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The purpose of this study is to experimentally enhance the heat exchange rate of the shell and helical coil tube heat exchanger by mixing water with aluminum oxide (Al2O3) nanoparticles, as well as to explore the effect of inlet thermal parameters on the performance of the heat exchanger. A test rig was constructed to investigate the influence of particle concentration, and inlet temperatures on the performance of nano-fluid. Parameters such as Nusselt number, pressure drop, performance evaluation criteria (PEC) are considered to rate the performance of the nano-particle with the heat exchanger. In this study a wider range of particle concentration is considered, which varies from 0.0%–0.75%. Experiments with and without nanoparticles are carried out under identical working conditions. By analyzing the experimental data, it was found that nanoparticles significantly improve the coefficient of heat transfer inside the helically coiled tube. From sensitivity analysis, it is obseerved that there is a slight decrease in Nusselt number of the nano-fluid with increase in inlet temperatures of the nano-fluid and the cooling water. Furthermore, it is concluded that an 8.5% increase in PEC value is observed with increase in particle concentration from 0.15% to 0.75%.
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1 INTRODUCTION
Heat exchangers are implemented in many engineering applications such as nuclear power plants, aerospace industries, air conditioning systems, chemical plants, oil refineries, refrigeration systems, power systems (Azadi et al., 2023; Carvajal-Mariscal et al., 2023; Khargotra et al., 2023; Maithani et al., 2023; Kumar A. P. et al., 2024; Luo et al., 2024; Moghadam et al., 2024). The design, application, space constraints, and fluid flow patterns in such applications influence the shape and size of heat exchangers, which are devices that transport or exchange heat between two fluids without mixing them. Every heat exchanger has a barrier that keeps the fluids apart while still enabling heat transmission. Hydraulic and thermal performance of heat exchangers have been upgraded in the last decades (Huminic and Huminic, 2016; Salilih and Abu-Hamdeh, 2021; Abu-Hamdeh and Salilih, 2022; Asiri et al., 2022; Salilih et al., 2023). Shell and helically coiled heat exchangers exceed the conventional heat exchangers for high temperature applications and outperform straight tube heat exchangers with regard to heat transfer coefficient (Prabhanjan et al., 2002). The flowing of the heat transfer fluid in a coiled tube results a centrifugal force in comparison to a straight tube, resulting in an eddy flow that augments heat transfer capabilities while also raising a drop in pressure (Dravid et al., 1971; Alimoradi and Veysi, 2016).
Traditional liquids like water and air have weak thermal conductivity, which restricts the rate of heat transfer. Nano-fluids are the new generation state of the art heat transfer fluids for heat exchangers, which have engrossed considerable attention in various research as a result of their reported high effectiveness in various heat transfer applications (Abu-Hamdeh et al., 2021a; Alsaady, 2021; Awais et al., 2021; Anggono et al., 2023; Kumar et al., 2023; Liu et al., 2023; Kumar A. et al., 2024; Rana et al., 2024). Dispersing nanoparticles across standard heat transfer liquids can increase the thermal conductivity of the working fluids without significantly altering their chemical and physical properties, which increases the rate of heat transfer. As a result, the heat transfer coefficient of the heat transfer fluids has risen significantly due to the implementation of nano-fluids rather than pure fluid in heat exchanger tubes, although there has been a moderate pressure drop (Hashim et al., 2019; Alazwari et al., 2021; Ghazanfari et al., 2023). The viscosity of the solution increases along with the volume percentages of nanoparticles. Using nano-fluids causes a greater pressure drop, and correspondingly higher energy input (Saidur et al., 2011; Kumar and Chandrasekar, 2020). To get high heat conductivity while keeping low viscosity, a number of research investigations have been done to explore the thermos-physical properties of nano-fluids (Das et al., 2007; Fsadni et al., 2018).
Numerous studies have shown that steady wall heat flux and steady wall heat increased because of the use of nano-fluids inside the coil tube (Tohidi et al., 2015). Palanisamy and Kumar (2019) investigated the pressure loss and heat transfer properties in a cone helically coiled tube subjected to turbulent flow with MWCNT/water nano-fluid at particle concentrations of 0.5, 0.3, and 0.1 percent. The studies’ findings demonstrated that water has a 0.5 total heat transfer coefficient, which is 52% lower than that of nano-fluids. At 0.5 percent, 0.3 percent, and 0.1 percent the heat transfer coefficient was increased above water by 41%, 30%, and 14%, respectively, in the case of employing a MWCNT/water nano-fluid. When MWCNT/water nano-fluids at concentrations of 0.5%, 0.3%, and 0.1% were compared to water, the Nusselt values rose to 68, 52, and 28 percent, respectively. According to reports, pressure drops in nano-fluids of 0.1%, 0.3%, and 0.5% are 16%, 30%, and 42% bigger than water, when using SiO2/water nano-fluids. Niwalkar et al. (2019) examined the increase in coefficient of heat transfer in a helically tube. The results of the experiment show that pressure drop, friction factor and the heat transfer coefficient of the nano-fluid increase with increasing mass flow rates and particle volume concentrations. In comparison to other concentrations (0.05, 0.1, 0.15, and 0.2 percent), 0.25 percent was shown to have the highest heat transfer coefficient due to its high viscosity. SiO2/water nano-fluids have larger heat transfer coefficients, pressure drops, and friction factors than demineralized water by 28.71%, 62.60%, and 52.61%, respectively. Peng et al. (2007) investigated the factors affecting the stability of nano-fluids. The test results showed that concentration, dispersant, base liquid viscosity, and nanoparticle Ph value were the key factors influencing the stability of suspensions. Additionally, the diameter, nanoparticle density, and ultrasonic vibration all have an impact on the stability of nano-fluids. Srinivas and Vinod (2016) used Al2O3, CuO, and TiO2 to evaluate the effectiveness of a disturbed shell and helical coil heat exchanger. Numerous coil-side fluid flow rates, stirring rates, temperatures and nano-fluid concentration were utilized in the experimentation. It was revealed that raising the nano-fluid concentration increased the rate of heat transfer. The efficiency of the heat exchange was also improved by increasing fluid temperature in the shell side and the concentration of the nano-fluids. By employing nano-fluids in a laminar flow environment, G. Huminic and Huminic (2011) performed numerical analysis and examined the heat transfer characteristics of a shell and helical coil heat exchanger. As particle volume concentrations increase, the temperature of the chilly fluid rises, improving its ability to absorb heat. Wu et al. (2013) investigated a shell and helical coil tube heat exchanger. The Al2O3-water nanofluid’s pressure drops and convection heat transfer properties were the focus of the inquiry. Since the thermal characteristics of the nanoparticles have the greatest influence on convective heat transmission, Al2O3-water nanoparticles can be viewed as a homogeneous solution. Farajollahi et al. (2010) found a different enhancement in heat transfer of a heat exchanger when two different nano-fluids are employed, the authors specifically considered TiO2- and Al2O3-water nanoparticles to carry out certain tasks. There has been an improvement for both nano-fluids at low and high concentration. The rivalry between the two types of nano-materials for conductivity and particle size may be the origin of these discrepancies in thermophysical characteristics. Kumar et al. (2013) used a variable percentage of Al2O3/water nano-fluid to study the frictional factor and the heat transmition of the shell and helical coil tube heat exchangers in a laminar stream environment. The better heat transfer coefficient is resulted due to the higher conductivity of nanoparticles and the randomized motion of the particles. Additionally, the viscosity of nano-fluids surges along with the increase in nanoparticle concentration, increasing the friction factor. Finally, the current part has attempted to offer insight into the older work that has been produced on this topic. From the aforementioned, it is clear that the researchers used both coil and tube and shell and tube heat exchangers in their research analyse the nano-fluids. Maghrabie et al. (2021) performed experimental investigation on shell and helically coiled heat exchanger with Al2O3 and SiO2 based nano-fluid for particle concentration of 0.1%, 0.2%, and 0.3%. The study is also carried out for different inclination angle of the heat exchanger, which is 0 o, 30 o, 60 o, and 90 o. Thermo-hydraulic performance of the nano-fluid was investigated and discussed in the paper. It was found that increasing the angle of inclination enhances the thermal performance of the heat exchanger. Elsaid et al. (2023) performed experimental and numerical study on shell and helically coiled heat exchanger with Al2O3, TiO2, MgO based nano-fluid. The study is carried out for different inclination of the heat exchanger as well for different cross sectional geometry of the tube.
Computational and experimental investigations on heat transfer aspects of nano-fluid have been considered in early studies in the shell and helical coil tube heat exchanger. However, the effect of inlet temperatures of the working fluids on heat transfer performance of the nano-fluids due to the change in physical property of the nano-fluids were not consider in researches. In this study, sensitivity analysis on thermal performance of Al2O3 nano-fluid is carried out to investigate the effect of the inlet temperature of the nano-fluid to the coil and the inlet temperature of the cooling water to the shell side, both on thermal performance of the nano-fluid. Furthermore, the experimental study is carried out for wider range of particle volume of concentration of the nano-fluid which ranges from 0.0% to 0.75%. As a result, this study has significance in understanding the property of the nano-fluid in a wider particle volume concentration, which can provide valuable insights for the scientific community. The findings of this research have the potential to benefit various industries and applications that rely on efficient heat transfer processes.
2 EXPERIMENTAL SETUP AND DATA ANALYSIS
To perform the experiment, helical coil made of copper tube and heat exchanger’s shell pipe made of a thermoplastic material were constructed using materials from a local vendor. The nano-fluids materials are mixed with hot water in the hot water tank and flow inside the helical tube. The temperature of hot water at inlet range between (65–75oC). The cold water will be in the shell with temperature between (20–30oC), while it is mass flow rate is at 0.2 kg s-1. Figure 1 shows the experimental setup.
[image: Figure 1]FIGURE 1 | Schematic illustration of the experiment setup (Shabi et al., 2023).
Experiments are carried out with tap hot and cold water without nanoparticles; after recording the data, Different particle concentrations of nano-fluid (0.15%–0.75%) has been prepared by adding nano-particle to the hot water tank and mixing it properly, then experiments are performed again to record the required date. Finally, data from all experiments are analyzed and matched to show the impact of adding nanoparticles in enhancing heat transmission. Figure 2 depicts the geometry of the considered shell and helically coiled tube heat exchanger. The dimensional parameters of the heat exchanger, such as the internal and external diameters of the tube and the shell, are presented.
[image: Figure 2]FIGURE 2 | Shell and helical tube dimension details.
2.1 Physical property of the nano-fluid
Al2O3 nanomaterial was set up by diffusing its nanoparticles in 15 L of filtered water at different particle concentrations ranging from 0.15% to 0.75% with a 0.15% step. The Sodium dodecyl benzoic sulfate (SDBS) surfactant is added and dynamically stirred. Afterward, the appropriate Al2O3 nanoparticles quantity was added and stirred for around 4 h.
Particle volume concentration ([image: image]) can be given with Eq. 1 (Maghrabie et al., 2021).
[image: image]
Where [image: image] is weight and [image: image] is density
The properties of Al2O3 nanoparticles are calculated utilizing the formulas for specific. heat ([image: image]), density, and viscosity ([image: image]) as (Maghrabie et al., 2021; Asiri et al., 2022):
[image: image]
[image: image]
[image: image]
Where the subscripts [image: image], [image: image], and [image: image] are nano fluid, nano-particle, and the base fluid, respectively.
The theoretic model for calculating the solid-liquid mixtures thermal conductivity is given as (Elsaid et al., 2023).
[image: image]
The nanoparticles materials with the percentage listed in Table 1 are mixed with hot water.
TABLE 1 | Percentage of Nanoparticles materials mixing with hot water.
[image: Table 1]2.2 Data reduction and heat exchanger parameter
For the analysis, the parameters which are considered include the thermal conductivity of the tube, nanoparticle concentrations, inlet and outlet temperatures for the coil and the shell side, and the mass flow rate of the nanoparticle solution (i.e., Reynolds number of the nano-fluid). Furthermore, dimensions and thermal conductivity for shell and helically coiled heat exchanger are listed in Table 2 below.
TABLE 2 | Geometric and thermal parameter of the heat exchanger.
[image: Table 2]Moreover, the thermo-physical characteristics of water and nano-particles have also been included. Following the experimental operation and data collecting, the nano-fluids’ rate of heat transfer in the internal tube can be calculated using the relations.
[image: image]
Then for the cold fluid (water), the heat transfer rate in the outer tube will be estimated using:
[image: image]
Afterward, the average heat transfer will be calculated by (Maghrabie et al., 2021):
[image: image]
Moreover, for the multiplication of the overall heat transfer coefficient ([image: image]) and the heat exchang area ([image: image]) will be determined using the given relation:
[image: image]
Where the logarithmic mean temperature difference ([image: image]) can be given as (Incropera et al., 2007):
[image: image]
For estimating the total heat transfer coefficient, the equation used is (Maghrabie et al., 2021):
[image: image]
Where the heat exchanger area ([image: image]) can be considered as the mean of the inner surface area ([image: image]) and the outer surface area ([image: image]) of the coil.
To compute the external convective coefficients (i.e., [image: image]) we need to calculate the Nusselt numbers of the cooling water streaming at the shell side using the relation (Salimpour, 2009):
[image: image]
Where [image: image] is the dimensionless pitch.
The heat transfer coefficient of the shell side flow will also be computed from the Nusselt number as [49]:
[image: image]
Where [image: image] is equivalent diameter of the shell side flow can be estimated by (Maghrabie et al., 2021):
[image: image]
The Nusselt number of the nanofluid flowing in the coil tube can be given with (Abu-Hamdeh et al., 2021a; Abu-Hamdeh et al., 2021b; Milyani et al., 2022):
[image: image]
The performance evaluation criterion (PEC) of the nano-fluid in the helical coil can be given with the following equation (Attalla et al., 2016; Abdul Hamid et al., 2019):
[image: image]
Where [image: image] is the curvature ratio.
2.3 Experimental procedure

1- The cold and hot water tanks are filled.
2- The required volume of the nanoparticles is measured for the volume of hot water in the tank.
3- The measured nanoparticle is poured in the hot water tank and mixed with the water.
4- The mixture in the hot water tank is heated with a fire stove till it reaches the needed temperature.
5- The cold and hot water flow speeds are adjusted by using the flowmeter.
6- The experiment is started after the temperature of the mixture in the hot tank gets the desired value.
7- The first step of the experiment is started by opening the valves the working fluids streams into the heat exchanger.
8- In parallel with opening the water valves, the motors are turned on.
9- The testing is kept operating for 20–25 min.
10- The motor is turned off after the time is up.
11- The valves are shut off.
12- The readings is kept and saved.
Repeat from point 2 to point 13 till the end of the tests for the desired percentages of the nanomaterials.
Table 3 presents the uncertainty of the experimental measurements due to replication of the experiment.
TABLE 3 | Uncertainty of the experiment.
[image: Table 3]3 RESULT AND DISCUSSION
Figure 3 displays the effects of nanofluid concentration and the Reynolds number on the average Nusselt number with mass flow rate of 0.2 kg/s cooling water at the shell side and for different inlet temperatures of the hot nano-fluid, which are 65°C, 70°C, and 75°C; while the temperature of the cooling water kept at the value of 20°C. The nano-fluid mix has a considerable consequence on the average Nusselt-number; raising the particle concentration tended to increase the Nusselt-number meaningfully. The increase in average Nusselt number of the hot water in the coil increases by around 17.8% due to addition of 0.75% Al2O3 nano-particle.
[image: Figure 3]FIGURE 3 | Reynolds numbers versus average Nusselt number, for [image: image], [image: image], [image: image].
Furthermore, as the inlet temperature of the nano-fluid ([image: image]) increases its average Nusselt number drops slightly because of the change in property of the nano-fluid due to temperature changes. Similarly as the inlet temperature of the cooling water increases, the average Nusselt number of the nano-fluid in the coil decreases due to the change in physical property with temperature. For 20°C inlet temperature of the cooling water, the Nusselt number reduces by 3.86% as the inlet temperature of the nano-fluid increases from 65°C to 75°C. For 25°C inlet temperature of the cooling water, the Nusselt number reduces by 3.81% as the inlet temperature of the nano-fluid increases from 65°C to 75°C. For 30°C inlet temperature of the cooling water, the Nusselt number reduces by 3.71% as the inlet temperature of the nano-fluid increases from 65°C to 75°C.
Figure 4 shows the effect of particle concentration to drop in pressure of the nano-fluid. The figures shows the drop in pressure for 70°C entrance temperature of the nano-fluid, and 25°C inlet temperature of the cold water at the shell side. The particle concentration is varied from 0% to 0.75%. The flow rate of the cooling water kept at 0.2 kg s-1, while flow rate of the nano-fluid increased from 0.041 kg s-1 to 0.0825 kg s-1. Generally, there is a slight increase in drop in pressure due to increase in particle concentration for all considered flow rate of the nano-fluid. Up to 1.5% increase in drop in pressure is observed due to increase in nano particle concentration. However, the pressure drop of the nano-fluid with rise in flow rate is significant.
[image: Figure 4]FIGURE 4 | Particle concentration versus pressure drop, for [image: image], [image: image], [image: image].
Figure 5 shows the effect of particle concentration to friction factor of the nano-fluid. The figures shows the friction factor for 70°C entrance temperature of the nano-fluid, and 25°C inlet temperature of the cold water at the shell side. The particle concentration is varied from 0% to 0.75%. The flow rate of the cooling water kept at 0.2 kg s-1, while flow rate of the nano-fluid increased from 0.041 kg s-1 to 0.0617 kg s-1. Similarly, there is a slight increase in friction factor due to increase in particle concentration for all considered flow rate of the nano-fluid. However, in the contrary the friction factor of the nano-fluid decreases with increase in its mass flow rate. The friction factor decreases from 0.0133 to 0.0096, for 0.041–0.0617 kg s-1 increase in mass flow rate of the nano-fluid.
[image: Figure 5]FIGURE 5 | Particle concentration versus friction factor, for [image: image], [image: image], [image: image].
Figure 6 shows the effects of nanofluid concentration and the Reynolds number on the performance evaluation criteria of the nano-fluid (PEC). The presented result is for 0.2 kg/s mass flow rate and 25°C entrance temperature of the cold water at shell side, and 70°C inlet temperature of the nano-fluid,. Overall, the PEC value of the nano-fluid is increased with increase in concentration of the nano-particle. The PEC value for 0.15% concentration is around 1.06, while the value increased to 1.15 for 0.75% concentration of the nano-fluid, which is an 8.5% increase in PEC. However, the change in the PEC value of the nano-fluid with change in its Reynold number is insignificant.
[image: Figure 6]FIGURE 6 | Reynolds numbers versus PEC, for [image: image], [image: image], [image: image].
Figure 7 presents a comparison of this work against Dittus–Boelter data. The Dittus–Boelter data represent the Nusselt number’s relation with the Reynolds number of pure water in a straight tube. The comparison shows that the results of this study are close to the Dittus–Boelter data. Although the Dittus–Boelter data represent the relationship between the Nusselt number and the Reynolds number of pure water in a straight tube, it can be used to compare experimental results of flow in a helically coiled tube in many literature sources (Hardik et al., 2015).
[image: Figure 7]FIGURE 7 | Reynolds number versus average Nusselt number comparison of this work with Dittus-Boelter data.
4 CONCLUSION
In this study a coil and shell type heat exchanger is tested in a laboratory. Our experimental data clearly demonstrate that the presence of Al2O3 nanoparticles greatly enhances the coefficient for the heat transfer inside the coil tube. The increase in flow rate of the nano-fluid inside the tube (measured by Reynolds number) increases its heat transmission performance (which is measured by Nusslet number). Furthermore, our data also reveal that the increase in mass flow rate of the nano-fluid rises its pressure drop in the tube. The following conclusions can be considered from this study:
• The average Nusselt number of the hot water in the coil is increased by around 17.8% due to addition of 0.75% Al2O3 nano-particle.
• As the inlet temperature of the nano-fluid increases, its Nusselt number of nano-fluid drops slightly due to change in its physical property.
• As the inlet temperature of the cooling water increases, its Nusselt number of the nan-fluid drops slightly due to change in physical property of the nano-fluid in the coil.
• The PEC value of the nano-fluid increases with increase in particle concentration of the nano-fluid. An 8.5% increase in PEC value is observed with increase in particle concentration from 0.15% to 0.75%.
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