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Abstract:- Microchannel heat exchangers (MCHEs) play a critical role in miniature-scale thermal management 

systems, particularly in cooling applications such as microelectronics, refrigeration, biomedical devices, and 

electric vehicle battery systems, where efficient heat removal is essential. This study experimentally investigates 

the influence of channel geometry and nanofluid concentration on the thermal and hydraulic performance of 

MCHEs featuring triangular microchannels. Three types of nanofluids, CuO, Al₂O₃, and carbon nanotubes (CNT), 

were examined at concentrations of 0.01%, 0.03%, and 0.05% under laminar flow conditions (Re = 100–500). 

The results revealed that increasing nanoparticle concentration significantly enhanced heat transfer for all 

nanofluids. At 0.05% concentration and Re = 500, the triangular microchannel achieved Nusselt number 

enhancements of 24.55% for CuO, 28.65% for Al₂O₃, and 43.06% for CNT, accompanied by pressure drop 

increases of 22.03% (CuO), 27.46% (Al₂O₃), and 249.49% (CNT), respectively. Overall, CNT-based nanofluids 

in triangular microchannels exhibited the highest thermal performance, demonstrating the strong synergistic effect 

of geometry and nanoparticle type on MCHE efficiency. 
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1. Introduction 

Heat exchangers have emerged as a critical technology for efficient thermal management, particularly amid 

growing demand for cleaner, more sustainable energy solutions. In this study, the authors investigate how 

modifying channel geometries from circular to trapezoidal or rectangular shapes can significantly enhance heat 

transfer performance [1]. They presented the heat transfer characteristics of an MCHE with fan-shaped cavities 

(FSCs). The results indicate that the MCHE with FSCs achieves higher heat transfer than the MCHE without 

FSCs and requires lower pumping power [2]. The impact of trapezoid-shaped re-entrant cavities on a plate 

microchannel heat exchanger was numerically analyzed. Results showed that heat transfer initially increased and 

then decreased with rising mass flow rate in both the ITRC and conventional rectangular MHXs. However, the 

MHX with ITRCs demonstrated superior performance, especially at higher mass flow rates [3]. Experiments were 

conducted in trapezoidal microchannels to investigate flow and heat transfer characteristics. A numerical model 

was developed for geometries with angles of 30° and 60°, and ratios ranging from 0.1 to 10, under both developing 

and fully developed flow conditions. Generalized correlations for the Poiseuille number, Nusselt number, and 

entry length were established, closely matching the 3D model results. These correlations can aid in the design of 

trapezoidal microchannels for thermal applications [4]. Flow characteristics of straight, standard serpentine, and 

wavy serpentine microchannels were studied using μPIV and thermal measurements.  

Serpentine channels demonstrated superior efficiency, characterized by higher Nusselt numbers and lower 

pressure drops. Zigzag geometries enhanced boiling performance by lowering wall temperature, increasing CHF 

and HTC, and improving flow stability [5].  
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A 3D numerical study of counter-flow microchannel heat exchangers (CFMCHEs) analyzed the impact of channel 

size and shape—including circular, square, rectangular, isosceles triangular, and trapezoidal—on thermal and 

hydraulic performance. Circular channels performed best, followed by square channels. Increasing the number of 

channels improved heat transfer but also raised pressure drop and pumping power. The performance index 

decreased with increasing Reynolds number. Correlations were developed to predict the effectiveness and 

performance index from Re, Kr, and Vr [6]. A combined numerical and experimental study was conducted on 

MHEs with elliptical concave cavities of varying ellipticity (0.4-1.2) to assess their impact on heat transfer and 

pressure drop. Results showed that both parameters initially improved, then declined as ellipticity increased. The 

MHE with ellipticity 1.0 exhibited the lowest pressure drop and best thermal performance across the tested range. 

Temperature trends at outlets also varied nonlinearly with flow rate, confirming the influence of ellipticity on 

thermal behavior. The findings were validated through CFD simulations and experimental data [7].  

A numerical study of straight, through-dimple, and circular-dimple-protrusion microchannels filled with CuO 

nanofluids demonstrated enhanced thermal performance. At a 0.2% CuO concentration, circular dimple-

protrusion channels improved the Nusselt number by 10%, while dimple-protrusion designs achieved a 10.5% 

enhancement in heat transfer. The pressure drop increased with the Reynolds number due to flow disturbances 

[8]. A numerical CFD study examined the effects of surface roughness peak (SRP) configurations aligned, offset, 

and hybrid on airflow in microchannels. Heat transfer was less sensitive to SRP pitch, while increased roughness 

width improved performance. Aligned SRP outperformed offset SRP by 9% in overall performance. Roughness 

geometry significantly influences flow behavior and thermal enhancement [9]. The findings indicate that cavities 

with sidewalls effectively enhance heat transfer while reducing flow resistance, whereas those featuring a smaller 

expansion angle and streamlined edges further improve overall thermal performance [10]. The performance of 

microchannel heat exchangers (MCHEs) featuring three types of reentrant cavities—circular, trapezoidal, and 

rectangular—was systematically investigated. Results indicate that rectangular cavities produce higher pressure 

drops and larger Darcy friction coefficients. In contrast, MCHEs with circular cavities demonstrate the highest 

performance index and Nusselt number, confirming their superior thermal-hydraulic efficiency compared to other 

cavity geometries [11]. The results show that nanofluid cooling enhances the heat sink’s thermal performance by 

3–15% compared to water. The heat sink with multiple CCZ-HS configurations also outperforms the CZ-HS 

design, achieving a 2–6% increase in efficiency. While the pressure drop (Δp) increases with flow rate, it decreases 

slightly with higher nanoparticle concentrations and is largely unaffected by the cross-cut configuration of the 

flow channel [12].  

Flow-boiling performance was compared between reentrant and conventional rectangular microchannels with 

equal hydraulic diameter. The study examined the influence of channel geometry on heat transfer and found that 

re-entrant microchannels significantly enhance two-phase heat transfer under subcooled conditions [13]. A 

numerical study examined the effects of channel and rib geometries and their placement at various water flow 

rates in a microprocessor heat sink. Reducing the base temperature from 44°C to 36.25°C and increased total heat 

transfer by 17.7% in dual circular channels [14]. A numerical study investigated the impact of rib shape on heat 

transfer in microchannels with triangular, rectangular, and trapezoidal ribs. At a nanoparticle concentration of 4% 

and Re of 50–100, triangular ribs exhibited superior thermal performance. Streamline variation was highest in 

rectangular ribs. Thermal performance improved by 4–7% compared to rectangular configurations [15].  A 

numerical study investigated the impact of rib shape on heat transfer in microchannels with triangular, rectangular, 

and trapezoidal ribs. Triangular ribs exhibited superior thermal performance at a nanoparticle concentration of 4% 

and a Reynolds number (Re) of 50–100. Streamline variation was highest in rectangular ribs. Thermal 

performance improved by 4–7% compared to rectangular configurations [16].  A numerical study using ICEM 

CFD analysed the effect of corrugated baffle inserts in a rectangular heat exchanger. Straight baffles exhibited 

stronger vortex formation and higher heat transfer, but also a greater pressure drop, especially at α = 0°. Corrugated 

baffles improved the thermal performance factor from 1.27 to 1.53 as α increased. Optimal thermal efficiency was 

observed at h/H = 0.5 [17].  A numerical study using ANSYS CFX v18 investigated the effect of 90° V-shaped 

baffle orientations and arrangements in a channel heat exchanger with Ketrol solution. +V baffles in a staggered 

configuration provided the highest heat-transfer enhancement but also resulted in a higher pressure drop. The 

maximum thermal performance factor (TPF) of 1.52 was achieved with this setup [18]. A numerical study 

examined the effect of MWCNT/oil-based nanofluid and baffle orientation (upstream, downstream, vertical) at 

various attack angles (α) and Reynolds numbers.  

The results showed a maximum TEF of 5.634 for vertical baffles at Re = 20,000. For inclined baffles, the highest 

TEF = 4.814 was observed, with Nu/Nu₀ and f/f₀ increasing with α and Re [19]. New-generation nanofluids, such 
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as Al₂O₃ and CuO, exhibit higher heat-transfer coefficients than conventional fluids, enabling compact, 

lightweight radiator designs. Studies of flat-tube radiators have shown significant performance improvements and 

volume reductions. However, this comes at the cost of increased pumping power after downsizing [20]. The use 

of nanofluids has emerged as an effective method for enhancing the performance of concentrating solar collectors 

(CSCs). A comprehensive analysis of nanofluids as working fluids in various collector types reveals significant 

improvements in thermal efficiency. Specifically, nanofluids increase efficiency by up to 35% in evacuated-tube 

collectors (ETCs) with boosters, by approximately 13% in compound parabolic concentrators (CPCs), and by 

approximately 16% in solar dish systems. The improvement in linear Fresnel reflectors is relatively modest at 

about 1%. Furthermore, integrating nanofluids into photovoltaic-thermal (PVT) systems increased electrical 

output by nearly 8%, though the corresponding thermal efficiency gain was minimal [21]. Al₂O₃ and MgO 

nanoparticles were added at 0.12% and 0.4% concentrations to improve nanofluid stability [22]. A numerical 

study using the finite-volume method examined laminar heat transfer and the injection of an oil/MWCNT 

nanofluid jet. Parameters included Reynolds numbers from 10–50, slip coefficients of 0–0.08, and particle sizes 

up to 0.4%. Results revealed that higher, well-dispersed nanoparticle concentrations improved temperature 

distribution and Nusselt number. This indicates enhanced convective heat transfer performance [23].  Al₂O₃ and 

TiO₂ nanoparticles were tested in a mini-channel heat sink. At 0.5 vol%, Al₂O₃ improved heat transfer by 9.30%, 

while TiO₂ showed a 4.56% enhancement [24]. A review of metallic and non-metallic nanoparticles, such as TiO₂, 

Al₂O₃, Cu, and SiO₂, highlighted their impact on nanofluid thermophysical properties across systems, including 

heat exchangers and refrigeration systems. Even small additions of nanoparticles significantly enhanced thermal 

conductivity [25]. 

The literature review indicates that extensive research has been conducted on microchannel heat exchangers 

(MCHEs) using conventional base fluids across various geometries. Additionally, numerous simulation studies 

have examined the thermal and hydraulic performance of MCHEs using various base fluids. However, 

experimental investigations of single- or hybrid-nanofluids remain relatively limited. Notably, there is a clear 

research gap in the comparative experimental analysis of multiple nanofluids within a single microchannel 

configuration. To address this gap, the present study evaluates Al₂O₃, CuO, and CNT nanofluids in a triangular 

microchannel geometry at mass concentrations of 0.01%, 0.03%, and 0.05% under laminar flow conditions with 

Reynolds numbers ranging from 100 to 500. This work aims to provide a detailed comparison of heat transfer and 

pressure drop characteristics for different nanofluids within a unified geometric framework 

2. Experimental procedure 

2.1 Nanofluids 

In the experiments, commercially sourced nanoparticles of Al₂O₃, CuO, and CNT, each with an average diameter 

of 30 nm, were used. Deionized water served as the base fluid, and the nanofluids were carefully prepared in a 

dedicated research laboratory. The specific concentrations used in the study are detailed in Table 1.  

Table 1. Type of nanoparticles and concentrations 

 

Nanoparticles (np) Concentrations in 

% by weight fraction (ϕ) 

Cupor oxide (CuO)   

 

0.01, 0.03nd 0.05 
Aluminium oxide (Al2O3) 

Carbon nanotubes (CNT) 

Basic fluid  Deionizedater 

Nano-fluids can be prepared using one-step or two-step methods; this study employed the two-step method. Here, 

0.5 gm of 30 nm nanoparticles was added to 5 L of distilled water in an open container [26]. The nanoparticles 

were measured using a high-precision instrument. 

Three nanofluids, Al₂O₃, CuO, and CNT, were prepared at concentrations of 0.01%, 0.03%, and 0.05%,  using 

distilled water as the base fluid, as shown in Figure 2. During the preparation of the CNT nanofluid, a surfactant 

was added to ensure uniform dispersion of nanoparticles within the base fluid. In the absence of a surfactant, CNT 

particles tend to agglomerate and float to the surface, resulting in poor stability and non-uniform distribution.  

Among the tested nanofluids, Al₂O₃, CuO, and carbon nanotubes (CNT), CNT exhibits the highest thermal 
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conductivity, followed by CuO and then Al₂O₃. This hierarchy in thermal conductivity directly translates into their 

heat-transfer capabilities: CNT-based nanofluids demonstrated the most excellent heat-transfer enhancement, as 

the high thermal conductivity of CNTs promotes more efficient energy transport from the heated surface to the 

fluid. In contrast, Al₂O₃ and CuO, while still superior to water, show comparatively lower enhancement. Thus, the 

improved thermal performance observed in CNT nanofluids is primarily attributed to their intrinsically high 

thermal conductivity, which facilitates rapid heat dissipation and efficient cooling in microchannel applications. 

2.2 Test Model 

High-precision machining was used to fabricate copper-based Microchannel Heat Exchangers (MCHEs), resulting 

in  a Triangular Microchannel Heat Exchanger (TMHX) model. Each had a surface area of 210 × 150 mm² with 

nine channels spaced 15 mm apart. Two 0.2 mm-deep ribs were placed at the inlet and outlet to ensure flow 

uniformity. 

  

 
Fig.1.Dimensional details of the triangular microchannel heat exchanger test plate. -Fabricated Model 

Fig. 1 depicts the intricate dimensions of the Microchannel Heat Exchanger (MCHE). The heat exchanger    

comprised nine circular channels, each 0.8 mm in diameter and 210 mm long, spaced at 15 mm intervals. To 

facilitate temperature measurement, two rows of 2 mm-diameter, three mm-deep thermocouple holes were drilled 

at the top of each channel, for a total of 18 thermocouples. 

 
2.3 Experimental setup 

The experimental setup for the MCHE is shown in Fig. 2. A closed-loop system was built, consisting of a 15 L 
water  tank, a 24 VDC diaphragm pump (1.6 lpm), and a machined rectangular test section (240 × 170 × 25 mm³), 
housing a triangular MCHE (210 × 150 × 10 mm³). A 1000 W mica heater supplied heat beneath the MCHE, with 
dual-layer insulation (glass wool and 12 mm Hylam sheet) minimizing losses. A submersible pump ensured 
uniform nanofluid suspension, while a downstream cooling tower helped regulate the fluid temperature. 
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                   Fig.2. Microchannel heat exchanger experimental setup 

Following micromachining, 3.2 mm-diameter holes were drilled in the inlet and outlet sides of the channel plate 

to accommodate inlet plenum connectors. Eighteen thermocouples were strategically installed within the MCHE 

channels in two rows to monitor temperature distribution [26]. Each row contained nine thermocouples, with one 

set positioned 70 mm from the inlet and the other 140 mm from it, as illustrated in Fig. 3. 

 

                  Fig. 3. Test plate with thermocouple locations and pressure transducer 

2.3.1 Experimental instrumentation and measurement  

Accurate instrumentation and measurement are essential in any experimental study to ensure reliable data and 

valid results. Fig. 4 shows the instrumental setup.  
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Fig. 4. Instrumentation Employed in Microchannel Heat Exchanger Testing 

 Key measurements were obtained using carefully positioned equipment to assess the microchannel heat 

exchanger (MCHE) hydraulic and thermal performance. To record the temperature distribution along the flow 

path, 18 thermocouples were inserted into the channels in two rows, nine at 70 mm and nine at 140 mm from the 

inlet. Determining the Reynolds number and flow regime required precise monitoring of the fluid flow rate, 

provided by a turbine-type flow indicator. Data for determining the friction factor was obtained from pressure 

sensors placed upstream and downstream of the MCHE, which recorded pressure drops throughout the test section. 

A thorough evaluation of heat transfer was enabled by using temperature and pressure data to calculate the Nusselt 

number and friction factor, based on channel geometry and fluid properties. 

3. Results and discussion 
The experimental findings show that across all tested nanofluids, heat transfer increases with nanoparticle 
concentration. CNT-based nanofluids exhibited the highest pressure drop and Nusselt number among the three. 
Due to enhanced wall contact and secondary-flow effects, the triangular microchannel geometry significantly 
improved thermal performance.            

3.1 Effect of Al2O3, CuO, and CNT nanofluids on heat transfer 
The Nusselt number, a key indicator of heat transfer in microchannel heat exchangers, was calculated from the 

heat-transfer coefficient, fluid thermal conductivity, and hydraulic diameter. Temperature profiles were recorded 

along the channels using K-type thermocouples. 

 

Fig. 5. Nusselt number with Reynolds number for the triangular MCHE for the Al2O3 nanofluid. 

The variation of the Nusselt number with Reynolds number for three different nanofluids, Al2O3, CuO, and CNT, 

at nanoparticle concentrations of 0.01%, 0.03%, and 0.05% by weight, is presented in Fig. 5, 6, and 7. To achieve 

Reynolds numbers between 100 and 500, the fluid flow rate was adjusted in the experimental setup. The graphs 

also illustrate the influence of nanoparticle concentration in deionized water on convective heat transfer. Across 

all concentrations, a consistent increase in the Nusselt number with increasing Reynolds number was observed, 

with the highest values attained at 0.05% nanoparticle concentration and Re = 500. At this peak condition, the 
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Nusselt number improved by 28.65% for Al₂O₃, 24.55% for CuO, and 43.06% for CNT nanofluids compared to 

the base fluid, indicating CNT’s superior thermal performance. This enhancement is attributed to the increased 

thermal conductivity and stability of CNT nanofluids.  

 
Fig. 6: Nusselt number with Reynolds number for the triangular MCHE for the CuO nanofluid. 

 
Fig. 7. Nusselt number with Reynolds number for the triangular MCHE for the CNT nanofluid. 

The increase in Reynolds number intensifies momentum transport in the channel, resulting in a thinner thermal 
boundary layer and higher heat transfer coefficients. Regardless of Reynolds number or nanofluid concentration, 
the triangular microchannel geometry consistently exhibited superior heat-transfer performance. This is due to 
three key factors: an increased surface-area-to-volume ratio. Triangular channels offer a greater surface area per 
unit volume than circular or rectangular channels. This expanded wall-fluid interface enhances conductive and 
convective heat transfer. Enhanced Wall-to-Fluid Contact in Corners: Triangular corners create low-velocity 
zones with steep temperature gradients, enabling longer fluid residence time and more effective heat transfer near 
the walls. Induced Secondary Flow and Boundary Layer Disruption: The non-uniform, angled geometry of 
triangular channels promotes secondary flow patterns even in laminar regimes. These flow disturbances enhance 
mixing, disrupt thermal boundary layers, and significantly boost convective heat transfer. Overall, the results 
underscore the combined influence of nanofluid selection, concentration, and channel geometry in optimizing the 

thermal performance of microchannel heat exchangers. 
 

3.2 Impact of nanofluids in triangular channel geometry on pressure drop (Δp) 
The fluctuation in pressure drops along the length of triangular microchannel heat exchangers (MCHE) for the 
CuO, Al2O3, and CNT-based nanofluid at various Reynolds numbers is illustrated in Fig. 8 (a), (b), and (c). The 
results indicate an increase of 0.01%, 0.03%, and 0.05% by weight in nanofluids led to respective increases of 
10.13%, 17.33%, and 22.03%; 11.16%, 23.35%, and 27.46%; and 184%, 232%, and 249.49%, respectively. On 
average, the pressure drop rose by 16.49% (CuO), 20.65% (Al2O3), and 221.83% (CNT) compared to the base 
fluid. The elevated pressure drop in triangular MCHEs can be attributed to several interrelated factors. Mainly, 
Sharp Geometrical Features: The acute angles and corners in triangular channels introduce regions of high viscous 
dissipation and increased local wall shear stress. These zones disrupt fully developed flow, causing additional 
resistance to motion.  Secondary Flow and Flow Separation: Triangular geometries generate non-uniform velocity 
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distributions and secondary flow structures, especially near corners. These disturbances thicken the boundary 
layer, disrupt laminar flow paths, and elevate flow resistance. Nanoparticle Effects: As nanoparticle concentration 
increases, the effective viscosity of the nanofluid rises due to stronger particle–fluid and particle–particle 
interactions. This leads to higher momentum diffusion, resulting in greater pressure losses along the channel. 
CNT-Specific Behavior: Carbon nanotubes, owing to their strong van der Waals forces, tend to form agglomerates 
or networks within the fluid. Even with surfactant stabilization, these clusters can increase flow obstruction, 
leading to significantly higher pressure drops than spherical nanoparticles such as CuO and Al2O3. 

 
(a) 

 
(b) 

 
(c) 

Fig.8. Variation of pressure drop with Reynolds number for the triangular MCHE (a) for Al2O3 Nanofluid (b) for CuO 
nanofluid (c) for CNT nanofluid 
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3.3 Influence of triangular channel geometry on friction factor (FF) 
The correlation between the friction factors of nanofluids at different concentrations and the Reynolds number is 

shown in Fig. 9, for the triangular microchannel heat exchanger. Across all nanofluids (Al2O3, CuO, and CNT), 

the friction factor decreased monotonically with increasing Re. 

 
Fig.9.  Friction factor (FF) with Reynolds number in MCHE for nanofluids 

The experimental results showed that the friction factor decreased more sharply at lower Reynolds numbers, 

consistent with laminar flow, where viscous forces dominate. At these lower Re values, flow resistance is 

susceptible to changes in fluid properties, such as viscosity, which is influenced by nanoparticle addition. It was 

observed that the friction factor was minimized at low nanoparticle concentrations, particularly at 0.01 wt%, 

owing to minimal viscosity increase and reduced disturbance to the boundary layer. However, as the nanoparticle 

concentration increased to 0.03% and 0.05%, the friction factor correspondingly increased. This can be attributed 

to elevated effective viscosity, greater interparticle interactions, and increased momentum diffusion within the 

flow, all of which contribute to higher wall shear stress. Among the tested nanofluids in triangular microchannel 

configurations, the CuO-based nanofluid consistently exhibited a lower friction factor than Al2O3 and CNT-based 

nanofluids at equivalent Reynolds numbers and concentrations. This can be attributed to CuO relatively moderate 

thermal conductivity and viscosity. In contrast, CNT nanofluids exhibited the highest friction factor, especially at 

lower Reynolds numbers, which may be due to their elongated shape, tendency to form agglomerates, and higher 

intrinsic viscosity, all of which intensify flow resistance and boundary-layer disruption. 

4. Conclusion 

This experimental study presents the heat transfer and pressure drop characteristics of a triangular MCHE. It is 

investigated for three different types of nanofluids, i.e., CuO, Al2O3, and CNT, at concentrations of 0.01%, 0.03%, 

and 0.05%, at Reynolds numbers in the 100-500 range. The findings of this study are explained in detail below. 

1. Heat transfer increased with higher concentrations of nanoparticles and mass flow rates across all three 

concentrations of nanofluid. A consistent increase in the Nusselt number with increasing Reynolds number was 

observed, with the highest values attained at 0.05% nanoparticle concentration and Re = 500. At this peak 

condition, the Nusselt number improved by 24.55% for CuO, 28.65% for Al2O3, and 43.06% for CNT nanofluids 

compared to the base fluid, indicating CNT’s superior thermal performance. 

2. The pressure drop in triangular MCHEs using CuO, Al₂O₃, and CNT nanofluids was studied across various 

Reynolds numbers and nanoparticle concentrations (0.01%, 0.03%, and 0.05% by weight). Results show that the 

pressure drop increases with Reynolds number (Re = 500) and nanoparticle loading (0.05%), reaching 22.03% 

(CuO), 27.46% (Al2O3), and 249.49% (CNT), thereby increasing pumping power requirements. 

3. Experimental results showed the friction factor decreased sharply at low Reynolds numbers due to laminar flow 

dominated by viscosity. The friction factor was lowest at 0.01 wt% nanoparticle concentration, but increased at 

higher concentrations (0.03% and 0.05%) due to greater viscosity and boundary-layer disturbance. 

4. CNT nanofluids exhibited the highest friction factor, especially at lower Reynolds numbers, which may be due 

to their elongated shape, tendency to form agglomerates, and higher intrinsic viscosity, all of which intensify flow 

resistance and boundary-layer disruption. 

5. Overall, the results underscore the combined influence of nanofluid selection, concentration, and channel 
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geometry in optimizing the thermal performance of microchannel heat exchangers 

Declaration of Competing Interest 

The authors declare that they have no known financial interests or personal relationships that could have 

influenced the work reported in this paper 

 

Acknowledgments 

The authors thank the Ramaiah Institute of Technology and the Department of Mechanical Engineering, 

Bangalore, for their generous support in research facilities for this study. 

 

             References 

[1] S. Balamurugan, “Design and Analysis of Micro Channel Heat Exchanger with Different Geometry 

Configuration.” Journal   of Applied Mechanical Engineering, 10 (10)- 394. 

[2] Pan, Minqiang, Hongqing Wang, Yujian Zhong, Minglong Hu, Xiaoyu Zhou, Guanping Dong, and Pingnan 

Huang. 2019. “Experimental Investigation of the Heat Transfer Performance of Microchannel Heat 

Exchangers with Fan-Shaped Cavities.” International Journal of Heat and Mass Transfer 134: 1199–1208. 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.01.140. 

[3] Pan, Minqiang, Yujian Zhong, and Yufeng Xu. 2018. “Numerical Investigation of Fluid Flow and Heat 

Transfer in a Plate Microchannel Heat Exchanger with Isosceles Trapezoid-Shaped Reentrant Cavities in the 

Sidewall.” Chemical Engineering and Processing - Process Intensification 131: 178–89. 

https://doi.org/10.1016/j.cep.2018.07.018. 

[4] Kewalramani, Gagan V., Gaurav Hedau, Sandip K. Saha, and Amit Agrawal. 2019. “Empirical Correlation of 

Laminar Forced Convective Flow in Trapezoidal Microchannel Based on Experimental and 3D Numerical 

Study.” International Journal of Thermal Sciences 142 (May): 422–33. 

https://doi.org/10.1016/j.ijthermalsci.2019.05.001. 

[5] Spizzichino, M., G. Sinibaldi, and G. P. Romano. 2020. “Experimental Investigation on Fluid Mechanics of 

Micro-Channel Heat Transfer Devices.” Experimental Thermal and Fluid Science 118 (October 2019): 

110141. https://doi.org/10.1016/j.expthermflusci.2020.110141. 

[6] Hasan, Mushtaq I., A. A. Rageb, M. Yaghoubi, and Homayon Homayoni. 2009. “Influence of Channel 

Geometry on the Performance of a Counter Flow Microchannel Heat Exchanger.” International Journal of 

Thermal Sciences 48 (8): 1607–18. https://doi.org/10.1016/j.ijthermalsci.2009.01.004. 

[7] Hou, Tingbo, and Danmin Xu. 2023. “Pressure Drop and Heat Transfer Performance of Microchannel Heat 

Exchangers with Elliptical Concave Cavities.” Applied Thermal Engineering 218 (April 2022): 119351. 

https://doi.org/10.1016/j.applthermaleng.2022.119351. 

[8] Khan, Muhammad Zia Ullah, Bilal Akbar, Ramisha Sajjad, Umair Ahmed Rajput, Sanaullah Mastoi, Emad 

Uddin, Azhar Hussain, Md Yamin Younis, Fausto Pedro García Márquez, and Naveed Akram. 2021. 

“Investigation of Heat Transfer in Dimple-Protrusion Micro-Channel Heat Sinks Using Copper Oxide Nano-

Additives.” Case Studies in Thermal Engineering 28 (June). https://doi.org/10.1016/j.csite.2021.101374. 

[9] Ansari, Munib Qasim, and Guobing Zhou. 2020. “Influence of Structured Surface Roughness Peaks on Flow 

and Heat Transfer Performances of Micro- and Mini-Channels.” International Communications in Heat and 

Mass Transfer 110 (November 2019): 104428. https://doi.org/10.1016/j.icheatmasstransfer.2019.104428. 

[10] Li, Haiwang, Yujia Li, Binghuan Huang, and Tiantong Xu. 2020. “Numerical Investigation on the Optimum 

Thermal Design of the Shape and Geometric Parameters of Microchannel Heat Exchangers with Cavities.” 

Micromachines 11 (8). https://doi.org/10.3390/MI11080721. 

https://doi.org/10.1016/j.ijheatmasstransfer.2019.01.140
https://doi.org/10.1016/j.cep.2018.07.018
https://doi.org/10.1016/j.ijthermalsci.2019.05.001
https://doi.org/10.1016/j.expthermflusci.2020.110141
https://doi.org/10.1016/j.ijthermalsci.2009.01.004
https://doi.org/10.1016/j.applthermaleng.2022.119351
https://doi.org/10.1016/j.csite.2021.101374
https://doi.org/10.1016/j.icheatmasstransfer.2019.104428
https://doi.org/10.3390/MI11080721


547 

Tuijin Jishu/Journal of Propulsion Technology 

ISSN: 1001-4055 

Vol. 47 No. 01 (2026) 

__________________________________________________________________________________ 

 

[11] Hou, Tingbo, and Yuanlong Chen. 2020. “Pressure Drop and Heat Transfer Performance of Microchannel 

Heat Exchanger with Different Reentrant Cavities.” Chemical Engineering and Processing - Process 

Intensification 153. https://doi.org/10.1016/j.cep.2020.107931. 

[12] Duangthongsuk, Weerapun, and Somchai Wongwises. 2017. “An Experimental Investigation on the Heat 

Transfer and Pressure Drop Characteristics of Nanofluid Flowing in Microchannel Heat Sink with Multiple 

Zigzag Flow Channel Structures.” Experimental Thermal and Fluid Science 87: 30–39. 

https://doi.org/10.1016/j.expthermflusci.2017.04.013.  

[13] Deng, Daxiang, Wei Wan, Yong Tang, Zhenping Wan, and Dejie Liang. 2015. “Experimental Investigations 

on Flow Boiling Performance of Reentrant and Rectangular Microchannels - A Comparative Study.” 

International Journal of Heat and Mass Transfer 82: 435–46. 

https://doi.org/10.1016/j.ijheatmasstransfer.2014.11.074. 

[14] Medjahed, Driss Meddah, Houari Ameur, Abd El Kader Ariss, Nassira Medjadji, and Abdelkader 

Mahammedi. 2016. “Heat Transfer Improvement in Micro-Channel Heat Sinks by Modifying Some Design 

and Operating Conditions.” International Review of Mechanical Engineering 10 (6): 395–404. 

https://doi.org/10.15866/ireme.v10i6.9492. 

[15] Behnampour, Ali, Omid Ali Akbari, Mohammad Reza Safaei, Mohammad Ghavami, Ali Marzban, 

Gholamreza Ahmadi Sheikh Shabani, Majid zarringhalam, and Ramin Mashayekhi. 2017. “Analysis of Heat 

Transfer and Nanofluid Fluid Flow in Microchannels with Trapezoidal, Rectangular and Triangular Shaped 

Ribs.” Physica E: Low-Dimensional Systems and Nanostructures 91: 15–31. 

https://doi.org/10.1016/j.physe.2017.04.006. 

[16] Ameur, Houari. 2019. “Effect of the Baffle Inclination on the Flow and Thermal Fields in Channel Heat 

Exchangers.” Results in Engineering 3: 100021. https://doi.org/10.1016/j.rineng.2019.100021. 

[17] Ameur, Houari. 2020. “Effect of Corrugated Baffles on the Flow and Thermal Fields in a Channel Heat 

Exchanger.” Journal of Applied and Computational Mechanics 6 (2): 209–18. 

https://doi.org/10.22055/jacm.2019.28936.1521. 

[18] Ameur, Houari, Djamel Sahel, and Younes Menni. 2020. “Enhancement of the Cooling of Shear-Thinning 

Fluids in Channel Heat Exchangers by Using the V-Baffling Technique.” Thermal Science and 

Engineering Progress 18 (October 2019): 100534. https://doi.org/10.1016/j.tsep.2020.100534. 

[19] Menni, Younes, Ali J. Chamkha, Mahyar Ghazvini, Mohammad Hossein Ahmadi, Houari Ameur, Alibek 

Issakhov, and Mustafa Inc. 2020. “Enhancement of the Turbulent Convective Heat Transfer in Channels 

through the Baffling Technique and Oil/Multiwalled Carbon Nanotube Nanofluids.” Numerical Heat 

Transfer; Part A: Applications 79 (4): 311–51. https://doi.org/10.1080/10407782.2020.1842846. 

[20] Elsebay, M., I. Elbadawy, M. H. Shedid, and M. Fatouh. 2016. “Numerical Resizing Study of Al2O3 and CuO 

Nanofluids in the Flat Tubes of a Radiator.” Applied Mathematical Modelling 40 (13–14): 6437–50. 

https://doi.org/10.1016/j.apm.2016.01.039. 

[21] Bellos, Evangelos, Zafar Said, and Christos Tzivanidis. 2018. “The Use of Nanofluids in Solar Concentrating 

Technologies: A Comprehensive Review.” Journal of Cleaner Production 196: 84–99. 

https://doi.org/10.1016/j.jclepro.2018.06.048. 

[22] Arunkumar, T., M. Anish, J. Jayaprabakar, and N. Beemkumar. 2019. “Enhancing Heat Transfer Rate in a 

Car Radiator by Using Al 2 O 3 Nanofluid as a Coolant.” International Journal of Ambient Energy 40 (4): 

367–73. https://doi.org/10.1080/01430750.2017.1392356. 

[23] Jalali, Esmaeil, Omid Ali Akbari, M. M. Sarafraz, Tehseen Abbas, and Mohammad Reza Safaei. 2019. “Heat 

Transfer of Oil/MWCNT Nanofluid Jet Injection inside a Rectangular Microchannel.” Symmetry 11 (6). 

https://doi.org/10.3390/sym11060757. 

https://doi.org/10.1016/j.cep.2020.107931
https://doi.org/10.1016/j.expthermflusci.2017.04.013
https://doi.org/10.1016/j.ijheatmasstransfer.2014.11.074
https://doi.org/10.15866/ireme.v10i6.9492
https://doi.org/10.1016/j.physe.2017.04.006
https://doi.org/10.1016/j.rineng.2019.100021
https://doi.org/10.22055/jacm.2019.28936.1521
https://doi.org/10.1016/j.tsep.2020.100534
https://doi.org/10.1080/10407782.2020.1842846
https://doi.org/10.1016/j.apm.2016.01.039
https://doi.org/10.1016/j.jclepro.2018.06.048
https://doi.org/10.1080/01430750.2017.1392356
https://doi.org/10.3390/sym11060757


548 

Tuijin Jishu/Journal of Propulsion Technology 

ISSN: 1001-4055 

Vol. 47 No. 01 (2026) 

__________________________________________________________________________________ 

 

[24] Sadegh Moghanlou, Farhad, Saeed Noorzadeh, Mohammad Ataei, Mohammad Vajdi, Mehdi Shahedi Asl, 

and Esmaeil Esmaeilzadeh. 2020. “Experimental Investigation of Heat Transfer and Pressure Drop in a 

Minichannel Heat Sink Using Al2O3 and TiO2–Water Nanofluids.” Journal of the Brazilian Society of 

Mechanical Sciences and Engineering 42 (6): 1–11. https://doi.org/10.1007/s40430-020-02403-5. 

[25] Menni, Younes, Ali J. Chamkha, and Houari Ameur. 2020. “Advances of Nanofluids in Heat Exchangers—

A Review.” Heat Transfer 49 (8): 4321–49. https://doi.org/10.1002/htj.21829. 

[26] Lalagi, Gururaj, P B Nagaraj, B R Omkaresh, and Hashim Rehman Sharief. n.d. “Optimizing Heat Transfer 

in Microchannel Heat Ex- Changers : A Comparative Analysis of Channel Geometry and Nanofluids through 

CFD and Experimental” Engineering Research Express, Volume 7, Number 1, https://doi.org/10.1088/2631-

8695/adb665 

https://doi.org/10.1007/s40430-020-02403-5
https://doi.org/10.1002/htj.21829
https://doi.org/10.1088/2631-8695/adb665
https://doi.org/10.1088/2631-8695/adb665

