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ABSTRACT 

This study investigates the thermal–hydraulic performance of a counter-flow double-tube heat exchanger 

employing Al₂O₃–water nanofluids at varying nanoparticle volume concentrations (0.01%, 0.1%, 0.2%, and 0.3%) and 

compares their performance with that of the base fluid (water). Experiments were conducted over a mass flow rate range of 

0.012–0.026 kg/s to evaluate the influence of nanoparticle concentration and flow rate on key thermal and hydraulic 

parameters, including Reynolds number (Re), logarithmic mean temperature difference (LMTD), overall heat transfer 

coefficient (OHTC), number of transfer units (NTU), friction factor, effectiveness, and convective heat transfer coefficient 

(CHTC). The results revealed that increasing nanoparticle concentration enhances the heat transfer characteristics of the 

system while inducing only a minor rise in flow resistance. The Reynolds number decreases slightly with nanoparticle 

addition due to increased viscosity, whereas the OHTC and CHTC show significant improvements up to 30–35% at a 

concentration of 0.3 vol.%. The NTU and effectiveness also increase, indicating enhanced heat exchange performance. 

Although a small increase in friction factor was observed, the gain in thermal efficiency far outweighs the hydraulic penalty. 

Overall, the findings demonstrate that Al₂O₃–water nanofluids are an effective working medium for enhancing the energy 

efficiency and compactness of double-tube heat exchangers used in cooling, thermal management, and sustainable energy 

systems. 

Keywords: Al₂O₃ nanofluid; Double-tube heat exchanger; Thermal performance; OHTC; NTU; Friction factor; Mass flow 

rate; Energy efficiency enhancement. 

1. INTRODUCTION 

Efficient heat transfer is essential in modern 

thermal systems, including power generation, air 

conditioning, refrigeration, and renewable energy 

conversion. With increasing energy demand and the 

continuous trend toward system miniaturization, 

improving heat exchange efficiency has become critical 

for achieving higher performance and sustainability. 

Conventional heat transfer fluids, including water, 

ethylene glycol, and mineral oils, exhibit relatively low 

thermal conductivity (typically below 0.6 W/m·K), 

which limits their ability to effectively remove or 

dissipate heat (Ajeeb et al. 2023). This limitation often 

necessitates larger heat exchanger surfaces or higher 

pumping power, resulting in increased energy 

consumption and operating costs. To address these 

challenges, nanofluids, engineered colloidal suspensions 

of nanosized solid particles (1–100 nm) dispersed in a 

base fluid, were introduced by Choi and Eastman in 1995 

(Aldbea et al. 2025). Numerous studies have 

demonstrated that the inclusion of nanoparticles 

significantly enhances the thermal and physical 

properties of conventional fluids, particularly their 

effective thermal conductivity and convective heat 

transfer coefficient (Ayoob et al. 2025; Bashtani et al. 

2021). These enhancements are generally attributed to 

improved effective thermal conductivity, intensified 

energy transport at the solid–liquid interface, and 

disruption of the thermal boundary layer. Over the past 

two decades, nanofluids have shown considerable 

potential for improving heat transfer performance across 

a wide range of industrial and energy systems (Choi, 

1995; Das et al. 2023). 

Among the various nanoparticles investigated, 

aluminium oxide (Al₂O₃) has emerged as one of the most 

widely studied materials due to its favorable combination 

of properties, including moderate cost, chemical stability, 

high melting point, and reasonable thermal conductivity 

(~36 W/m·K) (Ghazanfari et al. 2022; Ghazanfari et al. 

2023; Gkountas et al. 2021). Al₂O₃–water nanofluids 

have been reported to exhibit 15–40% enhancement in 

thermal conductivity even at low volume concentrations 

(<1%) (Issa et al. 2021; Kumar et al. 2022; Mohammed 
et al. 2012). In addition, Al₂O₃ nanoparticles show good 

dispersion stability in polar fluids such as water, making 
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them suitable for practical applications in compact heat 

exchangers, automotive cooling systems, and electronic 

thermal management (Murthy et al. 2022). However, the 

improved heat transfer capability is often accompanied 

by increased viscosity and pressure drop, which can raise 

pumping power requirements and reduce overall system 

efficiency (Nam et al. 2023). Consequently, a 

simultaneous evaluation of thermal enhancement and 

hydraulic penalty is essential for determining optimal 

operating conditions. 

Despite extensive experimental research on 
Al₂O₃–water nanofluids, most existing studies focus on 
isolated heat transfer metrics such as the Nusselt number 
or convective heat transfer coefficient and are often 
limited to narrow nanoparticle concentration ranges or 
single flow conditions. Comprehensive experimental 
investigations that simultaneously evaluate thermal 
performance (OHTC, CHTC), heat exchanger 
effectiveness (NTU, effectiveness), and hydraulic 
penalties (friction factor) under varying mass flow rates 
in counter-flow double-tube heat exchangers remain 
scarce. This lack of integrated thermal–hydraulic 
assessment limits the practical optimization and real-
world application of nanofluids in compact and energy-
efficient heat exchanger systems. Double-tube heat 
exchangers (DTHEs) are commonly employed for 
experimental investigations owing to their simple 
geometry, well-defined flow characteristics, and ease of 
instrumentation. Several studies have reported improved 
heat transfer coefficients and Nusselt numbers when 
nanofluids are used in double-pipe or helical heat 
exchangers (Patil et al. 2025). For instance, (Rashid et al. 
2025) comprehensively reviewed recent advances in 
nanofluid-assisted double-pipe heat exchangers (DPHEs) 
and reported that nanofluid addition significantly 
improves thermal performance factors and heat transfer 
ratios due to enhanced effective thermal conductivity. 
Their analysis highlighted that maintaining low 
nanoparticle concentrations is essential to achieve heat 
transfer enhancement with acceptable pressure losses. 
Quantitatively, TiO₂ nanofluids at 0.5% concentration 
improved thermal rates by about 14.8%, while multi-
walled carbon nanotube nanofluids at 0.6% yielded up to 
a 115% increase in heat transfer coefficient. Iron oxide 
nanofluids demonstrated a 41.29% rise in heat transfer 
rates with negligible pressure drop under magnetic field 
assistance, and hybrid Al₂O₃–TiO₂ nanofluids achieved 
up to 84% enhancement in thermal performance. Despite 
these promising outcomes, the authors emphasized the 
need for further studies on advanced surfactants, long-
term stability, and comprehensive cost–benefit analyses 
to enable practical industrial adoption of nanofluid-based 
DPHE systems, while (Murthy et al. 2022) 
experimentally investigated the combined influence of 
water-based graphene oxide (GO) and Al₂O₃ nanofluids 
with propeller turbulator inserts in a counter-flow double-
tube heat exchanger. With hot water flowing in the inner 
tube at Re = 2500 and nanofluids (0.05–0.15 vol.%) in 
the annulus at 500 ≤ Re ≤ 5000, the maximum 

enhancement was achieved for 10 propellers and 0.15 
vol.% Al₂O₃, yielding a 29.43% increase in Nusselt 
number and a thermal performance factor (TPF) of 1.32, 
accompanied by only a slight rise in friction factor. 
Empirical correlations for Nusselt number and friction 
factor were proposed, showing good predictive accuracy 
within −14% to +10% and −10% to +5%, respectively. 

In addition to the overall heat transfer 

coefficient, parameters such as LMTD, NTU, 

effectiveness, capacity ratio, friction factor, and CHTC 

are critical for assessing the overall performance of a heat 

exchanger. Existing studies often focus on a limited 

subset of these parameters, frequently under a single 

nanoparticle concentration or flow condition. Moreover, 

only a few experimental investigations have 

systematically examined the combined influence of 

nanoparticle concentration and mass flow rate on these 

performance indicators in counter-flow double-tube heat 

exchangers. Recent studies have shown that while 

nanofluid addition enhances OHTC and CHTC, its effect 

on NTU, effectiveness, and pressure drop depends 

strongly on operating conditions (Rasheed et al. 2020; 

Reddy et al. 2025), highlighting the need for a balanced 

and integrated assessment. Based on these 

considerations, the present study provides a 

comprehensive experimental evaluation of Al₂O₃–water 

nanofluids in a counter-flow double-tube heat exchanger 

over a wide range of operating conditions. Nanofluids 

were prepared at four volume concentrations (0.01%, 

0.1%, 0.2%, and 0.3%) and compared with the base fluid 

over mass flow rates ranging from 0.012 to 0.026 kg/s. 

The study systematically investigates the variation of Re, 

capacity ratio, LMTD, OHTC, NTU, friction factor, 

effectiveness, and CHTC. The results demonstrate that 

although nanoparticle addition slightly reduces Re due to 

increased viscosity, substantial enhancements in OHTC 

and CHTC are achieved. The nanofluids also exhibit 

higher NTU and effectiveness than the base fluid, 

confirming improved heat transfer performance with 

minimal hydraulic penalties. This work bridges existing 

research gaps by providing correlated experimental data 

encompassing both thermal and hydraulic characteristics 

of Al₂O₃–water nanofluids in a double-tube heat 

exchanger, contributing to the development of compact 

and energy-efficient thermal systems for renewable 

energy, electronic cooling, and advanced thermal 

management applications. 

2. MATERIALS AND METHODS 

2.1 Synthesis of Al₂O₃ Nanoparticles 

Aluminium oxide nanoparticles were 

synthesized in the laboratory using a precipitation 

method, as shown in Fig. 1, to ensure high purity and 

uniform particle distribution. Analytical-grade 

aluminium nitrate nonahydrate (Al(NO₃)₃·9H₂O) and 

ammonium hydroxide (NH₄OH) were used as precursors.  
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Fig. 1: Schematic representation of Al₂O₃ nanoparticle 
synthesis by chemical precipitation method 

All chemicals were of Analytical Reagent (AR) 

grade and used without further purification. A 0.5 M 

aqueous solution of aluminium nitrate was prepared and 

continuously stirred using a magnetic stirrer at 400 rpm. 

Ammonium hydroxide (Al(OH)₃) solution (1 M) was 

then added dropwise until the pH of the solution reached 

approximately 9. The addition of the base resulted in the 

formation of a white gel-like precipitate of Al(OH)₃. The 

mixture was stirred for 2 hours to complete the 

precipitation process. The resulting precipitate was aged 

for 12 hours, filtered, and washed repeatedly with 

distilled water and ethanol to remove residual nitrate ions 

and impurities. The washed product was then dried in a 

hot-air oven at 100 °C for 10 hours to remove moisture. 

Then the dried powder was calcined in a muffle furnace 

at 600 °C for 3 hours to obtain crystalline Al₂O₃ 

nanoparticles. The calcined nanoparticles were lightly 

ground using an agate mortar to obtain a fine powder 

suitable for nanofluid preparation. 

2.2 Preparation of Al₂O₃–water Nanofluids 

The synthesized Al₂O₃ nanopowder was used to 

prepare nanofluids at volume concentrations of 0.01%, 

0.1%, 0.2%, and 0.3%, along with a base-fluid sample 

(0%) for comparison. Distilled water was used as the base 

fluid because of its thermal stability and known physical 

properties. A two-step method was employed for 

nanofluid preparation. The required mass of Al₂O₃ 

nanoparticles for each concentration was calculated using 

the volume fraction relation. The measured nanoparticles 

were gradually added to the base fluid under constant 

stirring at 700 rpm for 60 minutes to obtain a uniform 

suspension. The mixture was then subjected to ultrasonic 

agitation using a probe-type ultrasonicator (20 kHz, 750 

W) for 45 minutes to achieve uniform dispersion and 

minimize agglomeration. A small quantity (0.1 wt.%) of 

sodium dodecyl sulfate (SDS) was added as a surfactant 

to enhance the stability of the suspension. The prepared 

nanofluids were observed for sedimentation over 48 

hours, showing excellent stability with no visible particle 

settling. All nanofluid samples were freshly prepared 

before each experimental run to ensure consistency. 

2.3 Characterization of Al₂O₃ Nanoparticles 

The morphology and surface characteristics of 

the synthesized Al₂O₃ nanoparticles were analyzed using 

Field Emission Scanning Electron Microscopy (FESEM) 

(Zeiss Sigma 300). The FESEM micrograph revealed 

quasi-spherical particles with a mean size distribution in 

the range of 40–60 nm and a tendency to form light 

agglomerates. The elemental composition was 

determined using Energy Dispersive X-ray Analysis 

(EDX) attached to the FESEM system. The EDX 

spectrum displayed characteristic peaks for aluminium 

(approximately 1.48 keV) and oxygen (approximately 

0.52 keV), confirming the high purity of aluminium 

oxide and the absence of any metallic or foreign element 

contamination. 

2.4 Experimental Setup and Procedure 

A laboratory-scale double-pipe heat exchanger 

was designed and fabricated to investigate the thermal–

hydraulic performance of Al₂O₃–water nanofluids under 

counter-current flow conditions. The experimental setup, 

shown schematically in Fig. 2(a) and photographically in 

Fig. 2(b), consists of a stainless-steel inner and outer tube 

assembly configured for counter-flow heat exchange.  

  

Fig. 2: (a) Schematic representation and (b) actual 
experimental setup of the double-tube heat exchanger test 
rig 

The inner tube, through which the hot water 

flows, has an internal diameter of 12 mm, while the outer 

tube, carrying the cold nanofluid, has an inner diameter 

of 25 mm. The total effective length of the heat exchanger 

is 1 m. The annular and inner flow sections are insulated 

with a high-density thermal jacket to minimize heat loss 

to the surroundings. The hot water circuit includes a 

reservoir tank fitted with an electric heater, temperature 

controller, and magnetic stirrer to maintain a uniform 

inlet temperature of 67 ± 1 °C. The cold-fluid circuit 

consists of two reservoir tanks and a centrifugal pump 

that ensures continuous circulation of either the base fluid 

(distilled water) or Al₂O₃ nanofluid through the test 

section. Type-J thermocouples are installed at the inlet 

and outlet of both fluid streams to measure bulk 

temperatures, while precision rotameters are used to 

(b) (a) 
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regulate and measure the mass flow rates. The entire 

system operates under steady-state conditions, and data 

acquisition is performed using a digital multi-channel 

data logger. This experimental configuration enables a 

detailed investigation of how nanoparticle concentration 

and flow rate influence the convective heat transfer 

coefficient (CHTC) and related performance indicators 

such as the logarithmic mean temperature difference 

(LMTD), overall heat transfer coefficient (OHTC), 

number of transfer units (NTU), and heat exchanger 

effectiveness. The arrangement ensures reproducibility 

and allows for reliable comparison between the base fluid 

and nanofluid cases, thereby providing a comprehensive 

understanding of the influence of Al₂O₃ nanoparticles on 

heat transfer enhancement. 

2.5 Measurement Uncertainty and Error 
Analysis 

Measurement uncertainty and experimental 

errors were systematically evaluated to ensure the 

reliability and repeatability of the reported thermal–

hydraulic results. All measuring instruments used in the 

experimental setup were calibrated before 

experimentation in accordance with standard laboratory 

procedures. Type-J thermocouples are used to measure 

inlet and outlet temperatures of the hot and cold fluids, 

with an accuracy of ±0.5 °C. Mass flow rates are 

measured using calibrated rotameters with an uncertainty 

of ±2% of the full-scale reading. Pressure drop across the 

test section is measured using a differential pressure 

gauge with an accuracy of ±1%. The geometric 

dimensions of the heat exchanger (tube length and 

diameters) are measured using a vernier caliper with an 

uncertainty of ±0.1 mm. 

The uncertainties associated with derived 

parameters such as Re, LMTD, OHTC, CHTC, NTU, and 

effectiveness were estimated using the standard error 

propagation method. The combined uncertainty of a 

calculated parameter, 𝑅, which depends on multiple 

independent variables 𝑥𝑖, was determined using the root-

sum-square method: 

(
𝛿𝑅

𝑅
) = √∑(

𝛿𝑥𝑖
𝑥𝑖
)
2

𝑛

𝑖=1

 

Based on this analysis, the maximum 

uncertainty in temperature measurement was ±0.8%, 

while the uncertainty in mass flow rate was within ±2%. 

The estimated overall uncertainty in calculated heat 

transfer coefficients (OHTC and CHTC) was found to be 

within ±5–7%, whereas the uncertainty in NTU and 

effectiveness was within ±6%. These uncertainty limits 

are considered acceptable for experimental heat transfer 

studies and are consistent with values reported in similar 

nanofluid-based heat exchanger investigations. The 

uncertainty analysis confirms that the observed 

enhancements in thermal performance using Al₂O₃–water 

nanofluids are significantly larger than the estimated 

experimental errors, thereby validating the reliability of 

the experimental results and conclusions drawn from the 

study. 

2.6 Stability Assessment of Al₂O₃–water 
Nanofluids 

The stability of the prepared Al₂O₃–water 

nanofluids was systematically assessed to ensure reliable 

thermal–hydraulic measurements. A stability duration of 

48 h was selected to exceed the maximum continuous 

experimental run time and the total cumulative testing 

period for each nanofluid sample, thereby guaranteeing 

that sedimentation or agglomeration would not influence 

the measured results. Nanofluid stability was first 

evaluated through visual observation, where no visible 

sedimentation, phase separation, or particle clustering 

was detected over the 48-h period. To further enhance 

dispersion stability, a small amount of surfactant (0.1 

wt.% SDS) was added, and probe ultrasonication was 

employed during preparation to minimize agglomeration 

and promote uniform particle distribution. In addition to 

visual inspection, the stability duration was selected 

based on commonly adopted practices in laboratory-scale 

nanofluid heat exchanger studies, where short-to-

medium-term stability (24–72 h) is considered sufficient 

when nanofluids are freshly prepared and used 

immediately for controlled experiments. Since the 

present investigation focuses on steady-state thermal–

hydraulic performance rather than long-term storage, the 

48-h assessment was deemed appropriate and 

experimentally relevant. The observed stability indicates 

that the interparticle forces were effectively 

counterbalanced by electrostatic repulsion and steric 

effects introduced by the surfactant, ensuring consistent 

thermophysical properties throughout the testing period. 

Therefore, the chosen stability duration is adequate to 

support the validity, repeatability, and reliability of the 

experimental results reported in this study. 

3. RESULTS AND DISCUSSION 

3.1 X-ray Diffraction (XRD) and Fourier-
Transform Infrared Spectroscopy (FTIR) 
Analysis of Al₂O₃ Nanoparticles 

The crystalline structure and phase composition 

of the synthesized Al₂O₃ nanoparticles were analyzed 

using XRD, while FTIR spectroscopy was used to 

identify the functional groups and bonding 

characteristics. The corresponding XRD and FTIR 

spectra are shown in Fig. 3(a) and Fig. 3(b), respectively. 
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3.1.1 XRD Analysis 

The XRD pattern of the synthesized Al₂O₃ 

nanoparticles, presented in Fig. 3(a), exhibits a series of 

sharp and well-defined diffraction peaks located at 2θ 

values of approximately 25.5°, 32.9°, 37.7°, 39.5°, 46.1°, 

52.7°, 57.6°, 66.5°, and 77.1°, corresponding to the 

crystallographic planes (012), (014), (113), (116), (024), 

(018), (214), (300), and (1010). These reflections are in 

good agreement with the standard diffraction data for γ–

Al₂O₃ (JCPDS card No. 10-0425), confirming the 

formation of a polycrystalline γ-phase aluminium oxide 

structure. The intense and narrow peaks indicate that the 

nanoparticles are well-crystallized. No additional 

impurity peaks were observed, verifying the high phase 

purity of the synthesized sample. The average crystallite 

size (D) of the Al₂O₃ nanoparticles was calculated using 

Scherrer’s equation: 

                          𝐷 =
𝐾𝜆

𝛽cos⁡ 𝜃
                       … (1) 

where, 𝐾is the shape factor (0.9), 𝜆⁡is the X-ray 

wavelength (1.5406 Å for Cu Kα radiation), 𝛽⁡is the full 

width at half maximum (FWHM) of the most intense 

peak, and 𝜃⁡is the Bragg diffraction angle. The calculated 

average crystallite size was approximately 40–45 nm, 

which aligns well with the FESEM observations. The 

absence of secondary phases such as Al(OH)₃ or AlOOH 

suggests complete thermal decomposition of the 

hydroxide precursor during calcination at 600 °C, leading 

to the formation of pure γ–Al₂O₃ nanoparticles (Tan et al. 

2024). 

  

Fig. 3: (a) XRD and (b) FTIR spectra of synthesized Al₂O₃ 
nanoparticles 

3.1.2 FTIR Spectroscopy Analysis 

The FTIR spectrum of the synthesized Al₂O₃ 

nanoparticles is shown in Fig. 3(b). The characteristic 

absorption bands observed confirm the presence of 

functional groups associated with aluminium oxide. A 

broad absorption band centered around 3400 cm⁻¹ 

corresponds to the O–H stretching vibrations, which can 

be attributed to adsorbed water molecules and surface 

hydroxyl groups on the nanoparticle surface. Additional 

weak bands observed near 1630 cm⁻¹ are due to the 

bending vibrations of H–O–H groups from residual 

moisture. Strong absorption peaks in the lower 

wavenumber region, between 700 cm⁻¹ and 500 cm⁻¹, are 

assigned to Al–O stretching and Al–O–Al lattice 

vibrations, which are the fingerprint features of 

aluminium oxide. A minor band around 1070 cm⁻¹ 

corresponds to the AlOOH (boehmite) vibration mode, 

indicating trace hydroxide content, which is typical for 

Al₂O₃ nanoparticles synthesized via precipitation and 

low-temperature calcination. The FTIR results confirm 

the successful formation of Al–O bonds and the partial 

hydroxylation of the surface, consistent with the γ–phase 

aluminium oxide identified through the XRD analysis. 

The combination of XRD and FTIR findings thus 

validates the synthesis of pure, crystalline, and phase-

stable Al₂O₃ nanoparticles with surface hydroxyl groups 

beneficial for stable dispersion in aqueous nanofluids 

(Yepuri et al. 2024). 

3.2 FESEM and EDX Analysis of Al₂O₃ 
Nanoparticles 

The surface morphology and elemental 
composition of the synthesized Al₂O₃ nanoparticles were 
examined using FESEM and EDX spectroscopy. The 
corresponding FESEM micrograph and EDX spectrum 
are presented in Fig. 4 (a) and Fig. (b), respectively. 

3.2.1 FESEM Analysis 

The FESEM image, shown in Fig. 4 (a), reveals 
that the synthesized Al₂O₃ nanoparticles are quasi-
spherical and relatively uniformly distributed, forming 
loosely agglomerated clusters. The particles exhibit a 
flocculent or cauliflower-like morphology, which is 
characteristic of metal oxide nanoparticles synthesized 
via precipitation followed by calcination. Such 
agglomeration arises primarily from the high surface 
energy and van der Waals interactions between ultrafine 
particles. The observed particle size lies in the range of 
40–60 nm, which is consistent with the crystallite size 
estimated from XRD analysis. Although particle 
agglomeration can influence nanofluid stability and 
rheological behavior by increasing the effective 
hydrodynamic diameter and viscosity, the agglomerates 
observed in the present study are non-compact and 
weakly bonded. These agglomerates can be effectively 
disrupted during nanofluid preparation through probe 
ultrasonication and surfactant addition, resulting in stable 
suspensions during experimental operation. At higher 
magnification, the formation of interconnected 
nanoparticle networks is evident, which enhances the 
available surface area and promotes micro-convection 
and localized heat transfer when dispersed in the base 
fluid. The well-defined granular morphology and limited 
grain growth during calcination confirm the successful 
synthesis of nanosized Al₂O₃ suitable for nanofluid-based 
heat exchanger applications, where the thermal 
performance benefits outweigh the modest viscosity-
induced hydraulic penalties. 
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Fig. 4: (a) FESEM image and (b) the corresponding EDX 
spectrum of synthesized Al₂O₃ nanoparticles 

The EDX spectrum, shown in Fig. 4 (b), 

displays prominent peaks corresponding to aluminium 

(Al) and oxygen (O) elements. The strong Al peak 

appears near 1.48 keV, and the O peak occurs around 0.52 

keV, confirming the presence of aluminium oxide as the 

major component. The absence of any additional peaks 

indicates that the synthesized nanoparticles are free from 

impurities or residual precursor elements, validating the 

chemical purity of the sample. Quantitative EDX analysis 

confirmed an atomic ratio close to 2:3 (Al:O), which 

matches the stoichiometric composition of Al₂O₃. The 

high purity and elemental homogeneity observed in EDX 

complement the XRD results, verifying the successful 

synthesis of phase-pure γ–Al₂O₃ nanoparticles suitable 

for heat transfer applications. 

3.3 Variation of Reynolds Number and Capacity 
Ratio 

The variation of Reynolds number and Capacity 

ratio with mass flow rate for the base fluid and Al₂O₃ 

nanofluids is illustrated in Fig. 5(a) and Fig. 5(b), 

respectively. The analysis was conducted for different 

nanoparticle volume concentrations (0%, 0.01%, 0.1%, 

0.2%, and 0.3%) over a mass flow rate range of 0.012–

0.026 kg/s. 

3.3.1 Reynolds Number 

As shown in Fig. 5(a), Reynolds number (𝑅𝑒) 

increases linearly with mass flow rate for both the base 

fluid and the nanofluid. However, for each flow rate, the 

Reynolds number of the nanofluid is slightly lower than 

that of the base fluid. This reduction is primarily due to 

the increase in effective viscosity resulting from the 

addition of Al₂O₃ nanoparticles, which enhances 

intermolecular resistance to flow. The denser particle 

network within the fluid slightly retards motion, leading 

to a decrease in fluid velocity at a constant pumping 

power. The observed trend is consistent with classical 

nanofluid flow behavior, where the viscosity increase 

dominates over the small rise in density, resulting in a net 

decrease in 𝑅𝑒 at a fixed flow rate. Despite this reduction, 

all Reynolds number measurements fall within the 

laminar-to-transitional regime, ensuring that the effect of 

nanoparticle loading on hydrodynamic behavior remains 

moderate. The linear nature of the trend also confirms 

that the flow characteristics are stable and not influenced 

by particle clustering or sedimentation. Thus, the 

Reynolds number variation verifies the uniform 

dispersion of nanoparticles and the predictable flow 

dynamics of Al₂O₃ nanofluids inside the double-tube 

configuration. 

  

Fig. 5: (a) Reynolds number and (b) capacity ratio plotted 
against mass flow rate for the base fluid and Al₂O₃ 
nanofluids at various volume fractions 

3.3.2 Capacity Ratio 

Capacity ratio (𝐶𝑟), the ratio of the minimum to 

maximum heat capacity rates of the two fluids, is an 

important non-dimensional parameter that governs the 

temperature driving potential in a heat exchanger. The 

variation of 𝐶𝑟⁡with mass flow rate is shown in Fig. 5(b). 

At lower flow rates, a minor reduction in capacity ratio is 

observed for both the base fluid and the nanofluid, 

attributed to reduced heat-carrying capacity and higher 

temperature differentials between the streams. As the 

mass flow rate increases, the capacity ratio rises sharply 

and tends toward unity, indicating a more balanced 

thermal energy exchange between the hot and cold fluids. 

The addition of Al₂O₃ nanoparticles enhances the specific 

heat and thermal conductivity of the working fluid, 

resulting in a higher heat capacity rate compared to the 

base fluid. Consequently, the nanofluid exhibits slightly 

higher 𝐶𝑟⁡values across all flow rates. The improvement 

becomes more pronounced at higher concentrations and 

mass flow rates, demonstrating the positive influence of 

nanoparticles on the energy storage and transport ability 

of the working fluid. Overall, the capacity ratio results 

confirm that the incorporation of Al₂O₃ nanoparticles 

leads to a thermodynamically favorable balance between 

the hot and cold fluid streams, contributing to enhanced 

heat transfer performance in the double-tube heat 

exchanger. 

3.4. Variation of LMTD and OHTC 

The variations of LMTD and OHTC with mass 

flow rate for the base and Al₂O₃ nanofluids are shown in 
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Fig. 6(a) and Fig. 6(b), respectively. These parameters 

were evaluated to assess the influence of nanoparticle 

concentration and flow rate on the overall thermal 

performance of the double-tube heat exchanger. 

3.4.1 LMTD 

As illustrated in Fig. 6(a), the logarithmic mean 

temperature difference (LMTD) is determined solely by 

the inlet and outlet temperatures of the hot and cold 

streams and therefore represents the thermodynamic 

temperature driving force for heat exchange rather than 

the intrinsic heat transfer capability of the working fluid. 

As the mass flow rate increases, the residence time of 

both fluids within the heat exchanger decreases, leading 

to smaller temperature changes between inlet and outlet 

conditions. This reduction in temperature difference 

consequently results in a gradual decrease in the 

calculated LMTD. The addition of Al₂O₃ nanoparticles 

does not directly enhance the LMTD. Instead, 

improvements in thermal conductivity and convective 

transport slightly modify the outlet temperatures, 

producing only minor variations in the computed LMTD 

values. Hence, LMTD should not be considered an 

indicator of heat transfer enhancement; rather, it reflects 

the available thermal driving potential, whereas 

parameters such as the overall heat transfer coefficient, 

NTU, and effectiveness more appropriately quantify the 

actual performance improvement of the heat exchanger. 

  

Fig. 6: (a) Variation of LMTD and (b) OHTC with mass flow 
rate for the base fluid and Al₂O₃ nanofluids 

3.4.2 Overall Heat Transfer Coefficient (OHTC) 

As shown in Fig. 6(b), the overall heat transfer 

coefficient (OHTC) increases with increasing mass flow 

rate for both the base fluid and the Al₂O₃ nanofluids. This 

increase is primarily attributed to higher fluid velocity, 

which reduces the thermal boundary layer thickness and 

enhances convective heat transfer. For all operating 

conditions, the nanofluids exhibit consistently higher 

OHTC values than the base fluid. The improvement 

arises mainly from the enhanced effective thermal 

conductivity and improved microscopic energy transport 

characteristics of the suspension, which reduce the 

overall thermal resistance of the system. The OHTC 

increases rapidly within the lower mass flow rate range 

(0.012–0.016 kg/s) and gradually approaches a plateau at 

higher flow rates, indicating diminishing incremental 

gains as convective resistance becomes less dominant. 

Consequently, the relative benefit of nanoparticle 

addition is more noticeable in the laminar and early 

transitional regimes, where improvements in 

thermophysical properties have a stronger influence on 

overall heat transfer performance. 

The improvement in OHTC for the nanofluid is 

primarily due to three key factors: 

• Enhanced effective thermal conductivity of the 

nanofluid, which facilitates faster heat transport 

between the tube wall and the bulk fluid; 

• Particle migration and micro-convection, where 

random Brownian motion and localized eddies 

generated by nanoparticles increase mixing 

intensity near the boundary layer; and 

• Improved surface wettability and reduced 

thermal boundary resistance, caused by the 

presence of oxide nanoparticles, which enhance 

wall-fluid thermal contact. 

At higher mass flow rates, the rate of OHTC 

improvement becomes less significant because the 

thermal boundary layer becomes thinner, and the 

residence time decreases. Nevertheless, the nanofluids 

consistently exhibit higher OHTC values than the base 

fluid across the entire range of operating conditions, 

demonstrating superior thermal transport performance. 

The maximum enhancement in OHTC achieved at 0.3 

vol.% nanoparticle concentration was approximately 25–

30% higher than that of the base fluid, confirming the 

substantial potential of Al₂O₃ nanofluids for compact heat 

exchanger applications. 

3.5 Variation of NTU and Friction Factor 

The variation of the NTU and friction factor, f, 

with mass flow rate for the base fluid and Al₂O₃–water 

nanofluids is presented in Fig. 7(a) and Fig. 7(b), 

respectively. These parameters provide key insights into 

the overall thermal effectiveness and hydraulic 

performance of the double-tube heat exchanger. 

3.5.1 NTU 

As shown in Fig. 7(a), the NTU values are 

significantly higher for the Al₂O₃ nanofluids compared to 

the base fluid across all mass flow rates. At low flow rates 

(0.012 kg/s), the NTU of the nanofluid is nearly 1.5–1.7 

times greater than that of the base fluid, indicating 

superior heat transfer performance. This enhancement is 

mainly attributed to the increase in convective heat 

transfer coefficient and effective thermal conductivity 
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due to the suspended nanoparticles. At low flow rates, the 

longer residence time of the working fluid inside the heat 

exchanger allows more effective thermal interaction 

between the hot and cold streams. The presence of 

nanoparticles further facilitates energy exchange by 

disrupting the boundary layer and promoting micro-scale 

convection. As the mass flow rate increases, the NTU 

gradually decreases for both fluids. This reduction is 

caused by the shorter residence time, which limits the 

amount of heat absorbed by the cold fluid per unit mass. 

Despite the decrease with higher flow rates, the 

NTU of the nanofluid consistently remains above that of 

the base fluid, confirming that the Al₂O₃ nanoparticles 

enhance heat exchanger effectiveness even under high-

throughput conditions. The higher NTU values for 

nanofluids suggest that the system can achieve the same 

thermal performance with a smaller heat exchanger size, 

demonstrating the potential of nanofluids for compact 

thermal management applications. 

  

Fig. 7: Variation of (a) NTU and (b) friction factor with mass 
flow rate for the base and Al₂O₃ nanofluids 

3.5.2 Friction Factor 

The variation of the friction factor with mass 

flow rate is depicted in Fig. 7(b). For both the base fluid 

and the nanofluid, f decreases with increasing mass flow 

rate, a typical trend in internal flow systems. This inverse 

relationship is attributed to the transition from laminar to 

turbulent flow regimes and the corresponding reduction 

in relative viscous effects at higher velocities. The 

addition of Al₂O₃ nanoparticles leads to a slight increase 

in the friction factor compared to the base fluid. This 

increase is primarily due to the elevated viscosity and 

interparticle interactions that enhance the shear resistance 

at the wall. However, the magnitude of this increase 

remains modest within 5-10% for the highest 

nanoparticle concentration (0.3 vol.%), which is 

acceptable considering the substantial improvement in 

heat transfer performance. At higher flow rates, the 

difference in friction factor between the base fluid and 

nanofluid becomes negligible, suggesting that the 

viscosity effect diminishes as inertial forces dominate. 

Importantly, no unstable flow or excessive pressure drop 

was observed during the experiments, confirming that 

Al₂O₃ nanofluid maintains good flow stability and 

manageable pumping requirements throughout the tested 

range. 

3.6 Variation of Effectiveness and CHTC 

The variation of ε and CHTC with mass flow 
rate for the base fluid and Al₂O₃ water nanofluids is 
illustrated in Fig. 8(a) and Fig. 8(b), respectively. These 
parameters are critical indicators of the overall thermal 
performance and energy conversion efficiency of the 
double-tube heat exchanger. 

3.6.1 Effectiveness (ε) 

As shown in Fig. 8(a), the effectiveness of the 
double-tube heat exchanger decreases gradually with 
increasing mass flow rate for both the base fluid and the 
nanofluid. At lower flow rates (0.012–0.016 kg/s), the 
effectiveness is highest because the fluid has a longer 
residence time inside the heat exchanger, allowing a 
greater proportion of heat to be transferred between the 
hot and cold streams. As the mass flow rate increases, the 
contact time between the two fluids decreases, leading to 
reduced temperature differences and consequently lower 
effectiveness. Across all flow conditions, the Al₂O₃ 
nanofluids exhibit higher effectiveness values compared 
to the base fluid. The improvement in effectiveness 
becomes more prominent with increasing nanoparticle 
concentration. This enhancement can be attributed to: 

• The increase in thermal conductivity of the 
working fluid, which facilitates faster heat 
diffusion across the thermal boundary layer; 

• The improvement in the overall heat transfer 
coefficient (OHTC) due to particle-induced 
turbulence and micro-convective effects; and 

• The reduction in thermal resistance at the solid–
liquid interface caused by the presence of highly 
conductive Al₂O₃ nanoparticles. 

At a 0.3 vol.% concentration, the effectiveness 
of the nanofluid was approximately 20–25% higher than 
that of the base fluid under identical flow conditions. This 
indicates that the Al₂O₃ nanofluid enables more efficient 
utilization of the available heat transfer surface area, 
making it a promising working fluid for compact and 
energy-efficient thermal systems. 

3.6.2 CHTC 

The variation of CHTC with mass flow rate is 
depicted in Fig. 8(b). For both the base fluid and the 
nanofluids, the CHTC increases steadily with increasing 
mass flow rate due to the higher flow velocity and 
reduced thermal boundary layer thickness. The 
convective mechanism becomes more dominant at 
elevated flow rates, resulting in improved heat transfer 
between the tube wall and the working fluid. 
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Fig. 8: Variations of (a) ε and (b) CHTC with mass flow rate 
for the base and Al₂O₃ nanofluids 

The addition of Al₂O₃ nanoparticles 

significantly enhances the CHTC across all mass flow 

rates. The enhancement is primarily caused by: 

• The increase in effective thermal conductivity 

of the fluid, which improves energy diffusion 

capacity; 

• Micro-convection effects generated by 

Brownian motion and localized mixing of 

nanoparticles near the wall region; and 

• The increased surface area of nanoparticles, 

which provides additional pathways for heat 

exchange between the fluid and the wall. 

At the highest nanoparticle concentration (0.3 

vol.%), the CHTC of the nanofluid was found to be 

approximately 30–35% higher than that of the base fluid. 

The improvement is more pronounced at lower flow 

rates, where the contribution of Brownian motion and 

particle–fluid interaction dominates, while at higher flow 

rates, the enhancement primarily arises from improved 

convective mechanisms. The results demonstrate that 

incorporating Al₂O₃ nanoparticles substantially 

strengthens the convective heat transfer characteristics of 

the system without imposing a significant hydraulic 

penalty, confirming the superior thermal–hydraulic 

performance of Al₂O₃–water nanofluids. 

3.6.3 Pumping Power Analysis 

To assess the hydraulic penalty associated with 
the use of Al₂O₃–water nanofluids, the pumping power 
requirement was evaluated and compared with that of the 

base fluid. The pumping power 𝑃𝑝 was calculated using 

the following relation: 

𝑃𝑝 = Δ𝑃 × 𝑄 

where, Δ𝑃⁡is the measured pressure drop across 

the test section and 𝑄⁡is the volumetric flow rate of the 
working fluid. The results indicate that the pumping 
power increases slightly with increasing nanoparticle 
concentration, which is consistent with the observed rise 
in friction factor and effective viscosity of the nanofluids. 
At the highest concentration of 0.3 vol.%, the increase in 
pumping power was found to be within 6–12% compared 
to the base fluid over the investigated mass flow rate 
range. This increase remains relatively small due to the 
moderate viscosity enhancement and stable flow 
behavior of the nanofluids. 

Importantly, the modest increase in pumping 
power is significantly outweighed by the substantial 
improvement in thermal performance, with 
enhancements of approximately 25–30% in OHTC and 
30–35% in CHTC. These results demonstrate a favorable 
trade-off between thermal gain and hydraulic penalty, 
confirming that Al₂O₃–water nanofluids can be employed 
effectively in double-tube heat exchangers without 
incurring excessive energy consumption for fluid 
circulation. The pumping power analysis, therefore, 
supports the practical applicability of the proposed 
nanofluid system for compact and energy-efficient heat 
exchanger applications. 

4. CONCLUSION 

This study experimentally investigated the 
thermal–hydraulic performance of a counter-flow 
double-tube heat exchanger using Al₂O₃–water 
nanofluids at different nanoparticle concentrations 
(0.01%, 0.1%, 0.2%, and 0.3% by volume) and mass flow 
rates (0.012–0.026 kg/s). The synthesized aluminium 
oxide nanoparticles were characterized using XRD, 
FTIR, FESEM, and EDX analyses, confirming the 
formation of pure γ–Al₂O₃ with nanoscale crystallinity 
and high phase purity. The structural and morphological 
characteristics contributed directly to the enhanced heat 
transfer capability of the prepared nanofluids. 

The experimental outcomes can be summarized 
as follows: 

• Flow Behavior: 
Reynolds number (Re) increased linearly with 

mass flow rate for all fluids, while it decreased 

slightly with nanoparticle addition due to an 

increase in viscosity. The flow regime remained 

within the laminar-to-transitional range, 

ensuring stable hydrodynamic behavior of the 

nanofluids. 

• Thermal Capacity: 
The capacity ratio (Cᵣ) increased with mass flow 

rate, and higher values were recorded for 

nanofluids compared to the base fluid. The 

improved heat capacity is attributed to the 
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enhanced specific heat and energy storage 

ability imparted by Al₂O₃ nanoparticles. 

• Temperature Driving Potential: 
The logarithmic mean temperature difference 

(LMTD) exhibited a gradual variation with flow 

rate, generally decreasing as the mass flow rate 

increased due to reduced residence time and 

smaller temperature differences between the 

inlet and outlet streams. Since LMTD represents 

only the thermodynamic temperature driving 

force for heat exchange, it is not a direct 

indicator of heat transfer enhancement. The 

addition of nanofluids caused only minor 

changes in the calculated LMTD values through 

slight modifications of outlet temperatures, 

while the actual improvement in thermal 

performance is more appropriately reflected by 

parameters such as the overall heat transfer 

coefficient, NTU, and effectiveness. 

• Overall Heat Transfer Performance: 
The overall heat transfer coefficient (OHTC) 

increased significantly with nanoparticle 

concentration and mass flow rate. The 

maximum OHTC enhancement reached 

approximately 25–30% at 0.3 vol.% 

concentration compared with the base fluid, 

demonstrating the strong influence of Al₂O₃ 

nanoparticles on overall heat transfer. 

• Energy Transfer Capability: 
The number of transfer units (NTU) increased 

notably for nanofluids, indicating enhanced heat 

exchanger effectiveness. The effectiveness (ε) 

values were also higher (up to 20–25% 

improvement at 0.3 vol.%), highlighting the 

superior energy conversion efficiency of the 

nanofluid system. 

• Convective Enhancement: 
The convective heat transfer coefficient 

(CHTC) showed the most substantial 

improvement, rising by approximately 30–35% 

over the base fluid. This enhancement is 

attributed to nanoparticle-induced micro-

convection, increased surface area, and 

improved thermal diffusion near the tube wall. 

• Hydraulic Performance: 
The friction factor, f, increased marginally (by 

5–10%) with nanoparticle addition, which 

remains within acceptable limits. The trade-off 

between enhanced heat transfer and minor 

pressure drop indicates that the system can 

operate efficiently without requiring excessive 

pumping power. 

Overall, the incorporation of Al₂O₃ 

nanoparticles into water significantly enhanced the 

thermal conductivity, convective heat transfer 

performance, and energy transfer effectiveness of the 

double-tube heat exchanger, with only a minimal 

increase in hydraulic losses. An optimal nanofluid 

concentration of 0.2–0.3 vol.% was identified, providing 

the best trade-off between heat transfer enhancement and 

flow resistance. These results demonstrate the potential 

of Al₂O₃–water nanofluids as efficient working fluids for 

compact and energy-efficient heat exchangers used in 

refrigeration, thermal management, and renewable 

energy applications. Future work will focus on the long-

term nanofluid stability and performance evaluation 

under extended operating conditions. 
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