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Abstract: Nowadays, the utilization rate of electronic products is increasing while showing no obvious sign of reaching a limit. To solve the associated “internal heat generation problem”, scientists have proposed two methods or strategies. The first approach consists of replacing the heat exchange medium with a nanofluid. However, the high surface energy of the nanoparticles makes them prone to accumulate along the heat transfer surface. The second method follows a different approach. It tries to modify the surface structure of the electronic components in order to reduce the fluid-dynamic drag and improve the rate of heat exchange. This article reviews these effects considering different types of nanofluid and different shapes, sizes, and arrangements of “biomimetic grooves”. The idea to use these two methods in a combined fashion (to improve heat transfer and reduce flow resistance at the same time) is also developed and discussed critically to a certain extent.
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1  Introduction

As society develops, the human demand for energy is increasing daily, although energy resources are in short supply. Since the available energy resources are limited, the energy shortage has become the biggest global restriction to scientific/technological developments and economic growth. To achieve the goal of sustainable development for all humanity, society must not only apply cleaner and more effective technologies but also reduce its consumption of energy as much as possible. In the present study, energy loss is concentrated in a variety of industrial fields in which the resistance generated during the fluid flow process consumes a significant amount of energy [1].

With the development of the semiconductor industry and the application of high-power electronic components, the power consumption of electronic chips per unit size is gradually increasing, the core working frequency of central processing units (CPUs) is becoming ever higher, the number of transistors on a chip has reached one billion, and the heat load of high-power electronic components in electronic equipment is as high as 106 W/m2 [2]. However, as radiators must be controlled at an area of about 4 cm2, the realization of high integration also increases the calorific value. Therefore, investigating lightweight heat-exchange equipment with a small volume and high heat-transfer efficiency is essential.

The application of the traditional enhanced heat-exchange method to such a unique heat-transfer field is difficult. Since the low thermal conductivity of traditional heat-exchange media, e.g., water, oil, and alcohol, makes obtaining a high heat-transfer capacity difficult, many researchers focused on the field of nanofluids. In 1995, Choi [3] (of the Argonne National Laboratory of the United States) proposed a new concept: nanofluids. These fluids are formed after stabilization following the addition of a certain amount of a dispersive suspension medium to a base liquid (generally, liquid, or liquid–metal) [4]. Nanofluids exhibit a large heat-transfer capacity and high thermal conductivity, and they can significantly change interfacial wettability after adsorption at an interface [5–7]. Consequently, they are widely applied in heat exchangers [8–11], electronic component cooling [12–14], fuel cells [15,16], and nuclear reactors [17]. In the future, nanofluids are likely to become efficient heat-transfer working fluids.

However, despite the advantages of the superior heat-transfer characteristics of nanofluids, the increase in the flow resistance of the system cannot be ignored. When nanoparticles are added to a fluid, the fluid’s viscosity will inevitably increase, resulting in a pressure drop in the circulatory system [18]. For electronic components, such as CPUs, the greater the flow resistance, the greater the power consumption. This also restricts the application of nanofluids in industrial production. Therefore, finding a solution to reduce the flow resistance of nanofluids in industrial systems has become a critical issue [19,20].

To determine how to reduce the flow resistance and maintain enhanced heat-transfer capacity, most research institutions conducted in-depth studies from two perspectives. The first involves designing a new type of drag-reducing nanofluid by altering the flow medium; this must demonstrate not only a better heat-transfer effect in terms of production and lifetime but also a lower flow resistance. The second involves the application of special drag-reduction treatments to the flow surface, e.g., superhydrophobic coatings and non-smooth surface microstructures in bionics. However, combining the two approaches to realize enhanced resistance reduction is a novel concept.

This review is divided into three parts. Parts one and two present the latest research on the flow and heat-transfer properties of nanofluids and drag-reducing nanofluids, and part three presents the current research status in terms of the drag-reduction of bionic structures. Achieving sustainable development goals requires both the reduction of energy consumption and the development of energy-saving technologies. Flow-reduction technology can reduce the loss of electricity, and it presents a new concept for future research into energy-saving technology. The structure of this review is shown in Fig. 1.
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Figure 1: Solutions to the heat dissipation problem of electronic components

2  Nanofluids

2.1 Preparation of Nanofluids

To enable the characteristics of nanofluids to be studied effectively, first, they must be prepared. At present, two commonly used preparation methods exist: the one-step method [21] and the two-step method [22].
(1)   One-step method. In the one-step method, the base solution and nanoparticles do not require separate preparation as shown in Fig. 2. Two kinds of single-step synthesis exist, namely, gas-phase synthesis and liquid-phase synthesis.
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Figure 2: Schematic diagram of single-step device for preparation of nanofluids [1]

The advantage of the one-step method is that it can prepare stable mixed suspensions that are difficult to precipitate. However, its disadvantage is that the amount of single preparation is less, and the cost is higher.
(2)   Two-step method. In the two-step method, first, the required nanoparticles are prepared before being added to the base solution to prepare the mixed suspension as shown in Fig. 3. It differs from the one-step method in that it involves two separate stages.
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Figure 3: Schematic diagram of the two-step method for preparing nanofluids [1]

The advantage of the two-step method is that it is simple, it can meet the needs of mass production, and it is more suitable for large-scale applications. The two-step method is often used in production experiments.

2.2 Physical Properties of Nanofluids

The addition of nanoparticles is one of the main reasons why nanofluids can enhance heat-transfer compared with ordinary heat-transfer masses. When nanoparticles are added to pure fluids, the thermal conductivity of the obtained mixture increases. Furthermore, due to the Brownian motion of nanoparticles, the laminar boundary layer flow is broken, and the disturbance is strengthened, which further improves thermal conductivity. However, if the nanoparticles’ mass fraction in the nanofluids is continuously raised, the nanofluids’ visibility will also increase, which will enhance the heat-transfer resistance and cause a certain degree of heat-transfer deterioration.

2.2.1 Heat Conductivity of Nanofluids

In nanofluids, heat conductivity is one of their most important physical properties, which have been studied and tested by numerous researchers. Researchers found that the mass fraction, size, shape, and pH value of nanofluids can significantly affect their heat-transfer coefficients. Common nanofluid systems use nanoparticles comprising metal oxides (Al2O3, CuO, TiO2, Fe3O4), metals (Al, Cu, Au, Ag, Fe), non-metallic oxides (SiO2), carbon nanotubes (CNTs) (MWCNT, DWCNT), and carbides (SiC). Deionized water, glycol, glycerol, toluene, and engine oil are commonly used in the configuration of the base liquid. Over the past decade, much research has been conducted on the effects of different types, concentrations, and sizes of nanoparticles on the heat conductivity of nanofluids. Table 1 summarizes the heat conductivity of different nanofluids over the past 10 years [23–39] and shows that the addition of nanoparticles enhanced the thermal conductivity of the nanofluids compared with the original base fluid.
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Hu et al. [40] explored the influence of the dimension and concentration of silica nanofluids mixed with glycol and water on the heat conductivity of nanofluids. Their results revealed that when the diameter of the nanoparticles decreased from 120 to 84 nm, the heat conductivity of the nanofluids increased. Additionally, as the concentration of nanoparticles increased, the heat conductivity of the nanofluids first increased rapidly before rising slowly in the concentration range of 0.25%–1.00%.

Research by Timofeva et al. [41] and Al-Waeli et al. [42] revealed that the heat conductivity of nanofluids comprising cylindrical nanoparticles was greater than that of nanofluids comprising ball-shaped nanoparticles, to a certain extent.

Qi et al. [43] investigated the effect of pH value on heat conductivity when preparing titanium dioxide–water nanofluids. Their results showed that the optimal heat conductivity of nanofluids was realized at a pH of 8.

2.2.2 Viscosity of Nanofluids

Although the addition of nanoparticles to a base solution increases the thermal conductivity of the fluid, if the viscosity of the prepared nanofluids increases too much compared with the base solution, it will result in the deterioration of heat-transfer. Three main factors affect the viscosity of nanofluids:
(1)   Nanoparticle size: The smaller the nanoparticle, the greater the influence of molecular thermal motion; the internal disturbance of nanofluids increases, leading to an increase in friction resistance. A study by Lu et al. [44] used a simulation to explore the effect of the dimension of alumina nanoparticles on the viscosity of nanofluids. Alumina water and alumina glycol nanofluids were used in the experiment, and the results revealed that when the size was greater than 30 nm, the smaller the dimension, the larger the increase in the nanofluids’ viscosity. However, at sizes less than 30 nm, the viscosity change was not obvious.

(2)   Nanoparticle concentration: Mir-Shahabeddin et al. [45] studied the viscosity change of EG–water nanofluids and Al–water nanofluids using a molecular dynamics simulation. The simulation results, which were in good agreement with the experimental values, showed that a decrease in the volume fraction of Al nanofluids led to a decrease in their viscosity. Heris et al. [46] experimentally measured the viscosity of Al–water nanofluids and Cu–water nanofluids at different volume fractions and revealed that the viscosity of the water-based nanofluids increased as the volume fraction of the nanosized particles increased. Zhong et al. [47] determined the viscosity of Cu–glycol nanofluids at mass fractions of 0.5%–4.0%. Their experimental results highlighted that the greater the concentration of nanoparticles, the more significant the shear effect, which increased the flow resistance of the nanofluids and, consequently, the viscosity. Fig. 4 reveals that the viscosity of Cu–glycol nanofluids increased with a rise in nanoparticle concentration.

(3)   Temperature: Anish et al. [48] studied the viscosity of nanofluids comprising zinc oxide and heat-transfer oil 55. The results, which are presented in Fig. 5, reveal that the viscosity of the fluid decreased as the temperature of the medium. The increase in temperature caused the Brownian motion of the particles to intensify, the mutual attraction between the particles to reduce, and the viscosity of the nanofluids to decrease. Li et al. [49] investigated the viscosity change of CuO–water nanofluids under temperature changes. They revealed that when the temperature increased, the viscosity gradually decreased, and they reported the influence of temperature on viscosity to be more significant than the volume fraction.
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Figure 4: Viscosity and relative viscosity of Cu-ethylene glycol nanofluids, (a) viscosity, (b) relative viscosity [47]
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Figure 5: Variation curve of viscosity of zinc oxide nanofluids with different concentrations with temperature [48]

Finally, to investigate the influence of temperature on the viscosity of alumina water nanofluids, Zhao et al. [50] used rheometer experiments. The viscosity of the nanofluids increased with rising temperature. As can be seen in Fig. 6, the increase in viscosity is more obvious.
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Figure 6: The effect of temperature on the thermal conductivity and viscosity of nanofluids [50]

2.3 Flow Characteristics of Nanofluids

(1)   Experiment

To investigate the flow characteristics of Cu/CuO–H2O nanofluids, Sun et al. [51–53] experimentally explored the flow and convective thermal characteristics of multi-walled CNTs in Cu, Al, A12O3, Fe2O, and graphite nanofluids with mass fractions of 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, and 0.6% in threaded tubes with built-in twisted tape. The results revealed an optimal concentration ratio of 0.5% for different nanofluids at the same Reynolds number. The heat-transfer performance of Cu–H2O nanofluids was the best, although their flow resistance was larger. The comprehensive performance of these nanofluids in terms of thermal performance and the drag-reduction of graphite were superior to other nanofluids.

Based on an experimental study of Al2O3–H2O nanofluids, Zhong et al. [54] used an engine cooler test to measure the heat-exchange coefficient and flow resistance of 1%–5% Al2O3–H2O nanofluids. The results revealed that the nanofluids significantly improved the heat-exchange coefficient of the base fluid in the engine oil cooler, and the contribution of the increase in the particle volume fraction to the heat-transfer coefficient was greater than the deterioration in flow resistance. On the premise of ensuring the suspension stability of nanofluids, increasing the volume fraction of particles is beneficial to enhancing heat-transfer. In another study, Doshmanziari et al. [55] investigated the flow and heat-exchange of different concentrations of Al2O3–H2O nanofluids in a turbulent state. The results demonstrated that the nanofluids significantly improved the heat-transfer coefficient of the base fluid by up to 14%.

In their experimental study of TiO2–H2O nanofluids, Yang [56] and Zhai [57] prepared TiO2–H2O nanofluids with different mass fractions and tested their flow characteristics. The experimental results showed that under a constant temperature, the viscosity of the working fluid increased along with the resistance of the nanofluids. When the comprehensive performance index [58] is used to evaluate TiO2–H2O nanofluids, the index will first increase and then decrease according to the Reynolds number, and the critical Reynolds number can provide the optimal performance. Ding et al. [59] studied the flow characteristics of TiO2–H2O nanofluids in bellows and revealed that the Nusselt number of TiO2–H2O nanofluids increased by 62% compared with pure water.

However, due to high experimental costs, many researchers attempted to use the numerical simulation method to explore the flow characteristics of nanofluids.
(2)   Numerical simulation

As stated above, to save costs, many scholars explored the flow properties of nanofluids from the perspective of numerical simulations using methods such as the single-phase model, the two-phase model, and the lattice Boltzmann method (LBM).

Wang et al. [60] used the MATLAB programming language to simulate the enhanced heat-exchange and flow properties of Al2O3–H2O nanofluids in a horizontal circular tube. The simulation results indicated that in the horizontal direction, the heat-transfer in the inlet section is active, and the mean Nusselt number is large; this number decreases rapidly and tends to stabilize at a certain point. At this time, the heat-transfer gradually stabilizes.

Barnoon et al. [61] simulated the flow and heat-transfer of nanofluids under the action of a magnetic field using both single- and two-phase models (i.e., a hybrid model). The results revealed the Nusselt number in the two-phase model to be higher than in the single-phase model.

Sheikholeslami et al. [62,63] used the control volume finite-element method to investigate the natural convection heat-transfer of magnetic nanofluids in porous media by considering the influence of the external magnetic field. They concluded that the Lorentz force weakened the movement of the nanofluids and thickened the thermal boundary layer. Additionally, the temperature gradient increased with rising temperature.

Qi et al. [64–68] used the LBM method to simulate the boiling enhancement of molten-metal-based nanofluids in cavities with different shapes. The results confirmed that nanofluids can significantly improve the heat-transfer effect of natural convection.

The above experimental and simulation results revealed that the heat-transfer effect of nanofluids is generally better than that of conventional fluids, and this effect is affected by many factors, such as the mass fraction of nanofluids, the size of nanoparticles, and pH values. However, the findings indicated that nanofluids cause increased flow resistance. Accordingly, many researchers started to study drag-reducing nanofluids, whose contribution to thermal conductivity is greater than the deterioration of flow resistance.

3  Characteristics of Drag-Reducing Nanofluids

3.1 Preparation of Drag-Reducing Nanofluids

The original drag-reducing nanofluids used diesel as a base fluid; however, due to the high cost and poor safety of diesel, researchers since developed low-cost, safe, and effective water-based drag-reducing nanofluids [69]. The preparation method for water-based drag-reducing nanofluids is similar to that of nanofluids. The difference is the addition of a drag-reducing agent to the base fluid when preparing drag-reducing nanofluids. However, a few types of currently studied drag-reducing nanofluids exist that cannot be analyzed systematically. The configuration methods of various researchers are as follows [70,71]: first, Yang et al. [72] prepared water-based nanofluids before adding CTAC and sodium salicylate (nasal) (mass ratio of 1:1) to the mixed solution before stirring. Next, Wei et al. [73] found that the microstructure of a prepared viscoelastic fluid was stable when the mass ratio of CTAC–sodium salicylate was 1:1.

Pang et al. [69] prepared drag-reducing nanofluids using the dilution method. First, water, diesel oil, and sodium hexadecyl sulfonate were mixed to prepare a dispersant. Then, white nano-SiO2 with a particle size of 20 nm and good hydrophobicity was dispersed uniformly into the prepared dispersant to obtain a nano-SiO2 slurry. Then, the slurry was stirred by an emulsifier at 7,000 r/min for 15 min. The mass ratio of nano-SiO2 to water was 1:9. The drag-reducing nanofluids were obtained by combining the mixtures of the two components.

Sun et al. [71] prepared drag-reducing nanofluids using a two-step [74] technique. The drag-reducing fluid was obtained by stirring in an electromagnetic stirrer for 30 min. A certain mass of nanoparticles (multi-walled CNTs, graphite, Al2O3, Cu, Al, Fe2O3, and Zn) was added to the obtained drag-reducing fluid, which was vibrated for 60 min with an ultrasonic oscillator to form stable and dispersed drag-reducing nanofluids. As can be seen in Fig. 7, the drag-reducing graphite and Cu nanofluids obtained using this method were well dispersed and stable without particle deposition.
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Figure 7: Transmission electron microscope (TEM) photo of drag-reducing nanofluids [57]

3.2 Heat Transfer and Flow Characteristics of Drag-Reducing Nanofluids

(1)   Experiment

Micha et al. [75] combined a drag-reducing solution with nanofluids and discussed the influence of non-ionic surface-active agents on the drag-reduction effect of metallic oxide–water nanofluids. The results of their experimental research revealed that the addition of a non-ionic surfactant reduced the friction coefficient of the water and nanofluids, and the addition of a surfactant demonstrated no significant effect on the resistance reduction effect of the system.

Song et al. [76] developed water-based CNT nanofluids (suspension) with drag-reduction characteristics and measured their thermophysical and rheological properties. The results showed that the liquid temperature strongly influenced both resistance reduction and heat-exchange characteristics. Although the drag-reduction performance of the fluid was unchanged, its heat-transfer performance was significantly improved after the addition of CNTs. Nanofluids with drag-reduction characteristics can improve the comprehensive heat-exchange characteristics of forced convection or further enhance the heat-exchange enhancement characteristics of nanofluids.

Zhang et al. [70] experimentally investigated the optimal mass fraction of drag-reducing graphite nanofluids and Cu nanofluids. The results revealed the optimal quality fraction of drag-reducing graphite nanofluids and Cu nanofluids to be 0.4%, which demonstrates the optimal comprehensive effect of convective heat-exchange and drag-reduction.

Adam et al. [77] experimentally demonstrated the drag-reduction effect of CNTs and additives in a tube. Their results showed that CNTs could enhance the drag-reduction performance of polymer additives; however, CNTs could not provide drag-reduction under turbulent flow conditions, and their additional benefits were lost once the polymer was degraded.
(2)   Numerical simulation

Experimental restrictions mean that research into drag-reducing nanofluids cannot accurately determine the instantaneous physical quantities near the wall; therefore, many researchers use the numerical simulation method. For example, Li et al. [78,79] used a straightforward digital simulation to investigate the flow and heat-exchange characteristics of viscoelastic alumina nanofluids in a channel with a uniformly heated wall. Next, their experimental results revealed that compared with the based fluid of the viscoelastic fluid, the increase in the fractional volume of the nanoparticles provided a superior heat-transfer effect, with the highest heat-transfer enhancement efficiency of 39.3%. Viscoelastic alumina nanofluids exhibit better drag-reduction characteristics compared with ordinary nanofluids.

Zou et al. [80] used FLUENT software’s user-defined function to write the constitutive equation of viscoelastic fluid. It proposed the numerical method of “unsteady computation of steady problems”. This method can improve the stability and convergence of viscoelastic flow field numerical calculations.

Yang et al. [81–83] used numerical simulations and experiments to confirm the turbulence drag-reduction of viscoelastic nanofluids and reported an enhanced heat-transfer effect compared with the viscoelastic base fluid. Different concentrations of viscoelastic fluid-based Cu nanofluids were prepared experimentally. As the Cu nanoparticles increased, the flow resistance coefficient increased slightly. Also, the heat-transfer properties were enhanced relative to the base fluid. The results of the numerical simulations were consistent with those obtained from experimental measurements.

Ma et al. [84] experimentally investigated the influence of different surfactants on the rheological and thermophysical properties of mixed nanofluids. Their experimental results revealed that among PVP, SDS, and CTAB, the drag-reducing nanofluids prepared by PVP surface-active agents demonstrated the greatest stability. Next, for the Al2O3–CuO/water and Al2O3–TiO2/water mixed nanofluids, the optimal ratios of the PVP surfactant were 0.005% and 0.01%, respectively. At 60°C, the highest thermal conductivity reached 0.73 and 0.75 w/(m⋅K), and the drag-reduction effect was relatively good. Table 2 summarizes the drag-reducing nanofluids [4,69–71,76,82,84–86] and shows that in comparison with the original fluid, the thermal conductivity and drag-reduction of the new fluid (obtained by the addition of nanoparticles to the drag-reducing fluid) were improved in specific cases.
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4  Drag Reduction Characteristics of Bionic Structure

4.1 Drag Reduction Mechanism of Bionic Microstructure

From the perspectives of bionics and environmental adaption during the millions of years of evolution on Earth, organisms are constantly changing their surface microstructures to obtain a better drag-reduction effect. As can be seen in Fig. 8, sailfish can reach top swimming speeds of 190 km/h. This speed is needed to enable sailfish to prey on small fast-moving fish. Research revealed that the scales on the skin of sailfish produce tiny eddies, wrapping the whole body in a layer of bubbles instead of higher-density seawater, thereby reducing resistance and facilitating fast swimming. Next, the fastest speed of airborne swifts is 352.5 km/h, although their skin surface is not smooth [87]. Earthworms and dung beetles living in moist soil demonstrate non-clay characteristics, and they also exhibit the microstructure of a non-smooth surface [88]. Figs. 9 and 10 show the microstructure of its uneven surface.
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Figure 8: Animals used as references for bionics
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Figure 9: Dung beetle with a dimpled surface [89]
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Figure 10: Yellow-margin true dragon louse with convex hull surface [90]

After studying these organisms, many scholars found that non-smooth micro-surfaces can produce unexpected reductions in drag performance. Currently, three types of surface microstructures exist: the groove type [91], the concave type, and the convex hull type [92]. Sharks are a typical example of a creature with a grooved surface. The surface of the shark is covered with “cortical scales convex” in which the scales overlap. Viewed from the length direction, its surface is covered with V-shaped ribs, which is a typical ridge structure. Each ridge tissue is covered with between three and four radial grooves [93]. At present, many scholars are investigating how the microgrooves on the surface of sharks’ skin reduce resistance, and it is accepted that the V-rib structure on the skin’s surface is a three-dimensional interlocking arrangement formed by the insertion of a small rib into two ribs [94] in Fig. 11. This structure reduces fluid sloshing, inhibits and delays the occurrence of turbulence, and achieves the purpose of drag-reduction; therefore, shark skin is the perfect template for human learning.
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Figure 11: Shark with grooved surface [94]

Much research has been conducted into drag-reduction with grooves. Three main views on the principle of drag-reduction exist: The second vortex group theory, the protruding height theory, and the micro-air-bearing theory. Table 3 provides details of research into the drag-reduction mechanism of the trench [3,95–98].
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The second vortex group theory was proposed by Bacher et al. [99–101]. A groove is fixed at the bottom of a water tunnel, and pigment is added at the entrance. The turbulent flow states of the groove surface and plane are determined by observing the state of the pigment band passing through the groove surface and plane. The visualization experiment results showed the secondary vortex to be formed at the roof of the trench; this secondary vortex delays the development of the boundary layer of the turbulent flow and reduces surface drag.

The protrusion height theory was proposed by Bechert et al. [102] of the DRL center in Germany. In this theory, the protrusion of the groove inhibits the occurrence of cross flow caused by the instantaneous turbulent motion near the wall, thereby weakening the turbulent kinetic energy of the boundary layer and reducing flow resistance.

The theory of micro-air bearing was proposed by Pan [98], whose research found that the air vortex formed in the groove is equivalent to the air bearing; the latter transforms the sliding friction between air and moving objects into rolling friction, thereby reducing flow resistance.

The drag-reduction mechanism of a shark’s surface groove is not determined by a single theory but by the above three mechanisms.

4.2 Simulation and Experimental Study of Bionic Microstructure

The first researchers to explore the drag-reduction principle of the two-dimensional grooved plate were Walsh et al. [103]. Their results showed that the symmetrical V-rib groove demonstrates the greatest drag-reduction performance among V-, U-, and L-shaped microgrooves. The drag-reduction effect of the grooved plate is better than that of the sleek plate when the dimensionless height of the groove is less than 25 and the dimensionless spacing is less than 30.

With the gradual progression of science and technology, Shi et al. [104] conducted similar research. They found that V-grooves with dimensionless height and dimensionless spacing of 15–18 achieved a good resistance reduction of up to 10%. Next, Gong et al. [105] used a hot-wire anemometer to compare the drag-reduction effect of a grooved surface under different Reynolds numbers. The results showed that when the dimensionless parameters were 11.91, 17.67, and 23.22 and the Reynolds numbers were 118,000, 263,000, and 368,000, the drag-reduction rates of the groove were 7.43%, 6.2%, and 0%, respectively.

As computer technology gradually advanced, many researchers conducted simulations into groove drag-reduction from the perspective of numerical simulations to compensate for the limitations of theoretical research and the harsh requirements of experimental conditions. For instance, Yang et al. [106] investigated the resistance reduction effect of grooves with various structures and dimensions in different flow fields using FLUENT software. The results revealed that the smaller the groove size, the smaller the depth–width ratio, while the higher the flow rate, the more effective the resistance reduction.

Tong et al. [107] used the CFD technique (using a Reynolds averaged N-S equation and RNG K- ε) to simulate the flow field characteristics of turbulent fluid at different Reynolds numbers on the surface of a two-dimensional triangular groove. The results revealed that the higher the Reynolds number, the better the drag-reduction effect of shark skin film, and its numerical value could reach 15.5%. The simulation results agreed well with the experimental results.

He et al. [108] established a numerical simulation model for a marine riser based on the large eddy simulation method. The results showed that the larger the Reynolds number, the more obvious the drag-reduction effect of the riser.

Finally, Li et al. [109] used the finite-difference method to simulate the turbulent flow in a channel with a symmetrical V-shaped grooved surface. Their simulation outcomes showed a range of heights in the fluid field above the groove; within this height range, the flow field was influenced by different parts of the groove to varying degrees. Outside of this height range, the flow field was influenced by different parts of the grooves, while the fluid field was little affected.

Based on these drag-reduction theories, many researchers investigated non-smooth groove surfaces. Table 4 presents the current status of domestic and overseas research into trench drag-reduction [103,110–122].
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5  Conclusion and Prospect

This paper summarized the methods and principles of drag-reduction from the two perspectives of changing the flow medium and modifying the flow surface, specifically for viscoelastic nanofluids and non-smooth grooved surfaces. Previous studies showed that viscoelastic nanofluids and non-smooth grooved surfaces can produce a good drag-reduction effect. The stability and production costs of drag-reducing nanofluids were also identified as the main factors hindering the industrialization of nanofluids.

However, the discussion on the drag-reduction mechanism of non-smooth surfaces is incomplete, and the published results of some studies are inconsistent. Therefore, future research must focus on identifying the main parameters affecting the thermal conductivity of nanofluids and the drag-reduction rate of non-smooth surfaces and establishing a reliable mathematical model. The combination of the two means that, in the future, they can be widely applied in the fields of fire protection, transportation, and heat dissipation of electronic components. The heat-transfer effect and drag-reduction mechanism require further discussion to focus more research attention and enable better application.
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Table 1: The heat conductivity of different types of nanofluids measured by experiments

References Nanofluids Mass fraction Particle Thermal conductivity increase
size, nm (compared with base liquid)
[23-27] Al,05-H,0 1.30%—4.30% 13 9.2%-32.4%
1.00%—4.30% 384 3%—-10%
3.00%—-5.50% 28 11%—-16%
5.00% 80 24%
1.00% 20 16%
2.00%—-10.00% 36 8%—29%
1.80%—-5.00% 60.4 7%-23%
0.19%—1.59% 42 1%—-10%
[23,28] ALOs-EG 1.00%-5.00% 384 3%—18%
5.00%—8.00% 28 25%—41%
4.00% 29 18%
[28] Al,0O3—Engine oil 2.25%-7.50% 28 5%-30%
[28] AlL,O3—Pump oil 5.00%—7.50% 28 13%-20%
5.00% 60.4 38%-39%
[28] Al,O3—Glycerol 5.00% 60.4 27%
[23,24,27] CuO-H,O 1.00%-3.41% 23.6 3%—12%
4.50%-9.70% 23 17%-34%
2.50%—7.50% 100 22%—75%
0.40% 50 17%
1.00%—4.00% 28.6 7%—-36%
0.03%—-0.30% 25 2%—12%
2.00%—6.00% 29 35%51%
[23,28] CuO-EG 1.00%—4.00% 23.6 5%-23%
6.20%—14.80% 23 24%—54%
1.00% 12 6.00%
[28] CuO-0il 2.50%—7.50% 100 12%—43%
[29-31] TiO,—H,0 3.25%4.30% 27 7.5%—-10.5%
0.50%-5.00% 15 5%-30%
0.50%-5.00% 20 8%—-33%
0.29%—-0.68% 34 2%—6%
[28] TiO,-EG 5.00% 40 13%
5.00% 15 18%
[32] Fe;04—H,0 4.00% 10 8%
0.5% 15 1.5%
[33] AI-EG 5.00% 80 45%
[34] Cu-H,0 3.00% 10 70%
2.00% 354 24%
[34] Cu-EG 0.10%-0.56% <10 1.6%—41%
[35] Au-H,0 0.00013%/0.00026% 3—4 3%—-8%
0.00013% 4 20%
[35] Au-Ethanol 0.01%—-0.07% 4 0.3%-1.3%
[35] Au-Toluene 0.005%—0.011% 34 3%9%
0.11%-0.36% 2 0%-1.5%
[35] Ag-H,0 0.001% 60-70  3%—4%
0.1%—-0.39% 815 3%—-11%
[36] Fe-EG 0.20%—-0.55% 10 13%—18%
0.10%—-0.55% 10 5%—18%
[29] Si0,-H,0O 1.00% - 3%
1.00%—4.00% 1520 2%5%
0.1%—-0.5% 10 0.2%-1.3%
[37] MWCNT-polyalphaolefin 0.01%-0.02% 25 2%—-157%
[38] MWCNT-H,0 0.4%—1.00% 15 3%—7%
0.6% 13 28%—34%
[39] MWCNT-EG 0.23%—1.00% 15 2%—13%
0.04%—-0.84% 20-60  4%-31%
0.2%-1.00% 20-50  2%—12%
[37] MWCNT-Decene 0.25%-1.00% 15 4%-20%
0.60% 10 7%—-38%
[37] MWCNT-Engine oil 1.00%—-2.00% 20-50  9%-30%
[39] DWCNT-H,O 0.75/1.00% 5 3%—-8%
[39] SiC-H,0O 0.78%—4.18% 26 3%—17%
1.00%—4.00% 600 6%—24%
[39] SiC-EG 0.89%-3.50% 26 4%—13%

1.00%—4.00% 600 6%—2%
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Table 3: Research on the drag reduction mechanism of the trench

Schematic diagram of drag reduction
mechanism

Research content

Second vortex group

Counter-rotating
vortex pair

O O
VA NAN/

“Second Vortex Group” theory [95]

Average speed
type

Salient height

I T ‘ \//I‘ VS - A]‘)parcn( starting point
“Outstanding height” theory [96]

Flow direction

“Miniature rolling bearing drag
reduction principle” [95]

Martin et al. [95] and Choi [3] found that the resistance
reduction rate is directly related to the vortex clusters. The main
reason for the resistance reduction of the groove is that the
vortex is lifted away from the wall, and the dimensionless
spacing of the groove is increased. The vortex smaller than the
groove size falls into the groove, and the direct contact of the
vortex will cause energy consumption, and then cause
resistance to increase.

Choi [3] and Bechert et al. [96] found that grooves can reduce
the turbulent pulsation velocity, inhibit the interaction between
fluid turbulence and wall surface, weaken the turbulent flow
energy of the boundary layer, and thus reduce the flow
resistance. Height difference” measures the effectiveness of
drag reduction.

Pan et al. [97] and Pan et al. [98] performed numerical
simulations on the semicircular traveling wave surface, and the
results showed that the same vortex group as the flow direction
is formed in the traveling wave trough, which reduces the shear
stress in the boundary layer, and suppresses the triggering of
turbulence. The sliding friction becomes rolling friction to
achieve the purpose of resistance reduction.
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Table 4: Current research status of trench drag reduction

References Drag- Research Research object Drag reduction effect
reduction methods
technology
[103] Longitudinal Experiment V, U and L-shaped V-shaped groove shows the best drag
groove grooves. reduction effect.
[110] Longitudinal Experiment V-shaped groove. It shows the best drag reduction effect
groove at the apex of the ridge structure.
[111] Longitudinal Experiment Rectangular, semi- Drag reduction rate can reach 8.7%.
groove circular, sine wave and
V-shaped grooves.
[112] Longitudinal Experiment The pipe with micro-  Drag reduction rate can reach 11.7%.
groove and grooved inner wall.
Simulation
[113] Longitudinal Experiment V-shaped groove. The smaller the groove spacing, the
groove better the drag reduction effect.
[114] Longitudinal Simulation Three grooves, V- The size of the high resistance area
groove shaped, spaced triangle, determines the drag reduction effect.
and knife-edge shape.
[115] Longitudinal Experiment Longitudinal groove Longitudinal groove surface shows
groove surface. drag reduction effect.
[116] Longitudinal Experiment Different groove shapes. Different groove shape longitudinal
groove groove shows drag reduction effect.
[117] Longitudinal Experiment Grooves of different When the incoming flow velocity
groove and dimensionless sizes. increases larger, the worse the drag
Simulation reduction effect.
[118] Longitudinal Simulation Different groove shapes. L-shaped groove shows the best drag
groove reduction effect.
[119] Lateral Simulation The pipe with groove  The drag reduction area on the surface
groove inner wall. of the groove is the transition zone
and the turbulence zone.
[120] Lateral Experiment The traveling wave. Deduces the geometry of the vortex
groove street traveling wave.
[121] Lateral Simulation Different groove size. ~ When the height and width are the
groove same, it shows the best drag reduction
effect.
[122] Lateral Simulation Different ridge Drag reduction rate can reach 9.65%.
groove structures.
[117] Lateral Experiment Grooves of different Drag reduction rate reaches 5.94%.
groove and dimensionless
Simulation dimensions.
[118] Lateral Simulation  V-shaped transverse The spacing on the surface of the
groove grooves with different  V-shaped groove can reduce the

spacing distances.

pressure difference resistance.
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Table 2: Research progress of drag-reducing nanofluids

References Types of Drag-reducing Particle = Method Effect
drag- fluid size, nm
reducing
nanofluids
[4] CNT CTAC 10-20 Experiment Drag reducing efficiency is
increased by 45%;
Heat transfer efficiency is
improved by 150%.
[76] CNT CTAC 10-20 Experiment Best comprehensive evaluation
index: 7=50°C.
[84] CuO CTAC 50 Experiment Drag reducing efficiency is
increased by 45%;
Heat transfer efficiency is
improved by 120%.
[69] SiO, HNFIII 20 Experiment Drag reducing efficiency is
increased by 60%.
[85] SiO, DRA 20-30 Experiment Critical mass concentration:
0.75%.
[70] Cu CTAC 40 Experiment Best drag reduction: @ = 0.4%.
[82] Cu CTAC 30/50 Experiment and Best comprehensive evaluation
simulation index: @ = 0.25%—1%.
[86] AlLO3 - - Single phase Heat transfer efficiency is
simulation improved by 139.3%.
[86] AlLO3 SDS/PVP 13 Experiment Drag reducing efficiency is
increased by 15%;
Heat transfer efficiency is
improved by 125%.
[71] Graphite CTAC 10 Experiment Best comprehensive evaluation

index: ® = 0.4%.
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