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The optimization of heat transfer in heat exchanging equipment is paramount for the efficient management of energy resources in both industrial and residential settings. In pursuit of this goal, this empirical study embarked on enhancing the heat transfer performance of a double pipe heat exchanger (DPHX) by introducing silver (Ag)-graphene oxide (GO) hybrid nanofluids into the annulus of the heat exchanger. To achieve this, three distinct molar concentrations of Ag ornamented GO hybrid nanoparticles were synthesized by blending GO nanoparticles with silver nitrate at molarities of 0.03 M, 0.06 M, and 0.09 M. These Ag-GO hybrid nanoparticles were then dispersed in the base fluid, resulting in the formation of three distinct hybrid nanofluids, each with a consistent weight percentage of 0.05 wt%. Thorough characterization and evaluation of thermophysical properties were performed on the resulting hybrid nanomaterials and nanofluids, respectively. Remarkably, the most significant enhancement in heat transfer coefficient, Nusselt number, and thermal performance index (62.9%, 33.55%, and 1.29, respectively) was observed with the 0.09 M Ag-GO hybrid nanofluid, operating at a Reynolds number of 1,451 and a flow rate of 47 g/s. These findings highlight the substantial improvement in thermophysical properties of the base fluid and the intensification of heat transfer in the DPHX with increasing Ag molarity over GO. In summary, this study emphasizes the vital importance of optimizing the molarity of the material, which also plays a significant role in nanoparticle synthesis to achieve the optimal amplification of heat transfer.
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1 INTRODUCTION
For several decades, researchers have been studying the thermal amplification of double pipe heat exchangers (DPHX), as they have significant scientific implications. DPHX is widely used due to its simple design, high-pressure area, short floor space, ease of cleaning, low cost, and its usage in various applications such as chemical plants, power plants, solar energy systems, air conditioning systems, and waste heat recovery systems (H. Li et al., 2022; Maghrabie et al., 2021; Ghalambaz et al., 2022). Recently, researchers have focused on enhancing the heat transfer properties of conventional base fluids (water, ethylene glycol, oil, etc.), by incorporating nanomaterials with high thermo-physical properties (Cheedarala et al., 2016; Mbambo et al., 2020; Boudraa and Bessaih, 2021). Different types of nanofluids have been developed, including metals, metal oxides, and carbon-based nanofluids, either as mono or hybrid forms (Sharma and Mishra, 2022; K. Kumar et al., 2022; Mousavi et al., 2021). Within the realm of carbon allotropes, graphene (Gr) has captivated significant interest due to its exceptional properties. As a result, it has also garnered considerable attention within the field of thermal investigations (Cheedarala et al., 2015; Yarmand et al., 2015; Yu et al., 2020). For example, Mehrali et al. (2015) examined the Gr nanoplatelet nanofluid in a heat exchanger with varying nanoparticle weight percent (0.025–0.1 wt%) and found a 12%–28% increase in thermal conductivity and a 15% increase in heat transfer coefficient at 0.1 wt%. Yarmand et al. (2015) decorated Gr nanoplatelets with silver (Ag) nanoparticles and observed a 22.2% increase in thermal conductivity, 1.3 times increase in viscosity, and a 32.70% enhancement in Nusselt number (at Re = 17,500) with 0.1 wt% in distilled water.
Although graphene nanoparticles possess outstanding properties, their difficulty in large-scale preparation and hydrophobic nature have led to increased interest in their derivative, graphene oxide (GO). GO has gained interest as a heat transfer fluid due to its simplicity of wide-scale synthesis, hydrophilic nature, greater thermal conductivity and surface-to-volume ratio, and superior surface chemistry to support and retain doping species intrinsically (Mehrali et al., 2016; Cheedarala and JungSong, 2019). Several researchers have utilized GO either as a homogeneous or combined it with metal nanoparticles to form hybrid nanofluids with improved thermophysical, optical, and chemical properties than base fluids (Banerjee, 2018; Majumder and Gangopadhyay, 2022). Karabulut et al. (2020) applied GO/distilled water nanofluid in copper pipe with turbulent flow under constant heat flux, reporting a 48% increase in maximum heat transfer coefficient at 0.02 vol% and 1.5 L/min flow rate (Re 5,032). Ranjbarzadeh et al. (2022) used GO nanoparticles at 0–0.15 vol% to enhance heat exchanger efficiency, thermal conductivity, and convective heat transfer in industrial cooling systems, achieving a 34.7% increase in convective heat transfer coefficient and 9.64% in friction factor over the base fluid. Kumar et al. (2021) investigated GO and rGO-CuO nanofluid heat transfer performance in a laminar regime in a heat exchanger tube, finding a 53.33% increase in heat transfer coefficient using rGO-CuO nanofluid at 0.05 wt% over DI water. In the different aspects, the researcher Hui et al. (2014) experimented with Ag–GO nanohybrids using different concentrations of silver nitrate (AgNO3, 0.1 M, 0.2 M, and 0.6 M) and ultrasonication time to control the size of Ag nanoparticles. Similarly, Lozano-Steinmetz et al. (2022) explored the impact of different concentrations of Ag (0.01 M, 0.1 M, and 1 M) on the thermophysical properties of reduced graphene oxide (rGO). Their findings revealed that the use of 0.1 M concentration of Ag significantly boosted the nanofluid’s properties in comparison to other concentrations, suggesting its application in heat transfer systems. Building upon the foundations laid by these scientific reports and knowledge, this study endeavours to investigate the heat transfer performance in an annulus of the DPHX by utilizing varied lower molar (0.03 M, 0.06 M, and 0.09 M) Ag ornamented GO hybrid nanofluids at 0.05 wt%. The materials characterization, stability, thermo-physical properties, and thermal performance of this novel approach in double pipe heat exchangers have been meticulously explored and analysed. This study unlocks exciting new insights into the thermal enhancement of double pipe heat exchangers utilizing varied molar Ag-GO hybrid nanofluids.
2 MATERIALS AND PROCEDURES
2.1 Synthesis of Ag-GO nanoparticles
The production of graphene oxide (GO) nanoparticles was carried out using a modified Hummer’s method (Hummers and Offeman, 1958; Hui et al., 2014; Le Ba et al., 2020; Cobos et al., 2020; Gul et al., 2023), utilizing high-quality analytical-grade reagents in its fresh state from renowned manufacturers such as Sigma Aldrich, United States; Otto Chemie Private Ltd.; Avra Synthesis Private Ltd.; and Sisco Research Laboratories Pvt Ltd., India. Figures 1A–C provides a visual depiction showcasing the chemical structural formation, schematic representation, and preparation process of Ag-GO hybrid nanofluids. The Ag-GO nanohybrids were prepared by combining freshly synthesized GO nanoparticles with varied molar concentrated Ag metal precursors. First, GO nanosuspensions were ultrasonicated in double distilled water (DW) for 2 h. Then, appropriate concentrations of AgNO3 solutions (0.03 M, 0.06 M, and 0.09 M) were blended with Vitamin C (ascorbic acid, 1 mL, 10−3 M) as a reducing agent and trisodium citrate (1 mL, 10−3 M) as a stabilizing agent. This process yielded a varied Ag-concentrated solution, which was stirred continuously for 1 h at room temperature. The reducing and stabilizing agents played a significant role in controlling the size and morphology of the Ag nanoparticles. Furthermore, the varied Ag ornamented GO nanostructures were obtained by titrating the prepared Ag (0.03 M, 0.06 M, 0.09 M) solutions uniformly with a definite GO solution.
[image: Figure 1]FIGURE 1 | (A) Chemical structural formation, (B) Schematic representation of the preparation of Ag-GO hybrid nanoparticles, (C) Two step preparation of Ag-GO hybrid nanofluids.
It resulted in a 0.03 M, 0.06 M, and 0.09 M Ag ornamented GO nano solution that was stirred constantly in the magnetic stirrer at 90 rpm without adding light or heating during the 48 h until a fusion of Ag-GO hybrid solution was formed. The solution was then sonicated for 2 h to ensure better dispersions. The Ag-GO solution was filtered, rinsed with DW and alcohol until the potential of hydrogen (pH) was close to 7.4–7.6, and then treated in a vacuum hot air oven at 50°C to yield 0.03 M, 0.06 M, and 0.09 M Ag ornamented GO hybrid nanoparticles.
2.2 Preparation of Ag-GO nanofluids
The preparation of Ag-GO nanofluids is a crucial step in ensuring optimal heat transfer performance. In our study, we prepared Ag-GO nanofluids at different concentrations (0.03 M, 0.06 M, and 0.09 M) using a two-step process from double distilled water (DW). To achieve optimal dispersion, each synthesized Ag-GO nanohybrids was mixed with a known mass ([image: image]) of DW, then ultrasonicated for 30 min and stirred for 1 h using a magnetic stirrer. To ensure uniformity, we maintained a constant weight percentage (φ) of 0.05% by controlling the nanoparticle’s mass ([image: image]) for all samples using the digital weighing machine of accuracy 0.001 g, as estimated using Eq. 1.
[image: image]
By carefully controlling the synthesis process, we aimed to achieve maximum stability, dispersion, and optimal thermophysical properties of the Ag-GO nanofluids.
2.3 Characterization of Ag-GO nanomaterials
The morphology and composition of the synthesized Ag-GO hybrid nanoparticles were analysed using a range of sophisticated instruments, including Powder X-ray diffraction (XRD-D8 Advance ECO Bruker) with a copper anode (k1 = 1.54060) in a 2θ range of 10°–80°, High Resolution Transmission Electron Microscope (HRTEM, JEM-2100 Plus, JEOL Japan, at 200 KV), Scanning Electron Microscope (SEM, EVO 18, CARL ZEISS, Jena, Germany) at 30 kV, Fourier Transform Infrared Spectrophotometer (IR Tracer-100 Shimadzu), Particle Size Analyzer (Horiba SZ-100Z), Energy Dispersive X-Ray Spectrometer (EDAX, Quantax 200 with X-Flash), UV-visible Spectrometer (SL210, Elico, India).
The thermophysical properties of the nanofluids were evaluated using a KD2 Pro thermal property analyser (Decagon, United States, Accuracy: ±5%), which utilized the transient hotwire line method to measure the thermal conductivity with an exposure limit of 0.02–2 W/m K. The viscosity and surface tension were measured using LVDVE (Brookfield Engineering Labs, United States, Accuracy: ±1%) and SITA Dynotester (SITA process solution, Germany, Accuracy: ±0.1%), respectively.
2.4 Experimental design and methodology
Figure 2 showcases the schematic representation of the experimental setup and fluid flow configurations employed to amplify the heat transfer within a double pipe heat exchanger (DPHX). The setup is composed of an inner copper pipe serving as a hot fluid side with an effective length of 0.990 m and inner diameter of 0.022 m. The cold fluid, which is a nanofluid, flows through a Chlorinated polyvinyl chloride (CPVC) pipe acted as an outer annulus pipe of 1 m length with an inner diameter of 0.034 m. The empirical circuit also includes hot and cold side fluid tanks (HFT, CFT), Valves (V1, V2), submersible pumps (Ph, Pc), rotameters (R1, R2), pressure gauges (P1, P2), manometer (M), data acquisition system (DAQ, Make: National Instruments), and a heating element with the digital controller (Selec TC533BX). The control panel system (CP) is linked to the autotransformer (AT) (primary voltage: 240 VAC) to regulate the heat flow rate, maintain steady-state temperatures, and control the overall temperature of the system via DAQ. Ten T-type thermocouples and a digital thermometer (DT) were utilized to monitor temperatures at various locations in the empirical system. The double-pipe heat exchanger is well-wrapped with glass wool, aluminium foil and cotton threads to decrease heat loss. The pump is employed to counter-currently drive fluids from the hot and cold fluid tanks into the inner and annulus side of the pipe. The exit fluids from both ends were then directed to the appropriate collecting tanks to create equilibrium conditions for reprocessing. The flow rate of hot and cold fluids was regulated using two rotameters, with flow rates ranging from 8 to 47 g/s for the cold fluid side (35°C) to achieve the laminar flow regime (Reynolds number 250–1,451), and a constant input temperature and flow rate of the hot fluid side was maintained at 55°C and 17 g/s for the entire set of readings. The convective heat transfer coefficient, thermal performance index, effectiveness, and friction factor of different concentrations (0.03 M, 0.06 M, 0.09 M) of Ag-GO hybrid nanofluid with an analogous weight percentage of 0.05 wt% were investigated independently. The observations were acquired from the average of five sets, and the system was held for 30 min to achieve the equilibrium condition for each set of readings.
[image: Figure 2]FIGURE 2 | Empirical setup of DPHX.
3 DATA REDUCTION
3.1 Solving equations
The ensuing equation represents the heat released by the hot fluid side and the heat absorbed by the cold fluid side (Kern, 1950; Thulukkanam, 2013).
[image: image]
To elucidate the heat transfer mechanism of the Ag-GO hybrid nanofluids, the amount of heat gained by the nanofluids and its overall heat transfer rate are represented by (Karabulut et al., 2020; Kumar et al., 2021)
[image: image]
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The empirical heat transfer coefficient, as per Newton’s Law of Cooling, can be mathematically represented by the following equation (Duangthongsuk and Wongwises, 2009; Iyahraja et al., 2019; Subramanian et al., 2020).
[image: image]
Here, [image: image], and n = 4; [image: image]—bulk fluid temperature (Hussein, 2017)
[image: image]
The nanofluid’s empirical Nusselt number, Reynolds number, and Prandtl number were determined by using (Goodarzi et al., 2016; Iyahraja et al., 2019)
[image: image]
where Dh is the hydraulic diameter, [image: image]
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The empirical friction factor was determined by measuring the pressure drop of the annulus pipe and applied in the equation (Goodarzi et al., 2016)
[image: image]
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Where Z = [image: image]
Number of Transfer Units, 
[image: image]
Where 
[image: image]
3.2 Validation of experimental data
The experimental friction factor data for DW were validated by employing the Darcy friction factor equation (Eq. 13). (Iyahraja et al., 2019)
Friction factor, 
[image: image]
In addition, the empirical Nusselt number correlations available in the literatures were used to verify the experimental Nusselt number outcomes for DW. These included the Sieder-Tate equation (Eq. 14) [(Armstrong et al., 2021b; Hussein, 2017), Hausen equation (Eq. 15) (Brebbia and Rahman, 2000; Lu and Wang, 2008), Stephan equation (Eq. 16) (Jacimovic, Genic, and Lelea, 2018), B. Jacimovic et al. correlation (Eq. 17) (Jacimovic, Genic, and Lelea, 2018), Leveque equation (Eq. 18) (Bertsche et al., 2015), and Shah equation (Eq. 19) (Hussein, 2017; Jacimovic, Genic, and Lelea, 2018). The Nusselt number correlations were selected based on their previous usage in similar studies and their appropriateness for the present study’s experimental conditions.
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Where Graetz number, [image: image]
3.3 Uncertainty assessment in experimentation
In any testing and evaluation process, empirical mistakes are inevitable in the real-world context. To assess the reliability of the gathered information, the uncertainty was estimated using Moffat’s technique (Moffat, 1985), which employs partial differential equations to evaluate the recorded findings. Since the findings are influenced by multiple factors, the square root of the sum of the instrumental and measurement errors was used. The uncertainty of instruments such as voltmeter, ammeter, thermocouple, rotameter, and manometer were determined to be ±0.5% of F.S, ±0.51% of F.S, ±0.1°C, ±0.1% and ±4% respectively, with temperature and mass flow rate as the primary sources of measurements.
[image: image]
To calculate the uncertainty of the independent factors, the sensitivity coefficient was maintained at just under 5R, and the root sum square technique was employed.
[image: image]
The uncertainties of the heat transfer rate (Q), convective heat transfer coefficient (h), Reynolds number (Re), Nusselt number (Nu) and friction factor (f) were computed using the following equations.
[image: image]
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Table 1 presents the degree of uncertainty for the obtained results, indicating that the empirical findings can be replicated within the reported margins of error.
TABLE 1 | Uncertainty analysis.
[image: Table 1]4 RESULT AND DISCUSSION
4.1 Characterization results of Ag-GO hybrid nanoparticles
Figure 3A presents the X-ray diffraction (XRD) pattern of (GO and Ag-GO hybrid nanoparticles), revealing both broad and sharp peaks. These patterns indicate the formation of Ag over GO, encompassing amorphous and crystalline components. Notably, the appearance of peaks at the diffracted Bragg’s angle of 2θ = 11.1° provides compelling evidence for the presence of graphene oxide (GO) in the GO XRD plot. Conversely, in the Ag-GO plots, intriguing transformations occured. The disappearance of the diffraction peak at 11.1° and the emergence of an expanded broad peak at 16.94°(002) signify the exfoliation of GO resulting from reduction during the reaction with ascorbic acid in the AgNO3 solution. Furthermore, this transformation involves the attachment of Ag nanoparticles in the interlayers, effectively masking the GO signals (Hui et al., 2014; Vi et al., 2018). Moreover, distinct peaks observed at 38.1°, 44.3°, 64.5°, and 77.3° correspond to the crystallographic plane indices of Ag (111), (200), (220), and (311), respectively, affirming the presence of silver nanoparticles in the samples. The results establish the formation of Ag nanoparticles exhibiting a cubic crystal structure with space group Fm-3 m, consistent with JCPDS Card no. 07–0,783 (Hui et al., 2014). Notably, the Ag peak intensities in the Ag-GO XRD plots exhibit a steady increase from 0.03 M to 0.09 M, which indicates varying Ag contents in each sample (Vi et al., 2018).
[image: Figure 3]FIGURE 3 | (A) XRD, (B) FTIR, (C) EDS, (D) UV Analysis of Ag-GO hybrid nanofluids.
Figure 3B presents an intriguing comparison of transmittance percentage and wavenumbers between GO and Ag-GO hybrid nanoparticles through FTIR spectrum analysis. Noteworthy spectral bands at 3,412.08 cm−1 and 1,058.92 cm−1 correspond to the O-H bending vibrations of C-OH in carboxylic acid and phenolic acid structural groups, respectively (Cobos et al., 2020). Additionally, the functional bands at 1724.6 cm−1 and 1,597.06 cm−1 are associated with the asymmetric and symmetric carbonyl stretch vibrations of COOH groups (C=O) (Hui et al., 2014). In the Ag-GO FTIR plot, an intriguing observation emerges— (i) reductions in O-H bending vibrations at both wave numbers (3,412.08 cm−1 and 1,058.92 cm−1), (ii) alongside a reverse change in carbonyl stretching vibrations. The asymmetric (1724.6 cm−1) stretching decreases, while the symmetric (1,597.06 cm−1) stretching vibration increases. These changes signify the interaction between Ag nanoparticles and the oxygenated functional groups of GO nanosheets, forming a consistent electrostatic attraction or chemical bond (Hui et al., 2014).
In Figure 3C, the Energy Dispersive Spectrum on an SEM revealed the presence of C (K shell), O (K shell), and Ag (M and L shell) in the 0.09 M Ag-GO hybrid sample with weight percentages of 37.8%, 29.3%, and 32.9%, respectively. These results confirmed that the hybrid sample contained both Ag and GO elements.
The UV spectral analysis of Ag-GO nano-hybrids was shown in Figure 3D, which indicated the formation of Ag-GO nano-hybrids. The primary absorption peak of GO nanoparticles was found at 235 nm (GO plot) and 259 nm (Ag-GO plot), corresponding to the sp2 poly-aromatic (C-C bonds) carbon structures (Cobos et al., 2020). The 402 nm adsorption spectra (Ag-GO) signified the presence of Ag nanoparticles, which were not present in the GO spectrum. The broad peak was mainly due to the second reflection by the Ag nanoparticle ornamented over the surface of the GO nanosheet. Furthermore, the UV-vis absorption of the Ag-GO nano-hybrids showed a shift in the highest peak of GO from 235 to 259 nm, indicating that GO was partially reduced during the manufacture of Ag-GO nano-hybrids due to the doping of Ag nanoparticles (Hui et al., 2014; Cobos et al., 2020).
Figures 4A, F depicts the TEM and SEM analysis that demonstrated the formation of uniformly embedded quazi-cubical Ag nanoparticles over an amorphous, worm-like silky veil of graphene oxide nanostructures, as previously reported (Mehrali et al., 2016; Cobos et al., 2020). The carboxyl and hydroxyl groups in GO played a crucial role in providing direct binding locations for Ag over GO. The TEM image (Figure 4A) vividly captures the morphological structure and cluster formation of Ag nanoparticles on the GO surface. This captivating visualization is complemented by the lognormal plot analysis in Figure 4C, which reveals a particle size distribution ranging from approximately 3–35 nm for Ag nanoparticles in 0.09 M Ag-GO hybrid nanoparticles, with a standard deviation (SD) of 0.45. Delving deeper into the investigation, a meticulous examination conducted using the High-Resolution Transmission Electron Microscope (HR-TEM) unravels the remarkable face-centered cubic lattice of Ag nanoparticles. This lattice exhibits a precise d-spacing measurement of 0.244 nm, as depicted in the Figures 4D, E. Furthermore, the Selected Area Electron Diffraction (SAED) pattern in Figure 4B during TEM Analysis showcases the h k l plane indices, aligning seamlessly with the XRD results. These remarkable findings collectively provide strong evidence, substantiating the success of particle synthesis achieved through a cost-effective chemical reduction method.
[image: Figure 4]FIGURE 4 | (A) TEM, (B) SAED, (C) Particle Size Distribution, (D,E) HR-TEM, (F) SEM analysis of 0.09 M Ag-GO hybrid nanofluids.
4.2 Thermophysical properties of hybrid nanofluid
The thermophysical properties of Ag-GO hybrid nanofluids with varying molar concentrations were empirically measured at temperatures ranging from 293 K to 333 K. The results obtained from the thermal conductivity data showed a linear increase in thermal conductivity with increasing temperature and molar concentration of Ag over GO, as depicted in Figure 5.
[image: Figure 5]FIGURE 5 | Thermal conductivity of varied molarity of Ag over GO nanofluid.
This enhancement was attributed to various mechanisms such as Brownian motion (D. Li et al., 2020; Lozano-Steinmetz et al., 2022; Nabil et al., 2017), electron-phonon collision (Mateo et al., 2021), lattice vibration due to percolation effect (Yarmand et al., 2015) and enhanced surface area due to the clustering of Ag nanoparticles (Karthikeyan, Philip, and Raj, 2008; Philip and Shima, 2012; Gonçalves et al., 2021) on the GO surface. At 293 K, thermal conductivity enhancement of 8.03%, 11.04%, and 13.71% were observed, while at 333 K, the maximum enhancement of about 17.13%, 22.63%, and 30.12% were achieved at 0.03 M, 0.06 M, and 0.09 M Ag-GO, respectively, compared to the base fluid.
At 293 K, the viscosity of 0.09 M Ag over GO was higher than that of other molar concentrations of nanofluid, but it approached a similar value as the base fluid viscosity, when the temperature increased. Hence, the increase in temperature was found to reduce the viscosity of the hybrid nanofluids. Figure 6A shows that the viscosity of nanofluids increases exponentially with increasing molarity concentration of Ag over GO. Similar to viscosity, as the temperature increased, the surface tension of the hybrid nanofluids steadily reduced (Figure 6B). This reduction was attributed to the increase in Vander Waals force, which increases the surface free energy of the fluid and contributes to better thermal performance (Zheng, 2014; Kamatchi, Venkatachalapathy, and Abhinaya Srinivas, 2015).
[image: Figure 6]FIGURE 6 | (A) Viscosity, (B) Surface Tension of Ag-GO hybrid nanofluids.
5 HEAT TRANSFER STUDIES
In this study, the empirical investigations have been conducted to elucidate the thermodynamic characteristics and behaviour of varied molarity Ag ornamented GO hybrid nanofluids under laminar flow conditions in a DPHX. Prior to testing the hybrid nanofluids, DW was utilized as the working fluid to establish the dependability and precision of the empirical equipment. Subsequently, the same testing protocol was employed to investigate the hybrid nanofluids and establish a comparison with the base fluid.
5.1 Influence of convective heat transfer coefficient
The experimental convective heat transfer coefficient was determined using Eq. 5, and the results were compared with those obtained using DW. Figure 7 depicts the variation of convective heat transfer coefficient (h) with Reynolds number (Re) for different molar concentrations of Ag ornamented over GO hybrid nanofluids and DW. The scientific findings reveal a significant increase in 'h' values with an increase in Reynolds number, mass flow rate, and concentration of Ag over GO hybrid nanofluids. Notably, the 0.09 M concentration of Ag-GO exhibited the highest augmentation in h value (62.9% enhancement) at Re—1,451 and a mass flow rate of 47 g/s, owing to the presence of a larger number of Ag nanoparticles over the GO nanosheets. These Ag nanoparticles acted as thermal enhancement agents and their superior thermal characteristics, combined with GO’s thermal properties, contributed to the overall material characteristics, resulting in improved thermal performance of the base fluid.
[image: Figure 7]FIGURE 7 | Reynolds number (Re) vs. Convective heat transfer coefficient (h).
On the annulus side, the increment in heat transfer coefficient was found to be higher at low Reynolds number compared to the circular inner pipe (Lu and Wang, 2008). However, at Re 250, the heat transfer coefficient deteriorated in all hybrid nanofluids, which may be attributed to axial thermal conduction and a higher frictional factor. The heat transfer coefficient enhancement in other Ag concentrations was found to be 50.82% (0.06 M Ag-GO) and 34.34% (0.03 M Ag-GO) over the base fluid at Re 1,451 and mass flow rate 47 g/s. Since convective heat transfer coefficient is directly proportional to thermal conductivity, the greater impact of thermal conductivity under dynamic conditions also improved the value of h. The percentage enhancement in h value indicates the lesser impact of dynamic viscosity of hybrid nanofluids induced by thermophoresis and Brownian diffusion in the tube’s midline (Mehrali et al., 2015; Yarmand et al., 2015). Therefore, the thermal performance was improved in the higher molar concentration of Ag over GO compared to other lower concentrations at the same weight percentage of hybrid nanofluids. This study highlights the significance of hybridization in nanoparticles and its flexibility in increasing or decreasing the molar concentrations of each component, which directly influences the thermal properties of the nanofluids. Table 2 compares the empirical outcomes of the earlier studies to the current study.
TABLE 2 | Comparison of the empirical outcomes with present study.
[image: Table 2]5.2 Influence of nusselt number
The empirical Nusselt number (Nu) was calculated using Eq. 7, taking into consideration the convective heat transfer coefficient, thermal conductivity, and hydraulic diameter of the annulus pipe. The Reynolds number measured was less than 2,300, indicating laminar flow.
To validate the empirical Nusselt number, standard models of the Nusselt number were used for comparison, and it was observed that the maximum discrepancy between the empirical Nusselt number and the Hausen equation was only around ±8%, which is well within the acceptable range of ±10%. Hence, the experimental results were found to be in close agreement with the Hausen correlation (Figure 8). Figure 9A represents the variation of the Nusselt number of DW and hybrid nanofluids with three different concentrations of Ag over GO nanofluids with respect to Reynolds number. The results showed a substantial enhancement in the Nusselt number of hybrid nanofluids compared to the base fluid with an increase in Reynolds number, indicating a significant dependency of the Nusselt number on the molar concentration of hybrid nanofluids and Reynolds number. When the Reynolds number reached 1,451, the Nusselt number exhibited remarkable improvements of 33.55%, 27.62%, and 18.35% using 0.09 M, 0.06 M, and 0.03 M Ag-GO hybrid nanofluids, respectively, compared to the base fluid.
[image: Figure 8]FIGURE 8 | Empirical vs. Standard Nu correlations of DW.
[image: Figure 9]FIGURE 9 | (A) Comparison of Nu and (B) Nu ratio with Re of Ag-GO hybrid nanofluids.
Figure 9B illustrates the Nusselt number ratio ([image: image]) of hybrid nanofluids, which provides information on the enhancement of Nusselt number with the addition of nanoparticles in the base fluid. The results indicated that an increase in Reynolds number and molar concentration of nanoparticles enhanced the Nusselt number of the nanofluid. The Nu ratio increased from 1.09 to 1.18 for 0.03 M, from 1.15 to 1.27 for 0.06 M, and from 1.19 to 1.33 for 0.09 M Ag concentration in the Reynolds number ranging from 250 to 1,451 compared to DW.
5.3 Influence of friction factor
In Figure 10, the relationship between the observed friction factors and the theoretical friction factor of DW with Reynolds number is depicted. The theoretical friction factor was derived through the Darcy friction factor equation, while the empirical friction factor was estimated by determining the pressure drop on the annulus side. The deviation between these factors demonstrated an excellent agreement with an average deviation of ±4.1% over Reynolds number.
[image: Figure 10]FIGURE 10 | Experimental friction factor vs. Theoretical friction factor.
The results indicated that the experimental friction factors of DW, hybrid nanofluids, and theoretical friction factors decreased closely along the curve line as the Reynolds number increased. At a minimal mass flow rate of 8 g/s and a Reynolds number of 250, the maximum friction factor was observed in 0.09 M, 0.06 M, and 0.03 M Ag-GO of 8.9%, 5.7%, and 3.1%, respectively. This implies that the maximum loss could be found within this range and that it would have lower thermal enhancement than other flow rates and Reynolds numbers. These results demonstrate that dispersing minimal nanoparticles could enhance the pressure drop, which in turn raises the friction factor value at low Reynolds numbers and mass flow rates.
5.4 Thermal performance index (η)
Numerous studies have reported that enhancing the heat transfer rate and convective heat transfer coefficient can significantly improve the overall heat-exchanging process. However, accurately predicting the performance of thermal equipment with losses incorporated during experimentation, such as frictional losses, is of utmost importance. The thermal performance index (η) is a critical factor that can aid in predicting the system’s thermal efficiency (Subramanian et al., 2020). Thermal Performance Index is defined as the ratio of the enhancement in the Nusselt number to the enhancement in the friction factor and provides a measure of the system’s practical applicability.
Thermal Performance Index (TPI), 
[image: image]
A Thermal Performance Index value greater than one is considered indicative of a superior heat transfer system with minimum latency. The molar concentration of Ag relative to GO had a significant impact on the nanofluid’s heat transfer ability and performance, especially at higher Re and flow rates. This effect is clearly depicted in Figure 11, which showcases the enhancement of ‘η’ for all nanofluid configurations. Notably, the nanofluid with 0.09 M Ag concentration over GO yielded the highest thermal performance index value of 1.29 at Re 1,451, indicating that this particular configuration outperformed other Ag concentrations. At the same Re, the other nanofluids exhibited ‘η’ increments of 1.25 (0.06 M Ag-GO) and 1.17 (0.03 M Ag-GO), demonstrating that even a lower dispersion of Ag over GO can significantly enhance the heat exchanger’s performance compared to the base fluid.
[image: Figure 11]FIGURE 11 | Thermal performance index vs. Reynolds number.
5.5 Influence of flow rate vs. effectiveness
The effectiveness of the DPHX can be determined by the ratio of the actual heat transfer achieved by the system to the maximum feasible heat transfer, as outlined in Eq. 11. As depicted in Figure 12, the nanofluids demonstrated a more substantial increase in effectiveness across all concentrations of Ag compared to the base fluid. However, both the base fluid and nanofluid showed an increase in effectiveness as the system’s mass flow rate increased. Remarkably, the maximum efficacy was achieved at a flow rate of 47 g/s and with 0.09 M, 0.06 M, and 0.03 M concentrations of Ag over GO hybrid nanofluid, resulting in efficacy values of 35.2%, 31.1%, and 29.4%, respectively.
[image: Figure 12]FIGURE 12 | Flow rate vs. Effectiveness.
6 REACTIVITY AND STABILITY ANALYSIS OF AG-GO HYBRID NANOFLUIDS
The reactivity of the hybrid nanoparticles over the copper surface was investigated using SEM and EDS, as shown in Figures 13A, B. A sample of the copper substrate from DPHX was collected and immersed in a 0.06 M Ag-GO hybrid nanofluid for 60 days in a closed glass vessel. The SEM and EDS data demonstrated that due to the oxidation and reduction process with the copper substrate, a specific percentage of Ag-GO nanoparticles were deposited over the copper substrate, as the silver particles are highly reactive with copper (Armstrong et al., 2021b; Armstrong et al., 2021a). This observation revealed that the Ag-GO coating over the copper substrate also improved the heat transfer rate in the DPHX by enhancing the surface chemistry of the pipe material.
[image: Figure 13]FIGURE 13 | (A) SEM image of Ag-GO nanoparticles deposition over the copper surface after reaction, (B) EDS analysis on the copper surface after reaction, (C) Zeta Potential Testing.
In order to assess the stability of the Ag-GO hybrid nanofluids, it is necessary to measure the surface charge of the nanoparticles at the interface layer between the solid surface and the dispersed liquid medium. This measurement, known as the Zeta potential or electro-kinetic potential, plays a critical role in governing the particle’s aggregation or flocculation within the fluid. The higher the surface charge, the more stable the nanofluid (Tharayil et al., 2016). As shown in Figure 13C, the mean Zeta potential value of the 0.09 M Ag-GO hybrid nanofluid was −43.6 mV, indicating that the nanoparticles have a large negative surface charge near the edge of the diffuse layer, thereby demonstrating excellent stability. This stability was achieved by maintaining a pH value of 7.4–7.6 during the preparation of all nanofluids. This study helped us to understand the significant stability span of approximately 25 days with no nanoparticle aggregation.
7 CONCLUSION
This study presents a novel approach to improve the heat transfer efficiency of DPHX using Ag ornamented GO hybrid nanofluids. The heat transfer analysis in DPHX showed a remarkable improvement in the convective heat transfer coefficient and Nusselt number with the addition of Ag-GO hybrid nanofluids. The maximum enhancement was observed with the 0.09 M Ag-GO hybrid nanofluid at a flow rate of 47 g/s and Re 1,451. The friction factor was also found to decrease with the rise in mass flow rate and Re, with the maximum increment identified at Re 250 (0.09 M Ag-GO). The overall effectiveness and thermal performance index were observed to be 35.2% and 1.29, respectively, for the 0.09 M Ag-GO hybrid nanofluid at a flow rate of 47 g/s. In conclusion, this study has shown that increasing the Ag concentration in GO significantly enhances the thermophysical characteristics and heat transfer phenomena in DPHX. The 0.09 M Ag-GO hybrid nanofluid exhibited the best performance among all the tested concentrations. Our findings suggest that the material’s molarity plays a critical role in nanoparticle synthesis for comprehensive heat transfer augmentation in any application. This research can pave the way for further studies on change in molarities of nanoparticles and their application in the thermal management of various industrial processes.
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