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Abstract

:

Utilizing pool boiling as a cooling method holds significant importance within power plant industries due to its ability to effectively manage temperature differentials amidst high heat flux conditions. This study delves into the impact of surface modifications on the pool boiling process by conducting experiments on four distinct boiling surfaces under various conditions. An experimental setup tailored for this investigation is meticulously designed and implemented. The primary objective is to discern the optimal surface configuration capable of efficiently absorbing maximum heat flux while minimizing temperature differentials. In addition, this study scrutinizes bubble dynamics, pivotal in nucleation processes. Notably, surfaces polished unidirectionally (ROD), exhibiting lower roughness, demonstrate superior performance in critical heat flux (CHF) compared to surfaces with circular roughness (RCD). Moreover, the integration of bubble liquid separation methodology along with the introduction of a bubble micro-layer yields a microchannel surface. Remarkably, this modification results in a noteworthy enhancement of 131% in CHF and a substantial 211% increase in the heat transfer coefficient (HTC) without resorting to particle incorporation onto the surface. This indicates promising avenues for enhancing cooling efficiency through surface engineering without additional additives.
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1. Introduction


In recent years, with the rapid advancement of knowledge frontiers and the consequent production of new products that work with extremely high heat loads, the need for an efficient and small heat exchanger, especially in microelectronic components, has been strongly felt, and this has created a stimulus and motivation [1,2,3]. Boiling helps to develop an effective technique to increase heat transfer, and it is more effective than single-phase heat transfer since the surface on which boiling occurs is in contact with a fluid of high latent heat that cools the surface more evenly and leaves no hot spots on it [4,5,6].



When the heat flux exceeds a certain value, a layer of vapor resulting from the joining of small bubbles and the production of a large overlying bubble covers the boiling surface and prevents heat exchange between the surface and the fluid (due to the lower heat transfer coefficient of vapor compared to water) [7,8]. In this case, the temperature jumps rapidly on the surface, and this can damage the boiling surface and the heater cartridge. This limiting point is called critical heat flux (CHF) in the boiling phenomenon [9]. If something causes a problem with the generation or the departure of bubbles on the boiling surface it is more likely to experience CHF [10].



Much research in boiling has been aimed at developing and enhancing the geometry of a particular surface to increase nucleation, reduce the surface superheat temperature, and delay the CHF [11,12,13,14,15]. A large number of methods are proposed, which are divided into active methods [16,17,18,19] and passive methods [20,21,22]. Passive methods include rough surfaces [23], porous and hydrophilic surfaces [24,25], nanoparticle addition to the base fluid [26,27,28], and surface expansion and using fins [29,30]. Active methods, however, are mostly like creating an electrostatic field [31,32] and vibrating the surface and the boiling fluid [33,34]. In practice, the use of active methods in the industry is impractical or requires high costs [33]. The simplest way and passive method is to correct the surface by roughening it using machining and polishing with sandpaper. By roughening the boiling surface and causing cavities, the bubble trapping increases and the bubbles merge later, and the CHF is delayed [34].



Many attempts have been made to establish the correct relationship between the heat transfer coefficient (HTC) and the roughness. Also, there are many studies in which scientists have tried to tabulate and compare parameters with the experimental parameters. One of these studies is the work of Jones et al. [35]. The initial efforts on the surfaces to improve HTC were made by Jacob and Fritz [36]. In this study, the copper surfaces were roughened with grooves 1.6 mm deep with a step of 1.2 mm. The mentioned modifications led to an improvement in boiling HTC, where it became three times more than the smooth case. Berenson [34] managed to increase the HTC up to 6 times by polishing the surface by sanding it using different roughness. Also, according to the same study, from an amount of roughness onwards, no increasing trend was observed in heat flux. The effect of surface conditions had been ignored in most experiments and relationships until Ramilson [37]. With the help of his colleagues, he reported during his experimental study that the effect of wettability was more effective than the effect of surface roughness on CHF. Because the roughness only reduces the surface and bubble adhesion, and the bubble departs faster from the surface, the presence of micro-roughness on the surface prevents the bubbles from joining together quickly and increases the critical heat flux on rough surfaces. While the surface becomes hydrophilic, nucleation sites increase and the frequency of bubble generation increases and, due to the capillary state of nucleation sites, fluid is drawn into these cavities, the angle of impact of the droplet and surface decreases, and cavities and active nucleation sites are further fed by fluidization. This can lead to a further increase in CHF and HTC at the same time. Various methods have been proposed for the porosity of heat transfer surfaces, including chemical methods, roasting, electron washing, and deposition of nanoparticles on the surface. The formation of a thin, porous layer on the surface of the heater can significantly change the surface tension, wettability, surface roughness, density of active nucleation sites, and HTC. The creation of a porous coating on the surface has a strong potential to change the balance of forces in the triple line and the dynamic behavior of the bubble, such as the bubble detachment waiting time and frequency [38].



Kumar et al. [39] explored enhancing boiling heat transfer by modifying the surface properties of polished copper substrates with composite coatings of TiO2 and SiO2 nanoparticles. Surface characteristics were investigated for samples with varying coating durations. Results showed improved boiling performance with reduced onset of nucleate boiling temperature and enhanced heat transfer coefficients, peaking at around 10 µm coating thickness. Wang et al. [40] constructed an experimental rig to examine pool boiling heat transfer characteristics using R134a on both bare copper and Shieldex-coated surfaces with varied roughness. Findings indicated that surfaces with higher roughness generally exhibited higher heat transfer coefficients, with enhancements ranging from 5.2% to 75.5%. Dehkordi et al. [41] conducted a numerical study to examine how electric fields affected the dynamical behavior of H2O/Fe3O4 nanofluid within an atomic microchannel. Using the LAMMPS package, simulations analyzed physical attributes like kinetic energy, potential/atom energy, and velocity profiles. Increasing the outer electric field accelerated the boiling phenomena in the nanofluid, revealing its significant influence.



The results of Souza et al. [42] on the effect of the deposition of   γ − F   e   2     O   3     nanoparticles with dimensions of 10–80 nm on a horizontal surface with a medium roughness of     R   a   = 0.16   μ m   in the presence of HFE7100 as a working fluid showed that in the presence and deposition of small nanoparticles, compared with the non-settling surface of nanoparticles, an increase in the CHF and HTC is observed, while increasing the dimensions of nanoparticles at the same concentration causes the heat transfer coefficient to become less than the non-settling surface. They attributed this decrease to surface insulation, a lack of cooling fluid penetration into the spongy tissue of the nanoparticles, and a decrease in the density of active nucleation sites. Gheitaghy et al. [43] electronically washed the polished copper surface in two stages, once with high duration and low current and again with short duration and high current applied to achieve greater strength of the layer. The images taken using a scan electron microscope (SEM) and static tests of the droplet and the surface showed that the electron-washed surface in their study was completely porous and hydrophilic, resulting in an increase in heat flux from 800   k W /   m   2     to 1200   k W /   m   2    . Narayan et al. [44] described the interaction of the surface parameter, which is determined by the ratio between the surface roughness and the average diameter of the nanoparticles. They reported that   S I P = R a / d p > 1   is the coefficient at which heat transfer occurs. The reason for this is that when the nanoparticles are smaller than the average surface roughness these nanoparticles settle into the cavity and turn an active cavity into several active sites, whereas in the presence of larger nanoparticles these nanoparticles reduce nucleation and bubble generation by covering cavities. The results of the study of the effect of porosity on the boiling surface over time by many researchers show that, in addition to the lack of strength of these deposited layers and separation from the boiling surface at high heat fluxes, another disadvantage of such coatings is due to hydrophilicity. With increasing fluid penetration into the cavities, the air is slowly degassed from the cavities and the active cavities are completely filled by the working fluid over time and lose the ability to produce bubbles; thus, these improvements in the boiling properties do not last long [45]. Ahmed and Hamed [46] reported that the thickness of the settling layer on the surface during the nanofluid boiling process is proportional to the concentration of nanoparticles in the fluid; as the concentration of nanoparticles increases, the settling rate increases and the HTC decreases. The setting layer is deposited by nanoparticles with low concentration, which increases the HTC. Gheitaghy et al. [47], by creating U-shaped microchannels and combining the method of increasing the surface area via microchannels and porosity of the surface via electron washing process, tested the pool boiling in the presence of deionized water. In this way, they practically combined passive methods of increasing the heat transfer surface, thereby creating a vapor-fluid passage path and creating more nucleation sites. The results of their experimental studies showed that the heat flux reached 1650   k W /   m   2     and the heat transfer coefficient reached 225   k W /   m   2   K  , which increased the heat flux by 100% compared to the polished surface of copper and HTC by about 80%. Increasing the level of heat transfer by creating microchannels and combining them with the boiling phenomenon is very interesting. Expanded surfaces provide a separate path and passage for fluid and vapor to pass through, in addition to increasing the surface area of the heat transfer surface to dissipate high heat fluxes from low levels. By creating a microchannel surface with short-length channels on the copper surface, Jaikumar and Kandlikar [48] were able to increase the heat loss rate to 2400   k W /   m   2     in the presence of water as the working fluid, which, compared to the polished copper surface, showed a 120% increase in CHF. By creating microchannels on the copper surface and by making only parts of the wall porous, not the whole surface of the microchannel, Jaikumar and Kandlikar [48] succeeded in increasing the heat flux to 3250   k W /   m   2     and heat transfer coefficient to 565   k W /   m   2   K  , which resulted in an unprecedented 782% increase in HTC.



Despite the use of the roughening method by many researchers and many studies on the effect of roughness on the CHF and HTC, it seems that, so far, only a few studies have been devoted to the orientation and movement of sandpaper on the surface and its effect on fluid and bubble dynamics in delaying the CHF. This method is also suitable for improving surface properties in terms of the simplicity of production, cheapness, and duration of stability in the boiling process and can be focused on as an efficient method in the industry.



In this research, after making a pool boiling machine and polishing the boiling surface using 1500-tooth sandpaper, the pool boiling test was performed in the presence of water fluidization. In order to evaluate the accuracy and validity of the data extracted in the present study, the data were compared with experimental equations and experimental data from other researchers. In the continuation of the experiment, circular micro-grooves were created on the copper surface by CNC machining and polishing the surface with 600-tooth sandpaper in a circular manner. Water was tested on these two surfaces, and the bubble dynamics and the amount of heat flux were compared with the previous state. The surface was again investigated and machined to create 13 microchannels with trapezoidal cross-sections to investigate the effect of increasing the surface and creating a rotational flow and its effect on the swaying of bubbles and creating a path to separate the downward fluid from the upward hot bubble. Finally, the heat flux and heat transfer coefficient in the presence of microchannels were investigated, and a general comparison of all models is performed. The novelty of the current research is that it has investigated the heat transfer coefficient and critical heat flux for surfaces with various roughness and a surface with microchannels. This research compares the results of these cases and shows how CHF and HTC increase by modifying the surface of boiling.




2. Materials and Methods


As shown in Figure 1, the device built to perform the pool boiling test consists of four main parts. The first part is the boiling part of the device, which contains the boiling chamber, heater cartridge, insulators, and holding frame. The second part is the cooling part of the device, which includes the helical condenser, the coolant tank, the pump, and the hose. The third part is the control part of the device, which consists of a thermostat, safety valve, pressure gauge, multimeter, and VARIAC autotransformer. The fourth part is the sensitive part of data collection, which includes thermocouples, DAQ data cards, a computer, and a high-speed camera with LED lamps.



The boiling part of the device is made of borosilicate glass that is able to withstand high thermal stresses and is also transparent so that the flow and phenomenon of boiling can be photographed and observed (height 300 mm, outer diameter 200 mm, thickness 5 mm). Also, the glass is completely insulated by fiberglass and a reflective coating so that the temperature of the boiling fluid does not drop rapidly from saturation. At the two ends of the Pyrex cylinder, silicone O-ring seals are placed and secured using thermal adhesive and, from above and below, RTV silicon droppers with a heat tolerance of 300 °C are stuck to two anti-acid steel (Steel-316) plates with dimensions of 300   ×   300 mm2 that have been thoroughly polished to prevent water and steam from leaking into the environment. There are three holes in the center of the steel, which are the location of the boiling surface, the tank drain valve, and the 500-watt preheater heater. The heater cartridge is copper due to its high thermal conductivity and good machining. The cartridge, as shown in Figure 1, is made of a cylinder with a diameter of 40 mm and a length of 300 mm. The geometry of the block is designed so that the heat transfer is closer to one side. The heater cartridge houses three K-type thermocouples and an RTD-Pt100 resistance sensor. At the end of the copper cartridge, there is a place for a steel heater (20   ×   200 mm2) with a power of 2000 W. The boiling chamber and the upper and lower steel surfaces are placed on a metal frame to prevent vibration and movement of the device during boiling.



Also, in order for the boiling surface to be completely horizontal and level, the support frame of the device has height-adjustable bases. In order to minimize heat loss around the copper cartridge, assuming one-dimensional heat transfer in the direction of the heater cartridge, and to ensure the estimate of the surface temperature is correct and valid, combined insulation around the cartridge is used. A ceramic cylinder is prepared, and a heater cartridge is placed inside it. The initial layers around the ceramic cylinder are covered with rock wool insulation, and the next layers are covered with fireproof glass wool insulation. When insulating, care must be taken not to compress the insulation, because if the interstitial air of the insulation is compressed and released the efficiency of the insulation can be reduced by up to 50%. At the end of the insulation, the outer surface of the insulation is covered with a Teflon sheet and a reflective coating. The upper part of the heater cartridge, which is in contact with the boiling fluid, uses Teflon PTFE thermal insulation, according to Figure 1, which has a much lower thermal conductivity and less adhesion than copper (    K   c o o p e r   = 400 ,     K   P T F E   = 0.25   W / m K  ).



For this purpose, vapor condensation and keeping the volume constant are important points. A spiral condenser is used at the top of the boiling chamber. This condenser is connected via a hose to a pump with a flow rate of 400 L per hour, which is located in a 12 L coolant chamber. All connections, the coolant tank, and the boiling chamber are insulated with rock wool and aluminum foil to reduce heat loss.



In the control part of the device, an in-water heater is used to always keep the fluid inside the chamber in a saturated state. This heater is connected to the thermostat of the Atonics-TCN4 model; whenever the temperature of the fluid drops slightly, it is turned on with the command of the secondary heater thermostat, and the fluid temperature is returned to saturation. The temperature at the test site was 23 °C and, due to the effect of the altitude, the pressure was 80 kPa, so the boiling temperature of the fluid was approximately 94 °C. To control the pressure inside the boiling chamber, a pressure gauge is used, and a calibrated safety valve is used to discharge the excess steam generated into the environment and return the pressure inside the chamber to atmospheric pressure. It is important to note that all the experiments were carried out in 1 atm. A VARIAC autotransformer with 3000 W power is used to increase the heater voltage gradually. This VARIAC is connected to a multimeter to record the voltage and current of each step (for constant conditions in all tests).



The most important part of the device is the data collection section. This part includes 6 thermocouples (3 K-type thermocouples and 3 three-wire resistance sensors Pt100) with a thickness of 5 mm, and all thermocouples are calibrated in a constant temperature bath and have an accuracy of   ±  0.1 °C. In order for the wires of the thermocouples to have good temperature resistance and also not to disturb each other due to the proximity of the sensors in the heater cartridge, the sensor wires are made of Teflon. A silicon paste with a thermal conductivity of   K = 4.5   W / m K   is used for proper contact and heat transfer between the steel body of the thermocouples and the heater cartridge. All thermocouples are connected to a 6-channel vector data card. The Pt100 sensor is located 4 mm below the boiling surface due to its higher accuracy and is used to estimate the surface temperature. Two thermocouples are also used to calculate the temperature of fluid saturation at the boiling point at two different heights inside the boiling chamber. The thermocouples are located at the bottom of the chamber and approximately at the free surface of the fluid. An LED lamp is installed at the top of the boiling chamber to facilitate the ability to shoot high-speed videos.



Uncertainty Analysis


With proper insulation around the heater cartridge, radial heat transfer to the environment can be avoided and heat transfer can be considered one-dimensional. Therefore, in order to obtain and estimate the surface temperature, assuming that heat transfer is one-dimensional, we can use Equation (1) of Fourier’s law of thermal conductivity and obtain the heat flux.


   q ″  = K   ∂ T   ∂ Z   = K     T   4   −   T   1       Z   4   −   Z   1      



(1)







In a heat flux with a constant q″ and a constant coefficient of thermal conductivity of copper, it is concluded that the temperature gradient remains constant in terms of height.


    ∂ T   ∂ Z   = c t e = a → T = a z + b  



(2)







An RTD resistance sensor with a high accuracy of ±0.1 °C is placed 4 mm below the boiling surface to estimate the boiling surface temperature; by using the method of fitting a line between the temperatures according to Equation (3), the surface temperature can be estimated with good approximation.


    T   s   =   T   1   −      q ″    Z   1     K      



(3)




where     Z   1     is 4 mm, based on Figure 1. To calculate the temperature of the boiling fluid, two Pt100 sensors are used, which are waterproof-insulated and installed at two heights, one on the fluid surface and the other near the boiling surface. Having the surface temperature and the temperature of the working fluid, according to Equation (4), the difference in the surface superheat temperature can also be determined.


  ∆ T =   T   1   −      q ″    Z   1     K     −   T   s a t    



(4)







The heat transfer coefficient on the surface and in the fluid are also calculated according to Equation (5).


  H T C =     Q   A       T   s   −   T   s a t      



(5)







Two types of errors often cause experimental data to differ from the actual values–measurement error due to non-calibration of measuring devices and equipment and human errors. Moffat’s method [49] is used to calculate the uncertainty in the pool boiling test. The heat flux depends on the heat transfer coefficient of copper and the temperature difference and location of the thermocouples. The thermal conductivity of copper is about 401.6   W / m K   at 100 °C and about 400   W / m K   at 300 °C. So,


  ∆   K   c u   =   K   100   −   K   300   = 401.6 − 400 = 1.6 .  











The uncertainty error of the thermal sensors is about ± 0.1 °C and, since the holes where the thermocouples were placed were produced by the CNC machining process, the distance between the holes is relatively accurate—they have an error of less than ± 0.1 mm.


       q ″  = f ( K , ∆ T , ∆ Z )           U    q ″       q ″    =          U   T 4 − T 1       T   4   −   T   1         2   +         U   Z 4 − Z 1       Z   4   −   Z   1         2   +         U   K     K       2         



(6)






        T   s   = f (   Z   1   ,  q ″  , K )           U     ∆ T   s         ∆ T   s     =          U   T 1 − T s a t       T   4   −   T   s a t         2   +         U   Z 1       Z   1         2   +         U   K     K       2         



(7)






      H T C = f (  q ″  , ∆ T )           U   H T C     H T C   =          U    q ″       q ″        2   +         U     ∆ T   s         ∆ T   s         2         



(8)







Based on the accuracy of the measuring device in the above method, the maximum error in calculating the heat flux and heat transfer coefficient is 6.3% and 9%, respectively. The shorter the distance between the thermocouples and the lower the difference in temperature, the greater the uncertainty. As the heat flux increases, the temperature difference increases, resulting in a decrease in the percentage of uncertainty. In Figure 2, this error in heat fluxes is higher than 500   k W /   m   2     and reaches as low as 1.4% for calculating the heat flux and 2.8% for HTC.



Also, Table 1 demonstrates the uncertainty of the measurements in the present study.





3. Results and Discussion


Pool Boiling Test of Various Surfaces in the Presence of Water


In the first part of the experiment, the boiling surface after machining was thoroughly polished with 1500-tooth sandpaper. The polished surface was washed using deionized water, linen cloth, and acetone to remove any grease and contamination from the copper surface. The surface roughness of the polish was measured using a roughness tester. In order to perform the boiling test, first, the heater cartridge was preheated, and then 3 L of deionized water was poured into the boiling chamber. At the same time, the water heater was turned on in order to keep the working fluid saturated. After visual inspections based on fluid degassing and the absence of suspended bubbles in the fluid, the activity of the condenser, in order to condense the vapors resulting from boiling, was instigated. In the case of convective heat transfer, the VARIAC was increased in 15-volt increments; in the boiling stages by 10 volts; and near the critical point the VARIAC power was increased by 5 volts. A steady state was considered to occur for each step when all sensors did not change by more than 0.1 °C for 10 min. In this research, the accuracy of the extracted data has been investigated in three ways.



	(A)

	
Comparison of data with experimental relationships in the field of boiling;




	(B)

	
Comparison with the results of experimental data of other researchers in this field;




	(C)

	
Holding a repeatability test.







Before testing on different types of surfaces, experiments were performed using distilled water as the operating fluid on the surface with a roughness of 0.114   μ m   to check the accuracy and precision of the device. Then, the experimental results were compared with the experimental models presented by Rohsenow [50] and Gorenflo [51] according to Equations (9) and (10).


      C     P   l     ∆ T     h   f g     P r   1     =   C   s f          q ″      μ   l     h   f g        σ   g     ρ   l   −   ρ   g            0.33    



(9)




where   ∆ T   is the superheat temperature,     C     P   l       is the heat capacity of the fluid,     h   f g     is the enthalpy of evaporation,   P r   is the dimensionless Prandtl number of the liquid phase,     C   s f     is the coefficient of surface and fluid correction, q″ is the heat flux,     μ   l     is the viscosity, and   σ   is the surface tension.


    h     h   0     =   F   p r          q ″    20,000       n   R   a   0.133    



(10)







In Equation (10),     R   a     is the mean roughness and     h   0     for the working fluid is 5.6 kW/m2 [51]. The pressure correction coefficient,      F   p r    , and n are calculated from Equations (11) and (12).


    F   p r   = 1.73       P     P   c r         0.27   +   6.1 +   0.68   1 −     P  /    P   c r                 P     P   c r         2    



(11)






  n = 0.9 − 0.3       P     P   c r         0.3    



(12)







As can be seen in Figure 3a, the results of the boiling test are relatively consistent with the proposed models. In addition, in Figure 3b, the results are compared with the work presented by other researchers in this field and show good agreement. In order to verify the data presented, which are dependent on the environmental conditions of the experiment, the experiment was conducted over two different days, as shown in Figure 3c. The extracted results indicate a small and acceptable deviation in the data. By performing these three comparisons in the validation of the device, it was found that the validity of the data was accurate and reliable.



In the first experiment, the phenomenon of pool boiling on a polished surface with an average roughness of 0.06   μ m   was investigated. By performing experiments on this surface in the presence of 3 L of deionized water, the heat flux diagram was drawn in terms of the surface superheat temperature and heat transfer coefficient, as shown in Figure 4 of the SEM images taken from the polished surface. The level of roughness and density of nuclear sites was low. As a result, the surface does not have the ability to produce and respond to the large volume of bubbles produced, and the bubbles connect very quickly to each other, producing bubbles that cover the surface.



According to Figure 5, the surface reached a maximum heat flux of 791   k W /   m   2     and a heat transfer coefficient of 44.5   k W /   m   2   K   at a superheat temperature difference above 20.23 K. In the continuation of the experiment, the surface was rotationally roughened using a CNC lathe. As shown in Figure 4b, by polishing the produced surface in a circular shape (RCD) using 600-tooth sandpaper, a surface with a much higher surface density and roughness could be produced. Increased surface roughness results in smaller bubbles and these micro-dimensional peaks and depressions on the surface prevent the insulating bubbles from adhering rapidly to the surface and retaining their bubble separation ability up to higher fluxes than the polished surface test.



By performing the pool boiling test in the presence of this surface, as in Figure 6, the results show that the maximum heat flux increased by 903.74   k W /   m   2   K   and the heat transfer coefficient increased to 53.2    k W /   m   2    . It was important to note that the surface superheat temperature difference in the critical heat flux reached 18.84 K, indicating that the heat flux diagram was shifted to the left and that at a lower superheat temperature a higher heat flux occurred relative to the polished surface, which indicates an increase in surface efficiency.



In the next experiment, the surface was polished using 600-tooth sandpaper in one direction (ROD) (Figure 4c); the pool boiling test was performed in the presence of this surface and the deionized water. The data extracted in Figure 7 show that at the superheat temperature difference of 16.97 K the heat flux increased by 1094   k W /   m   2     and the heat transfer coefficient increased by 70.4   k W /   m   2   K  . This increase in HTC and CHF values has other impacts in addition to the effect of increasing the density of nucleation sites and roughness in delaying the critical heat flux. The volume of each bubble is equal to the amount of fluid in the micro-layer of the bubble; as the fluid in the micro-layer evaporates and dries, the bubble separates from the surface and moves upwards by overcoming all the forces of weight and surface tension. By creating regular micro-grooves in one direction on the boiling surface, these grooves act like capillaries on the surface and in the sub-layer area; via their capillary force, the fluid in the vicinity of the micro-layer area is drawn into the sub-layer and increases the volume. The fluid is layered in the micro-layer, thus delaying the drying of the micro-layer. This method is a kind of surface engineering used to produce higher boiling surface efficiency without the need for excessive costs.



About 80% of the heat transfer in the boiling process is displaced by the quenching mechanism so that the hot bubble moves out of the sites and active pores of the nucleus act as jet-like fluid and cause the cold fluid above the bubble to move towards these pores—this cooling cycle is always continuous. In fact, the factor that prevented a significant increase in the critical heat flux and heat transfer coefficient upon boiling in the presence of flat surfaces was the collision of a relatively cold downward fluid with hot bubbles coming out of the cavities. To solve this problem, it has been proposed to create a fluid passage path through the vapor by creating a microchannel on the surface by increasing the surface area of the boiling by creating 13 microchannels with a trapezoidal cross-section, as shown in Figure 4d. In microchannels, the temperature at the bottom of the ducts is always higher than the temperature at the tip of the vanes, so the sites at the bottom of the duct are more active than the sites at the edges of the ducts, and most of the bubbles are formed from the bottom of the ducts. These bubbles escape from the center of the channels, and the cold alternating fluid from the sides of the channel feeds the cavities, thus minimizing the collision between the fluid and the bubble.



Also, this jet flow created inside the channels hits the bubbles that are forming on the wall, causing them to burst and increase the bubble production frequency. In the continuation of the boiling process, with increasing heat flux due to the force of evaporation, the bubbles deviate to the center of the channels and produce a cycle and rotational mechanism that causes the bubble and the fluid to separate and not collide. Due to the sum of these factors at the microchannel level, the critical heat flux, as seen in Figure 8, reaches 1826, and the heat transfer coefficient, in Figure 8, reaches 140 at the superheat temperature difference of 12.98 K. The difference in surface temperature indicates an extraordinary increase in the microchannel surface efficiency compared to smooth surfaces. In the images taken from polished surfaces against microchannels, it is clear that in low heat fluxes the bubble production rate on microchannel surfaces was higher than on smooth surfaces. Also, by increasing the heat flux in smooth surfaces, smaller bubbles are quickly connected to each other and produce larger bubbles, while microchannel surfaces have the ability to have higher heat fluxes and prevent small bubble collisions and the production of larger bubbles.



Also, with increasing heat flux in the microchannels, the bubbles deflect inward, while the edges of the channels have no bubbles, and these bubbles collide in the center of the microchannels and merge to form a dominant bubble. This dominant bubble continues to grow by swallowing other tiny bubbles until it reaches a critical diameter and is separated from the surface via a buoyant force. By increasing the size of the bubbles, which depends on the increase in heat flux, in the phase of separation of the dominant bubble from the boiling surface, a rising phenomenon is created downstream of the bubble, which leads to faster integration of small bubbles on the surface and the production of another dominant bubble. The phenomenon of bubble burst and turbulence downstream of the ascending bubble causes the adjacent cold fluid to be drawn close to the boiling surface and the surface to be cooled. In fact, this phenomenon indicates the existence of a cooling cycle around the microchannel towards the center of the channels, which causes the separation of the ascending bubble from the descending fluid and is one of the factors increasing HTC and CHF. Due to the total presence of these cooling cycles and the momentary force of bubble evaporation around the fins, the temperature at the surface of the fins did not increase much, despite the large increase in the heat flux.



Finally, by plotting the heat flux diagram in terms of the difference between the superheat temperature and the heat transfer coefficient of all four surfaces according to Figure 9a,b, it is determined that by increasing the efficiency and optimizing the surface the diagram tends to the left and the critical heat flux rarely occurs in low superheat temperature differences. In Figure 9a, the microchannel surface boiling diagram shows that, compared to other flat surfaces, the microchannel surface at a lower heat flux shows higher CHF due to the production of more bubbles at the same superheat temperature.



Also, Table 2 presents a comparative result of all four cases in the given data points.





4. Conclusions


In this experiment, the effects of four different orientations of the polished surface (PS), the rough surface in a circle (RCD), the rough surface in one direction (ROD), and the microchannel have been investigated. The perfectly polished surface achieves a CHF of 791   k W /   m   2     and an HTC of 44.5   k W /   m   2   K   at a surface temperature difference of 20.23 °C. By roughening the surface in a circle, and by increasing the roughness and nucleation sites, the heat flux increased by 14.4% and the heat transfer coefficient increased by 17.7% compared to the polished surface. Also, by creating roughness in one direction, in addition to roughening the surface, it helped to feed more micro-layers under the bubble and nucleation sites via capillary channels. In this case, larger bubbles are created. By creating bubbles with a larger diameter, the movement of such bubbles upwards moves a larger volume of cold fluid above the bubble to the boiling surface, and heat transfer increases. The heat flux on this surface increased by 38.6% and the heat transfer coefficient by 55.5% compared to the initial polished surface. It is important to note that HTC and CHF can be increased to this extent without incurring high costs and only by engineering the roughness orientation. Also, by creating a microchannel on the surface, in addition to the fluid on the surface by combining the method of feeding the bubble sub-layer and separating the descending fluid from the rising hot bubble, the bubble path is separated from the surface. In this case, the CHF increased by 131% and the heat transfer coefficient by up to 211%, compared to the polished surface condition.







Funding


This research received no external funding, and the APC was funded by Al-Noor University.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The author would like to thank Al-Noor University for supporting this work.




Conflicts of Interest


The author declares no conflicts of interest.




Nomenclature








	   H   
	Heat transfer coefficient (W/m2 K)



	     F   p r     
	Pressure correction coefficient



	   K   
	Thermal conductivity (W/mK)



	   P   
	Pressure (Pa)



	   P r   
	Prandtl number



	   q ″   
	Heat flux (W/m2)



	     R   a     
	Mean roughness (μm)



	   T   
	Temperature (K)



	   U   
	Uncertainty



	   Z   
	Thermocouples’ placement in the heater cartridge (mm)



	Greek letters
	



	   μ   
	Viscosity (N/m2)



	   ρ   
	Density (kg m−3)



	   σ   
	Surface tension (N m−1)



	Subscripts
	



	   c r   
	Critical



	   l   
	Liquid



	   S   
	Boiling surface



	   s a t   
	Saturation



	   v   
	Vapor
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Figure 1. The experimental setup. 
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Figure 2. Uncertainty of HTC and CHF. 
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Figure 3. A comparison of the results with experimental relations [51] (a), other research [52,53,54] (b), and repetition experiments on two different days (c). 
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Figure 4. The four different boiling surfaces with their SEM images, (a) polished surface, (b) the rough surface in a circle, (c) the rough surface in one direction, (d) the microchannel. 
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Figure 5. The graph of HTC and CHF of PS. 
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Figure 6. Results of CHF and HTC in RCD. 
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Figure 7. Results of CHF and HTC in ROD. 
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Figure 8. Results of CHF and HTC in microchannel. 
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Figure 9. Comparison of all surfaces’ CHF (a) and HTC (b). 
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Table 1. Uncertainty calculation of experimental data.
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	Parameter
	Uncertainty





	Sensors (K)
	±0.1 °C



	Voltage (V)
	±1%



	Current (A)
	±0.1%



	HTC (kW/m2 K)
	±6.3%



	CHF (kW/m2)
	±9.6%



	Surface temperature difference (K)
	±9%










 





Table 2. Comparing the results of all cases.






Table 2. Comparing the results of all cases.





	Surface Type
	   Ra   ( μ m   )
	∆T (°C)
	HTC (kW/m2 K)
	CHF (W/m2)





	PS
	0.06
	20.23
	44.5
	791,060



	RCD
	0.170
	18.84
	53.2
	903,746.7



	ROD
	0.116
	16.97
	70.4
	1,094,243



	Microchannel
	-
	13.02
	141.6
	1,825,798
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