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To research viscosity fitting model of stable nano-lithium bromide solution (nano-LiBr), the stability of the nano-LiBr and the dynamic viscosity of LiBr were measued by Ultraviolet-visible spectroscopy (UV-vis) and rotational viscometer respectively. Two LiBr with different additives were measured, i.e., LiBr with dispersant (E414) and LiBr with dispersant + copper oxide nanoparticles (CuO). The ranges of measuring temperature were from 25°C–60°C, the concentrations of LiBr were from 50%–59%, the volume fractions of the dispersants were from 0%–4%, and the fractions of nanoparticle volume were from 0%–0.05%. Results indicated that the nano-LiBr with E414 had good stability. The viscosity of the LiBr decreased when temperature increased, and increased when LiBr concentration and dispersant amount were increased. It is also found that the viscosity was directly proportional to the volume fraction of the nanoparticles. This study also showed that the higher the concentration of the base fluid was, the more significant increase of the viscosity was. An empirical viscosity model of stable nano-LiBr with a maximum error of 13% was developed.
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INTRODUCTION
Nanofluids are an emerging type of functional fluid (Guthrie et al., 2019; Malkin et al., 2019; Mustafa et al., 2019), in which nanoparticles have been proven to enhance the heat and mass transfer characteristics (Manikandan et al., 2020; Sheremet et al., 2021). These fluids have excellent application potential in refrigeration (Gao et al., 20201159), air conditioning (Said and Hassan, 2018), biomedical applications (Elahi et al., 2018), solar energy (Meibodi et al., 2016), and microelectronics fields (Sharma and Prasad, 2021). LiBr has been widely used in absorption heat pumps (Aicha et al., 2018; Kai et al., 2021), solution dehumidification (Guan et al., 20221087), and energy storage (Mehari et al., 2020) due to its environmental protection and safety characteristics. However, the absorption characteristics of absorption heat pumps are relatively poor due to the inefficient heat and mass transfer capacity in the absorption process of LiBr. There is no doubt that the addition of nanoparticles with high thermal conductivity to improve the physical properties of LiBr is an effective way to enhance the heat and mass transfer capacity. Based on the previous research on the heat and mass transfer ability of LiBr strengthened by nanoparticles (Wang et al., 2020; Wang et al., 2018), it is found that CuO nanoparticles are a kind of nanomaterial with the best strengthening effect. Nevertheless, the viscosity of the nanofluids is higher than that of the base fluids. Viscosity is the internal frictional resistance of fluid flow that is essential for the transportation and pumping consumption of nanofluids (Kim et al., 2004), so it is crucial for the heat and mass transfer characteristics of fluid flow (Heris et al., 2006; Ialam et al., 2012; Awan et al., 2021). Numerous theoretical and experimental studies have been carried out on the viscosity of nanofluids, and the results have demonstrated that the temperature, size, shape, and quantity of nanoparticles, agglomeration of nanoparticles, pH value, and ultrasonic time all affect the viscosity. However, some analyzes have led to contradictory conclusions regarding which factors play a key role, as well as the positive and negative effects of each influencing factor. It has been observed that the viscosity of nanofluids decreases with increasing temperature (Baghban et al., 2018; Ghasemi and Karimipour, 2018; Ahmadi et al., 2019), and the specific reasons can be determined from three aspects, namely, the thermal motion of liquid molecules, the thermal motion of nanoparticles and the adsorption between nanoparticles and base fluid molecules. Furthermore, many scholars have formulated conflicting conclusions regarding the influence of nanoparticle size on the viscosity of nanofluids (Koca et al., 2017). Esfe et al. (2015) investigated the viscosity of water-based nanofluids containing iron (Fe) particles, with diameters of 37, 71, and 98 nm, and the results showed that the viscosity ratio of nanofluids (the ratio of the viscosity of nanofluids to that of water) increased with increasing particle diameter. Jarahnejad et al. (2015) concluded that the viscosity of nanofluids initially increased and then decreased with increasing nanoparticles size. Conversely, Kwek et al. (2010) researched the viscosity of water-based nanofluids with aluminum oxide (Al2O3) particles, with diameters of 10–150 nm, and found that the viscosity of nanofluids diminished with increasing particle size. Additionally, et al. (Gaganpreet, 2015) believed that the dilation in the effective radius of the agglomerate resulted in a substantial increase in viscosity, and the viscosity of nanofluids was also dependent on the particle shape. Timofeeva et al. (2009), Jeong J (2013) suggested that the viscosity of nanofluids composed of spherical nanoparticles was smaller than that of non-spherical nanoparticles. Currently, the majority of studies support the conclusion that the viscosity of nanofluids increases with increasing volume (or mass) concentration of nanoparticles (Ghasemi and Karimipour, 2017; Saeedi et al., 2018; Ma et al., 2021). The primary reason is that the addition of nanoparticles directly affects the shear effect inside the fluids, enhancing the energy consumed by fluids to overcome the frictional resistance inside the fluids during the flow process. At the same time, due to the agglomeration effect of nanoparticles, the stability of the nanofluids also affects the frictional resistance inside the fluid during the flow. By adjusting the pH value of nanofluids, the stability of nanofluids can be directly regulated, while the pH value also indirectly affects the viscosity of nanofluids. Accordingly, the viscosity of nanofluids can be effectively reduced to attain the optimal pH value of nanofluids. Wang and Li (2009) demonstrated that the viscosity of Al2O3/ H2O and Cu/H2O nanofluids exhibited the same climbing trend, and pH values of 8 and 9.5 correspond to the lowest viscosity values of Al2O3/H2O and Cu/H2O nanofluids, respectively. The effect of the pH value on the viscosity of nanofluids can be mainly attributed to the variability in the surface charge density of nanoparticles or the fractal dimension of nanoparticles aggregates.
The viscosity fitting model of nanofluids is critical to the study of the flow, heat and mass transfer characteristics of nanofluids. To date, the viscosity fitting models of nanofluids mainly refer to Einstein's classical suspension viscosity models (Einstein, 1906a), however, several problems exist, such as the narrow application range and low accuracy of each model. Research results have showed great deviation existed between the measured viscosity of nanofluids and the calculated viscosity of suspension viscosity models (Garg et al., 2008). This indicates that the viscosity of nanofluids is distinct, and a substantial amount of experimental data are needed for the fitting model of the suspension viscosity. Namburu et al. (2007); Namburu et al. (2008); Namburu et al. (2009) measured viscosity and specific heat of Al2O3, CuO, and SiO2 nanoparticles with different contents suspended in a mixture of ethylene glycol and water at 35°C–50°C. A new correlation between viscosity and particle volume percentage and temperature was obtained and verified by numerical simulation. Nguyen et al. (2007), Khanafer and Vafai (2011) studied the dynamic viscosities of several water-based nanofluids, such as Al2O3/H2O, CuO/H2O and TiO2/H2O, at room temperature and fitted the fitting model of the nanofluid viscosity as a function of the volume fraction of nanoparticles. Subsequently, the model was modified by progressively adding temperature and particle size as influencing factors. Sekhar and Sharma (2015) examined the specific heat capacity and viscosity characteristics of water-based nanofluids containing low-concentration (0.01%–1%) Al2O3 nanoparticles at normal temperature. As a result, generalized regression equations for estimating the viscosity and specific heat capacity of nanofluids for a specific range of particle concentrations, particle diameters and temperatures were established. Sharifpur et al. (2015) proposed that the viscosity increased with increasing volume fraction in Al2O3/glycerol nanofluids with a volume fraction of 0%–0.5% and simulated the effective viscosity model of these nanofluids considering different the particle volume fractions, particle sizes and temperatures. Experiments and models of nanofluids viscosity have been studied by many scholars (Raja et al., 2016; Murshed and Estelle, 2017; Yang et al., 2017). Since the majority of the models of nanofluids viscosity are fitted by experimental data, the applicability of the fitted expression is limited by the narrow range of experimental conditions, and the factors considered in the derivation of the current viscosity model of nanofluids are not comprehensive enough.
Nanoparticles are the main factor affecting the viscosity of nanofluids in the above researches. However, the dispersant, usually used to enhance the stability of nanofluids, can also affect the viscosity of nanofluids. In other words, prior fitting models of nanofluids viscosity disregard the influence of dispersants on the viscosity of nanofluids and do not account for the coupling effect between nanoparticles and dispersants. Therefore, the existing models of nanofluids viscosity can’t accurately predict the viscosity of nano-LiBr with dispersant. Hence, referring to the actual working conditions of a LiBr absorption heat pump, a new absorbent nano-LiBr is adopted as the research object. The effect of temperature, solution concentration, dispersant and nanoparticles on the viscosity of the nano-LiBr is experimentally studied. Compared with the theoretical model, the viscosity fitting model of the nano-LiBr was established with a temperature range of 25°C–60°C, a solution concentration range of 50%–59%, a dispersant volume fraction of 0%–4%, and a nanoparticles volume fraction of 0%–0.05%. This work can offer a theoretical basis for further revealing the effects of nanoparticles on the heat and mass transfer characteristics of LiBr.
EXPERIMENTAL APPARATUS AND PREPARATION OF NANOFLUIDS
Experimental apparatus and measurement equipment error analysis
In this study, the viscosity and concentration of the solution were measured by an NDJ-9S rotary viscometer (Shanghai Precision Instruments Co., Ltd.) and a WBA505 concentration analyzer (Kyoto Electronics Manufacturing (Shanghai) Co., Ltd.) respectively. The LiBr was prepared by WBA505 concentration analyzer and DF200A electronic balance (Shanghai Liangping Instrument Co., Ltd). Figure 1 shows the schematic diagram of the viscosity measurement system. The measurement system consists of a rotary viscometer, a constant temperature tank (Zhengzhou Greatwall Scientific Industrial and Trade Co., Ltd.), a glass jacket water bath and a computer. The constant temperature tank and glass jacket water bath provide constant temperature environment for measuring. The computer was used for collecting and analyzing viscosity data. The rotary viscometer is the central equipment of this system, with its working principle shown in Figure 1. The instrument consists of a synchronous micromotor, a rotor, a sample cylinder and a torque measuring element. When the rotor rotates in the measured fluid at a certain speed, the measured fluid is subjected to a viscous force, and the rotor produces hysteresis and torsion in direct proportion to the viscous force on the elastic element connected to the rotor. The rotational viscometer determines the viscosity of the measured fluid by the ratio of the rotational torque to the product of the volume difference and the rotation angle of two concentric circles.
[image: Figure 1]FIGURE 1 | Schematic diagram of nanofluids viscosity measurement system and working principle of the rotating viscometer.
Distilled water was selected as the test sample to ensure the accuracy of the experimental apparatus. The viscosity of the distilled water at ranges of temperature from 20°C to 65°C was tested. The experiments were repeated three times to verify the reliability of the test apparatus. The standard value of viscosity was obtained by consulting the standard viscosity Table 1of distilled water. Figure 2 shows the comparison of the measured value and the standard value of the viscosity of distilled water.
TABLE 1 | Main parameters of testing apparatus.
[image: Table 1][image: Figure 2]FIGURE 2 | Comparison of measured and standard value of the viscosity of distilled water.
The maximum relative error between the measured viscosity of distilled water and standard viscosity of distilled water is 4.73% in Figure 2. Therefore, the viscometer is reliable for measuring the viscosity of solutions.
Preparation and stability analysis of nanofluids
Three kinds of solutions (LiBr, LiBr with E414, and LiBr with E414 + CuO nanoparticles) were prepared in this study (Wang et al., 2018). The preparation process included two steps as shown in Figure 3. Table 2 summaries the detailed parameters of CuO nanoparticles and E414 (provided by Sinopharm Chemical Reagent Co.Ltd) and LiBr (provided by China Grand Enterprises).
[image: Figure 3]FIGURE 3 | Preparation of nano-LiBr by two-step method.
TABLE 2 | Material information of experiment.
[image: Table 2]Because of the agglomeration and precipitation of nanoparticles, it is necessary to ensure the effective suspension stability of nanofluids. In this research, the absorbance of the CuO nano-LiBr, with a standing time of 120 h, a concentration of 59%, a E414 volume fraction of 2%, and a nanoparticles volume fraction of 0.05%, was experimentally evaluated via UV-vis at different wavelengths. Figure 4 shows the absorbance of the nano-LiBr without E414 changes in 120 h in the wavelength range of 200–800 nm. The peak absorbance of the CuO nano-LiBr without E414 was 10A when the wavelength ranges were between 200–250 nm. The absorbance decreased from 10A after standing for 1 h to 5.5632A after standing for 24 h. The peak absorbance measured is even lower at other times. This result indicated that the suspension stability of the nano-LiBr without E414 worsens as time increases. Figure 5 shows the absorbance of the nano-LiBr with E414 changes in 120 h in the wavelength range of 200–800 nm, and two peaks in the wavelength range of 250–300 nm are 10A in 72 h. The measured peak absorbance decreases after standing for 72 h. This indicated that the dispersion and stability of the nano-LiBr with E414 was good within 72 h of standing. The results indicated that the dispersion stability of the nano-LiBr with E414 is better than that without E414, and a fresh nano-LiBr needs be prepared in each experiment to avoid precipitation as much as possible.
[image: Figure 4]FIGURE 4 | Absorbance of nano-LiBr without E414.
[image: Figure 5]FIGURE 5 | Absorbance of nano-LiBr with E414.
The nano-LiBr with E414 exhibited two wave peaks, and the wave peak had a red shift phenomenon. The analysis illustrates that the appearance of the peak in the UV-vis spectrum is due to the selective absorption of certain wavelengths of light by certain groups or molecules of the substance. A part of the E414 molecule forms new particles with CuO nanoparticles, while the other part of the E414 molecule does not combine with the nanoparticles, so the nano-LiBr with E414 exhibited two wave peaks. The red shift phenomenon may be caused by the displacement of the solution group frequency under the influence of the internal action of the nanoparticles and dispersant.
Uncertainty analysis of viscosity test results
An uncertainty analysis of experimental data was run to determine the validity of experimental results. Random errors and systematic errors are frequent and inevitable during the experiments. In this research, the viscosity of nano-LiBr was measured three times with equal precision, and the uncertainty was analyzed. Therefore, this study used the direct error analysis method and calculate it with Eqs 1, 2.
[image: image]
[image: image]
Where, σx is the standard deviation; n is the number of experimental data measurements; xi is the data value of the measurement, and [image: image] is the arithmetic mean of each group’s experimental data measurements.
The results demonstrate that the uncertainty of viscosity measurement by this method is 0.22, which confirms the high accuracy of the proposed method.
EXPERIMENTAL RESULTS AND ANALYSIS
The viscosity of LiBr, LiBr with E414 in the volume fraction range of 1%–4%, and LiBr with E414 in the volume fraction of 2% + CuO nanoparticles in the volume fraction range of 0.01%–0.05% were measured in the temperature range of 25°C–60°C, and concentration range of 50%–59%.
Effect of temperature and concentration
The viscosity of the LiBr with different concentrations was measured in the temperature range of 25°C–60°C. Compared with the Jia’s fitting formula (Jia, 2002), the measured viscosity agreed well with the calculated viscosity, as presented in Figure 6. The viscosity decreased with temperature for LiBr, and the higher the solution concentration is, the higher the viscosity at constant temperature.
[image: Figure 6]FIGURE 6 | The variation of the viscosity of different concentration LiBr with the temperature.
When the temperature of LiBr increases, the irregular movement of water molecules inside the solution is more intense, the molecular spacing increases, and the attraction between molecules will weaken, resulting in a decrease in the internal friction between molecules. Namely, the viscosity of the LiBr decreases with increasing temperature. Under constant temperature, the density of LiBr increases with the increase of the concentration, and when the density increases, the molecular spacing in the solution decreases and the internal friction increases, resulting in an increase in internal friction. Therefore, the viscosity of LiBr increases with the increase of concentration.
Effect of dispersants
The viscosity of LiBr with different concentrations after adding E414 in the volume fraction range of 1%–4% at 30°C was measured. The viscosity of LiBr with E414 increased with increasing E414 concentration in Figure 7.
[image: Figure 7]FIGURE 7 | The variation of the viscosity of different concentration LiBr with the E414 volume fraction.
As the E414 dissolves in the LiBr, the addition of E414 molecules will reduce the distance between molecules and intensify the mutual attraction between molecules, resulting in the promotion of intermolecular friction and the increase in the viscosity. Moreover, the viscosity of the solution was increased by the intrinsic thickening properties of E414 (Xie et al., 2009).
Effects of nanoparticles and dispersants
The viscosity of nano-LiBr with different concentrations after adding E414 in the volume fraction of 2% and CuO nanoparticles in the volume fraction in the range of 0.01%–0.05% was measured at 25°C. The viscosity of the nano-LiBr is directly proportional to the volume fraction of nanoparticles, i.e., the higher the concentration of the basic fluid was, the greater the viscosity of the nanofluids was (Figure 8).
[image: Figure 8]FIGURE 8 | The variation of the viscosity of different concentration LiBr which added E414 in the volume fraction of 2% with the nanoparticles volume fraction.
It is assumed that the influence of nanoparticles on the viscosity of the nano-LiBr was due to the combined effect of particle-particle, particle-fluid, and particle-dispersant interactions on the microscopic level. The van der Waals force and electrostatic repulsion existed between nanoparticles inside the solution were enhanced with the increasing volume fraction of nanoparticles, which resulted in increasing of the internal frictional force between the liquid layers of the LiBr. In contrast, the Brownian motion of small-scale nanoparticles in the nano-LiBr facilitates an increase in the local velocity gradient (Chen et al., 2008). The collision of nanoparticles will also lead to the compression of the protective layer of dispersant, causing the augmentation of surface tension. Some nanoparticles free of steric hindrance can easily agglomerate into large-scale particles. Thus, the Brownian motion of nanoparticles, the collision between particles and the agglomeration affect the viscosity of the nano-LiBr on a microscopic level.
VISCOSITY MODEL OF NANO-LIBR
The experimental results of the viscosity of LiBr agreed well with the fitting formula which obtained by polynomial nonlinear regression and orthogonal polynomial regression (Jia, 2002). The viscosity formula of the LiBr can apply the fitting formula (Jia, 2002), as following:
[image: image]
Where, ηLiBr is the viscosity of LiBr, [image: image] Pa·s; wm is the concentration of LiBr, %; t is the temperature of LiBr, °C; Am, Bm, Cm, Dm, Em are the coefficients, the specific values being presented in Table 3.
TABLE 3 | Viscosity model coefficients of LiBr (Jia, 2002).
[image: Table 3]Based on the Einstein’s model, the viscosity empirical model of LiBr with E414 was established considering the influence of temperature, base liquid concentration and dispersant concentration, as following:
[image: image]
Where, ηdf is the LiBr viscosity after adding E414, MPa·s; ϕd is volume fraction of E414, %; F, G are the coefficients as revealed in Table 4.
TABLE 4 | Viscosity model coefficients of LiBr with E414.
[image: Table 4]The experimental viscosity for the nano-LiBr with LiBr in the volume fraction of 55% and E414 in the volume fraction of 2% was compared with the theoretical viscosity of the classical model (Einstein, 1906b; Qiu et al., 2020) for different amounts of nanoparticles as shown in Figure 9. The experimental and the theoretical viscosity of the nano-LiBr increased with the addition of nanoparticles. The experimental value was higher than the theoretical value. This implies that Einstein’s model cannot accurately fit the viscosity of the nano-LiBr. The experimental viscosity is closer to the calculated viscosity of Batchelor’s model.
[image: Figure 9]FIGURE 9 | Comparison of experimental value and classical model calculated values of nano-LiBr viscosity.
An empirical model was built based on the Batchelor’s model, considering the influence of temperature, base solution concentration, volume fraction of dispersant and nanoparticles, as following:
[image: image]
Where, ηnf is the viscosity of nano-LiBr, MPa·s; ϕp is volume fraction of nanoparticles, %; H, I, J, K are the coefficients, which are regressed by a nonlinear fitting method. The specific values of coefficients are presented in Table 5.
TABLE 5 | Viscosity model coefficients of nano-LiBr with E414.
[image: Table 5]An empirical model of the viscosity for nano-LiBr is fitted by experimental results and theoretical models, with temperature at the range of 25°C–60°C, solution concentration at the range of 50%–59%, dispersant volume fraction of 0%–4% and nanoparticles volume fraction of 0%–0.05%. The maximum relative error between the model calculated viscosity and experimental viscosity was ±13% as shown in Figure 10. The results demonstrated that empirical model of the viscosity had better performance for calculating the viscosity of nano-LiBr.
[image: Figure 10]FIGURE 10 | Comparison of experimental value and fitting model calculated value of the nano-LiBr viscosity with E414.
CONCLUSION
In this study, pure LiBr, LiBr with E414, and LiBr with E414 + CuO nanoparticles with different concentrations were prepared, and the stability of the nano-LiBr was analyzed via UV-vis. The viscosity of the three types of solutions were measured using a rotary viscometer with temperature ranged from 25°C–60°C, solution concentration ranged from 50%–59%, dispersant volume fraction ranged from 0%–4%, and nanoparticles volume fraction ranged from 0%–0.05%. The effects of temperature, solution concentration, dispersant volume fraction, and nanoparticles volume fraction on the viscosity were analyzed, and the empirical model of viscosity of nano-LiBr was established. The main findings of this research includes.
1) The dispersion stability of nano-LiBr without dispersant is very poor. Adding E414 can effectively improve the dispersion stability of nano-LiBr.
2) The viscosity of the nano-LiBr increased with the increasing amount of dispersant and the volume fraction of nanoparticles. The higher the concentration of the base fluid was, the greater the viscosity of nano-LiBr was.
3) An empirical model of the viscosity for nano-LiBr was established based on experimental results and theoretical models. The maximum relative error between the model calculated viscosity and experimental viscosity was ±13%.
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NOMENCLATURE
A Coefficients of Viscosity model
B Coefficients of Viscosity model
C Coefficients of Viscosity model
D Coefficients of Viscosity model
E Coefficients of Viscosity model
F Coefficients of Viscosity model
G Coefficients of Viscosity model
H Coefficients of Viscosity model
I Coefficients of Viscosity model
J Coefficients of Viscosity model
K Coefficients of Viscosity model
n Number of experimental data measurements
T Temperature of LiBr, °C
w Concentration of LiBr, %
x Data value of measurement
[image: image] Arithmetic mean of each group’s experimental data measurements
GREEK SYMBOL
η Dynamic viscosity of the fluid, Pa·s
σx Standard deviation
ϕ Volume fraction, %
SUBSCRIPTS
d Dispersant
df LiBr with dispersant
i The number of measurements
Libr Pure LiBr
m The number of polynomials
nf Nano-LiBr
p Nanoparticles
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