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Abstract

:

This work investigates the use of iron oxide (III)–therminol 66 oil-based nanosuspensions in a convective heating system with potential heating applications in the buildings sector. In an experimental study, characteristics of nanofluids were measured, including heat capacity, thermal conductivity, and density. The influences of mass flow rate and concentration of nanofluid on various parameters were quantified, such as pressure loss, friction coefficient, and heat transfer rate. For a concentration of 0.3 wt.%, the heat transfer increased by 46.3% and the pressure drop increased by 37.5%. The latter is due to the higher friction and viscosity of the bulk of the nanofluid. Although the pressure drop is higher, the thermo-hydraulic efficiency still increased by 19%. As a result, iron oxide (III)–therminol 66 presented reasonable thermal performance, higher heat transfer coefficient, and a lower pressure drop value (19% better performance in comparison with water) for the air–liquid convective system. Results also showed that for nanosuspensions at 0.3 wt.%, the friction factor of the system increased by 10% in comparison with the performance of the system with water.






Keywords:


convective heating system; radiator; building heating; nanofluid; thermo-hydraulic performance; therminol 66












1. Introduction


As the population of the world increases, the demands for efficient cooling and heating systems increases. Energy consumption increases in order to provide heating or cooling capacity for residential buildings have become a challenge. This is because fossil fuels are limited and the combustion of fossil fuel to produce energy is not sustainable, as it can pollute the environment and intensify global warming. Aside from this, the energy used in the industrial sector is supplied by fossil fuels, which increases environmental pollution. In-line with the limitation of fossil fuels, the price of these fuels varies due to their limited availability, war, and foreign policy. Collectively, it can be stated that in order to balance the demand for energy with the available resources and energy technologies, effort must be made by engineers, researchers, and scientists to identify alternatives and approaches for energy saving in all sectors, including in domestic buildings all over the world [1,2].



The high cost of energy production is a major challenge that pushes researchers forward to propose reliable solutions, with the view to address the above challenges [3,4]. Increasing the efficiency of thermal systems and process intensification are two areas of research, which are promising options that open new horizons for developing new efficient systems for cooling and heating systems. Since the introduction of nanofluids as advanced engineering fluids, much effort has been dedicated to applying this new type of coolant fluid in different thermal exchangers. Usually, a nanofluid is composed of water (an ordinary fluid) mixed with nano-sized solid particles with high conductivity, which improves the thermal conductance properties of the fluid. It has been shown that nanofluids can potentially have a higher heat transfer coefficient, which results in a decrease in the size of thermal energy systems [5,6,7,8]. Over two decades of research and development, various types of nanomaterials, such as Al2O3, CuO, MgO, and Fe3O4, and different kind of base fluids, such as water, engine oil, ethylene glycol, therminol 66, have been experimented on. As such, their physicochemical properties have been determined [9,10,11]. There are extensive studies proving that the thermal performance of heat transfer fluid is increased due to the phenomena occurring within the bulk of the nanofluid [12], such as Brownian motion and thermophoresis effects. These nanoscale phenomena can also improve the nanofluid’s properties, including heat capacity and the thermal conductivity, while also increasing the viscosity of the working fluid [13,14,15]. The enhancement in physical properties is the key parameter resulting in the improvement of the system’s efficiency. In another study, it was shown that by using nanofluid with 0.7 Vol.% of CuO nanoparticle, the consumption of water was decreased by 37.5%, which in turn decreased the size of the system by 55.7% [12], caused by higher heat transfer rate. Similar results have been obtained for systems such as microchannels, automotive radiators, convective heating systems, cavities, channels, heat exchangers, solar collectors, and porous media, showing the plausible application of nanofluids [13,14,15].



Recent studies have shown that convective systems provide about 50% of the heat supply to the domestic buildings sector [16]. Thus, economic design of convective system equipment can potentially reduce the fuel consumption rate by increasing thermal performance [17], although this is still not sufficient, as conventional working fluids have reached their limitations. For example, the thermal conductivity of water is 0.65 W/(mK), which is smaller than that measured for nanofluids (e.g., 0.79 W/(mK) for CuO/water nanofluid at 0.3 wt%). In another study, Kulkarni et al. [18] experimented with viscosity and heat transfer of CuO, SiO2, and Al2O3 nanoparticles dispersed in ethylene glycol (EG)–water in cold region convective systems. They considered nanofluids with concentrations of 0 to 6.12 vol.% and Reynolds numbers of 3000 to 12,000. They found that the use of nanofluids could decrease the flow rate and pumping power of the system. The use of nanofluids also reduced the size of the system. Park and Jung [19] evaluated the performance of carbon nanotubes (CNTs) dispersed in refrigerants to be utilized in a building chiller. The 1 vol.% concentration of CNTs was considered at heat flux values ranging between 7 and 80 kW/m2. The observations indicated that a higher heat transfer rate was achieved with a higher concentration of nanoparticles. For heat flux < 30 kW/m2, the increase was equal to +36.6%. Finally, they concluded that the use of CNTs in chillers improved the energy economy of the system. There are extensive studies similar to the aforementioned ones, which have been summarized in Table 1.



So far, most of the studies have focused on solutions for energy saving based around optimization of the design and configuration of the cooling and or heating systems [24], or on the type of the working fluid and the various materials used for thermal insulation, such as aerogel and plaster [25,26,27]. These materials have a long lifetime, and hence improve the economic viability of the thermal systems. Also, better energy saving may be obtained by applying advanced control equipment in heating or cooling systems. For example, Cockroft et al. [28] showed that using a zone control system can result in ~20% energy saving in buildings, in comparison with systems without any zone control option. Another plausible solution to achieve higher energy saving, a cleaner environment, and lower fluid consumption is to employ nanofluids in heating or cooling [29].



The stability of the used nanofluid is another key parameter that can affect its thermal properties. If the nanofluid is unstable, the value measured for the thermal conductivity and other thermo-physical properties might be larger than the real value [30]. Hence, extensive studies have been conducted to evaluate the stability of nanofluids using different experimental approaches. For example, in an experimental study, Colangelo et al. [31,32] developed a new approach to suppress the rate of sedimentation for the nanoparticles in a solar thermal collector. They demonstrated that with this approach the performance of the collector can be improved. In another study conducted by Choi et al. [33], the stability of an alumina and aluminum nitride nanofluid in oil was improved using oleic acid as a surfactant. They showed that despite plausible stability, if the quantity of the acid increases, it induces reverse micelles, which can promote fouling and scale formation in the system. Saeednia et al. [34] demonstrated that nanoparticles such as CuO can be partially stabilized in oil using a sonication device. Hence, they avoided the addition of surfactants to minimize the effects on other thermal properties of the nanofluid. In another attempt, Liu et al. improved the stability of carbon nanotubes in engine oil using an ultrasonic vibrator and avoided the addition of any surfactants [35]. While some researchers avoid using surfactants to enhance the stability of nanofluids, there are extensive studies in which surfactants have been identified as a key parameter for stabilizing nanofluids [30,36,37,38].



In light of the above literature, there are extensive studies in which an aqueous nanofluid (nanofluid dispersed in water or in a base fluid with a boiling temperature <150 °C) has been used as a heat transfer fluid in a system. Therefore, the application of working fluid is limited to a certain range of temperatures. Also, due to the evaporation of the base fluid, sedimentation and scale formation can occur in such systems. Thus, in the present work, we design and fabricate a convective air heating system with a radiator and use an electric fan to pass air through the fins of the radiator. An oil-based nanofluid is used in the radiator heating loop to promote the thermo-hydraulic index of the device. Therminol 66 was used as the base fluid, which offers good thermal features, such as a high boiling point and reasonably good thermal conductivity and heat capacity. Iron oxide III nanoparticles were used due to their good thermal characteristics. Iron oxide is a non-toxic and cost-effective nanomaterial that can be produced through different synthesis techniques. Also, to the best of the author’s knowledge, the thermal performance of therminol 66–iron oxide III nanofluid has not been investigated in house heating systems in the literature. The effect of inlet temperature, the nanofluid’s mass flow rate, and concentration on friction factor, heat transfer rate, and pressure loss are evaluated as well.




2. Materials and Methods


2.1. Experimental Setup


A schematic diagram of the experimental setup is depicted in Figure 1. The setup included a loop section for circulating the heat transfer fluid, a convective radiator, and the measurement instruments. The working fluid was loaded in a tank, which was heavily insulated with glass wool. An AC heater was installed inside the tank to provide the required heat to the working fluid and to maintain a uniform temperature in the tank. The heater was connected to an auto-transformer to adjust the voltage and consequently the heat applied to the tank. The coolant fluid is circulated from the tank to the radiator using a pump manufactured by DAB company with a maximum flow rate of Q = 8 lit/min. A bypass loop was designed to accurately control the flow rate of the working fluid. Two Omega pressure transducers were installed before and after the radiator. At the inlet and outlet channel, as shown in Figure 1B, five resistance temperature detector (RTDs) were installed at the inlet and outlet sides of the duct to read the inlet and outlet temperature of the air. The arithmetic average of the thermo-meter readings at each side was considered the inlet and outlet temperature. These instruments were connected to a high-frequency data logging system with the capability to record data at a frequency of 1 kHz. A Flownetix ultrasonic flow meter was used to record flow rate fluctuations in the loop. The convective radiator includes 45 straight tubes equipped with fins to improve the heat transfer performance from the working fluid towards the air. An electric fan was used to absorb the thermal energy from the radiator using air flow. A data logger was connected to a computer using a USB port to post-process the data. By using the overall heat transfer coefficient and the temperature and pressure readings, the friction factor and the loss of pressure due to the usage of nanofluids in the device were estimated. Notably, all the pipes, joints, and valves were heavily insulated with glass wool wrapped in plastic insulation material with thermal conductivity of 0.03 W/(mK), thermal resistance of 2.8 (m2K)/kW, density of 27.5 kg/m3, and thickness of 1.5 cm. Also, the thickness of the plastic wrap was 3 mm. This minimized the heat loss from the experimental setup to the environment.



The heat transfer tank was filled with the working fluid. Initially, the gear pump was switched on to circulate the working fluid inside the system. The whole test rig was allowed to run for about 1 h to de-aerate the piping systems and radiator. Then, the heater in the tank was switched on and temperature of the tank was set. The heater was connected to a proportion integration derivative controller (PID) to set the temperature of the tank to a set value. A PID controller prevents overshooting in the tank and provides a constant temperature. This provides a condition for a back-to-back comparison between the data collected at different operating conditions. When the temperature of the tank was constant, the required flow rate was adjusted using a bypass loop. At each flow rate, the inlet temperature, outlet temperature, inlet and outlet pressure, air temperature profile, and wall temperature of the radiator were recorded. Notably, an electric fan constantly operated to cool the radiator. The outlet of the radiator was then fed into the tank. A flow chart of the experimental procedure is given in Figure 1C.



Table 2 presents the specifications of the radiator used in the present research.




2.2. Preparation of the Nanofluids, Stability Analysis, and Characterization


A nanofluid based on oil was used to decrease the rate of evaporation of the working fluid, improving the thermal performance of the convective radiator by increasing the thermal capacity of the system and decreasing the rate of erosion and corrosion inside the radiator. Fe3O4 was purchased from USNANO Company. Tests were performed to ensure that the nanoparticles were of high quality. The following procedure was carried out to disperse the nanoparticles within therminol 66 as the base fluid: (1) initially, therminol 66 was heated up to 120 °C to evaporate any potential moisture trapped in the oil during the production stage; (2) the predetermined mass of the nanoparticles was dispersed in therminol 66 using a stirrer and ultrasonic homogenizer at 20 kHz and 300 Watt for 10 minutes. The concentrations of nanofluids by weight were 0.1%, 0.2, and 0.3%, without using any surfactants in order to avoid variations in the characteristics of the working fluid; (3) stability tests were conducted using time-settlement experiments, and it was identified that nanofluids can be stable for up to three weeks at pH 7.9, 8.0, and 8.1, with zeta potentials of −45 mV, −40 mV, and −45 mV for 0.1, 0.2, and 0.3 wt.%, respectively.



Figure 2 presents the results of the characterization tests conducted on Fe3O4 samples. In Figure 2A, the scanning electron microscopy (SEM) image shows that the morphology of the nanoparticles is uniform, and the nanoparticles are identical in size. Also, the nanoparticles have a mean diameter of 50 nm, which is equal to the size prescribed by the manufacturer. The X-ray pattern obtained via X-ray diffraction analysis (see Figure 2B) revealed that the structure of the samples includes Fe and O, and there are no peaks belonging to any other impurities. Hence, the thermal conductivity of the nanoparticles was not affected by any structural impurities. Likewise, the structure of Fe3O4 was identified, which was in agreement with the materials present in the compound based on the catalog. After dispersing the Fe3O4 nanoparticles in therminol 66, a transmission electron microscopic (TEM) photo was obtained for the nanofluid with a concentration of 0.1 wt.%, which is shown in Figure 2C. The picture shows the uniform dispersion of the nanoparticles in oil. A particle size count test was also carried out in order to make sure that the particle size in the catalogue was correct. Agglomeration of the nanoparticles is also undesirable, and a TEM photo can show that this has not occurred. However, there are some attractive forces that kept the particles close to each other. As shown in Figure 2, the nanoparticles are close to each other due to the attractive forces, while the boundary of each nanoparticle can clearly be distinguished within the image. This means that as soon as the nanosuspension is pumped into the loop, the nanoparticles are re-dispersed within the bulk of the base fluid. Agglomeration of the nanoparticle is undesirable because the particles create a porous cluster of nanoparticles. Such agglomeration can increase the apparent density of the nanoparticles, resulting in the deposition of the particles on the walls, inside the dead zones, and on the heating surfaces. Figure 2D shows that the nanoparticles have a dominant size of 45 to 50 nm. This is in agreement with the SEM and TEM results. To measure the nanoparticles size, a ZS zeta sizer manufactured by Malvern Company was employed, which can plot nanoparticle sizes from 0.5 nm to 5 µm using a distribution profile and digital light scattering. To measure the nanoparticles, a sample of nanoparticles was loaded into the cup and measurements were performed three times to ensure the repeatability of the results. An agreement of 1.3% was obtained, confirming the reliability of the measurements. It is worth noting that the measurements were conducted at room temperature and the samples were taken from the prepared nanofluids.




2.3. Nanofluids Properties


In order to obtain the nanofluids properties, density was measured with an Anton Paar density meter, while the heat capacity and thermal conductivity were measured with a Decagon KD2 pro instrument. The former has a measurement accuracy of ±1% of the reading value, while the latter has an accuracy of ±2% of the reading value. Figure 3 shows the nanofluid properties vs. mass concentration. M and M0 represent property values for the nanofluid and base fluid (therminol 66). Increasing the mass concentration of the nanofluid resulted in higher thermal conductivity. This is because the thermophoresis is amplified in the fluid bulk with greater Brownian motion of the particles. At 0.3 wt.% nanofluid, the thermal conductivity reached its maximum value, which was 20% higher than the base fluid. However, the heat capacity was reduced at this level because iron oxide has a lower heat capacity than therminol, and increasing the particle’s percentage reduces the heat capacity. For the nanofluid with 0.3 wt.% concentration, the heat capacity decreased by 4%. At higher nanofluid mass concentration, higher density was obtained, which was because of the larger density of iron oxide in comparison with therminol 66. Also, the viscosity of the nanosuspension was measured with a high-precision viscometer manufactured by Brookfield (DV model). As can be seen, the viscosity of therminol increased by adding iron oxide nanoparticles to the base fluid. The maximum augmentation of viscosity was observed at 0.3 wt.%, which was 5%. A linear trend between the viscosity of the nanosuspension and the mass concentration of the nanoparticles was observed.




2.4. Data Analysis and Uncertainty Quantification


The following equations were employed to calculate the heat transfer coefficient of the system:



For the liquid side:


   Q = h A Δ T = h A  (   T b  −  T w   )    



(1)







Here, h is the convective heat transfer coefficient (HTC), A is the area of heat transfer, Tb and Tw are the bulk and wall temperatures. Tb is calculated with the following equation:


    T b  =    T  i n   +  T  o u t    2    



(2)







Here Tw is the arithmetic average of the five thermocouples installed on the wall of the convective radiator. The heat transfer from the air side can be calculated with the following equation:


   Q = m  C p   (   T  o u t   −  T  i n    )    



(3)







Merging Equations (1) and (2), the heat transfer coefficient can be obtained with the following equation:


   h   o r   H T C =   m  C p   (   T  o u t   −  T  i n    )    A  (   T b  −  T w   )      



(4)







Here,   m   is the mass of air, HTC is an acronym for Heat Transfer Coefficient, Tout and Tin are the outlet temperature and the inlet temperature of the air, respectively, both measured with two RTD thermo-meters. Here, h is the heat transfer coefficient, k is the thermal conductivity of the fabrication material of the radiator, and Dh is the hydraulic diameter. The friction factor was calculated by:


   f =   Δ P    l   D h      2  u 2   ρ      



(5)







Here,   ρ   is the density of the working fluid and u is the velocity of the fluid measured with the flow meter.



The thermo-hydraulic index (THI) or η is calculated using Equation (6), as follows [39]:


   η =  (    N  u  n a n o f l u i d     N  u  w a t e r      )  ×    (    Δ  P  w a t e r     Δ  P  n a n o f l u i d      )     1 3      



(6)







In the above equation, the performance of the system is evaluated for the nanofluid against operation with water. The experimental uncertainty relative to the calculated uncertainty are shown in Table 3. The calculated uncertainty was estimated using the method introduced by Kline-McClintock [40].





3. Results


3.1. Convective Heat Transfer Coefficient


Figure 4 presents the variation of the convective heat transfer coefficient (HTC) with the Reynolds numbers for the base fluid and various nanofluids at 50 °C for the tank. The heat transfer coefficient is strongly influenced by Reynolds number, such that an increase in Reynolds number results in an increase in the HTC of the system. For example, for the base fluid, at Reynolds number of ~400, the HTC was 295, reaching to 910 and 1995 W/(m2K) at 1200 and 1800 Re, respectively. Higher system HTC can be obtained by increasing the mass concentration. At 1200 Re, the HTC for the nanofluid at 0.1 wt.% was 1255 W/(m2K), reaching 2280 W/(m2K) at 1800 Re. For the same Reynolds numbers, the HTC values were 1558 W/(m2K) and 2610 W/(m2K) at 0.2 wt.% and 1710 W/(m2K) and 2920 W/(m2K) at 0.3 wt.%. It is noted that the increase in heat transfer coefficient with Reynolds number was linear, and this trend was observed for all the concentrations and for all the tank temperatures. Notably, for any nanofluid concentration, the system’s HTC was higher than the base fluid. This was because of the Brownian motion of the particles, the thermophoresis influence, and the high thermal conductivity of the fluid. The largest heat transfer coefficient (2920 W/(m2K) was recorded for the nanofluid with the highest mass concentration (0.3 wt.%) and at the highest Reynolds number of 1800.




3.2. Pressure Drop


Figure 5 presents the effect of the Reynolds number on pressure drop for the base fluid and the nanofluids at tank temperature of 50 °C. Higher Re results in higher pressure loss. For the base fluid, at Re = 400, the pressure drop was 0.3 kPa, reaching 32 kPa at Re = 1800. Also, increasing the percentage of nanoparticles resulted in higher pressure loss. For example, at 1200 Re, the pressure drop value, ΔP were 14.8 kPa and 18.9 kPa at 0.1 wt.% and 0.3 wt.%, respectively. The iron oxide nanoparticles increased the fluid viscosity because of the interaction with the base fluid and the radiator walls. Higher ΔP resulted in higher pump power, which increased the operating costs of the device.




3.3. Friction Factor


Figure 6 presents the measured friction factor (f) for the nanofluids and the base fluid against the Darcy equation [41]. The friction factor vs. Re obeys Darcy’s law (higher Re results in lower f). Since the fluid flow was laminar, the trend was predictable by the equation of Darcy, however, for the nanofluids, because of higher viscosity with respect to the base fluid and additional friction within the base fluid due to the particle–particle, particle–base fluid, and particle–surface interactions, the friction factor was relatively higher than the base fluid. Results showed that in comparison with Darcy’s equation, we had a 3.1% increase in f for 0.1 wt.%, 7.2% increase for 0.2 wt.%, and 11.2% increase for 0.3 wt.%. For example, at 1800 Re, the friction factor for the base fluid was 0.0359, reaching 0.0366, 0.038, and 0.039 for nanofluids at 0.1, 0.2, and 0.3 wt.%, respectively.




3.4. Temperature of the Tank


Figure 7 shows thermo-hydraulic index (THI) calculated with Equation (6), with the temperature of the tank shown for various nanofluids at 1800 Re. Water was selected as a reference case in order to compare with the works published in the literature [42,43]. At 30 °C, the base fluid (therminol 66) had the lowest THI, such that the performance of the system was 10% lower than water. Increasing the tank temperature resulted in slightly better system performance, but it was still less than water. For the nanofluid, the story was different, such that at 30 °C and 0.1 wt.%, the performance of the system was similar to water due to the pumping power required to overcome the pressure drop. However, for other nanofluids, the system’s thermal efficiency was higher than water, with a 19% increase with respect to water t 70 °C and 0.3 wt.%. This means that despite the pressure drop induced in the system by iron oxide nanoparticles, the increase in the HTC compensated for the pressure drop. This reveals the plausible application of iron oxide–therminol 66 nanofluid for laminar convective heating systems.





4. Conclusions


Here, we studied the thermo-hydraulic index of iron oxide nanoparticles mixed with therminol 66 base fluid in a convective radiator. The positive effect of iron oxide particles on the base fluid’s thermal conductivity was quantified. The radiator experienced a 46.3% increase in heat transfer vs. the base fluid, which was because of the thermophoresis influence, Brownian motion, and higher thermal conductivity with respect to therminol. In addition, the iron oxide nanoparticles improved the friction factor and pressure drop by 9.9% and 37.5% at 0.3 wt.%, respectively, which was due to the frictional forces induced in the system because of the nano-sized particles. Despite the higher ΔP and f, the device had a better thermo-hydraulic index (above 1), which means that the device was better than the system working that used water. The highest value of the index was 1.19, with respect to water at 70 °C. Overall, Fe3O4/therminol 66 showed good thermal performance in the convective radiator. However, this assessment was only for the laminar flow, and this must be re-assessed for systems in turbulent regimes, including the pressure drop and thermal characteristics of this nanofluid in those regimes.
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Figure 1. (A) Schematic diagram of the test rig, (B) an illustration of the air channel and thermo-meter locations, (C) procedure of conducting experiments. 
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Figure 2. Characterization of the nanoparticle samples: (A) scanning electron microscopic image of the sample, (B) X-ray diffraction test pattern, (C) transmission electron microscopy image of iron oxide/therminol nanofluid, and (D) size distribution of the particles. 
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Figure 3. Thermo-physical characteristics vs. nanoparticle mass concentration. 
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Figure 4. Heat transfer coefficient vs. Reynolds number for nanofluid and base fluid. 
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Figure 5. The pressure drop value (ΔP) vs. Re for the nanofluid and base fluid. 
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Figure 6. Variation of the friction factor with Reynold number for the base fluid and the nanofluids. 
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Figure 7. Variation of the thermo-hydraulic index with tank temperature for various nanofluids. 
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Table 1. Summary of investigations on energy saving due to use of nanofluids.
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	Author(s)
	Nanoparticle
	Base Fluid
	Concentration
	Remarks





	Kumar et al. [20]
	Al2O3/MO
	Mineral oil
	0.06 wt.%
	Heat transfer enhanced by using the nanofluid in refrigerant R600a. 11.5% energy saving was achieved.



	Firouzfar et al. [21]
	Ag
	Methanol
	100 mg/lit
	Energy saving obtained was between 8.8 and 31.5% for cooling and between 18% and 100% for reheating.



	Hatami et al. [22]
	CNT

SiO2

TiO2
	water
	0.001g nanoparticles in 3 L water
	Results indicated SiO2/water nanofluid had better performance in energy saving.



	Khalifa [23]
	CuO

Al2O3
	POE mineral oil
	0.1 wt.%
	COP was enhanced for nanofluids containing CuO and Al2O3 up to 32.5% and 16.5%, respectively. Energy consumption was reduced by 16.6% and 10.1% for CuO and Al2O3, respectively.
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Table 2. Geometric specifications of the radiator used in the research.
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	Description
	Value
	Unit





	Frontal area
	200 (H) × 350 (W)
	mm



	Coolant capacity
	12.9
	liter



	Length of fin
	8.59
	mm



	Fin thickness
	0.11
	mm



	Fin pitch
	2.4
	mm



	Fin type
	corrugated
	-



	Heat transfer area/total volume
	890 (Air)

140 (Coolant)
	m2/m3



	Number of tube passes
	35
	-



	Spacing
	7.5
	mm



	Hydraulic diameter (dual diameter)
	4.1–7.2
	mm
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Table 3. Uncertainty and accuracy values of the apparatuses used for the experiments.
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	Parameter
	Instrument
	Accuracy/Uncertainty





	Instruments
	
	



	Liquid temperature
	k-type thermocouple, Omega
	±0.5 K



	Temperature of air
	Thermo-meters, Omega
	±0.5 K



	Air flow rate
	Anemo-meter, Tucson
	±1% of max. displayed value



	Liquid flow rate
	Ultrasonic flowmeter, Flownetix
	±1% of max. displayed value



	Flow rate
	gear pump
	±0.1% of max. displayed value



	Pressure
	Pressure transmitter, Omega
	±1% of max. displayed value



	Calculated uncertainty
	
	



	Heat transfer coefficient
	-
	±4.1%



	Reynolds number
	-
	±2.3%



	Pressure drop
	-
	±3.4%



	Friction factor
	-
	±2.6%
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