (2) 

Energy equation: 

                                           𝜌(𝑇)𝐶𝑝 (T)(V. ∇T) =  ∇ . [𝑘(𝑇)∇𝑇]                                    (3)  

The Density of water, specific heat, thermal conductivity, and Dynamic Viscosity are presented 

in Eqs. (4), (5), (6), and (7) respectively, as temperature-dependent properties, as follows [33]:  

                                             𝜌 = 1000 − 0.3(𝑇 − 273.15)                                            (4) 

                                           𝐶𝑝 = 4182 + 0.1(𝑇 − 273.15)                                            (5) 

                                              k=0.6065−0.0015(T−273.15)                                             (6) 

                                                𝜇 = 0.001𝑒−0.033(𝑇−273.15)                                              (7) 

The general form for internal and laminar flow, the Reynolds number and Nusselt number can be 

expressed as: 

                                                                𝑅𝑒 =
𝜌 𝑉 𝐷ℎ

𝜇
                                                       (8) 

                                                                 𝑁𝑢 =
ℎ 𝐷ℎ

𝑘
                                                        (9)                                          

     
Figure1. Diverse examined cross sections for linear geometries 

 

 

 Figure 2. Diagrammatic representation showing straight, stepped, zigzag, spiral and 

Archimedean helical geometries for I-shaped cross-section 
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Table 1. Characteristics of various geometries 

Parameter Value Unit 

d1 8.0 mm  

d2 10.6 mm  

d3 6.0 mm  

h1 5.0 mm  

h2 12.5 mm  

h3 11.1 mm  

h4 1.5 mm  

w1 7.1 mm  

w2 10.0 mm  

w3 2.0 
mm  

 

 

As stated in the previous section, two methodologies can be employed to examine fluids 

containing nanoparticles. This study used the single-phase approach. The properties of the nanofluid can 

be derived from the subsequent equations [28]:  

                                                   𝜌𝑛𝑓 = (1 − ∅)𝜌𝑓 + ∅𝜌𝑝                                                  (10) 

                                         (𝜌𝐶𝑝)𝑛𝑓 = (1 − ∅)(𝜌𝐶𝑝)𝑓 + ∅(𝜌𝐶𝑝)𝑝                                      (11) 

In this context, ∅ denotes the volume per cent of the nanofluid, whereas the indices nf, f, and p 

represent the nanofluid, base fluid, and nanoparticle, respectively.  

The effective coefficient of fluid thermal conductivity is derived from the Maxwell-Garnett model 

[29]:  

                               
𝑘𝑛𝑓

𝑘𝑓
=

𝑘𝑝+2𝑘𝑓−2∅(𝑘𝑓−𝑘𝑝)

𝑘𝑝+2𝑘𝑓+∅(𝑘𝑓−𝑘𝑝)
                           (12) 

Dynamic viscosity is estimated from the Brinkman relation [30]:  

                                                  (𝜇)𝑛𝑓 =  
𝜇𝑓

(1−∅)2.5                                                                (13) 

Properties of pure water and CuO are represented in Table 2.   

Table 2. Characteristics of Pure Water and Copper Oxide 

Material ρ (kg/m³) Cp (J/kg·K) k (W/m·K) 

Pure water 998.3 4182 0.60475 

Copper Oxide (CuO) 6500 535 18 

3. Boundary Conditions 

At the inlet section of the channel, the flow is assumed to be fully developed hydrodynamically. 

For all investigated cases, the cross-sectional area is kept constant at 5 × 10-5 m², and the tube length for 

all flow pathways is fixed at 1830 mm. The numerical simulations are performed using different inlet 

fluid velocities of 0.3 m/s, 0.4 m/s, 0.5 m/s, and 0.6 m/s. The inlet temperature is maintained constant at 

303 K for all cases. 

                                                    𝑢 = 𝑢𝑖𝑛,       𝑇 = 𝑇𝑖𝑛 = 303 𝐾                                                (14) 
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At the outlet, the barometric pressure is set to zero, and a zero-temperature gradient is imposed in 

the flow direction, indicating fully developed thermally. 

                                                        𝑃 = 𝑃𝑜𝑢𝑡,        𝑛 . (𝑘∇𝑇) = 0                                               (15) 

Where n denotes the outward normal vector to the outlet surface. 

A no-slip boundary condition is applied at all solid walls. A uniform constant heat flux is applied 

around the tube perimeter for all geometries and flow pathways. 

                                                     𝑢 = 0 ,        𝑞′′ = 3623 [𝑊𝑚−2]                                             (16) 

These boundary conditions are consistently applied to all cross-sectional shapes and flow 

pathways considered in the present study. 

4. Numerical Simulation 

In this study, the governing conservation equations of mass, momentum, and energy were solved 

numerically using appropriate boundary conditions. A commercial computational fluid dynamics (CFD) 

package, ANSYS FLUENT, based on the finite-volume method, was used to perform steady-state 

simulations. 

The computational domain was discretized using a three-dimensional mesh to accurately capture 

the flow and temperature fields for all investigated geometries. A cross-section of the geometry and 

mesh structure is shown in Fig. 3. A grid independence study was conducted for each geometry to ensure 

that further mesh refinement had a negligible effect on the mean fluid temperature and heat transfer 

results. Depending on the geometry, quadrilateral-dominated meshes were generated, and the total 

number of mesh elements was selected in the range of 650,000 to 750,000, providing a balance between 

numerical accuracy and computational cost. 

Convergence criteria were defined such that the residuals of the continuity, momentum, and 

energy equations dropped below 10⁻⁶. Velocity and temperature boundary conditions were applied at 

the tube inlet, a pressure outlet condition was imposed at the tube exit, and a uniform constant heat flux 

boundary condition was applied on the outer surface of the tube. 

All simulations were applied using the standard k–ε model. The numerical computations were 

performed on a workstation equipped with a quad-core processor and 32 gigabytes of RAM. The mean 

computational duration necessary to reach convergence for each case was approximately 15 hours, 

depending on the geometry and mesh density. [31,32] 

 

 Figure 3. Illustration of the numerical domains and mesh configuration 
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5. Validation of the model 

The present numerical approach was verified by comparing the results with published reference 

data at different flow rates [32]. The temperature variation for various flow rates is shown in Fig. 4. The 

reproduced results are in good agreement with the previously published data over the entire investigated 

range. The maximum difference between the numerical prediction and reference values is less than 

0.09%, indicating the high accuracy and good reliability of the present numerical model for estimating 

the heat transfer performance of the flow system. 

 

 Figure 4. Validation of numerical model against reference [32] for circular tube at 303 K inlet 

temperature and 250 W (3623 W/m2) heat flux. 

6. Results and discussion  

This part presents the numerical simulation findings for circular, square, rectangular, elliptical, 

T-shaped, and I-shaped channels operating under identical conditions, namely an inlet temperature of 

303 K, a uniform heat flux of 3623 W/m², a channel length equal to 1830 mm, and a flow velocity of 

0.3 m/s, with pure water as the working fluid. 

Initially, a baseline numerical analysis was performed for straight channels to identify the most 

efficient cross-sectional geometry regarding both heat transfer performance and hydrodynamic 

behavior. The conclusions drawn from this comparative analysis show that the I-shaped channel has the 

maximum thermal enhancement, followed by its substantial impact on the hydrodynamic features, 

making it a more promising configuration of those tested. 

According following the same criteria, the previously proposed optimized I-shaped cross-section 

was also tested under more complex flow conditions such as stepped, zigzag, spiral, and Archimedean 

helical paths. The present is a natural extension of such studies to investigate the heat transfer 

augmentation potential under intensified flow conditions. 

6.1. Straight Channel Cross-Sections 

Fig. 5 illustrates temperature contours at straight flow for different cross sections of the channel. 

The outlet temperatures at circular and square ducts are lower, from 305 to 307 K, which implies lower 

thermal development in comparison to the same flow conditions. On the other hand, outlet temperature 
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is slightly higher for a square cross-section, which means that heat transfer performance is slightly 

improved because of the expanded surface. 

Moving toward the more complex geometries shown in the inner region of the figure, a 

pronounced increase in temperature gradients is clearly evident for the elliptical, T-shaped, and, 

particularly, the I-shaped cross-sections. Among all configurations, the elliptical cross-section records 

the lowest outlet temperature, reaching approximately 309 K. The outlet temperature increases to about 

311.5 K for the T-shape duct, while the I-shaped cross-section, located at the middle-right region of the 

temperature-contour domain, records the maximum outlet temperature of 312.7K. Such behavior 

reflects the higher heat-absorption capacity of the I-shaped geometry owing to its longer wetted 

perimeter and stronger fluid–wall interaction that results in enhancing heat-transfer rate. The nearly 

uniform temperature in the vertical channels of the T-shaped and I-shaped structures occurs due to the 

relatively high flow velocity, which limits thermal boundary layer development and results in wall 

temperatures close to the mainstream. In the central regions, thermal layers are well-developed. Lower 

flow rates would increase the temperature gradients.  

 Unless Otherwise Stated, Fig. 6 shows the variation of the mixed mean temperature of pure water 

flow at constant wall heat flux and for a velocity of 0.3m/s, in straight channels of various shapes 

according to their cross-sectional. The patterns seen in this figure agree with the temperature contour 

results and again verify that the I-shaped cross-section has better performance than other geometries. 

Figure 7 shows the contours for the velocity distributions for various cross-sectional shapes of the 

channel under no-straight flow. Thermal trends are discussed based on the corresponding velocity fields. 

The circular, square and rectangular ducts in the above portions of the contour plot are nearly 

axisymmetric laminar core flow, as expected from viscous-dominated flow. The peak velocity in both 

geometries is about 0.42 m/s, indicating a relatively low hydrodynamic resistance and closely 

approximated two-dimensional flow propagation. 

The elliptical cross-section, shown in the region below the figure, exhibits comparatively flatter 

velocity profiles accompanied by moderate flow mixing. This behavior indicates a redistribution of 

momentum across the cross-section, which can enhance convective transport while maintaining a 

balanced hydrodynamic performance. 

In contrast, the T-shaped and, more prominently, the I-shaped ducts located in the region below 

the velocity contour domain demonstrate significantly steeper velocity gradients. These gradients are 

particularly evident at the web–flange junctions, where localized flow acceleration and strong shear 

layers develop. The I-shaped cross-section exhibits distinct acceleration bands with local velocities of 

approximately 0.37 m/s. While such intensified velocity gradients enhance convective heat transfer, they 

also increase flow resistance, which is expected to result in a higher-pressure drop. 

Figure 8 presents the axial pressure distribution of pure water flow in straight channels with 

various cross-section geometries and subjected to uniform heat flux at the channel walls and a mean up-

flow velocity of 0.3 m/s. It can be seen that, as for all configurations, a reduction in pressure is observed 

gradually along the length of the channels because of frictional losses. Of the geometries considered, 

the I-shaped, elliptical-, and T-shaped ducts show higher pressure drop corresponding to greater 

hydrodynamic resistance due to flow complexity and high shear stresses. In contrast, circular, square 

and rectangular channels have lower pressure drop, predictable flow behavior and lower hydraulic 

resistance for effective pumping. 
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6.2. I-shaped channel under different flow conditions. 

The I-shaped channel with the maximum heat transfer augmentation among all shapes was explored 

further using other flow configurations such as Archimedean helical, spiral, zigzag and stepped to 

enhance fluid mixing and develop thermal structures. Fig. 9 makes it evident that the Archimedean 

helical pack presents the most significant thermal enhancement reaching an outlet temperature of around 

315 K, and this is due to the emission of robust counter-rotating secondary vortices and continuous 

rotational motion leading to a stronger wall–fluid interaction. The spiral design also realises a significant 

thermal improvement, with an outlet temperature of approximately 313.7 K, further indicating that the 

induced swirling flow contributes to enhanced mixing and augmentation of residence time in the 

channel. In the middle of the figure, outlet temperatures are 313.4 and 313.0 K in zigzag and stepped 

channels, respectively. The moderate increase in thermal performance obtained for these geometries is 

attributed to periodic flow disturbances and local recirculation zones, which urge mixing without fully 

rotating flow paths.  

In comparison, relatively weaker thermal development led by the little formation of secondary 

flow is detected in a straight I-shaped channel with the lowest outlet temperature of 312.7 K. 

Nevertheless, this will provide more steady hydrodynamic behavior and should give the minimum 

pressure drop among these flow channels. Such findings are also strengthened by Fig. 10, which displays 

the mixed mean temperature of pure water flow in I-shaped cross-section under the same operating 

conditions among different configurations, also exhibits that curved and rotating channels can again 

maintain better thermal performance during working. 

Figure 11 displays the velocity profiles of the I-shaped channel from different pathways, 

Archimedean helical, spiral, zigzag and stepped zones, as well as a straight channel. Of these 

configurations, the Archimedean helical flow exhibits the best hydrodynamic profile (excluding the 

straight one) due to its ability to provide a strong secondary vorticity and its persistent vortical flow that 

dramatically increases fluid mixing with an acceptable velocity magnitude as compared with that shown 

in the spiral channel. It is this compromise between an intense mixing and a superimposed uniform 

velocity profile which differentiates the Archimedean geometry from other curved meander designs. 

The spiral channel generates the strongest local velocity peaks and the most intense secondary 

flow structures, which are evidence of strong hydrodynamic activity. However, the latter is associated 

with the highest frictional losses due to over-shear and flow curvature. The moderate hydrodynamic 

enhancement is attributed to the periodic acceleration and local vortex generation in a zigzag pathway, 

while that in a stepped pathway stands with stability (if not very effective) from the follow-on of 

recirculation zones generated at the step interfaces. On the other hand, the straight I-shaped channel 

possesses the most steady and uniform velocity field with less secondary motion and hence the smallest 

pressure drop; however, mixing performance is sacrificed to some extent. 

Comparison of these velocity characteristics with those for the thermal results (found to be that 

for the Archimedean helical path to give the best heat transfer enhancement), demonstrates that this 

arrangement is best in terms of `compromise between' thermal improvement and hydrodynamic 

detriment. Therefore, for further increasing the higher thermal performance of CuO–water nanofluid, 

the Archimedean helical I-shaped channel was considered for the next application. 
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Figure 12 shows the axial pressure distribution of pure water flow through an I-shape cross-

section under various flow paths on channel length at constant wall heat flux and core fluid velocity 0.3 

m/s. In all cases, pressure decreases along the channel due to frictional losses. The zigzag pathway shows 

the largest pressure drop, whereas the spiral and Archimedean helical pathways are intermediate, 

indicating stronger flow perturbation and secondary motion. The pressure loss of the stepped channel is 

smaller than that of the curved path, and that of the straight one is lower than both previous ones, 

verifying that it has the lowest hydraulic resistance among all studied configurations. 

 

         

 Figure 5. Temperature contours for different straight channel cross-sectional geometries. 

 

 
 Figure 6. Mixed mean temperature for different straight channel cross-sections. 
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 Figure 7. Velocity contours for different straight channel cross-sectional geometries.  

 

 

 Figure 8. Axial pressure drop for different straight channel cross-sections. 

 

             

 Figure 9. Temperature distribution in the I-shaped channel for (A) straight, (B) stepped, (C) 

zigzag, (D) spiral and (E ) Archimedean helical flow paths. 
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 Figure 10.  Averaged mean temperature of the I-shaped channel in different flow directions. 

 

                     

 Figure 11. Velocity distribution at the outlet of the I-shaped channel for different flow patterns: 

(A) straight; (B) stepped; (C) zigzag;(D ) spiral; and (E ) Archimedean helical.  

 

  

 Figure 12. Axial pressure drop of I-shaped channel in various flow paths. 
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6.3. Effect of CuO–Water Nanofluid 

The observed trends in outlet temperature are governed by the combined effects of mean flow 

velocity, nanoparticle volume fraction, and penetration depth, driven by flow-induced mixing 

mechanisms. An increase in flow velocity reduces the working fluid's residence time in the heated 

channel, thereby decreasing the amount of thermal energy absorbed from the wall. On the other hand, 

the addition of CuO nanoparticles increases the effective thermal conductivity of the base fluid and 

hence improves convective heat transfer from the heated wall to the core region. Furthermore, dosage-

based random displacement of nanoparticles and the corresponding microconvection mechanism 

contribute to enhancing thermal energy diffusion in the flow. 

Figure 13, shows that the higher nanoparticle concentration tends to produce an enhanced outlet 

temperature at all studied flow velocities. The Archimedean helical flow path phenomena are crucial to 

enhancing convective heat transfer since it can induce significant secondary and swirling flows that 

disturb the thermal boundary layer. At the higher Reynolds numbers, however, an optimization between 

residence time in the pump and thermal properties of nanofluid is overcome by increased heat transfer 

area with lower temperature exiting. At higher velocities, however, hydrodynamic effects prevail and 

shorter residence times prevent heating efficiency enhancement due to more intense mixing. 

Both flow rate and nanoparticle loading significantly affect the pressure drop behavior of the I-

shaped channel. With an increasing flow rate, the pressure drop increases significantly owing to 

increased inertial forces, higher wall shear stresses and also stronger interactions at the fluid–wall 

interface. In addition, the CuO nanoparticles suspension leads to greater effective viscosity and bulk 

density of the working fluid, which contributes to high hydraulic resistance and increased frictional 

losses along the flow direction. These effects are more dominant in the higher velocity region, where 

both viscous and inertial contributions become important. While Archimedean helical pattern improves 

the fluid induced secondary flow and augmented thermal performance, there is, however increase in 

pressure drop due to the combined effect of rotation and modified nanofluid properties. These features 

are well demonstrated in Fig. 14 for the nanofluid compared with deionized water, which can be seen 

over the whole range of velocities studied, indicating that CuO–water nanofluid suffers significantly 

higher pressure drop relative to deionized water. 

The effect of flow velocity and nanoparticle concentration on convective heat transfer is also 

evident in the heat transfer coefficient's behavior. Specifically, an increase in flow velocity correlates 

with a higher heat transfer coefficient for both pure water and CuO–water nanofluids. This is attributable 

to enhanced fluid mixing, greater turbulence intensity, and the development of a thinner thermal 

boundary layer. Furthermore, the incorporation of CuO nanoparticles improves heat transfer by 

augmenting the working fluid's effective thermal conductivity and reinforcing microscale energy 

transport processes. Figure 15 shows that nanofluids consistently outperform pure water across the entire 

range of system velocities. Moreover, higher nanoparticle mass fractions lead to more significant 

improvements. This enhancement is especially noticeable at higher rotational velocities. The combined 

effects of increased secondary flows, caused by the Archimedean helical path, and the better 

thermophysical properties of the nanofluid result in a substantial increase in convective heat transfer 

performance. 
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 Figure 13. Outlet temperature variation with flow velocity for pure water and CuO–water 

nanofluids in the I-shaped Archimedean helical channel. 

 

 

Fig. 14. Effect of CuO nanoparticle concentration on pressure drop in the I-shaped 

Archimedean helical channel. 

 

 

 Figure 15. Heat transfer coefficient versus flow velocity for pure water and CuO-water 

nanofluids. 
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6.2. Effect of Reynolds Number 

As the Reynolds number increases, the combined influence of flow inertia and nanofluid effects 

becomes increasingly evident in the forced convection heat transfer coefficient. At higher Reynolds 

numbers, the heat transfer coefficient increases for all working fluids due to intensified mixing, stronger 

inertial forces, and the progressive thinning of the thermal boundary layer. The incorporation of CuO 

nanoparticles further enhances the thermal performance by increasing the effective thermal conductivity 

of the base fluid and strengthening microscale energy transport mechanisms. 

In this regard, Fig. 16 shows that the heat transfer coefficient of the 1% CuO–water nanofluid is 

enhanced by approximately 10–15% relative to pure water, while the enhancement for the 2% CuO 

nanofluid reaches about 18–22% over the investigated Reynolds number range. This enhancement is 

more evident at higher Reynolds numbers, and can be ascribed to the interplay mechanism between 

enhanced flow momentum and nanoparticle concentration; both internally boosted by convection effect 

inside the I-shaped Archimedean helical channel. 

The dependence of the pressure drop as a function of Reynolds number gives an indication of the 

hydrodynamic behavior of fluids at higher values of flow inertia and also differences in their 

thermophysical properties. The increase in Reynolds number results in a higher pressure drop for all the 

cases, mainly due to enhanced inertial effects, increased wall shear stress and enhanced fluid–wall 

interactions. The appearance of the CuO nanoparticles has enhanced this behavior through increasing 

apparent viscosity and density of the base fluid, which corresponds to more frictional loss within the 

channel. Fig. 17 makes evident that both 1 and 2% CuO nanofluids incur drastically higher pressure 

drops compared to pure water at the same range of Reynolds numbers, even though the highest penalty 

on pressure condition takes place for the case of the 2% concentration. Furthermore, the pressure drop 

penalty associated with the use of nanofluid becomes more significant at larger Reynolds numbers, in 

which this pressure drop burner more pumping power to operate the I-shaped Archimedean channel than 

that gained via convection. 

Figure 18 shows the variation of Nusselt number with Reynolds number, which demonstrates how 

nanofluid concentration affects the characteristics of convective heat transfer. For all fluids, Nu rises 

with Reynolds number due to intensified inertia effects, better fluid mixing and a reduction of the 

thermal boundary layer thickness. The inclusion of CuO nanoparticles further increases heat transfer 

capabilities by enhancing the average thermal conductivity of the base fluid and promoting microscale 

energy transport models. The Nusselt number for 1 wt% CuO nanofluid is enhanced by around 8–12% 

(in comparison to distilled water), meanwhile, it shows an improvement of about 15–20% for the 2 

weight % of CuO nanofluid at all Reynolds numbers. This pattern is enhanced as the Reynolds number 

grows, indicating that flow inertia and nanoparticle loading cooperate in increasing convection heat 

transfer in the I-shaped Archimedean channel geometry. 
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 Figure 16. Heat transfer coefficient-Reynolds number for pure water and CuO–water 

nanofluids. 

 

 

 Figure 17. Pressure drop as a function of Reynolds number for pure water and CuO–water 

nanofluids. 

 

 

 Figure 18. Nusselt number variation with Reynolds number of pure water and CuO–water 

nanofluids 
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7. Conclusion 

This work was aimed at a numerical investigation of the thermal and hydrodynamic behavior of various 

channel shapes and flow arrangements under uniform heat flux. The major findings are as follows: 

• The maximum overall heat transfer enhancement for straight channels was obtained with an I-shaped 

cross-section, but the pressure drop increased. 

• The Archimedean helical I-shaped channel was found to have the maximum thermal performance, and 

that was due to strong secondary flows and continuous rotational motion. 

• The heat transfer coefficient and Nusselt number are increased by 10–15% and 15–20% due to the 

utilization of CuO–water nanofluids for 1% and 2 % volume fractions, respectively. 

• This enhancement in heat transfer, however, was associated with a higher pressure drop that became 

approximately 20–50% larger than for distilled water. 

• The Archimedean helical I-shaped configuration provides the best tradeoff between heat transfer 

enhancement and hydraulic penalty. 

Abbreviations and Symbols 

Abbreviation Description  

CFD Computational Fluid Dynamics 

CUO Copper Oxide (CUO) 

CMC carboxymethyl cellulose  

CIP Combined Property Index  

DW Distilled Water 

EG Ethylene Glycol  

GNP  Graphene Nanoplatelets  

GO-DW Graphene Oxide-distilled water 
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Symbol Description  Units 

Dh Hydraulic Diameter   [mm] 

hnf Heat transfer coefficient of nanofluid                   [Wm-2K-1] 

hpw Heat transfer coefficient of pure water        [Wm-2K-1] 

k Thermal conductivity          [Wm-1K-1] 

p Pressure [Pa] 

q′′ Heat flux          [Wm-2] 

T Temperature [K] 

Ui Velocity component in i-direction [ms-1] 

xi Spatial coordinate [m] 

ΔP Pressure drop [Pa] 

μ Dynamic viscosity [Pa×s] 

ρ Density         [Kgm-3] 

Nu Nusselt Numbe   (h × Dh) / k 

Re Reynolds Number (ρ× U × Dh) /μ    
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