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Abstract

:

This study aims to experimentally investigate the pool boiling heat transfer coefficient behavior using tungsten oxide-based deionized water nanofluids and comparing them to deionized water as conventional fluid. The influence of different dilute volumetric concentrations (0.005%–0.05% Vol.) and applied heat fluxes were examined to see the effect of these parameters on the pool boiling heat transfer performance using nanofluids from a typical horizontal heated copper tube at atmospheric pressure conditions. Results demonstrated that the pool boiling heat transfer coefficient (PBHTC) for both deionized water and nanofluids increased with increasing the applied heat flux. The higher PBHTC enhancement ratio was 6.7% for a volume concentration of 0.01% Vol. at a low heat flux compared to the deionized water case. Moreover, the PBHTC for nanofluids was degraded compared to the deionized water case, and the maximum reduction ratio was about 15% for a volume concentration of 0.05% Vol. relative to the baseline case. The reduction in PBHTC was attributed to the deposition of tungsten oxide nanoflakes on the heating surface during the boiling process, which led to a decrease in the density of the nucleation sites.
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1. Introduction


Boiling heat transfer is a significant heat transfer mode among other heat transfer modes due to the large heat quantity that could be removed by the latent heat of vaporization in small temperature differences. Nucleate pool boiling regime, and two-phase flow have a variety of industrial applications such as boiler tubes in power plant, evaporators in refrigeration systems, cooling of macro and microelectronic devices, and cooling of nuclear reactors, etc. [1,2,3]. Removing high heat dissipation with a miniaturization system has always been a key point for designing efficient heat exchange systems. Thus, intensifying heat transfer performance during the boiling process is essential for saving energy and keep those systems durable. During the last decades, many efforts have been made to experimentally study the pool boiling heat transfer performance with various working fluids involving pure liquids [4,5], refrigerants [6,7], and mixtures liquids [8,9,10]. Other studies have been conducted by surface heating modifications to enhance the pool boiling heat transfer performance [11,12,13,14]. One of the alternative ways to improve the thermal conductivity of the working fluid is to use nanofluids, which were introduced in 1995 by Choi and his team [15]. Nanofluids are a new class of thermo-fluids that consist of ultrafine materials (nanomaterials) suspended in conventional fluids such as water, refrigerant, oil, and any other type of liquid [16,17]. During recent years, a considerable amount of studies were reported for pool boiling heat transfer using nanofluids. Although, due to the contradictory results regarding those studies, efforts are still ongoing to thoroughly understand the mechanism behind the boiling using nanofluids. Many researchers have shown the enhancement for pool boiling heat transfer coefficient using nanofluids while other research groups reported a degradation in pool boiling heat transfer coefficient (PBHTC) using nanofluids. Several parameters were proposed in the literature that could influence the pool boiling using nanofluids performance including low stability of nanofluids due to the sedimentation and agglomeration of nanoparticles, the presence of the surfactant in order to stabilize the nanofluid suspension, surface topology of the heater, the nanomaterials morphology and the concentration, the thermophysical properties of the nanofluids, and the boiling time. Different types of nanomaterials were used to examine the pool boiling heat transfer performance such as metal nanopowders (i.e., Cu, Al, Ag), oxide metals (i.e., Al2O3, TiO2, CuO, ZnO, Fe2O3), carbon nanotube, and graphene. Earlier, in 1986, Yang and Maa [18] conducted a careful experimental study to clarify the behavior of pool boiling heat transfer using dispersed alumina particles with a dilute concentration between 0.1 and 0.5 wt.%. Their results showed an enhancement in pool boiling heat transfer using alumina particles.



Later, Das et al. [19] studied the effect of adding alumina nanoparticles on the behavior of the pool boiling curve and heat transfer coefficient from a narrow horizontal heated tube. Their results have shown that the mechanism of pool boiling is different from small tubes to those of typical industrial pipes due to the sliding of bubbles from the bottom part to the upper region. They also demonstrated that the pool boiling performance decreased while adding those nanoparticles.



Kathiravan et al. [20] conducted an experimental study to examine the copper-based water nanofluid. Their results demonstrated that the pool boiling heat transfer coefficients decrease with increasing particle concentrations while increase when adding surfactant for nanofluids.



Suriyawong and Wongwises [21] studied the pool boiling performance of TiO2 nanoparticles-based water nanofluid at various volume fractions. They used two types of heating surfaces (copper and aluminum tubes) with different surface roughness. Their results demonstrated that the pool boiling heat transfer coefficient was enhanced for a copper tube with a concentration of 0.0001% Vol., while there was a degradation with the aluminum tube.



Cieśliński and Kaczmarczyk [22] studied the heat transfer performance experimentally during pool boiling of two types of nanofluids (Al2O3 and Cu nanoparticle-based water nanofluids). They used a horizontal smooth copper and stainless steel tubes as heating element. Nanoparticles were tested at a mass concentration of 0.01–1 wt.%. Their results showed that the concentration of nanofluids has almost no influence on the heat transfer coefficient, while the higher heat transfer coefficient was recorded for stainless steel tube compared to copper tube for the same applied heat flux. Again Cieśliński and Kaczmarczyk [23] examined the influence of operating pressure (200, 100, and 10 kPa) on two types of nanofluids during the pool boiling process. Their results revealed that independent of nanoparticle material type (i.e., Al2O3 and Cu) and concentration, an increase in operating pressure enhanced the heat transfer performance.



Kole and Dey [24] presented an experimental study on pool boiling heat transfer performance of ZnO–ethylene glycol (EG) nanofluid from a horizontal copper tube. The nucleate pool boiling heat transfer performance of ZnO–EG nanofluids with different volumetric fractions of ZnO nanoparticles was tested at atmospheric pressure from a cylindrical polished copper heating surface. The pool boiling heat transfer coefficient enhanced with ZnO nanofluid of about 22% was compared to that of EG for 1.6% Vol. concentration. Sarafraz et al. [25] experimentally studied the pool boiling heat transfer coefficient of Al2O3 based water–glycerol mixture nanofluid under atmospheric pressure. Results demonstrated that the pool boiling heat transfer coefficient increased with the presence of alumina nanofluid compared to base fluids and this improvement considerably improved with a higher volume fraction of nanoparticles.



Cieśliński and Kaczmarczyk [26] studied pool boiling of Al2O3 and Cu-based water nanofluids on rough and porous-coated horizontal tubes. Their experimental study was conducted under different pressures and nanoparticles concentrations. Their results observed that there was an enhancement for boiling performance using nanofluids on rough stainless steel tubes, and this enhancement increased with increasing system pressure. While for a porous-coated tube, there was a reduction in boiling performance with an increasing concentration of nanofluid. They concluded that the pressure system, surface modification, and concentrations of nanoparticles could affect the pool boiling performance. Sarafraz and Hormozi [27] performed a set of experiments to investigate the pool boiling heat transfer coefficient of dilute copper oxide-based water nanofluids at mass concentrations ranging from 0.1% to 0.4%). They studied the influence of a surfactant as a surface-active agent additive on the pool boiling heat transfer coefficient of nanofluids. Furthermore, other operating parameters were considered, such as heat flux and concentrations of nanofluids. Results have shown a significant reduction in the heat transfer coefficient of nanofluids compared with the base fluid without using surfactants; however, in the presence of a surfactant, it led to a higher pool boiling heat transfer coefficient compared to water. He et al. [28] experimentally investigated the pool boiling heat transfer coefficient behavior of ZnO nanoparticles based on deionized water and ethylene glycol nanofluids in a cylindrical vessel under atmospheric pressure. Their results demonstrated that increasing heat flux significantly grows the heat transfer coefficient of nanofluids. Moreover, an enhancement of critical heat flux for nanofluids was observed due to surface wettability reduction and nanoparticle coating on the heater surface.



Manetti et al.’s [29,30] experiment presented the pool boiling heat transfer coefficient of deionized water and Al2O3 nanoparticle-based water nanofluid at saturation conditions. They used different volume concentrations for nanoparticles deionized with smooth and roughness surfaces as a test section. Results observed that an increase in the heat transfer coefficient of up to 75% and 15% for the smooth and roughness surfaces, respectively, in comparison to that of water, were determined. Moreover, they examined the effect of time on pool boiling performance, and they revealed that during the 240 min of boiling there was no effect on the pool boiling heat transfer coefficient. Ciloglu [31] experimentally studied the nucleate pool boiling heat transfer of SiO2 nanoparticle-based water nanofluid at atmospheric pressure and saturated conditions. His results showed that the nucleate pool boiling heat transfer coefficient of the nanofluids is lower than that of deionized water, especially with high heat fluxes. This was due to the reduction in active nucleation sites and the formation of extra thermal resistance due to blocked vapor in the porous layer near the heating surface.



Karimzadehkhouei et al. [32] studied the pool boiling of two types of nanofluids (TiO2/water and CuO/water) on the flat copper heater at atmospheric condition. Their results have shown that for TiO2/water nanofluids, the pool boiling heat transfer coefficient was increased at dilute volume fraction (i.e., 15% at 0.001% wt.). In addition, the pool boiling heat transfer coefficient of CuO/water nanofluid was about (35%) compared to water as a baseline case. Shoghl et al. [33] experimentally investigated the effect of three types of nanofluids on the pool boiling heat transfer coefficient from a horizontal stainless steel tube. Their results have shown that with Al2O3 and ZnO-based water nanofluids, there was a reduction in the pool boiling heat transfer coefficient while there was an enhancement in the carbon nanotubes CNTs-based water nanofluid with the presence of a surfactant compared to the base fluid.



Norouzipour et al. [34] experimentally studied the effect of silica nanoparticle-sized based water on the pool boiling heat transfer coefficient during atmospheric pressure. The results obtained for nanofluid pool boiling on the copper surface indicate that at all the considered concentrations and nanoparticle sizes (except nanoparticles of 70 nm in size and concentration of 0.1% Vol.), the pool boiling heat transfer coefficient for the nanofluid was reduced compared to the pure water. Moreover, by increasing the diameter of silica nanoparticles from 11 to 70 nm, the pool boiling heat transfer coefficient was increased. Modi et al. [35] experimentally investigated the pool boiling performance of alumina nanofluid. Results showed that an increase in PBHTC was observed with an increase in the concentration of nanoparticles as well as for the nanoparticle-deposited surfaces. From all reported studies in literature, noticeable contradictory results regarding the pool boiling heat transfer coefficient were found during the pool boiling heat transfer using nanofluids. Therefore, more experimental investigations need to be conducted with various types and sizes of nanomaterials at different concentrations and operating conditions to thoroughly understand the behavior of nanofluids during a pool boiling heat transfer mode.



According to the author’s best knowledge, and from all reported pool boiling of nanofluids experimental studies in literature, it can be noted that there was no study to test the tungsten oxide WO3 nanoflakes-based deionized water nanofluid in the pool boiling process with a horizontal tube heater as a typical tube. Tungsten oxide nanopowder was considered as an attractive nanomaterial due to several merits such as good physical, optical, and chemical properties, reasonable price, being used for wastewater treatment, and solar still desalination as nanoparticles additives. However, the present research aims to experimentally investigate the pool boiling heat transfer performance for the first time using WO3-based water nanofluid. Different volumetric concentrations of nanoparticles (0.005%, 0.01%, and 0.05% Vol.) with a range of applied heat flux of about 15 to 130 kW/m2 were tested to show the influence of this new nanofluid on pool boiling heat transfer from a horizontal copper heated tube with a typical diameter (22 mm) at atmospheric pressure condition.




2. Experimental Methods


2.1. Nanofluid Formation Method


In this study, we used the two-step method to prepare tungsten oxide WO3-based water nanofluids. In this method, the dry nanopowder with a specified quantity was scaled by using an electronic balance (with an accuracy of 0.001 gram). Next, this quantity dispersed into deionized water to obtain the desired volume concentration of the nanofluids by using a conversion formula, which is used by [36,37], as shown in Equation (1).


   φ V  =    [   (    1 −  φ m     φ m     )     ρ p     ρ w    + 1  ]    − 1   ,  



(1)




where:    ρ p   ,    ρ w    are the densities of nanoparticle and water, respectively.    φ m    is the mass concentration for nanofluids. The WO3 nanoflakes were utilized as nanomaterial (supplied by US Nanomaterials, Inc., Houston, TX USA) with a thickness of 30 nm, yellow color, and 99.95% purity as provided by the vendor. The scanning electron microscope of tungsten oxide nanopowder is shown in Figure 1. It can be seen that the morphology of the nanomaterial is a flaky shape with a thickness of 25–35 nm, which reveals good agreement with the supplier specifications.



One of the most critical stages during the formation of nanofluids is to obtain a stable suspension. However, two physical methods were adopted in this study to disperse the nanopowder inside deionized water. The first method is to mix the nanofluids with a magnetic stirrer for 1 h. Secondly, the ultra-sonication probe (type: Bendelin, SONOPLUS, Berlin, Germany) was used for 45 min to split up the agglomeration of nanoflakes and get a stable suspension. Consequently, we checked the stability of prepared nanofluids with all volume concentrations used in this study. A visualization and time sediment method was adopted to see the stability of the nanofluids after a period of 1 hour and a period of 3 days of the sonication process as shown in Figure 2. The stability was considered quite good to conduct our experiments because our test starts after the sonication process directly.




2.2. Pool Boiling Chamber Setup and Procedure


The pool boiling setup consists of a heating element (horizontal heated copper tube), boiling chamber, an auxiliary heater to heating the fluid to the saturation temperature, and reflex condenser, as illustrated in Figure 3. The pool boiling chamber used for this study is a stainless steel vessel (dimensions: L = 155 MM, W = 120 mm, H = 310 mm). Fireproof and heat resistant ceramic glass (from Poly M Hungary Ltd., Budapest, Hungary) was utilized to visualize the motion of the bubble during pool boiling experiments from the front side of the chamber. The entire boiling chamber excluding a window with an area of 0.0156 m2 was used for visualization purposes covered with two layers of insulation materials. The first layer consisted of solflex, an insulation sheet with a high reflective material on one side (Thermofoam company. OBI store, Budapest, Hungary), the second layer consisted of a 10 mm thermal insulation sheet to minimize heat losses. A cooling condenser (Allihn type) supplied from aalabor.hu was utilized to condense the vapor phase and keep the atmospheric pressure condition as well as the fluid capacity inside the apparatus during the experiments. The main part of this facility is the heating surface, which is a horizontal copper tube with an external diameter of 22 mm and a tube thickness of 1 mm filled with copper sleeve fabricated in our laboratory. The sleeve made from the rigid copper shaft and three grooves were fabricated along with the axial distance with different radial angles and locations. Four K-Type thermocouples were calibrated and used to measure the bulk and surface temperatures. Great efforts were made to fix them in a proper way to measure the surface temperatures without any effect on the surface characteristics of the external tube. Cartridge heater with a power of 1 kW and a diameter of 12.5 mm and a length of 100 mm manufactured by Cartridge heaters, Birmingham, UK, was inserted to the inside diameter of the copper sleeve to supply the heat flux. All facilities above were designed, fabricated, and collected to build up our pool boiling apparatus at the laboratory of the Energy Engineering Department at Budapest University of Technology and Economics, Budapest, Hungary.



Before starting the tests, the pool boiling chamber was cleaned with a water jet and dried to remove all dirt. Next, the roughness of the heating surface was measured by a surface roughness tester (type: Mitutoyo SJ-400, Mitutoyo, Japan) to obtain the roughness of the polished copper tube before the boiling process. The average of six measurements along the tube with different radial and axial locations were taken to calculate the arithmetic mean roughness parameter (Ra). The roughness was 0.382 μm, as shown in Figure 4. Afterwards, the working fluid was injected through an injection hole from the top of the chamber. Following this, to heat the liquid to the saturation temperature, the auxiliary heater with a capacity of 400 W was switched on. When the temperature of the bulk fluid reached the saturation temperature, removing any dissolved bubbles inside the chamber, the boiling process was kept for 10 min to remove all those dissolving bubbles. In this research, the boiling points at the atmospheric condition were measured for both water and nanofluids in the same condition. Therefore, the measurements revealed that the water boiling point was higher than the nanofluid boiling point by about 0.2 °C, and this was within the range of the error of the temperature logger. Hence, the boiling point for both deionized water and nanofluid has been assumed to be the same, and this was observed in earlier studies of [19,38]. The next stage was to switch on the cartridge heater with a low heat flux and to keep the auxiliary heater at a specific power of about 20–35 W to maintain the saturation temperature during the initial heat flux stage. The readings of electrical power and temperatures were taken via data acquisition programs after reaching a steady-state condition (about 5 min). The capacity of the working fluids were measured before and after the boiling tests to examine the functionality of the cooling condenser, which is used in this system. The maximum power for cartridge heater used in this experiment was about 1000 W, as mentioned above. Hence, our tests were conducted under the critical heat flux point, which indicates that our scope of this study is to calculate the pool boiling heat transfer coefficient for different working fluids (water and nanofluids). All the measured data for this experiment were taken three times, and the average value was calculated to ensure the repeatability of the results and the average values were used to calculate the applied heat flux and temperatures to find out the PBHTC.




2.3. Data Reduction and Uncertainty Analysis


To estimate the pool boiling heat transfer coefficient in the present study, the applied heat flux on the heating element should be calculated by knowing the applied electric power and surface area of the tube, as shown in Equation (2).


   q .  =   V . I   π    D  o u t   .  L  t u b e     =  P  π    D  o u t     .  L  t u b e     ,  



(2)




where:  P  is the power in (W),    D  o u t     ,    L  t u b e     are the outer diameter and length of copper tube in (m), respectively. The surface temperatures were taken from the three thermocouples, which are installed on the outer tube surface. Efforts were made in this experiment to fix the thermocouples in the proper position on the tube surface and to avoid the surface effects on temperature reading. Therefore, the average of the surface temperatures values for top, side, and bottom thermocouples were calculated as shown in Equation (3).


   T  s ,   a v e   =    T    t o p   +  T  s i d e   +  T  b o t t o m    3  ,  



(3)




where:    T  t o p   ,    T    s i d e    , and    T    b o t t o m     are the surface temperatures of the top, side, and bottom thermocouples locations, respectively. The pool boiling heat transfer coefficient was calculated from the above-mentioned physical quantities as shown in Equation (4).


  PBHTC =    q .    Δ  T  s u p     =    q .     (   T  a v e   −  T  s a t    )    ,  



(4)




where:    T  a v e   ,    T  s a t     are the average surface temperature and saturation temperature, respectively.   Δ  T  s u p     is the superheat temperature, which is the difference between surface and saturation temperatures. The uncertainty analysis for multiple measured variables for this experiment were calculated according to [39] as shown in Equation (5).


  Δ U =      (    ∂ U   ∂  X 1    Δ  X 1   )   2  +    (    ∂ U   ∂  X 2    Δ  X 2   )   2  +    (    ∂ U   ∂  X 3    Δ  X 3   )   2    ,  



(5)




where:    X 1  ,    X 2   , and    X 3    are the variables.   Δ  X 1   ,   Δ  X 2   , and   Δ  X 3    are the uncertainties given by instrument data-sheets. Therefore, The relative uncertainties for the applied heat flux and pool boiling heat transfer coefficient were found to be about ±1.1% and ±5.5% respectively.





3. Results and Discussion


In this section, the pool boiling heat transfer performance for deionized water and tungsten oxide nanoflake-based deionized water nanofluids with dilute volume concentration from a typical horizontal heated copper tube at atmospheric pressure condition was presented.



3.1. Validation of The Experimental Results


Prior to discussing our obtained results, the pool boiling apparatus and procedure should be validated to ensure the accuracy of the present results. The results of pool boiling curves and the pool boiling heat transfer coefficient for deionized water were compared to well-known correlations in literature, such as the so-called Rohesnow correlation [40], Gorenflo Correlation [41], Equations (6)–(10), and the experimental studies reported in the literature, such as Das et al. [19], Suriyawong and Wongwises [21] with horizontal heated tubes as heating surfaces. The reason for using deionized water for the validation of our obtained results determined that these type of fluids were well known and had high accurate thermophysical properties in literature [42,43]. Therefore, our experimental results for deionized water validated with the above-mentioned correlations and experimental studies as can be seen from Figure 5 and Figure 6 where the experimental results compared reasonably well with predicted correlations as well as experimental studies for pool boiling curves. Moreover, considering the importance of repeatability, experiments were conducted three times with similar conditions. Results demonstrated that the main pool boiling curves remained unchanged during the repeating procedure.


   q .  =  μ l   h  l v      [   σ  g  (   ρ w  −  ρ v   )     ]    − 0.5      (   1   C  s f      )     1  0.333     P  r l      1  0.333        [     C  p , l   Δ  T  s u p      h  l v      ]     1  0.333     ,  



(6)




where:    μ l   ,    ρ l   , and    C  p , l     are the viscosity, density, and specific heat for liquid.    h  l v    ,  σ , and    ρ v    are the latent heat of vaporization, the surface tension of the liquid, and density of the vapor, respectively.    C  s f     is a constant that depends on surface characteristics, and in this study considered to be 0.0128 for polished copper tube as suggested by [44] and used by [29].


  PBHTC =      PBHTC   0  ×  F p  ×  F q  ×  F  S R   ,  



(7)






    F p  = 1.73 p  r  0.27   +  (  6.1 +   0.68   1 − P r    )  × p  r 2    ,   



(8)






   F q  =    (     q .     q 0 .     )   n  ,   n = 0.9 − 0.3 P  r  0.15   ,  



(9)






   F  S R   =    (    R a   R  a 0     )    0.133   ,  



(10)




where:   p r  ,    q .  ,   and   R a   are the reduced pressure ratio    (  p r = p /  p c   )   , heat flux (kW/m2), and average surface roughness for heating surface (μm) respectively. The reference conditions for pure water used in this correlation are     PBHTC  0  = 5600    (  kW /  m 2  K  )   ,    q 0 .  = 20   ( kW /  m 2  )  , and     Ra  0  = 0.4    (   μ m   )   .




3.2. Results of Pool Boiling Heat Transfer for WO3-Based Water Nanofluids


It is widely reported in the literature that the boiling heat transfer performance of nanofluids could be affected by the enhancement of the bulk properties, such as the thermal conductivity, surface tension, wettability, viscosity, and latent heat of vaporization [38,45,46,47]. However, in the present study, the effect of bulk fluid properties was assessed, such as thermal conductivity on pool boiling of tungsten oxide-based water nanofluid. Thermal conductivity of nanofluids were measured by using the transient plane heat source method (SKZ1061C thermal conductivity tester, SKZ Industrial Co., Jinan, China) at different temperatures (50–90 °C) and volume concentrations (0.005–0.055 Vol.). The results obtained for deionized water were also used as reference to compare them with the measured data for nanofluids. The validation of the obtained results for a temperature range (50–90 °C) after calibration showed a high accuracy behavior with the thermal conductivity data for deionized water of the National Institute for Standard and Technology (NIST), as presented in Figure 7. It was revealed that the present measurements for deionized water were in good agreement of well-known water thermal conductivity data presented in the literature [42], and the maximum deviation was found to be (3.3%) for higher temperature, and this fell within the range of the sensor accuracy (±5%). Figure 8 shows the thermal conductivity ratio of WO3 nanofluids relative to water at different concentrations and temperatures. It can be seen from Figure 8 that the higher enhancement percentage for thermal conductivity was about (6.3%) for nanofluids with a volume concentration of 0.05% Vol. and a temperature of 90 °C. This enhancement was expected because the solid material has a thermal conductivity higher than the thermal conductivity of deionized water and also the Brownian motion of nanoparticle increased with the increase of temperature due to the high kinetic energy.



Figure 9 illustrates the heat flux against the superheat temperature (  Δ  T  s u p    ), which is called the pool boiling curve for both deionized water and WO3-based deionized water nanofluids. The maximum applied heat flux used for all tests in this research did not exceed 130 kW/m2, and this means all measurements were done under the critical heat flux value due to the power limitation of the cartridge heater used in this study. It can be seen from Figure 9 that for all working fluids with an increasing applied heat flux, the superheat temperature was also increased with relatively small temperature difference, and this is due to the nucleate pool boiling regime represented by the latent heat of vaporization. For the smallest volumetric concentration (i.e., 0.005% and 0.01% Vol.), especially at the low heat flux region used in this study, the boiling curve is obviously shifted leftward compared to the deionized water pool boiling curve. However, an increase in volume concentration of nanofluids (i.e., 0.05% Vol.) considerably shifted the boiling curve shifted to the right side, and this change was notable especially in high heat flux regions above 50 kW/m2. The higher superheat temperatures at the same applied heat flux mean the pool boiling performance degraded and this could be attributed to the deposition of the nanoflakes on the heating surface during the boiling process. At high heat flux, the formation of the bubble increased due to the increase of the nucleation site density. Hence, the deposition of the tungsten oxide nanoflakes increases due to the microlayer evaporation mechanism which occurs during the formation of bubbles.



Figure 10 shows the relationship between the pool boiling heat transfer coefficient and the applied heat flux for both deionized water and nanofluids. It can be seen that the pool boiling heat transfer coefficient for volume concentration (i.e., 0.005% and 0.01% Vol.) slightly increases for low heat flux region, and this could be attributed to the bulk effect for tungsten oxide nanofluids that are represented by thermal conductivity enhancement. Meanwhile, the increasing volume concentration led to a reduction in pool boiling heat transfer coefficient compared to water, and this reduction attributed to the deposition of nanoflakes on the surface which, in turn, built a resistance thermal layer to transfer the heat from the heating surface toward the working fluid. This trend was also reported by some researchers [19,22,32]. Moreover, as mentioned above, the deposition of those nanoflakes decreased the boiling behavior by deactivating the nucleation sites and then changing the bubble formation and their dynamic behavior during the boiling process. Figure 11 presents the pool boiling heat transfer coefficient ratio (    PBHTC   nf   /   PBHTC   water    ) of nanofluid relative to pure water at various volume concentrations. It can be seen from Figure 11 that there is an enhancement in this ratio up to (6.7%) for dilute concentrations (i.e., 0.01% Vol.) of WO3 nanoflake-based water nanofluid at low heat flux. In addition, it can be observed that the behavior of pool boiling heat transfer coefficient of nanofluids at low heat flux (free convection regime) was better than in the case of water, especially for volume concentrations 0.005% and 0.01% Vol. where the bulk effect dominates in this region. For high heat fluxes (>40 kW/m2), which means at the nucleate pool boiling regime, there is a considerable decrease in the pool boiling heat transfer coefficient of nanofluids compared to deionized water at all volume concentrations used in this study. The maximum reduction in pool boiling heat transfer coefficient ratio was about 15% at a volume fraction of 0.05% Vol., relative to pure water case. It was reported in the literature that pool boiling heat transfer performance could be affected by the modification of the heating surface (i.e., surface roughness, wettability, and capillary wicking forces) as well as the bulk effect associated to thermal properties (i.e., thermal conductivity, viscosity, and surface tension). However, a surface modification that resulted from the deposition of the nanopowder during the boiling process has a significant role in causing degradation or improvements for the boiling heat transfer performance of nanofluids. Many parameters have a direct influence on the pool boiling heat transfer coefficient, such as the heating surface materials, pressure system, nanomaterials type, shapes, size, and concentrations [22,48,49,50]. The size and shape of nanomaterials are considered to be important parameters that might affect the surface characteristics during the boiling process. Those parameters have a direct interlink with surface roughness utilizing the surface particle interaction parameter that is introduced and discussed by [37].



Figure 12 and Figure 13 show, schematically and photographically, the deposition of WO3 nanoflakes on the heating surface during the pool boiling heat transfer process. It can be observed from Figure 12 that the deposition of those nanoflakes on the heating surface could cause the deactivation of the nucleation site by lying those nanoflakes on the microcavities of the surface, which in turn resulted in a reduction of bubble formation and distribution, especially at the nucleate boiling region. On the other hand, the deposition of those nanoflakes creates a porous nanolayer on the heating surface which could work as a thermal resistance layer that hinders the heat transfer from the surface toward the bulk fluid. Thus, for better understanding regarding this hypothesis, photos were taken to capture the deposition of that nanopowder on the horizontal heat tube that was used as a heating element in the present research. Figure 13 illustrates the deposition of the WO3 nanoflakes after the pool boiling test with a volume concentration of 0.05% Vol., which was considered a higher concentration in this study. The built nanolayer from three directions of the horizontal heated tube was detected and it can be seen that the yellow layer on the heated tube dominated the action on the bottom side, and this could be attributed to the nature of the bubble formation and sliding from the horizontal tube, where the bubbles start to form from the bottom side growing and then sliding on both sides of the tube, and finally, at a certain point, elapse from the tube towards to the bulk fluid as studied by the research of [51]. According to findings of [36], the deposition of nanopowder led to creating the nanoporous layer on the heating surface that makes the heating surface hydrophilic, which in turn increases the wettability and decreases the contact angle. As mentioned above, the porous structure may enhance or deteriorate the pool boiling process depending on the surface particle interaction parameter. In the present study, it was hypothesized that the deposition of the nanoflakes changes the surface characteristics (decrease the roughness of the surface), as shown in Figure 12, and this was proven as shown in Figure 13. It can be stated that the deposition of nanoflakes on heating surfaces reduced the number of nucleation sites by decreasing the roughness of the surface. On the other hand, this deposition with such shape and size of nanopowder creates an extra thermal resistance layer. Hence, these two observations were the most important issues to reduce the heat transfer performance during the pool boiling of tungsten oxide-based water nanofluid.





4. Conclusions


In this experimental research, the pool boiling heat transfer performance of deionized water and tungsten oxide WO3 based deionized water nanofluids with various dilute volumetric concentrations at atmospheric pressure was examined. The pool boiling heat transfer coefficient enhancement ratio of nanofluids relative to deionized water was introduced to see the effect of nanofluid concentration and applied heat flux on pool boiling heat transfer behavior. Results found that the pool boiling heat transfer coefficient ratio was enhanced by about 6.7% at volume concentrations of 0.005% and 0.01% Vol. in the low heat flux region, while there was a reduction in this ratio by about 15% at a volume concentration of 0.05% Vol. in the high heat flux region. The enhancement ratio could be attributed to the bulk effect represented by the enhancement of the thermal conductivity property. Whereas, the reduction ratio could be a result of the nanoflakes deposition during the pool boiling process, which in turn filled the microcavities of the surface and reduced the nucleation sites density, as well as this layer, and restricted the heat transfer from the surface to the working fluid due to the low thermal conductivity of the created nanoporous layer.
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Nomenclatures




	
   P B H T C   

	
pool boiling heat transfer coefficient, kW/m2.K




	
   E G   

	
ethylene glycol




	
CNTs

	
carbon nanotubes




	
    φ V    

	
volume concentration, %




	
    φ m    

	
mass concentration, %




	
    ρ p    

	
the density of nanopowder, kg/m3




	
    ρ w    

	
the density of water, kg/m3




	
    ρ v    

	
the density of vapor, kg/m3




	
  L  

	
length of the boiling chamber, m




	
  W  

	
width of the boiling chamber, m




	
  H  

	
the height of the boiling chamber, m




	
    R a    

	
arithmetical mean roughness value, μm




	
    q .    

	
applied heat flux, kW/m2




	
  P  

	
electrical power, W




	
    D  o u t       

	
the outer diameter of the copper tube, m




	
    L  t u b e     

	
length of copper tube, m




	
    T  t o p     

	
the temperature at the top surface, °C




	
    T  s i d e     

	
the temperature at the side surface, °C




	
    T  b o t t o m     

	
the temperature at the bottom surface, °C




	
    T  s , a v e     

	
average surface temperature, °C




	
   Δ  T  s u p     

	
superheat temperature, K




	
    T  s a t     

	
saturation temperature, °C




	
    μ l    

	
the viscosity of the liquid, Pa.s




	
    h  l v     

	
latent heat of vaporization, kJ/kg




	
  σ  

	
surface tension, N/m




	
    C  p , l     

	
specific heat of the liquid, kJ/kg. K




	
    C  s f     

	
liquid–surface interaction coefficient




	
   P  r l    

	
liquid Prandtl number




	
   p r   

	
reduced pressure ratio




	
   F p   ,    F q   ,    F  S R    

	
constants in Gorenflo correlation.




	
Subscripts




	
V

	
volume




	
m

	
mass




	
p

	
powder




	
w

	
water




	
v

	
vapor




	
l

	
liquid




	
out

	
outer




	
s

	
surface




	
sup

	
superheat




	
sat

	
saturation




	
nf

	
nanofluid




	
0

	
reference condition








References


	



Kamel, M.S.; Lezsovits, F.; Hussein, A.M.; Mahian, O.; Wongwises, S. Latest developments in boiling critical heat flux using nanofluids: A concise review. Int. Commun. Heat Mass Transf. 2018, 98, 59–66. [Google Scholar] [CrossRef]

	



Kamel, M.; Lezsovits, F. Boiling heat transfer of nanofluids: A review of recent studies. Therm. Sci. 2019, 23, 109–124. [Google Scholar] [CrossRef]

	



Kamel, M.S.; Lezsovits, F.; Hussein, A.K. Experimental studies of flow boiling heat transfer by using nanofluids. J. Therm. Anal. Calorim. 2019, 138, 4019–4043. [Google Scholar] [CrossRef]

	



Sathyabhama, A.; Hegde, R. Prediction of nucleate pool boiling heat transfer coefficient. Therm. Sci. 2010, 14, 353–364. [Google Scholar] [CrossRef]

	



Yu, L.-H.; Shuxue, X.; Ma, G.; Wang, J. Experimental Research on Water Boiling Heat Transfer on Horizontal Copper Rod Surface at Sub-Atmospheric Pressure. Energies 2015, 8, 10141–10152. [Google Scholar] [CrossRef]

	



Trisaksri, V.; Wongwises, S. Nucleate pool boiling heat transfer of TiO2–R141b nanofluids. Int. J. Heat Mass Transf. 2009, 52, 1582–1588. [Google Scholar] [CrossRef]

	



Ji, W.-T.; Zhao, C.-Y.; Zhang, D.-C.; Zhao, P.-F.; Li, Z.-Y.; He, Y.-L.; Tao, W.-Q. Pool boiling heat transfer of R134a outside reentrant cavity tubes at higher heat flux. Appl. Therm. Eng. 2017, 127, 1364–1371. [Google Scholar] [CrossRef]

	



Gong, M.; Song, Q.; Chen, G.; Zhuang, X.; Yang, Z.; Yao, Y. Boiling Heat Transfer Characteristics for Methane, Ethane and Their Binary Mixtures. Heat Transf. Eng. 2018, 41, 1–16. [Google Scholar] [CrossRef]

	



Sarafraz, M.; Peyghambarzadeh, S.; Fazel, A. Experimental studies on nucleate pool boiling heat transfer to ethanol/MEG/DEG ternary mixture as a new coolant. Chem. Ind. Chem. Eng. Q. 2012, 18, 577–586. [Google Scholar] [CrossRef]

	



Sarafraz, M.; Fazel, S.A.; Hasanzadeh, Y.; Arabshamsabadi, A.; Bahram, S. Development of a new correlation for estimating pool boiling heat transfer coefficient of MEG/DEG/water ternary mixture. Chem. Ind. Chem. Eng. Q. 2012, 18, 11–18. [Google Scholar] [CrossRef]

	



Khan, S.A.; Atieh, M.A.; Koc, M. Micro-Nano Scale Surface Coating for Nucleate Boiling Heat Transfer: A Critical Review. Energies 2018, 11, 3189. [Google Scholar] [CrossRef]

	



Patil, C.M.; Kandlikar, S.G. Pool boiling enhancement through microporous coatings selectively electrodeposited on fin tops of open microchannels. Int. J. Heat Mass Transf. 2014, 79, 816–828. [Google Scholar] [CrossRef]

	



Gajghate, S.S.; Barathula, S.; Das, S.; Saha, B.B.; Bhaumik, S. Experimental investigation and optimization of pool boiling heat transfer enhancement over graphene-coated copper surface. J. Therm. Anal. Calorim. 2019, 140, 1393–1411. [Google Scholar] [CrossRef]

	



Gouda, R.K.; Pathak, M.; Khan, M.K. Pool boiling heat transfer enhancement with segmented finned microchannels structured surface. Int. J. Heat Mass Transf. 2018, 127, 39–50. [Google Scholar] [CrossRef]

	



Choi, S.U.S.; Eastman, J.A. Enhancing thermal conductivity of fluids with nanoparticles. In Developments and Applications of Non-Newtonian Flows, Proceedings of the ASME International Mechanical Engineering Congress and Exposition, San Francisco, CA, USA, 12–17 November 1995; Siginer, D.A., Wang, H.P., Eds.; American Society of Mechanical Engineers: New York, NY, USA, 1995; pp. 281–285. [Google Scholar]

	



Kamel, M.S.; Al-Agha, M.S.; Lezsovits, F.; Mahian, O. Simulation of pool boiling of nanofluids by using Eulerian multiphase model. J. Therm. Anal. Calorim. 2019, 1–13. [Google Scholar] [CrossRef]

	



Żyła, G.; Fal, J. Experimental studies on viscosity, thermal and electrical conductivity of aluminum nitride–ethylene glycol (AlN–EG) nanofluids. Thermochim. Acta 2016, 637, 11–16. [Google Scholar] [CrossRef]

	



Yang, Y.-M.; Maa, J.R. Boiling of suspension of solid particles in water. Int. J. Heat Mass Transf. 1984, 27, 145–147. [Google Scholar] [CrossRef]

	



Das, S.K.; Putra, N.; Roetzel, W. Pool boiling characteristics of nano-fluids. Int. J. Heat Mass Transf. 2003, 46, 851–862. [Google Scholar] [CrossRef]

	



Kathiravan, R.; Kumar, R.; Gupta, A.; Chandra, R. Characterization and Pool Boiling Heat Transfer Studies of Nanofluids. J. Heat Transf. 2009, 131, 081902. [Google Scholar] [CrossRef]

	



Suriyawong, A.; Wongwises, S. Nucleate pool boiling heat transfer characteristics of TiO2–water nanofluids at very low concentrations. Exp. Therm. Fluid Sci. 2010, 34, 992–999. [Google Scholar] [CrossRef]

	



Cieslinski, J.T.; Kaczmarczyk, T.Z. Pool boiling of water-Al2O3 and water-Cu nanofluids on horizontal smooth tubes. Nanoscale Res. Lett. 2011, 6, 220. [Google Scholar] [CrossRef] [PubMed]

	



Cieśliński, J.; Kaczmarczyk, T. The effect of pressure on heat transfer during pool boiling of water-Al2O3 and water-Cu nanofluids on stainless steel smooth tube. Chem. Process. Eng. 2011, 32, 321–332. [Google Scholar] [CrossRef]

	



Kole, M.; Dey, T. Investigations on the pool boiling heat transfer and critical heat flux of ZnO-ethylene glycol nanofluids. Appl. Therm. Eng. 2012, 37, 112–119. [Google Scholar] [CrossRef]

	



Sarafraz, M.; Peyghambarzadeh, S.; Fazel, S.A.; Vaeli, N. Nucleate pool boiling heat transfer of binary nano mixtures under atmospheric pressure around a smooth horizontal cylinder. Period. Polytech. Chem. Eng. 2013, 57, 71. [Google Scholar] [CrossRef]

	



Cieśliński, J.T.; Kaczmarczyk, T.Z. Pool boiling of nanofluids on rough and porous coated tubes: Experimental and correlation. Arch. Thermodyn. 2014, 35, 3–20. [Google Scholar] [CrossRef]

	



Sarafraz, M.; Hormozi, F. Pool boiling heat transfer to dilute copper oxide aqueous nanofluids. Int. J. Therm. Sci. 2015, 90, 224–237. [Google Scholar] [CrossRef]

	



He, Y.; Li, H.; Hu, Y.; Wang, X.; Zhu, J. Boiling heat transfer characteristics of ethylene glycol and water mixture based ZnO nanofluids in a cylindrical vessel. Int. J. Heat Mass Transf. 2016, 98, 611–615. [Google Scholar] [CrossRef]

	



Manetti, L.; Stephen, M.T.; Beck, P.A.; Cardoso, E.M. Evaluation of the heat transfer enhancement during pool boiling using low concentrations of Al2O3 -water based nanofluid. Exp. Therm. Fluid Sci. 2017, 87, 191–200. [Google Scholar] [CrossRef]

	



Manetti, L.L.; Cardoso, E.M.; Nascimento, F. Do Nanofluid Pool Boiling: The Effect of Time, Concentration and Heat Flux on the Heat Transfer. Presented at the 9th World Conference on Experimental Heat Transfer, Fluid Mechanics and Thermodynamics, Iguazu Falls (Foz do Iguaçu), Brazil, 11–15 June 2017. [Google Scholar]

	



Çiloğlu, D. An Experimental Investigation of Nucleate Pool Boiling Heat Transfer of Nanofluids from a Hemispherical Surface. Heat Transf. Eng. 2016, 38, 919–930. [Google Scholar] [CrossRef]

	



Karimzadehkhouei, M.; Shojaeian, M.; Sendur, K.; Mengüç, M.P.; Koşar, A. The effect of nanoparticle type and nanoparticle mass fraction on heat transfer enhancement in pool boiling. Int. J. Heat Mass Transf. 2017, 109, 157–166. [Google Scholar] [CrossRef]

	



Shoghl, S.N.; Bahrami, M.; Jamialahmadi, M. The boiling performance of ZnO, α-Al2O3 and MWCNTs/water nanofluids: An experimental study. Exp. Therm. Fluid Sci. 2017, 80, 27–39. [Google Scholar] [CrossRef]

	



Norouzipour, A.; Abdollahi, A.; Afrand, M. Experimental study of the optimum size of silica nanoparticles on the pool boiling heat transfer coefficient of silicon oxide/deionized water nanofluid. Powder Technol. 2019, 345, 728–738. [Google Scholar] [CrossRef]

	



Modi, M.; Kangude, P.; Srivastava, A. Performance evaluation of alumina nanofluids and nanoparticles-deposited surface on nucleate pool boiling phenomena. Int. J. Heat Mass Transf. 2020, 146, 118833. [Google Scholar] [CrossRef]

	



Bang, I.C.; Chang, S.H. Boiling heat transfer performance and phenomena of Al2O3–water nano-fluids from a plain surface in a pool. Int. J. Heat Mass Transf. 2005, 48, 2407–2419. [Google Scholar] [CrossRef]

	



Harish, G.; Emlin, V.; Sajith, V. Effect of surface particle interactions during pool boiling of nanofluids. Int. J. Therm. Sci. 2011, 50, 2318–2327. [Google Scholar] [CrossRef]

	



Kim, S.; Bang, I.; Buongiorno, J.; Hu, L. Surface wettability change during pool boiling of nanofluids and its effect on critical heat flux. Int. J. Heat Mass Transf. 2007, 50, 4105–4116. [Google Scholar] [CrossRef]

	



Moffat, R.J. Describing the uncertainties in experimental results. Exp. Therm. Fluid Sci. 1988, 1, 3–17. [Google Scholar] [CrossRef]

	



Rohsenow, W. A method of correlating heat transfer data for surface boiling liquids. Trans. ASME, J. Heat Transf. 1952, 74, 1–15. [Google Scholar]

	



Gorenflo, D.; Kenning, D. H2 Pool Boiling. In VDI Heat Atlas; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2009; pp. 757–792. [Google Scholar]

	



Lemmon, E.W.; McLinden, M.O.; Friend, D.G. Thermophysical Properties of Fluid Systems in NIST Chemistry WebBook; CRC: Boca Raton, FL, USA, 2009. Available online: https://webbook.nist.gov/chemistry/fluid/ (accessed on 3 November 2019).

	



Span, R. Properties at Saturation. VDI Heat Atlas; Springer: Berlin/Heidelberg, Germany, 2010; pp. 394–418. [Google Scholar]

	



Vachon, R.I.; Nix, G.H.; Tanger, G.E. Evaluation of Constants for the Rohsenow Pool-Boiling Correlation. J. Heat Transf. 1968, 90, 239–246. [Google Scholar] [CrossRef]

	



Das, S.K.; Putra, N.; Thiesen, P.H.; Roetzel, W. Temperature Dependence of Thermal Conductivity Enhancement for Nanofluids. J. Heat Transf. 2003, 125, 567–574. [Google Scholar] [CrossRef]

	



Tanvir, S.; Qiao, L. Surface tension of Nanofluid-type fuels containing suspended nanomaterials. Nanoscale Res. Lett. 2012, 7, 226. [Google Scholar] [CrossRef] [PubMed]

	



Estellé, P.; Cabaleiro, D.; Żyła, G.; Lugo, L.; Murshed, S.M.S. Current trends in surface tension and wetting behavior of nanofluids. Renew. Sustain. Energy Rev. 2018, 94, 931–944. [Google Scholar] [CrossRef]

	



Cieśliński, J.T.; Kaczmarczyk, T.Z. Pool Boiling of Water–Al2O3 and Water–Cu Nanofluids Outside Porous Coated Tubes. Heat Transf. Eng. 2014, 36, 553–563. [Google Scholar] [CrossRef]

	



Sarafraz, M.; Hormozi, F.; Peyghambarzadeh, S. Pool boiling heat transfer to aqueous alumina nano-fluids on the plain and concentric circular micro-structured (CCM) surfaces. Exp. Therm. Fluid Sci. 2016, 72, 125–139. [Google Scholar] [CrossRef]

	



Sarafraz, M.; Hormozi, F. Nucleate pool boiling heat transfer characteristics of dilute Al2O3–ethyleneglycol nanofluids. Int. Commun. Heat Mass Transf. 2014, 58, 96–104. [Google Scholar] [CrossRef]

	



Kang, M.-G. Effects of elevation angle on pool boiling heat transfer of tandem tubes. Int. J. Heat Mass Transf. 2015, 85, 918–923. [Google Scholar] [CrossRef]








[image: Materials 13 01922 g001 550] 





Figure 1. Scanning electronic microscope SEM image of tungsten oxide nanoflakes. 
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Figure 2. Stability of WO3-based water nanofluids with different periods. 
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Figure 3. (a) Schema of the pool boiling apparatus, (b) real picture of the pool boiling apparatus. 
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Figure 4. Roughness profile for polished copper tube. 
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Figure 5. Boiling curves for present experimental research and literature studies. 
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Figure 6. Pool boiling heat transfer coefficient (PBHTC) against heat flux for current research and literature studies. 
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Figure 7. The validation of thermal conductivity results for deionized water with National Institute for Standard and Technology (NIST) data [42]. 
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Figure 8. Thermal conductivity ratio at different volume concentrations and temperatures. 
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Figure 9. Boiling curves for water and WO3-based water nanofluids at different volume concentrations. 
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Figure 10. Pool boiling heat transfer coefficient against heat flux of WO3-based water nanofluids at different volume fractions. 
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Figure 11. Pool boiling heat transfer coefficient enhancement ratio against heat flux of WO3-based water nanofluids at different volume fractions. 
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Figure 12. Schema of tungsten oxide WO3 nanoflakes deposition on the heating surface. 
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Figure 13. Deposition nanolayer of WO3 nanoflakes on different radial and axial locations at 0.05% Vol. nanofluid concentration. 
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