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Abstract. 
Nanofluids containing Al2O3 nanoparticles (either 11 or 30 nm in size) dispersed in distilled water at low concentrations (0.125–0.5 wt%) were prepared using two different ultrasonic devices (a probe and a bath sonicator) as the dispersant. The effect of the ultrasonic system on the stability and thermal diffusivity of the nanofluids was investigated. Thermal diffusivity measurements were conducted using a photopyroelectric technique. The dispersion characteristics and morphology of the nanoparticles, as well as the optical absorption properties of the nanofluids, were studied using photon cross correlation spectroscopy with a Nanophox analyzer, transmission electron microscopy, and ultraviolet-visible spectroscopy. At higher particle concentration, there was greater enhancement of the thermal diffusivity of the nanofluids resulting from sonication. Moreover, greater stability and enhancement of thermal diffusivity were obtained by sonicating the nanofluids with the higher power probe sonicator prior to measurement.



1. Introduction
The thermal properties of nanofluids play a vital role in the development of high-performance heat-transfer devices [1]. Metal oxide nanofluids have attracted great interest in various areas of nanotechnology, from biological and biomedical applications to a new class of heat-transfer fluids, because of their higher thermal conductivity than the corresponding base fluids [2–6]. The size and particle size distribution (PSD) of nanoparticles (NPs) in nanofluids critically affect their thermal properties because dispersed NPs in a liquid tend to agglomerate and settle [7]. This problem can be eliminated by reducing the size and heterogeneity of the NPs. Several methods have been developed to stabilize nanofluids towards NP aggregation, for example, using electrostatic repulsion [8] or steric stabilization [9]. Physical dispersion of a powder in a liquid can be achieved by ultrasonic irradiation to achieve a homogeneous nanofluid with small-sized particles [10]. The effect of ultrasonic irradiation on nanofluid formation depends on the time, temperature, frequency, and power of the sonicator [11, 12]. Acoustic cavitation induced by sonication results in strong shear forces that can break up agglomerates [13]. In general, acoustic cavitation in liquids can improve diffusion rates, producing highly concentrated and uniform dispersions of micrometer- or nanometer-sized materials in base fluids [14, 15]. Nanofluids have been prepared in many studies demonstrating the potential uses of ultrasound baths [16–18]. In contrast to the lower-intensity bath-type sonicators, higher intensity ultrasound probes are typically used to create suspensions and emulsions, as well as in biomedical applications [19–22]. Although sonication is a useful technique to assist the dispersion and stabilization of nanofluids, the influence of the type of ultrasound system (i.e., probe or bath) on the synthesis mechanism of nanofluids is not clear. Moreover, there are very few reports dealing with the effects of sonication on the thermal properties of nanofluids.
Numerous experimental investigations have been carried out to measure the effect of NPs in base fluids on the thermal properties of nanofluids [23]. Although the thermal conductivity of nanofluids has been widely studied in the past few years, little work has been done to determine the most suitable thermal parameters of nanofluids [24–27]. Thermal diffusivity is defined as the thermal conductivity divided by the specific heat and density. In general, thermal diffusivity is measured more easily and accurately than the thermal conductivity. The two other relevant properties are density and specific heat, which either are known values or can easily be measured. The photopyroelectric (PPE) technique, using a pyroelectric (PE) sensor in thermal contact with the sample [28, 29], has been used as a powerful technique for measuring the thermal diffusivity of liquids with very high precision and resolution [30]. The major advantage of this technique is the fixed noise bandwidth that improves the precision and sensitivity of the system, as well as eliminating the requirement for instrumental transfer function normalization. A PPE experiment is relatively simple to design and the materials that can be investigated vary from weakly to strongly absorbing materials.
In this paper, the effects of sonication type on the stability and thermal properties of Al2O3 NPs of two different sizes (11 and 30 nm) dispersed in distilled water (DW) were examined. The thermal diffusivity enhancement of the Al2O3 nanofluid was found to be both size and concentration dependent and was much greater when the ultrasonic probe was used instead of the bath. Stabilization mechanisms of the nanofluids were analyzed by photon cross correlation spectroscopy, transmission electron microscopy (TEM), and ultraviolet-visible (UV-vis) spectroscopy. Thermal diffusivity measurements for the nanofluids and base fluid were obtained using the PPE technique.


2. Materials and Methods
2.1. Preparation of Nanofluids
Al2O3 nanopowders of two sizes, size A (11 nm) and size B (30 nm), with 99% purity (Nanostructured and Amorphous Materials, Inc.) were used in this study. In each nanofluid sample, NPs (0.125, 0.25, or 0.5 wt%) were dissolved in DW and magnetically stirred vigorously until a clear solution was observed after about 1 h. Two different ultrasonic systems were chosen to disperse the NPs in the base fluid, namely, a probe-type sonicator (VCX 500; 25 kHz, 500 W) and a bath-type sonicator (Powersonic, UB-405; 40 KHz, 350 W). The total amount of energy delivered to the sample was constant for both sonicators. All nanofluid samples were prepared by a two-step method, in which the NPs were first produced and then dispersed in the base fluids.
The probe sonicator is expected to deliver a higher power (500 W) to the suspension than the ultrasonic bath (350 W) because the probe is directly immersed in the suspension. In contrast to bath sonication that was performed at room temperature, the probe sonicator operates at higher amplitudes and is more effective at inducing cavitation and causing heating. Therefore, for experiments using the ultrasonic probe, the nanofluid was placed in a separate container filled with ice to prevent evaporation of the fluid caused by the elevated temperature.
During sonication of a suspension, traditional characterization techniques such as TEM cannot be used to investigate the particle size. For this reason, a Nanophox particle size analyzer (Sympatec GmbH, D-38678) was used to investigate the particle size and distribution of aggregates in the nanofluids. This equipment is based on the principle of dynamic light scattering, where PSD’s of the NPs are measured from their velocity owing to Brownian motion using the Einstein-Stokes equation [31]. After each round of sonication, the mean particle size and size distributions of the NPs were determined. All samples containing the Al2O3 nanofluid were diluted to very low concentrations for measurement and were transferred to rectangular glass cells by pipette. The prepared samples were also characterized using UV-vis absorption spectrometer (UV-1650 PC; Shimadzu) over the range of 200–700 nm. The morphology of the alumina clusters was characterized by TEM (H-7100; Hitachi, Tokyo, Japan).
2.2. Photopyroelectric Technique Set-Up
The details of the experimental set-up for thermal diffusivity measurements in liquid samples can be found elsewhere [32]. The nanofluid sample was placed in the volume cell between two parallel walls, a metallic thin foil (50 μm thick) acted as a PE generator, and a 52 μm PVDF film (MSI DT1-028 K/L) acted as a PE detector. A 200 mW CW DPSS (MGL 150(10)) modulated laser beam impinged on the black painted external face of the thin metal foil and converted it to a thermal wave. The PVDF film was fixed with silicon glue to a Perspex substrate. In the cell, the thermal wave propagates across the liquid and reaches the PE detector, which generates a PE signal proportional to the intensity of the thermal wave. The signal generated was sent to a lock-in amplifier (SR530) to increase the PE amplitude. To measure the thermal diffusivity in this technique, the sample, the PE detector, and the backing must be in a thermally thick configuration. To gain information of the sample near the surface [33], it is important to choose the optimal frequency for thermophysical measurements of nanofluids. At frequencies below 7 Hz, the effect of reduced thermal thickness becomes obvious. At very high frequencies, the signal is very small and independent of frequency. Therefore, the frequency range between 7 and 36 Hz was used for the frequency scan. The thermal diffusivity measurements were performed at room temperature (≈20°C). The noise level in the present set-up was about 75 μV. LabVIEW software, installed on a PC, was used to capture the amplitude and phase data, which were analyzed using Origin 8. A schematic of the experimental apparatus is shown in Figure 1.




	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
			
		
		
			
		
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
		
		
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
			
				
				
				
				
				
				
				
				
			
			
			
				
			
			
			
				
			
				
				
			
			
			
			
			
			
				
				
				
				
				
				
			
			
			
			
				
				
			
			
			
				
				
				
				
				
				
				
			
			
			
			
			
				
			
			
			
			
				
				
			
			
			
				
				
				
				
				
				
				
				
			
			
			
				
				
				
				
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
				
				
				
				
				
			
			
			
				
				
				
				
				
				
			
			
			
			
			
			
			
			
				
				
				
				
				
				
				
				
			
			
			
				
			
				
			
			
			
			
				
			
			
				
			
				
			
			
			
			
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
			
			
			
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
			
				
				
				
				
				
			
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
			
			
			
				
				
				
				
				
				
				
				
			
			
			
		
		
			
			
		
		
		
			
		
			
		
		
			
		
			
	


Figure 1: Schematic side-view of the photopyroelectric technique.


The PE signal  decreases exponentially with increasing modulation of the frequency and can be expressed as follows [34]: 
								
							where  is the complex PE signal,  is a complex constant, and  is the modulation frequency. The thermal diffusion length of sample is . In the thermally thick regime of the liquid sample, when    [35], the PE signal is determined by the thickness, , and thermal diffusivity of the sample, . From the slope of the linear part of the logarithmic amplitude versus  plot, the thermal diffusivity  can be calculated. A careful calibration of the PPE set-up was carried out by measuring the thermal diffusivity of DW as a reference prior to the actual measurements.
3. Results and Discussion
3.1. Characterization and Stability of Nanoparticles
The visual effect of the two sonication systems on Al2O3 NPs of two sizes (A: 11 nm; B: 30 nm) prepared as 0.5 wt% nanofluids over a 30-day observation period can be seen in Figure 2. Nanofluids of NPs of sizes A and B prepared using the probe sonicator were observed to be more stable, as shown in Figure 2 (numbers 2 and 4).




	
	
		
			
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
	


Figure 2: 0.5 wt% Al2O3 nanofluids 30 days after formulation; right to left are nanofluids prepared from NPs of sizes A and B using the bath (numbers 1 and 3) and probe (numbers 2 and 4) sonicators.


The larger NPs had a tendency to sediment. It can be seen in Figure 2 (number 3) that the greatest amount of sediment was attained in the nanofluid comprising size B NPs prepared using the bath sonicator. The stability of the nanofluids is size dependent and it has been found that samples prepared under higher intensity sonication are more stable [22].
The Al2O3 NPs were dispersed in DW using either the bath or the probe sonicators. The hydrodynamic diameter and PSD of the Al2O3 in the nanofluids were measured three times at 15 min intervals. The dispersions and results of the particle size analysis of these samples are shown in Figure 3. It can be seen that the PSD’s for sample A (11 nm) dispersed in DW using the bath and probe sonicators were in the range of 91–109 nm (Figure 3(a)) and 65–71 nm (Figure 3(b)), respectively. For sample B (30 nm) dispersed using the bath and probe sonicators, the PSD’s were in the range of 83–113 nm (Figure 3(c)) and 66–90.5 nm (Figure 3(d)), respectively. This can be ascribed to the fact that the clusters were only slightly broken up by the bath sonicator, in contrast to the probe sonicator, which broke these up effectively. The smallest mean hydrodynamic particle diameter was recorded for sample A under probe sonication (Figure 3(b)). With decreasing particle size, the stability of the nanofluids under probe sonication increases, as shown in Figures 3(b) and 2 (number 2). However, in all cases, the measured particle sizes were larger than the nominal particle sizes claimed by the vendor. This indicates that the NPs agglomerated in DW and that the agglomerates were not completely broken up by sonication. The mean of the PSD of the sample dispersed with the bath sonicator (Figure 3(c)) increased with time, reflecting the formation of agglomerates (with hydrodynamic radii larger than 100 nm), which are usually observed in unstable solutions. In contrast, the size distribution of the sample dispersed with the probe sonicator (Figure 3(d)) exhibited a significant shift to smaller particle sizes because of the breakup of clusters during sonication. The small discrepancy close to the baseline arises from a few small agglomerates in the nanofluid. Therefore, the suspension remained relatively monodisperse throughout the experiment. The observed narrow size dispersion of the NPs in Figures 3(b) and 3(d) indicates the remarkably high efficiency of treatment with a powerful ultrasonic probe.
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(d)
Figure 3: PSD’s determined using the Nanophox analyzer of Al2O3 particles in the nanofluids after three measurements at 15 min intervals, for NPs of sizes A ((a) and (b)) and B ((c) and (d)) prepared using the bath ((a) and (c)) and probe ((b) and (d)) sonicators. PDS just after sonication (□), after 15 min (○), and after 30 min (Δ).


Additionally, the differences in the mean particle size observed for dispersion with the different sonicators can provide information about the stability and the degree of dispersion of the nanofluids [25–27]. In Figure 4, it can be observed that, for the nanofluid comprising NPs of size A under probe sonication, there was no significant change in the mean particle size for the three measurements (65, 68, and 71 nm). Moreover, the PSD’s were narrow, indicating better dispersion compared with the other nanofluids examined. It can be seen that, even in the best-dispersed nanofluid, the particle mean size is seven times the nominal NP size (11 nm). This means that particles in the suspensions aggregate to form large nanoclusters even after ultrasonic treatment. To use the Nanophox analyzer with high resolution, all Al2O3 nanofluids were diluted to very low concentrations; we believe that the mean diameter and the relative PSD in the Nanophox analyzer are valid for comparisons between powders and dispersion processes [31].




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
			
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 4: Evolution of the mean particle size for three measurements at 15 min intervals for NPs of sizes A and B prepared using the bath and probe sonicators.


To compare the effect of ultrasonic irradiation on the PSD, the synthesized Al2O3 nanofluids were analyzed by TEM. Both powders used in the present work consisted of loose agglomerates with sizes greater than 1 μm, as shown in Figures 5(a) and 5(b). Figures 5(c) and 5(d) show the TEM images of the synthesized Al2O3 nanofluids A (11 nm) and B (30 nm), respectively, after treatment with the bath sonicator. Ultrasonic irradiation promotes dispersion of the NPs in DW. The bath sonicator effectively reduced the particle size to below 200 nm. From the TEM images in Figures 5(a)–5(d), it can be seen that the Al2O3 NPs are well distributed. The TEM images in Figures 5(e) and 5(f) show the morphology of the synthesized Al2O3 nanofluids A and B, respectively, after dispersion using the probe sonicator.
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(f)
Figure 5: TEM images of Al2O3 NPs prepared in DW without ((a) and (b)) and with ((c) and (d)) the bath sonicator and ((e) and (f)) probe sonicators, for NPs of sizes A ((a), (c), and (e)) and B ((b), (d), and (f)).


The TEM images of the NPs show that the probe sonicator effectively reduced the particle size to below 100 nm and that the NPs formed isolated clusters in a stable suspension. Comparing the TEM images for the different sonicators, it can be seen that the bath sonicator (Figures 5(c) and 5(d)) was almost ineffective in reducing the particle size, whereas the probe sonicator was highly effective (Figures 5(e) and 5(f)). As previously mentioned, in all nanofluids, the measured particle sizes were larger than the nominal particle sizes claimed by the vendor. This indicates that the oxide NPs agglomerated in DW through cohesive forces. These hard aggregates cannot be broken down into individual NPs under these operating conditions or even at very high input energy levels [22]. Comparison of the size information obtained by TEM and from the Nanophox analyzer suggests that TEM provides an average diameter of the dry particles, whereas the Nanophox analyzer provides an intensity-weighted average diameter that is always larger than the average diameter because of the hydrodynamic layer on the particles [31].
The measurement of optical absorbance is useful for understanding the dispersion behavior of particles in liquid media. Figure 6 shows the UV-vis absorption spectra of the Al2O3 NPs prepared in DW, without and with the use of the bath and probe sonicators for particle dispersion. The optical spectra of the original Al2O3 nanofluid (i.e., without sonication) as a reference exhibit strong absorption in the UV range (between 200 and 300 nm) and low absorption at higher wavelengths; this is consistent with previous reports [36]. The spectral characteristics of the Al2O3 nanofluids prepared using the bath and probe sonicators are similar; however, there is a slight difference in the absorption edges. The sonicated samples show strong absorption below 300 nm and a blue shift of the absorption edge compared with the Al2O3 nanofluid without sonication, which can be attributed to the reduction in particle size during sonication. The absorption of Al2O3 particles increases after treatment with the probe sonicator; the difference in the absorption spectra between the two samples (A and B) may be attributed to an increased quantity of Al2O3 NPs assembled in the fluid [36]. According to the Beer-Lambert law, there is a linear relationship between absorbance and concentration; thus, a higher concentration of NPs leads to a higher absorbance value. A higher NP concentration results in a more stable suspension, as was evident from the TEM and Nanophox results shown in Figures 5(e), 5(f), 3(b), and 3(d). For nanofluids with poor stability, the absorption was low because of particle agglomeration [37]. This spectral change indicates that NP agglomeration is considerably reduced when the probe sonicator is used.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
		
			
	


Figure 6: The UV-vis absorption spectra of the Al2O3 NPs prepared in DW without and with the bath- and probe-type sonicators for dispersion of the particles.


3.2. Enhancement of Thermal Diffusivity
Figure 7(a) shows that the amplitude of the PE signal in the sample attenuates rapidly to zero with increasing frequency. The PE signal  decreases exponentially with increasing modulation of the frequency in the thermally thick regime of the liquid sample [33]. At frequencies below 7 Hz, the effect of reduced thermal thickness becomes apparent; at very high frequencies, the anomalous signal is very small and independent of frequency. Therefore, the frequency range between 7 and 30 Hz was used for the frequency scan, which is shown in Figure 7(b). In this figure, the acquired PE signal is plotted as the ln(amplitude) of the PE signal as a function of . In the useful frequency range, the curves are linear. The thermal diffusivity was calculated from the slope of the linear part of the ln(amplitude) of the signal curves.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
	


(a)




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
	


(b)
Figure 7: (a) Amplitude of the PE signal as a function of the chopping frequency  and (b) ln(amplitude) of the PE signal as a function of the square root of the chopping frequency and its fitting (2) for one of the samples.


Before measuring thermal diffusivity of the nanofluids, the PPE set-up was tested with DW as the base fluid. The recorded  value was , which differs by less than 2% from the values reported in the literature [31]. The thermal diffusivity results for the Al2O3 nanofluids prepared using the different sonication techniques at different concentrations of NPs of sizes A and B are summarized in Tables 1 and 2, respectively. All values reported are the average of five measurements for each sample, and the standard deviation was calculated as an estimation of the uncertainty. The results show that the thermal diffusivity of the Al2O3 nanofluids is higher than that of DW [12].
Table 1: Thermal diffusivity of Al2O3 nanofluids, NPs type A (11 nm), prepared by using different sonication techniques at different NPs concentrations.
	

	
                  Concentration 	Bath sonication	Probe sonication
	Thermal diffusivity
(cm2/s) × 10−3	Thermal diffusivity enhancement %	Thermal diffusivity
(cm2/s) × 10−3	Thermal diffusivity enhancement %
	

	0.125	1.476 ± 0.002	3.1	1.482 ± 0.004	3.5
	0.25	1.483 ± 0.003	3.5	1.494 ± 0.002	4.3
	0.5	1.492 ± 0.004	4.2	1.515 ± 0.003	5.8
	



Table 2: Thermal diffusivity of Al2O3 nanofluids, NPs type B (30 nm), prepared by using different sonication techniques at different NPs concentrations.
	

	
                  Concentration 	Bath 	Probe 
	Thermal diffusivity
(cm2/s) × 10−3	Thermal diffusivity enhancement %	Thermal diffusivity
(cm2/s) × 10−3	Thermal diffusivity enhancement %
	

	0.125	1.446 ± 0.003	0.9	1.448 ± 0.001	1.1
	0.25	1.461 ± 0.002	2.1	1.473 ± 0.002	2.9
	0.5	1.478 ± 0.004	3.2	1.498 ± 0.003	4.6
	



The thermal diffusivity of the nanofluids is shown in Figure 8 as a function of NP concentration for the two different sized NPs and sonication systems. It is clear that, in all nanofluids, the thermal diffusivity increases gradually as the Al2O3 is dispersed in the DW. Moreover, in all nanofluids, a high NP concentration significantly increased the thermal diffusivity [24, 25], as shown in Figure 8 and Tables 1 and 2.
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(d)
Figure 8: Several sets of data on the thermal diffusivity of Al2O3 nanofluids as a function of NPs concentrations ((a)-(b)) using different sonication techniques for two different NPs sizes types, (a) A and (b) B, and ((c)-(d)) for two NPs sizes, (c) bath sonicator and (d) probe sonicator.


Figure 8(a) shows that the thermal diffusivity enhancement was greater for the smaller-sized NPs. This is because smaller particles have higher effective surface area to volume ratios [38]. Thus, smaller particles helped form a stable nanofluid and the probe sonicator had a substantial effect on the thermal diffusivity. At a given particle concentration, the thermal diffusivity enhancement was greater for the probe than the bath sonicator. This is because the higher power probe sonicator can effectively break large particles, generating a larger NP surface area and thus increasing the thermal diffusivity. The beneficial effect of using the probe sonicator on the thermal diffusivity of Al2O3 nanofluids is more pronounced at a high particle concentration and small particle size. For example, the greatest enhancement of thermal diffusivity of 6% was achieved for the probe sonicator with NPs of size A at a concentration of 0.5 wt%. The smallest enhancement was ≈1% for NPs of size B at 0.125 wt% with the bath sonicator. These results are possibly attributable to the rapid particle clustering at a high concentration, which necessitates using a more powerful sonication tool to break up large agglomerates into smaller-sized particles.
4. Conclusion
In this work, Al2O3 nanofluids were prepared using bath and probe sonicators. The influences of sonication type and NP size and concentration on the thermal diffusivity enhancement of the nanofluids were analyzed using the PPE technique. As expected, the enhancement in thermal diffusivity was dependent on the power of the sonication device. Moreover, the thermal diffusivity enhancement was greater with a decreased smaller particle size. Compared with the bath sonicator, use of the more powerful probe sonicator resulted in a greater thermal diffusivity enhancement and stability of the nanofluids. The beneficial effect of using the probe sonicator on the thermal diffusivity is more pronounced at a high particle concentration and smaller particle size, reaching about 6% at a particle concentration of about 0.5 wt%. The thermal diffusivity measurements obtained by this technique for the Al2O3 nanofluids at the different concentrations and particles sizes studied are similar to those of nanofluids reported in the literature by other techniques.
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