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Abstract

:

In the present article, the heat transfer and fluid flow of the air in a compact microchannel gas heater (MCGH) was experimentally quantified. To understand the effect of heat flux value (HFV), and inlet velocity on the heat transfer coefficient (HTC), wall temperature, friction factor, Nusselt number, average pressure-drop value (PDV) and performance index (PI), a microchannel gas heater was constructed and tested with pressurized air. The results showed that the HTC was 20 W/(sqmK) to 70 W/(sqmK), corresponding to inlet velocities 6.7 m/s and 16.7 m/s, respectively within HFV < 1 kW/m2. Also, the highest PI was 1.19 meaning that the HT rate can be increased by 19% at u = 15 m/s in comparison with the reference case (at u = 13.3 m/s). Likewise, the HTC was intensified once the inlet velocity is increased. It was also identified that increasing the HFV has a strong effect on wall temperature, however, slightly changes the HTC. By increasing the heat flux value from 200 W/sqm to 1000 W/sqm, the HTC increased only by 4.7% which was associated with the poor thermophysical properties of air flowing inside MCGH. Two main mechanisms of wall slip and viscous heating were identified as main contributors to the heat transfer enhancement in MCGH.
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1. Introduction


Solar energy is an abundant and available renewable resource that can be integrated into process heats to decrease the emission of greenhouse gases and promote the fuel economy of the energy systems. Concentrated Solar Tower Technology (CSTT) is one of the most efficient solar energy technologies which provides high solar-to-electric conversion efficiency and large-scale continuous generation of solar electricity [1]. By utilising heliostats, the CSTT concentrates the reflected solar radiation to a solar receiver on the top of the solar tower. Consequently, the solar power is transferred into the heat in the working fluid such as molten salt, oil, steam and air, which drives turbines to generate electricity. Recently, several concentrated solar tower systems equipped with molten salt receivers and steam receivers have been commercially operated worldwide [2,3,4,5]. While molten salt is a promising heat transfer fluid, corrosion and technical challenges associated with storage, pumping, and handling molten salts are barriers and limitations that require further research and development.



Solar air receiver is an emerging technology that uses air as the working fluid to absorb heat from solar energy and transfer it to any integrated process. The utilisation of air as heat transfer fluid can potentially eliminate pipe clogging and temperature limitation of conventional receivers while addressing technical challenges associated with molten salts. Since the conceptual design was demonstrated by Jarvinen et al. [6], various configurations of air receivers were investigated by different researchers to identify the bottlenecks and a plausible configuration with the potential to enhance the technology readiness level. For example, Qiu et al. [7] studied the thermal characteristics of a helically coiled tube cavity receiver. They used pressurised air inside a coiled tube with an inner diameter of 12 mm at the flow rate of 1~5 m3/h under an average heat flux value (HFV) up to 300 kW/sqm. Their results indicated that with the decrease in the inner radius of the coiled tube, both the thermal efficiency and the pressure drop value (PDV) increased. Pabst et al. [1] investigated the performance of a metallic air receiver with a cellular honeycomb structure. They used corrugated and flat metal foils to form the air channels with increased local turbulence and radial flow. The constructed receiver provided a high efficiency of 80% when the outlet temperature was >800 °C. Roldan et al. [8,9] designed and tested a ceramic-made air receiver embedded with a porous material. They showed that porosity is the controlling parameter for the thermal efficiency of the air receiver and even solar flux distribution is the key for obtaining high thermal efficiency. There are extensive studies conducted on various configuration of air receives including quartz tube receiver, ceramic foam volumetric receiver and wire mesh receiver reported by various researchers [10,11,12].



A microchannel gas heater (MCGH) is an emerging technology that can provide a high heat transfer coefficient (HTC) under a laminar flow regime together with high energy efficiency, reliability, and scalability. Since the pioneering work of Tuckerman and Pease [13], there has been a growing interest in the application of microchannels over the few decades [14,15,16,17,18,19]. As one of the highly efficient heat exchangers, a microchannel can also be used as a solar receiver. Recently, Ahlatli et al. [20] conducted a series of experiments to analyse the heat transfer (HT) characteristics of carbon nanotube-water nanofluid inside a microchannel solar receiver. Their study revealed that using a microchannel as a solar receiver with nanofluids can achieve a plausible thermal performance (TP).



Several studies also reported the applications of microchannel receivers using other working fluids such as water and two-phase flows such as air-water systems [21,22,23]. Despite the successful demonstration of microchannel for heating/cooling applications of nanofluids, however, the performance of microchannel solar air receivers has been rarely investigated. Li et al. [24] designed and tested a mini-channel solar air receiver with 1 mm width channels and 2 mm high ribs. The air inlet pressure of up to 6 bar and the mass flow rate of up to 0.8 g/s under the solar HFV of 170–470 kW/sqm was tested inside the air receiver. They found that the HTC can be enhanced by increasing the airflow rate and also the HFV. In another research, Menni et al. [25] studied the heat transfer performance of hydrogen gas in a baffled compact heat exchanger and showed that for 5000 < Re < 25,000, the heat transfer performance can be as high as 1.25 which was suitable for automotive, and chemical industries. In further research, they improved the design of the compact heat exchanger by changing geometrical specification and hydraulic space of the heat exchanger [25,26].



To understand the mechanism of HT inside a microchannel, Zhu et al. [27] studied the convective HT of a laminar gas flowing inside a microchannel in the slip flow regime. The effects of channel aspect ratio, Knudsen number and thermal boundary conditions on the HT process inside the microchannel were theoretically analysed. It was identified that due to the thermal resistance caused by the wall slip effect, the HTC decreased, which was further confirmed by other studies on the wall slip effect in microchannel [28,29,30,31]. Meanwhile, the viscous dissipation effect also influences the thermal efficiency of fluid and gas, which was analytically and experimentally investigated in literature [32,33,34,35].



In light of the above literature, a microchannel has the potential to be utilised as the solar air receiver to harness solar energy effectively. Air as a working fluid can be a solution to technical challenges associated with molten salts, however, there is a shortcoming in understanding the behaviour of air inside a microchannel heat exchanger. Accordingly, in the present work, a series of experiments are conducted aiming at quantifying the TP of a microchannel solar air receiver at various operating conditions. The HTC, PDV and the TP of the system are measured for a copper-made microchannel air gas heater with channel dimensions of “0.2 mm × 0.2 mm”, “0.4 mm × 0.2 mm”, and “0.2 mm × 0.4 mm” under 0.2–1 kW/sqm to be in synergy with solar HFV. The influence of applied HFV, air velocity, channel aspect ratio, wall slip and viscous heating effect on the TP of the receiver is experimentally investigated and discussed. The experimental data are correlated against non-dimensional parameters to develop equations that can predict Nusselt number for air inside the microchannel.




2. Experimental Section


2.1. Experimental Setup


As illustrated in Figure 1, the process diagram of the constructed rig for measuring the TP of the air gas heater used in this study. The rig consists of the following main components:




	(1)

	
A microchannel solar air receiver test section including 250 rectangular alike channels with the same aspect ratio and thickness attached to a silicone film heater and the microchannel block;




	(2)

	
An air piping system including air hose, a pressure regulator, valves and fittings;




	(3)

	
Instruments and data recording system including a flow meter (manufactured by Key Instruments, accuracy: ±4% of full scale), five thermocouples (type k), two pressure measurement transmitters (manufactured by DCBox, accuracy: ±0.5% with line for connecting to a data logger) and a system for logging the real time data (manufactured by Pico).









The pressurised air was sourced from the Mechanical Engineering building at the University of Adelaide with the capacity of supplying a large flow rate of air at various pressures up to 10 bar. The inlet air pressure was maintained by a manual pressure regulator equipped with a manometer and a gauge. The volumetric flow rate, temperature and pressure at the entry and exit ports were measured using a flow meter and thermocouples (category k) and two pressure point transmitters (PPT), respectively (collectively shown on Figure 1 and Figure 2). Likewise, three thermocouples were installed at the top of the microchannel test section to record the channel surface temperature at the axial positions of z = 0, 25, 50, 75 and 100 mm, respectively (z = 0 at the entry region). Silicon HT compound was applied to the thermo-wells to fill any gaps and to suppress any potential contact resistance between the tip of the thermocouples and the walls of the microchannel. A data logger system (manufactured by Pico Co., UK) was used to collect the data of temperatures and pressures from the instruments. Detailed information on the constructed test rig is depicted in Figure 2. The film heater was attached to the bottom of the microchannel to provide thermal energy required for heating the air, which was controlled by a laboratory power source (12/24 V DC GW Instek). The constructed MCGH was created using CNC machining from the computer-aided design (CAD) files. Figure 3 shows the microscopic images taken from the microchannel created on the copper block at various aspect ratios.




2.2. Test Rig Reliability and Data Validation


Figure 4 shows the variation of the calculated friction factor and those recorded experimentally with Reynolds number at various inlet velocities. As can be observed, the calculated friction factor values stand within ±4.1% deviation against data measured experimentally. Also, the measured data followed the Darcy trend showing that the measurements are aligned with theoretical calculations. Likewise, the calculated outlet temperature from the microchannel gas heater was compared to those experimentally measured during the validation stage. As shown, the measured outlet temperatures are in good agreement within ±5% against experimental data as shown in Figure 5. Accordingly, the test rig has sufficient fidelity for HT study and flow measurements.




2.3. Uncertainty Analysis


Based on the values expressed in Table 1, an uncertainty analysis was conducted aiming at identifying the reliability of the experimental data and the accuracy of the data interpretation. To calculate the errors, the uncertainty technique developed by Moffat et al. [36] was utilised according to the following equation:


     δ R  R  =  {     (  a   δ  x 1     x 1     )   2  +    (  b   δ  x 2     x 2     )   2  + ⋯ +    (  N   δ  x n     x n     )   2   }    ,   R =  x 1    a   x 2    b  ⋯  x n    N    



(1)








2.4. Calculation of Thermal Performance


The HT between the air and the microchannel wall was calculated using the following equation:


  Q =   m ˙  a  ·  C a   (   T o  −  T i   )   



(2)







Here, Q is the amount of heat that is exchanged between MCGH and air;     m ˙  a    and Ca are the mass flow rate and the specific heat of air, respectively. To and Ti are temperatures at the entry and exit ports of the MCGH.    Q  c o n v .  ″    is the convective HT flux that is calculated by:


   Q  c o n v .  ″  =  Q A   



(3)







The convective HTC can be calculated by the following equation:


  h =    Q  c o n v .  ″     T w  −  T a     



(4)




where Tw and Ta are the wall temperature and air temperature, respectively. The Reynolds number is calculated using Equation (5):


  Re =    ρ a   u a   D h     μ a     



(5)







Here,    ρ a   ,    μ a    and ua are the density, viscosity and the average velocity of the air inside the microchannel, respectively;    D h    is the hydraulic diameter of the microchannel. The friction factor (f) can be obtained using Equation (6):


  f =   Δ  P a     l   D h    ·    ρ a   u a    2   2     



(6)







The equations for the calculation of the air physical properties were collected and expressed in Table 2.





3. Results and Discussion


3.1. Wall Temperature across the Microchannel


Figure 6 depicts the variation of the wall temperature with distance from the inlet (position of the thermocouples) at a constant HFV of 300 W/sqm and for an inlet air temperature of 25 °C at various air velocities. As shown, two domains can be identified: In domain I, the wall temperature suddenly increases at the inlet region and then linearly ramps up reaching the second domain. In domain II, the wall temperature slightly changes with distance from the entry of the MCGH and it remains unchanged at the region close to the outlet of the microchannel. For example, at u = 6.7 m/s, the wall temperature increases from 36.2 °C to 72.2 °C at 0~0.025 m (domain I), whereas the wall temperature increases linearly from 72.2 °C to 74.2 °C at 0.025~0.1 m (domain II). Moreover, the wall temperature decreases with the increase in the air velocity. For example, the wall temperature at the outlet is 74.2 °C at u = 6.7 m/s, but it decreases to 43.0 °C at u = 16.7 m/s. This is associated with the enhancement in the HTC which in turn increases the HT rate from walls to the air. Consequently, lower wall temperature was recorded at higher air velocity values. The inlet of the microchannel is located on the left side of each figure.



Figure 7 shows the microchannel wall temperature distribution in the axial direction at a constant air velocity of 16.7 m/s and an inlet air temperature of 25 °C, at various heat fluxes ranging from 300 W/sqm to 800 W/sqm. Interestingly, the same trend is identified such that with an increase in the power throughput of the heater (HFV), the wall temperature increases. For example, at an HFV of 300 W/sqm, the wall temperature increases from 27.0 °C to 42.2 °C at 0~0.025 m, then it increases linearly from 42.2 °C to 43.0 °C at 0.025~0.1 m; however, at an HFV of 800 W/sqm, the wall temperature at 0, 0.025 m and 0.1 m location is 37.5 °C, 74.6 °C and 77.3 °C respectively.




3.2. Wall Temperature across the Microchannel


Figure 8 shows the variation of the HTC with the applied HFV to the microchannel with a channel dimension of 0.2 mm × 0.2 mm for air at various velocities. The HTC value slightly increases with the increase in the HFV value. For example, at a velocity of 16.7 m/s, the HTC at an HFV of 200 W/sqm is 59.4 W/sqmK, while for HFV of 800 W/sqm, the HTC increases to 65.9 W/sqmK. Likewise, increasing the air velocity further intensifies the HTC value. For example, at a HFV of 800 W/sqm, the HTC value at u = 6.7 m/s is 26.2 W/sqmK, while at u = 15.0 m/s, the HTC = 60.4 W/sqmK. The highest HTC of 66.4 W/sqmK was recorded at an HFV of 1100 W/sqm and u = 16.7 m/s.



Figure 9 shows the corresponding Nusselt numbers associated with HTC values reported in Figure 8. As shown, the variation of the Nusselt number with the applied HFV shows that the higher Nu can be achieved with an increase in the flow rate and the applied HFV.




3.3. Pressure-Drop across the Microchannel


Figure 10 depicts the variation of the PDV with Reynolds number for a microchannel with a channel dimension of 0.2 mm × 0.2 mm. As shown, with increasing the Reynolds number, a relatively linear increase in PDV is observed. For example, at Re = 107, the measured PDV is 14.8 kPa, but for Re = 170, the PDV increases to 28.5 kPa. Notably, the experimental data for the PDV is in agreement with the ones in the following literature [38,39].




3.4. The Aspect Ratio of the Microchannel


Figure 11 shows the calculated Nusselt numbers for microchannel with different channel dimensions at different Reynolds numbers. As can be seen, the aspect ratio (AR), can affect the Nusselt number. As shown, the best TP is observed at AR = 1 in which the Nusselt number reaches its largest value. For example, for a given Re = 10, at AR = 1, the Nu = 0.55, while at AR = 0.1 and AR = 2, the Nusselt number is 0.42 and 0.34, respectively. Accordingly, for air, the aspect ratio of 1: 1 is suggested to be utilised when designing a microchannel gas heater in which the Nusselt number is 30% higher than AR = 0.5 and 61.7% higher than AR = 2.




3.5. Thermal Performance


Due to the trade-off trend between HTC and the PDV observed in the measurements, the TP of the compact gas heater cannot be calculated merely based on the Nusselt number. Accordingly, Equation (7) was utilised to account for the PDV associated with the increase in the flow rate of the air. This equation identifies the optimum condition for the MCGH in which the PDV is low, while the HTC value is the highest:


  P . I . =   Nu     Nu   r e f     ×    (     f  r e f    f   )     1 3     



(7)







In this equation, Nu is the Nusselt number, and ΔP is the PDV of the fluid in the microchannel. According to Figure 12, the variation of P.I with various air velocities shows that the best performance index can be obtained at an inlet velocity of 15 m/s in which despite the high-PDV, the increase in the Nusselt number can compensate for the augmentation of the friction forces due to the increase in the velocity of air. However, for other velocities, the performance index is smaller than 1 which means that the penalty and loss associated with augmented PDV are higher than the gain that can be obtained from the enhancement of the Nusselt number.





4. Mechanism of Heat Transfer


Wall slip effect and viscous heating are two major contributors to the convective HT from microchannel to the air which is discussed in this section:



Wall slip effect: By comparing the values of HTC value and Nu, it can be stated that the measured value in this work is relatively lower than those calculated by the theoretical values for rectangular channels under non-slip conditions. However, these low values are justifiable when the wall slip effect is taken into the consideration and the magnitude of the Nu number is in good agreement with the data extracted from the literature in which the “wall slip effect” was considered as the main contributor to HT [27,29,30,31,40,41,42,43,44,45,46,47,48].



Viscous heating: Due to the viscous heating effect, the HTC value of air slightly increases with the increase of applied HFV, which is similar to the data found in the literature [32,33,35,49,50]. The Brinkman number, which is the ratio between heat produced by viscous dissipation and the heat transferred by conduction, was used to describe the impact of viscous dissipation on HT in small channels or pipes:


  B r =   μ  u 2     D h   q ″     



(8)







With increasing the HFV, the Brinkman number is suppressed, thereby reducing the viscous heating effect. Hence, the HTC value increases.




5. Conclusions


To evaluate the performance of the microchannel gas heater, a series of experiments were designed and conducted to investigate the values of HTC, PDV, at various operating conditions. Air was utilised as a heat transfer fluid under laminar regime and MCGH was operated at low HFV up to 1 kW/m2 to be in synergy with solar flux. The following conclusions were drawn:




	
The validation of the system against (56/Re) equation showed that the air flow followed the Darcy equation. Validation of the outlet temperature of the system showed that both HT and fluid flow characteristics were in a good agreement within ±5% deviation. Likewise, the Darcy equation showed sufficient accuracy to be used for describing the relationship between the friction factor, PDV and fluid flow rate inside the microchannel.



	
The quantified HTC values were intensified by increasing the inlet velocity of the air and also increased by increasing the power throughput of the heater.



	
The wall temperature profile represented two distinguished domains. In domain I near the entry region of the microchannel, the temperature quickly increased reaching its 98% value, while in domain II, the temperature gradually ramped up.



	
The aspect ratio, AR = 1 was identified as the best geometrical specification for the test microchannel in which the Nusselt value was the highest. Also, wall slip and viscous heating effects were two main contributors to the HT that justified the trends observed in the experiments.








Overall, the microchannel solar air receiver showed a plausible potential at low HFV (e.g., 1 kW/sqm) for heating gases. However, further experiments with other gases and geometrical specifications are required to advance the knowledge in understanding the mechanism of HT and optimum design of microchannel gas heaters for solar applications.
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Figure 1. Flow diagram of the MCGS solar air receiver. (TT: Temperature Transmitter; PT: Pressure Transmitter; FI: Flow rate Indicator). 
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Figure 2. Microchannel solar air receiver test rig equipped with instruments. 
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Figure 3. The constructed microchannel at various aspect ratios was used in the present research. 
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Figure 4. The comparison of the theoretical and experimental friction factor values at different Reynolds numbers. 
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Figure 5. The comparison between the analytically calculated outlet air temperature and the experimental results at different heat fluxes. 
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Figure 6. Effect of distance from the inlet on linear wall temperature profile at T = 25 °C and HFV of 300 W/sqm. 
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Figure 7. Effect of distance from the inlet on linear wall temperature profile at T = 25 °C and u = 16.7 m/s. 
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Figure 8. The effect of heater throughput (HFV) on the convective HTC at T= 25 °C. 
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Figure 9. The variation of the Nusselt number with the HFV at various volume flow rates of air and inlet temperature of 25 °C. 
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Figure 10. The variation of the PDV of the microchannel with Reynolds number for microchannel with a channel dimension of 0.2 mm × 0.2 mm. 
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Figure 11. The calculated Nusselt number at various Reynolds numbers. 
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Figure 12. Effect of air inlet velocity on the calculated thermal performance index (PI). 
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Table 1. The calculated and/or claimed-by-manufacturer accuracy of the instruments.
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	Parameters
	Range
	Instrument
	Uncertainty





	Temperature (°C)
	30–70
	K-type thermocouple
	±0.5 °C



	Heater throughput (W)
	0–180
	DC Power
	±0.5%



	Flow rate (L/min)
	1–10
	KI MR series
	±4%



	Pressure (Bar)
	0–1
	BVS series
	±0.5%



	Air velocity (m/s)
	<20
	-
	±4%



	Re
	100–180
	-
	6.8%



	Pr
	-
	-
	5%



	HTC
	-
	-
	8.5%



	f
	-
	-
	6%
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Table 2. Equations for calculating the physical properties of air [37].
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	Parameter
	Value
	Range (K)
	Unit





	Cp,a
	   (  A + B ·    (    C / T   sinh ( C / T )    )   2  + D ·    (    E / T   cosh ( E / T )    )   2   )  ·  1  28.966    

A = 2.8 E4, B = 9.3 E3, C = 3 E3, D = 7.5 E2, E = 11.48 E2
	50 ≤ T ≤ 1500
	J/(kg·K)



	μa
	    A ·  T B    1 + C / T    

A = 1.425 × 10−6, B = 0.5039, C = 108.3
	80 ≤ T ≤ 2000
	kg/(m·s)



	ka
	    A ·  T B    1 + C / T + D /  T 2     

A = 0.00031417, B = 0.7305, C = −18.63, D = 440
	30 ≤ T ≤ 2000
	W/(m·K)
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