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ABSTRACT 

 
This paper presents the results of an experimental investigation on the saturated pool boiling heat transfer 

performances of microstructured surfaces fabricated by the Selective Laser Melting (SLM) technique. A 

plain surface and intrinsic micro-cavity and micro-fin surfaces of different configurations were produced 

from AlSi10Mg base powder using a Gaussian distributed Yb:YAG laser and the surfaces were tested in a 

water-cooled thermosyphon with FC-72 as the coolant fluid. In comparison with the commercially available 

plain Al-6061 surface, the SLM produced surfaces show significant enhancements in heat transfer 

coefficients and CHF. A maximum heat transfer coefficient of 1.27 W/cm2K and up to 70% improvement in 

the average heat transfer coefficient as compared to a plain Al-6061 surface was achieved with the 

microstructured surfaces. In addition, the highest CHF value of 47.90 W/cm2, which corresponds to 76% 

enhancement in CHF as compared with plain Al-6061, was similarly obtained with the microstructured 

surfaces. Through experimental observations, it was determined that the enhanced heat transfer performances 

of the SLM fabricated surfaces were due to presence of inherent surface grooves and cavities created from 

the laser melting process. In addition, analyses of the possible thermal transport mechanisms due to the 

presence of surface micro-features were also elucidated. Finally, using the Rohsenow model, a general 

correlation was developed to characterize the pool boiling curves of the SLM fabricated surfaces by 

incorporating the effects of the surface micro-features, where the predicted heat fluxes were determined to be 

within ± 20% of the heat fluxes obtained from the experiments. In summary, the present work demonstrates 

the promising use of SLM in fabricating intrinsic microstructured surfaces for enhancing pool boiling heat 

transfer. 
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1. Introduction 
 

Nucleate pool boiling from microstructured surfaces has been extensively studied in the last thirty years. 

Through experimental investigations [1-5], these surfaces were shown to possess significant improvements 

in both heat transfer coefficients and critical heat fluxes (CHFs) as compared to plain surfaces. Mechanisms 

such as enhanced bubble motions [6], liquid-vapor-solid interactions [7] and capillary wicking actions [8] 

were suggested to be the main contributing factors for their enhanced thermal performances. With its 

immense cooling potential, microstructured surfaces are viable solutions to many thermal management 

challenges associated with high-heat-flux applications such as in the cooling of electronic devices, nuclear 

reactor core and power plants. However, with the increasing demand for heat flux removal, especially for 

electronic devices, the development of more efficient pool boiling surfaces remained vital. Consequently, in 

the recent years, many novel microscale surface modification techniques and fabrication technologies have 

been explored which seek to further improve the pool boiling performances of microstructured surfaces.  

 

1.1 Direct coating  

 

The direct coating of nano/micro-sized particles onto the boiling surfaces is a modification technique which 

has been widely studied. Processes such as electrochemical deposition, chemical vapor deposition (CVD) 

and direct powder sintering were often employed in the treatment of these surfaces and their heat transfer 

performances were extensively investigated. For instance, microporous coated surfaces fabricated using the 
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electrodeposition method  were  developed  by  Li et al. [9]  and  also  by  Furberg  and  Palm [10].  Using  

the 

 

 

Nomenclature 

 

A  area (m2) Greek Symbols 

Cpl liquid specific heat (J/kgK)   

Cb cavity base diameter (µm) σ surface tension (N/m) 

Cd cavity depth (µm) ρ density (kg/m3) 

Cm cavity mouth diameter (µm) θ contact angle (º) 

Cp cavity pitch (µm) ϕ surface orientation (º) 

Db bubble diameter at departure (m) φ solid fraction 

Fd fin diameter (µm) μ viscosity (kg/ms) 

Fh fin height (µm) η relative enhancement of ht 

Fp fin pitch (µm)   

Fs
 fin separation (µm) Subscripts 

Gd groove depth (µm)   

Gm groove mouth gap/ diameter (µm) ave average 

g acceleration of gravity (m/s2) b base 

h heat transfer coefficient (W/cm2K) g vapor 

hb,t maximum heat transfer coefficient (W/cm2K) l fluid 

ht heat transfer coefficient based on total heat  sat saturated 

 transfer area (W/cm2K) t total 

hfg latent heat of vaporization (kJ/kg)  w wall 

q heat rate (W) ∞ bulk fluid 

q’’ heat flux (W/cm2)   

r surface roughness factor Constants 

T temperature (ºC)   

  Csf constant in Eq. (8) 

  n constant in Eq. (8) 

  s constant in Eq. (8) 

    

 

evolution of hydrogen bubbles during the electrochemical process as a dynamic masking template, 

dendritically connected micro-pores structures were generated. Through high speed visualization of the 

boiling process, smaller bubble departure diameter and high frequency bubble departure were seen from 

these enhanced surfaces. The increase in latent heat transfer mechanism (up to 10 times) was suggested as 

the main reason for the improved heat transfer recorded [10]. Similarly, El-Genk and Ali [11, 12, 13] 

employed the two-stage electrodeposition approach and produced microporous copper surfaces consisting of 

nanodendritic layers. Their experimental results showed that nucleate boiling heat transfer coefficient and 

CHF of 13.5 W/cm2K and 27.8 W/cm2 could be achieved respectively with the microporous surface of 171 

μm thickness [12].  

 

Chemical vapor deposition (CVD) is another novel coating technique which has been explored. Using 

plasma enhanced CVD, Ujereh et al. [14] synthesized highly ordered and vertically aligned carbon nanotubes 

(CNT) onto the boiling surfaces and their experimental results demonstrated that a maximum heat transfer 

coefficient of 18.2 kW/m2K could be achieved with the CNT-coated surface. More recently, CNT-coated 

surfaces were also investigated by Ho et al. [15] under different surface orientations and in saturated bulk 

fluid conditions. In their investigation, the average heat transfer coefficients of CNT-coated surface achieved 

up to 86% enhancement as compared to a bare surface. In addition, the modified Rohsenow correlation was 

also proposed by Ho et al. [15] to characterize the pool boiling curves of the surfaces at different 

orientations. Similarly, other coating methods such as direct sintering of spherical air-atomized copper 
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particles [16], screen printing of copper powder-oil mixture [17] and cold spray coating of CNT-copper 

composites [18] have also shown to be effective in augmenting pool boiling heat transfer. In general, due to 

their ease of fabrication and ability to promote bubble formation, microstructured surfaces fabricated with 

direct coating techniques are attractive for many engineering applications. However, the presence of thermal 

contact resistance at the substrate-coating interface and the high tendency of coating degrading and peeling 

over time remained the main drawbacks in their implementation.  

 

1.2 Intrinsic surface features 

 

These drawbacks, however, can be overcome when the microstructured features are intrinsically part of the 

material surface. For instance, Kruse et al. [19] fabricated intrinsic mound-like microstructures on 304 

stainless steel surfaces by ablating the surfaces with an ultra-fast laser. Experiments performed on these 

metallic surfaces indicated significant improvement in heat transfer coefficients (67.4 kW/m2K) over a plain 

surface with deionized water. Amongst the numerous intrinsic microstructured surfaces that have been 

investigated, micro-cavities and micro-fins were the most commonly studied. Artificial cavities and fins 

surfaces with enhanced pool boiling capability have been developed using conventional and non-

conventional machining techniques, such as those investigated by Anderson and Mudawar [20], Yu and Lu 

[21], Hosseini et al. [22] and Chen et al. [23].  Apart from surface machining, micro/nano-electro-mechanical 

systems (MEMS/ NEMS) techniques such as depositions, photolithography and etching processes that were 

traditionally used in semiconductor devices fabrication have also been employed to produce surfaces to 

enhance boiling. Numerous novel surfaces with highly ordered micro-sized fins and cavities features with 

significantly improved thermal performances have been successfully developed. Kubo et al [4], for instance, 

fabricated surfaces with different arrays of micro-reentrant cavity and demonstrated the possibility of 

enhancing nucleate boiling heat transfer with these artificially created nucleation sites. Subsequently, Yu et 

al. [24] developed surfaces with cylindrical cavity array of diameters ranging from 50 μm to 200 μm and 

their experiments results showed that the maximum CHF of the enhanced surface was up to 2.5 times as 

compared to plain silicon. Lately, square micro-cavities of 53 µm diameter and 20 µm depth were also 

developed by Teodori et al. [25]. Through a combination of post-image processing and PIV measurements of 

the boiling process, they determined that the optimal heat transfer coefficient was achieved with the cavity 

separation of 400 μm.  

 

Similar to micro-cavities, micro-fin structures have also been extensively examined and the promising use of 

micro-fin arrays to enhance nucleate boiling heat transfer was demonstrated in the pioneering work of Wei 

and Honda [26]. Micro-fin arrays with fin thickness ranging between 30 and 50 µm were fabricated and the 

pool boiling results in FC-72 showed that the maximum allowable heat flux (84.5 W/cm2) obtained with 

micro-fin surface was 4.2 times larger than that of the plain silicon surface. Subsequently, using deep 

reactive ion etching (DRIE), Chu et al. [8] fabricated surfaces with micropillar arrays of 5 to 10 µm in 

diameter and the maximum CHF of 208 W/cm2 was achieved with the microstructured surface which 

corresponded to the highest surface roughness. From the CHF model of Kandlikar [27], an extended CHF 

model was proposed by Chu et al. [8] which included the effects of roughness-amplified surface forces due 

to the presence of the microstructures. Recently, systematic studies on the effects of micro-fin diameter, 

height and separation on boiling heat transfer and CHF were conducted by Kim et al. [28]. Significant 

improvements in heat transfer coefficient and CHF of 300% and 350% were respectively achieved with the 

optimal micro-fin surfaces as compared to the plain silicon surface. Pin-fin effects and capillary-induced 

liquid inflow to the microstructures were also suggested as the factors contributing to the enhanced boiling 

performances. 

 

1.3 Enhancing heat transfer with Selective Laser Melting (SLM) 

 

Intrinsically designed microstructured surfaces have shown to be effective in enhancing nucleate boiling heat 

transfer. Apart from the fabrication techniques mentioned above, an alternative approach to produce these 

surfaces is made possible by recent developments in Selective Laser Melting (SLM) technology. Belonging 

to a branch of additive manufacturing (AM) technique, SLM utilizes a high-power laser source which 

selectively melts and fuses the base metal powder in accordance to pre-programmed models. A three-
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dimensional geometry can be achieved by melting consecutive layers of the base powder over each other and 

producing components which are more than 99% dense. The reduction in production lead-time and 

improvement in manufacturing efficiency due to its capability to customize parts without the need of making 

new casting molds, also made SLM more economically viable as compared to conventional manufacturing 

method. Due to these appealing features, profound interests in their intricate manufacturing processes have 

been developed in the last few years and extensive studies were performed to optimize the material [29], 

mechanical [30] and thermal properties [31] of the fabricated parts. The key advantage of SLM over other 

additive manufacturing processes, which is essential to the production of heat transfer devices, is its ability to 

fabricate metallic components. Hence, the potential of utilizing SLM in the production of functional heat 

transfer components such as heat exchangers, heat sinks and heat pipes have recently received increasing 

attention. Wong et al. [32], for instance, developed heat sinks of different geometries from stainless steel 

316L and aluminum 6061 using SLM and conducted experiments to determine their forced convection heat 

transfer performances with air as the cooling medium. Aluminum 6061 has demonstrated greater capability 

of transferring heat as compared to stainless steel 316L where their heat transfer coefficient more than 

doubled at Red > 2,000. Subsequently, Wong et al. [33] also displayed the capability of SLM by fabricating 

heat sinks with complex structures using aluminum 6061 and determine that the elliptical array heat sink 

offered the highest heat transfer rate per unit pressure drop. More recently, Ventola et al. [34] capitalized on 

the advancement in direct metal laser sintering (a trade name by EOS GmbH for SLM) technology and 

created heat sinks of different artificial surface roughness for electronic cooling purposes. The artificially 

created roughness was intended to enhance the forced convection heat transfer performances of the heat 

sinks in the fully turbulent flow regime and a peak of 73% enhancement as compared to smooth surfaces was 

obtained. Apart from heat sinks, Hutter et al. [35] also adopted the Selective Laser Sintering (SLS) 

technique, a method similar to SLM, to develop metallic porous foams for tubular reactor applications. In 

comparison to commercially available metal foam inserts, the use of fully sintered metallic porous foams 

exhibit convective heat transfer coefficients which are more than two times higher. Also drawn by the 

versatility of SLM in producing structures of nearly any geometry, Ameli et al. [36] lately attempted to 

engineer aluminum/ammonia heat pipes of various wicking characteristics. The group demonstrated that, 

with SLM, complicated wick structures of different thicknesses, porosities, permeabilities and pore sizes in 

different regions of a heat pipe could be controlled. In addition, the entire heat pipe including end cap, wall, 

wick and fill tube could also be produced in a single process.  

 

More recently, the possibility of promoting boiling heat transfer with SLM fabricated microstructured 

surfaces was demonstrated by Ho et al. [37]. Through adequate control of laser intensity and scanning 

positions in the fabrication process, microgrooves/microcavities surfaces were produced.  Experiments 

conducted with HFE-7000 indicated that these surfaces enhanced heat transfer by up to 30% as compared to 

the plain surface and a CHF of 50.5 W/cm2 was achieved. Despite the various attempts to develop heat 

transfer devices using SLM, to the best of our knowledge, no experiments were performed by other 

researchers to determine the pool boiling heat transfer performances of SLM fabricated surfaces. As a 

continuation of the previous work by Ho et al. [37], the present study seeks to optimize the pool boiling 

performances of SLM fabricated surfaces with intrinsically designed microstructured features. Surfaces with 

micro-cavities and micro-fins array were fabricated and experimentally investigated with a water-cooled 

thermosyphon to determine their heat transfer performances using FC-72 as the coolant fluid. Comparisons 

were made against the pool boiling performances of plain AlSi10Mg surface and plain Al-6061 surface and 

the possible transport mechanisms associated with these surfaces were elucidated. Finally, correlations were 

proposed to characterize the pool boiling curves of the SLM fabricated surfaces by taking into consideration 

the effects of their micro-features. 

 

2. Surfaces preparation and characterization 
 

The SLM 250 HL (SLM Solutions GmbH) facility at the Future of Manufacturing Laboratory 1 of Singapore 

Centre for 3D Printing (SC3DP) in Nanyang Technological University (NTU), Singapore was employed to 

fabricate the surfaces used in the present boiling experiments.  The machine consists of a Gaussian 

distributed Yb:YAG laser with the maximum power of 400 W and laser beam spot size of 80 µm and was 

utilized to melt and fuse the base AlSi10Mg powder of 20 µm to 63 µm distribution size.  The laser melting 
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process was carried out in the machine’s build chamber where inert argon gas was first used to flush the 

chamber to attain an oxygen level of less than 0.2% so as to minimize oxidation and combustion of powder.  

Subsequently, the first layer of AlSi10Mg metallic powder was distributed evenly on the base-plate by a 

recoater and the laser beam was directed to melt the powder based on a preprogrammed model.  Upon 

completion of the laser melting process for the first layer, the base-plate was then lowered by one-layer 

thickness of 50 µm and the process was repeated until the parts are fully constructed.  In the present 

investigation, the laser power, scanning speed and hatching spacing of 350 W, 550 mm/s and 0.17 mm were 

respectively selected based on prior experience of building dense bulk objects. In all, a plain AlSi10Mg 

surface, two micro-cavity surfaces and four micro-fin surfaces were fabricated using the SLM technique. In 

addition, a commercially available plain Al-6061 specimen, which served as a control surface, was also 

prepared. The plain Al-6061 specimen was polished using a grit 1200 sand paper so that the top side of the 

surface has a mirror-like finish. All surfaces have dimensions of 10 (L)  10 (W) mm and base thickness of 1 

mm.  

 

Figures 1 (a) and (b) are the microscopic images of the plain Al-6061 and plain AlSi10Mg surfaces taken 

with an Olympus SZX7 microscope at 500 μm and 200 μm scale, respectively while Fig. 1 (c) depicts the 

submicron structures of the plain surface taken with a Scanning Electronic Microscope (SEM) at 100 nm 

scale. It can be observed from Figs. 1 (a) and (b) that the plain surface fabricated by SLM is significantly 

rougher than a commercial Al-6061 surface typically fabricated by the conventional casting method. 

Randomly oriented cavities and grooves can be found on the plain AlSi10Mg surface with the sizes ranging 

between 50 and 150 μm.  From the SEM image of Fig. 1 (c), it can be further determined that the high 

roughness of the plain surface was the result of micron-sized particles that are randomly sintered onto the 

surface.  In addition, uneven layers of fused metallic powders as a result of the laser melting process also 

contributed to the high surface roughness. Finally, using a PLμ Confocal Image Profiler, sample 

measurements were taken at six random points on each surface over the span of approximately 700 μm in 

length. From the measurement results, the root means square (rms) roughness of the plain Al-6061 and plain 

AlSi10Mg surfaces were determined to be 0.25 μm and 7.32 μm, respectively. 

 

The two micro-cavity surfaces fabricated are namely Micro-cavity A and Micro-cavity B surfaces. Each 

surface consists of 7  7 arrays of cavities separated by grooves. A photograph of the Micro-cavity A surface 

is depicted in Fig. 2 (a) and the microscope image of the surface in the 200 μm range scale is shown in Fig. 2 

(b). Six random cavities and grooves were chosen and measurements of these surfaces features were 

performed with the PLμ Confocal Image Profiler. From the measurement results, it was determined that the 

average cavity mouth diameter (Cm) of Micro-cavity A and Micro-cavity B surfaces were 500 μm and 700 

μm, respectively and the average depths of the cavity (Cd) for both surfaces were approximately 200 μm.  In 

addition, it was also observed that the cavity wall converged gradually with increasing depth, producing a U-

shape profile as illustrated in Fig. 2 (c). For Micro-cavity A surface, the average cavity based diameter (Cb) 

was measured to be 200 μm whereas for Micro-cavity B surface, Cb was 400 μm. On the other hand, 

measurements of the grooves that exist between the cavities also revealed that the Micro-cavity A consists of 

an average groove gap (Gm) of 150 μm and groove depth (Gd) of 200 μm whereas the Gm value of 100 μm 

and Gd value of 250 μm was obtained for Micro-cavity B surface. As shown in Fig. 2 (d), due to the 

exponentially converging groove walls with increasing depth, the grooves take the form of a valley-like 

structure. Assuming that the cavity walls take the form a semi-spherical contour and adjacent cavities are 

separated by conical-shaped grooves, the total surface areas of Micro-cavity A and B were computed to be 

1.11 cm2 and 1.54 cm2, respectively. 

 

Four micro-fin surfaces (Micro-fin A, Micro-fin B, Micro-fin C and Micro-fin D) of different fin base 

diameters (Fd), fin heights (Fh) and fin separations (Fs) were fabricated. Figure 3 (a) shows the photograph of 

the Micro-fin A surface which consists of 9  9 arrays of circular dome-like fins protruding from the base 

surface. Figures 3 (b) and (c) depict the microscopic images of the top and side views of the Micro-fin A 

surface. At this range scale, it can be observed that the micro-fins are highly ordered and the as-built 

geometries are repeatable. Each fin has a broader base diameter and its diameter reduces gradually to the tip 

as the fin extends from the base. For Micro-fin A, the designed Fd, Fh and Fs values are 500 μm, 400 μm and 

500 μm, respectively. Eight to 15 measurements were conducted on the fabricated fin surface using the 
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Olympus SZX7 microscope and the standard deviations of the as-built Fd, Fh and Fs from the design inputs 

were determined to be ± 23.3 μm, ± 27.6 μm and ± 23 μm, respectively. In addition, by considering that each 

fin consists of a cylindrical shaft with a semi-spherical tip, the total surface areas of the micro-fin surfaces 

were computed.  

 

For the micro-cavity surfaces, as adjacent micro-cavities are separated by micro-grooves, the cavity pitch 

(Cp) is hence Cm + Gm. On the other hand, for micro-fin surfaces, the fin pitch (Fp) is equal to Fd + Fs. Using 

Cp and Fp, the respective cavity-to-pitch ratio (Cm/Cp) and fin-to-pitch ratio (Fd/Fp) for the micro-cavity and 

micro-fin surfaces are computed and summarized in Table 1. For all the microstructured surfaces, the surface 

roughness factor (r) and solid fraction (φ) were determined, where r is defined as the ratio of the actual solid 

area to its projected area and φ is the ratio of the microstructures cross area to the area of the substrate. 

Taking Fig. 1 (b) as a unit cell, r and φ of the micro-cavity surfaces were computed using Eqs. (1) and (2), 

respectively whereas r and φ of the micro-fin surfaces were determined with the model proposed by Chu et 

al. [8]. Surface features of all the specimens investigated in the present study are summarized in Table 1. 

Finally, it should be noted that even though r is defined as surface roughness ratio, it can also be shown that 

r is related to dimensionless geometric parameters of the respective enhanced surfaces. The detailed 

derivation of r for micro-cavity and micro-fin surfaces and its decomposition into dimensionless geometric 

parameters are presented in Appendix A. 

 

𝑟 = 1 +

𝜋
4 {2(𝐶𝑚

2 − 𝐶𝑏
2) + 2𝐺𝑚(𝐺𝑚

2 + 𝐺𝑑
2)

1/2
− (𝐶𝑚

2 + 2𝐺𝑚
2 )}

(𝐺𝑚 + 𝐶𝑚)2
 (1) 

 

𝜑 =

𝜋
4 (𝐶𝑚

2 + 2𝐺𝑚
2 )

(𝐺𝑚 + 𝐶𝑚)2
 (2) 

 

Table 1 Summary of surface features 

 

Type of surfaces  

 

Description of surface features 

 

Total surface 

area (At) 

Surface 

roughness 

factor (r) 

Solid 

fraction 

(φ) 

     

Micro-cavity A 

(7  7 array) 

 Cm 500 μm 

 Cb 200 μm 

 Cd 200 μm 

 

 Gm 150 μm 

 Gd 200 μm 

 Cm/Cp  0.769 

 

1.11 cm2 1.37 0.55 

Micro-cavity B 

(7  7 array) 

 Cm 700 μm 

 Cb 400 μm 

 Cd 200 μm 

 Gm 100 μm 

 Gd 250 μm 

 Cm/Cp 0.875 

 

1.54 cm2 1.25 0.63 

Micro-fin A 

(9  9 array) 

 Fd 500 μm 

 Fh 400 μm 

 Fs 500 μm 

 Fd/Fp 0.5 
 

1.35 cm2 1.99 0.20 

Micro-fin B 

(11  11 array) 

 Fd 500 μm 

 Fh 400 μm 

 

 Fs 300 μm 

 Fd/Fp 0.625 

1.52 cm2 2.54 0.31 

Micro-fin C 

(15  15 array) 

 Fd 500 μm 

 Fh 400 μm 

 

 Fs 100 μm 

 Fd/Fp 0.833 

1.97 cm2 3.74 0.55 

Micro-fin D 

(15  15 array) 

 Fd 350 μm 

 Fh 550 μm 

 

 Fs 250 μm 

 Fd/Fp 0.583 

2.14 cm2 3.64 0.27 
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3. Experimental setup and procedures 

 
3.1 Experimental setup 

 

The experimental setup used in the present pool boiling investigations was similar to those described in Refs. 

[37, 38]. The setup is represented schematically in Fig. 4 (a) and photograph of the actual facilities is shown 

in Fig. 4 (b).  An aluminum chamber was constructed to contain the bulk fluid and two cartridge heaters 

were used to bring the bulk fluid to its saturation temperature. A refilling port located at the top of the 

aluminium chamber was kept open to maintain the chamber at atmospheric pressure. Two K-type 

thermocouples were used to obtain the average temperature of the fluid.  A rod heater, located within the 

Teflon base, served as the heat source, where the heat generated was transferred through the copper block to 

the test specimen and eventually dissipated to the bulk fluid. In order to maintain a constant bulk fluid level 

throughout the experiment, a water cooled condenser, positioned at the top of the chamber, allows the 

vaporized fluid to be condensed and recirculated back to aluminum chamber.  Details of the heater section 

comprising the test specimen, copper block, rod heater and Teflon base are further illustrated in Fig. 5. The 

test specimen was located at the bottom of the aluminum chamber and was bonded to the top surface of a 

copper block using the thermal adhesive epoxy. In order to minimize heat loss, the copper block was 

thermally insulated at all sides by the Teflon base, except at the top surface where the heat was dissipated. 

Three T-type thermocouples were positioned along the surface of the copper block.  The wall temperature 

(Tw), which represents the temperature at the specimen top surface, was determined by Thermocouple 1 

which was placed at a distance of 1 mm from the top surface of the copper block and approximately 2 mm 

from the top base surface of the specimen.  

 

3.2 Experimental procedures and data reduction   

 

The present studies investigate the pool boiling characteristics of the surfaces in FC-72 with the saturated 

fluid properties obtained from [39, 40] as shown in Table 2. Experiments were conducted by first filling the 

aluminum chamber with the dielectric fluid such that the test specimen was at approximately 60 mm beneath 

the fluid level.  Two cartridge heaters were immersed into the fluid and electrical power was supplied to the 

cartridge heaters to bring the bulk fluid to saturation temperature.  The bulk fluid was then maintained at 

saturation temperature for approximately 1 hour to allow degassing and to ensure that the steady state 

condition was attained.  Subsequently, electrical power to the rod heater was raised at increments of between 

0.8 and 3.3 W and the system was allowed to stabilize for 20 to 50 minutes in the natural convection regime 

and 10 to 20 minutes in the nucleate boiling regime.  For every increment, steady state condition was 

considered to be reached when the thermocouple reading was within ± 0.5C for more than 2 minutes. The 

occurrence of CHF was identified by the huge bubble coalescence that took place over the surface which was 

accompanied by the significant reduction in the bubble departure frequency, where Tw was also observed to 

increase significantly with time (approximately 5ºC increase within a second). Thereafter, the power supply 

to the rod heater was turned off to prevent damage to the rod heater. 

 

Table 2 Thermophysical properties of FC-72 [39, 40] 

 

Properties at saturation temperature (1 atm) 

 

FC-72 

 

 

Boiling point (ºC) 

 

56 

Liquid density (kg/m3) 1602.2 

Vapor density (kg/m3) 13.21 

Liquid dynamic viscosity (kg/ms) 4.33  10-4 

Liquid specific heat (J/ kgK) 1101 

Liquid thermal conductivity (W/mK) 0.054 
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Latent heat of vaporization (kJ/kg) 88 

Liquid surface tension (N/m) 0.793  10-2 

 

All thermocouples were calibrated prior to the experiments and the temperatures were acquired under quasi-

steady state condition with the “Yokogawa MW100” data acquisition unit at the sampling rate of 2 Hz 

averaged over 1 minute. The saturation temperature of the bulk fluid (Tsat) was evaluated under atmospheric 

condition and the heat rate generated from the rod heater (q) was recorded directly from the power meter.  

Based on the measured q, Tw and Tsat, the nucleate boiling heat transfer coefficient (hb) was calculated from 

Eq. (3), where Ab represents the base area of the test specimens and 𝑞′′ is the heat flux dissipated from the 

test specimen.  The uncertainty of the thermocouple measurements was ± 0.5°C while the accuracy of 

current and voltage readings are within ± 0.5% of their full scale.  Using the method described by Moffat 

[41], the average uncertainty of the heat transfer coefficient (hb) in the single phase convection regime was 

calculated to be ± 12.4% whereas in the nucleate boiling regime it was evaluated to be ± 5.5% and the 

maximum uncertainty was ± 19.5%.  For each test specimen, the experiment was carried out under similar 

conditions to ensure that the results were repeatable. The test ranges for q and Tw are between 4.6 W and 47.9 

W and 58.9ºC and 130.1ºC, respectively. A one-dimensional thermal resistance analysis was conducted from 

the position of Thermocouple 1 to the top boiling surface. Using thermal conductivity values of 400 W/mK, 

16.61 W/mK and 173 W/mK for the copper block, thermal adhesive and AlSi10Mg [42], respectively, the 

thermal resistance was calculated to be 1.43  10-5 m2K/W. With this thermal resistance value and the values 

of the applied heat fluxes used in the experiments, the average deviation of the measured temperature 

(Thermocouple 1) from the projected top surface temperature was computed to be 2.76%.  

 

A two-dimensional, steady-state, axisymmetric thermal analysis, similar to that reported by Ho et al. [37], 

was performed on the heater section (Fig. 5) to evaluate the heat losses of the setup. The energy equation 

[Eq. (4)] was employed and it was assumed that the heat generated from the rod heater was evenly 

distributed along the internal boundary of the copper block.  The nucleate heat transfer coefficient, obtained 

experimentally, was taken to be uniform along the test specimen top surface and along the copper block-

Teflon interface.  In addition, heat was also assumed to be dissipated from the boundary of the Teflon 

insulation to the ambient air through natural convection.  Numerical computations were performed using the 

‘COMSOL Multiphysics’ software based on the governing equation and boundary conditions described 

above and the maximum heat loss was determined to be not more than 7% of 𝑞′′. 

 

ℎ𝑏 =
𝑞

𝐴𝑏(𝑇𝑤 − 𝑇𝑠𝑎𝑡)
 =  

𝑞′′

(𝑇𝑤 − 𝑇𝑠𝑎𝑡)
 (3) 

 

𝜕2𝑇(𝑥, 𝑦)

𝜕𝑥2
+

𝜕2𝑇(𝑥, 𝑦)

𝜕𝑦2
= 0 (4) 

 

 

4. Results and discussions 
 

4.1 Pool boiling of plain surfaces 

 

The saturated pool boiling curves of plain Al-6061 and plain AlSi10Mg surfaces are depicted in Fig. 6 (a) 

and the calculated heat transfer coefficients (hb) are plotted in Fig. 6 (b). At the end of each curve, the 

occurrence of CHF was observed and is demarcated by the solid marker. As shown in Fig. 6 (a), the boiling 

incipience temperature of plain Al-6061 was recorded at 11.9ºC at the heat flux of 6.7 W/cm2 whereas lower 

incipience temperature and heat flux of 4.5ºC and 5.3 W/ cm2 were respectively obtained for plain 

AlSi10Mg. The highest nucleate boiling heat transfer coefficient (hb,t) of 0.64 W/cm2K was achieved with 

plain Al-6061 at the heat flux of 10.3 W/cm2 whereas hb,t of 0.9 W/cm2K was recorded for plain AlSi10Mg 

at the heat flux of 6.14 W/cm2, which corresponds to 40.6% enhancement. In order to evaluate the overall 
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heat transfer performance of the surfaces, the average heat transfer coefficients (have) were calculated by 

averaging hb of the respective surfaces over the range of heat fluxes in the nucleate boiling regime. On the 

basis of this computation, the have values of plain Al-6061 and plain AlSi10Mg were determined to be 0.6 

W/cm2K and 0.69 W/cm2K, respectively. Finally, from Fig. 6, it can be seen that the CHF for plain Al-6061 

occurred at 27.2 W/cm2 whereas for plain AlSi10Mg, it was recorded at 35.7 W/cm2. The higher CHF value 

of plain AlSi10Mg corresponds to approximately 31.3% enhancement in CHF as compared to plain Al-6061.  

 

The macroscopic perspectives of the pool boiling processes for plain Al-6061 and AlSi10Mg surfaces under 

different heat fluxes are illustrated in the images shown in Figs. 9 and 10. At low heat fluxes (between 6 

W/cm2 and 10 W/cm2), it can be observed that bubble nucleation has taken place over majority of the plain 

Al-6061’s surface. Due to the large number of nucleation sites on the plain Al-6061 that have been activated 

within this range of heat fluxes, the initial portion of its boiling curve exhibits an exponentially increasing 

trend as shown in Fig. 9 (a). However, with further increment in heat fluxes, the fully developed boiling 

regime quickly set in and, thereafter, predominant coalescence of the departing bubbles was observed. As 

shown in Fig. 9 (c), onset of bubble coalescence was observed at the heat flux of approximately 15.1 W/cm2. 

As a result of the merging of bubbles, a thick vapor layer was formed over the boiling surface which 

impeded heat dissipation from the surface and hence, resulted in the declined of the hb curve as shown in Fig. 

6 (b).  

 

On the other hand, for the plain AlSi10Mg surface, bubble nucleation during incipience was observed to take 

place over a smaller region of the surface [Fig. 10 (a)]. With the increase in heat flux, more nucleation sites 

were activated and bubbles eventually developed over the entire surface at 15.1 W/cm2, indicating the 

transition to the fully developed boiling regime. Despite the smaller boiling surface region in the low heat 

flux regime, the plain AlSi10Mg surface still demonstrated significantly higher hb than that of plain Al-6061. 

This enhanced thermal performance could be attributed to the larger active nucleation site density in the 

plain AlSi10Mg surface which facilitated the formation of larger quantities of vapor bubbles per unit area 

and thereby increasing the overall heat dissipation capability of the surface. However, it can also be observed 

from Fig. 6 (b) that as the heat flux is further increased, hb of plain AlSi10Mg reduces exponentially and 

enhancement in hb reached as low as 9.6% at the end of isolated bubble boiling regime. At approximately 28 

W/cm2, considerable coalescences of vapor bubbles were observed on the plain AlSi10Mg surface. The 

substantial delay in the onset of vapor bubble coalescence in plain AlSi10Mg (28 W/cm2) as compared to 

plain Al-6061 (15.1 W/cm2) is likely due to the significantly higher roughness of the SLM fabricated surface. 

Due to the inherent microscale cavities and grooves on the plain AlSi10Mg surface, these micro-features 

serve as obstacles to the horizontal growth of the bubbles and impeded coalescence with adjacent bubbles. 

On the same note, at high heat fluxes, the micro-features that have interrupted the coalescence of the vapor 

layer could have also delay the onset of instability and hence result in the increase in CHF. 

 

4.2 Effects of micro-cavities and micro-fins 

 

Comparison of the nucleation pool boiling curves and heat transfer coefficients (hb) of the micro-cavity and 

the plain surfaces are illustrated in Figs. 7 (a) and 8 (a), respectively. It is apparent that the micro-cavity 

surfaces show better heat transfer performance as compared to the plain Al-6061 and plain AlSi10Mg 

surfaces, indicated by the leftward shift of their boiling curves as shown in Fig. 7 (a). The Micro-cavity A 

surface has the hb,t of 1.10 W/cm2K at the heat flux of 6.6 W/cm2 and its have was calculated to be 0.83 

W/cm2K. On the other hand, a lower hb,t of 0.9 W/cm2 but higher have of 0.87 W/cm2K was obtained with 

the Micro-cavity B surface. In all, have of Micro-cavity A is 20.3% higher than plain AlSi10Mg and 38.3% 

higher than plain Al-6061 whereas Micro-cavity B exhibited 26.1% and 45% enhancements in have as 

compared to that of plain AlSi10Mg and plain Al-6061, respectively. Substantial delay in the onset of CHF 

was also observed with the micro-cavities surfaces. A CHF value of 38.8 W/cm2 was recorded with Micro-

cavity A and CHF value of 37 W/cm2 with Micro-cavity B. These values corresponded to 8.7% and 3.7% 

enhancements in CHF as compared to plain AlSi10Mg and 42.5% and 36.0% enhancements in CHF as 

compared to plain Al-6061.  
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At low heat fluxes, for both micro-cavity surfaces, bubbles were observed to depart from the micro-size 

grooves whereas the micro-size cavities remained inactive. In the recent analysis performed by Ho et al. 

[15], it was determined that the sizes of active nucleation sites for FC-72 ranged from 0.1 µm to 250 µm. The 

present experimental observations agreed well with the analysis by Ho et al. [15] where the grooves mouth 

diameters of 150 µm (Micro-cavity A) and 100 µm (Micro-cavity B) are active sites and the cavities mouth 

diameters for both surfaces are too large for bubble nucleation. In addition, with the exponentially 

converging groove walls, these micro-size grooves are also effective bubble generation sites where bubble 

embryos are allowed to grow at different groove depth under different wall superheats and hence explained 

their higher heat transfer coefficients as compared to the plain surfaces. Due to the similar configuration of 

the micro-sized grooves on both micro-cavity surfaces, there were only marginal differences in their overall 

heat transfer performances; with Micro-cavity B exhibiting 4.8% higher have than Micro-cavity A. On the 

other hand, the micro-size cavities also served to increase the overall surface roughness of Micro-cavity A 

and B which disrupt the horizontal coalescence of vapor bubbles and further delay CHF.  Finally, the CHF 

values recorded for the micro-cavity surfaces also show similar trend as the models proposed by Chu et al. 

[8] and Quan et al. [43] where CHF were observed to increase with increasing r. However, it should also be 

noted that, while CHF of plain Al-6061 in the present experiment was relatively closer to the prediction 

made by Quan et al. [43] (approximately 35% deviation), the model of Eq. (5) underpredicts the CHF of the 

microstructured and plain AlSi10Mg surfaces by significant margins. The higher CHFs as compared to the 

predicted values were likely due to the inherent high roughness of the SLM fabricated surfaces. In addition 

to the inherent surface roughness, the profile of the micro-grooves and micro-fins side walls on the 

microstructured surfaces could have also helped to guide the fluid flow into the nucleation sites at the 

channel base when the bubbles depart and delay drying-out.  The enhancement of fluid replenishment paths 

to the nucleation sites, which was similarly proposed by Jaikumar and Kandlikar [17], further contributed to 

the delay in CHF and explained the higher CHF observed for the microstructured surfaces as compared to 

plain AlSi10Mg. 

 

𝑞𝐶𝐻𝐹
′′ = (

1 + cos 𝜃

16
) [

2

𝜋

𝑟 + cos 𝜃

1 + cos 𝜃
+

𝜋

4
(1 + cos 𝜃)𝑐𝑜𝑠𝜙] 1/2ℎ𝑓𝑔𝜌𝑔

1/2
[𝜎𝑔(𝜌𝑙 − 𝜌𝑔)]

1/4
  (5) 

 

Similarly, the micro-fin surfaces also displayed significant enhancements in heat transfer performances as 

compared to plain surfaces and comparisons of their nucleate pool boiling curves and heat transfer 

coefficients are illustrated in Figs. 7 (b) and 8 (b), respectively. As compared to plain Al-6061, all micro-fins 

demonstrated substantial enhancements in the hb and CHF whereas in comparison with plain AlSi10Mg, 

improvements in hb and CHF were observed with Micro-fin A, B and D. On the other hand, apart from the 

marginal enhancement in CHF, Micro-fin C showed negligible difference in heat transfer performance from 

that of plain AlSi10Mg. Among the micro-fin surfaces, Micro-fin B exhibited the highest hb,t of 1.27 

W/cm2K at the heat flux of 7.0 W/cm2 and the highest have of 1.02 W/cm2K, which corresponded to 70% 

and 48% higher have than that of plain Al-6061 and plain-AlSi10Mg, respectively. The highest CHF of 47.9 

W/cm2 was achieved with Micro-fin D surface where the enhancement is as high as 76% as compared to 

plain Al-6061.  

 

Figure 11 illustrates the pool boiling processes of the Micro-fin B surface at various heat fluxes. At low heat 

fluxes, it is observed that nucleate boiling do not take place across the entire surface. In the regions where 

nucleation occurs, the fins provided additional surface for bubble formation whereas at non-active sites, the 

fins enhanced heat transfer by allowing heat from the base surface to be conducted and dissipate to the bulk 

fluids through free convection. At high heat fluxes when the vapor bubbles coalesced over the base surface, 

the presence of fins that extended out of the vapor layer improved heat transfer by allowing heat to be 

dissipated through the fin into the region where nucleate boiling still occurs. In addition, by comparing the 

experimental results of Micro-fins A, B and C which have the same fin diameter (Fd) and fin height (Fh) but 

different fin separation (Fs), it is apparent that the optimal heat transfer performance is achieved with the Fs 

of 300 μm (Micro-fin B). On the contrary, Micro-fin C with the smallest Fs of 100 μm and highest total 

surface (At) resulted in significantly lower heat transfer coefficients and CHF. Using the method described by 
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Cole [44] as shown in Eq. (6) and with the incipience wall superheat recorded in the present experiments, the 

bubble departure diameter (Db) was calculated to be between 182 µm and 225 µm.  

 

𝐷𝑏 =
0.04ρ𝑙𝐶𝑝𝑙𝛥𝑇𝑠𝑎𝑡

ρ𝑔ℎ𝑓𝑔
√

σ

𝑔(ρ𝑙 − ρ𝑔)
 (6) 

 

With Fs smaller than Db, such as Micro-fin C, the fins would restrain bubble growth and also resist bubble 

flow as the bubbles depart the surface. As a result, the bubble departure frequency was reduced and early 

bubble coalescence took place between the fins. The early formation of the vapor layer, in turn, increased the 

wall temperature of the base surface, and hence, reduced the heat transfer coefficients and CHF of the 

surface. Table 3 summarizes the key thermal performance indicators of the various surfaces that are 

determined in the present investigation. 

 

 

 

 

Table 3 Summary of nucleate pool boiling performances of various surfaces 

 

Type of surfaces  
ℎ𝑏,𝑡 

(W/cm2K) 

ℎ𝑎𝑣𝑒  

(W/cm2K) 

ℎ𝑎𝑣𝑒

ℎ𝐴𝑙−6061
 

ℎ𝑎𝑣𝑒

ℎ𝐴𝑙𝑆𝑖10𝑀𝑔
 

𝐶𝐻𝐹 
(W/cm2) 

𝐶𝐻𝐹

𝐶𝐻𝐹𝐴𝑙−6061
 

𝐶𝐻𝐹

𝐶𝐻𝐹𝐴𝑆𝑖10𝑀𝑔
 

 

Plain Al-6061 

 

0.64 

 

0.60 

 

1.00 

 

0.87 

 

27.20 

 

1.00 

 

0.76 

Plain AlSi10Mg 0.90 0.69 1.15 1.00 35.70 1.31 1.00 

Micro-cavity A 1.10 0.83 1.38 1.20 38.80 1.43 1.09 

Micro-cavity B 0.90 0.87 1.45 1.26 37.00 1.36 1.04 

Micro-fin A 1.10 0.79 1.31 1.14 42.00 1.54 1.18 

Micro-fin B 1.27 1.02 1.70 1.48 46.20 1.70 1.29 

Micro-fin C 0.75 0.68 1.13 0.99 42.80 1.57 1.20 

Micro-fin D 1.14 0.88 1.47 1.28 47.90 1.76 1.34 

 

On the other hand, heat transfer coefficients of the enhanced surfaces can also be computed with respect to 

the total heat transfer area (At) of the respective surfaces as shown in Table 1. By replacing Ab with At in Eq. 

(3), the heat transfer coefficients with respect to the total heat transfer area (ht) can be obtained. Furthermore, 

by normalizing ht with the heat transfer coefficients of the plain AlSi10Mg (hb,plain-AlSi10Mg) at approximately 

the same qb′′, as shown in Eq. (7), the relative enhancement (η) of ht as compared to hb,plain-AlSi10Mg can be 

computed.  

 

η =  ℎ𝑡/ℎ𝑏,𝑝𝑙𝑎𝑖𝑛−𝐴𝑙𝑆𝑖10𝑀𝑔 (7) 

 

As compared to plain AlSi10Mg, the increase in surface area of the microstructured surface would produce 

additional nucleation sites that would enhance hb. Therefore, by considering the nucleation site density as the 

only factor affecting the boiling heat transfer performance, η should theoretically be equal to 1 for all 

enhanced surfaces. However, it is also commonly known that bubble dynamics such as bubble departure 

frequencies, effects of bubble coalescence and bubble-to-microstructures interactions would have significant 

effects on the heat transfer performances of the microstructured surfaces. Based on this analysis, it can 

therefore be postulated that for surfaces with η > 1, the dynamics of the bubbles would have contributed to 

the enhancements in the heat transfer and for η < 1, bubble dynamics would produce adverse effects on the 

thermal performance of the surface. 
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The computed results of η are plotted against qb′′ and are depicted in Fig. 12. From Fig. 12 (a), it can be seen 

that within the range of heat fluxes tested, η is consistently greater than 1 for Micro-cavity A and the highest 

η value of 1.27 was computed at qb′′ of 5.8 W/cm2. On the other hand, the η values of Micro-cavity B are 

lower than 1, where the highest η value of 0.88 was recorded at qb′′ of 35.4 W/cm2. Similarly, the range of η 

values computed for the Micro-fin surfaces are shown in Fig. 12 (b). The η values for Micro-fin A are 

marginally lower than 1 whereas the Micro-fin B surface showed significant improvements in η. The η 

values of Micro-fin B are consistently above 1 and the highest η value of 1.26 is obtained at qb′′ of 17.9 

W/cm2. However, for Micro-fin C and Micro-fin D, significant reduction in η was observed. From the 

analysis of η, it can therefore be deduced that the geometrical configuration of the Micro-cavity A and 

Micro-fin B microstructures such as Cp, Fp, Cm/Cp and Fd/Fp ratios were effective in enhancing heat transfer 

by the bubble dynamics. 

 

4.3 Characterization of pool boiling curves  

 

A model which relates the pool boiling heat transfer from a surface with the coolant fluid’s thermophysical 

properties and the surface wall superheats was proposed by Rohsenow [45]. As shown in Eq. (8), this model 

also allows the flexibility for the constants (Csf, n and s) to be varied in accordance to the different boiling 

conditions to account for the effects of surface-fluid interactions during the boiling process. Evaluation of the 

constants for different surface-fluid combinations were carried out by numerous researchers such as Pioro 

[46] and Vachon [47]. More recently, in an investigation conducted with FC-72, Ho et al. [15] also 

determined that by setting s to be 3.5, the correlation agreed well with the experimental date under the 

different boiling conditions. In the present studies, the Rohsenow model is adopted to characterize the pool 

boiling curves of the SLM fabricated surfaces. Using the Gauss-Newton method, the various Csf  and n 

values were computed for Plain AlSi10Mg and the microstructured surfaces by setting s = 3.5. The computed 

Csf and n values of the various surfaces are tabulated in Table 4. From the computed results, it is observed 

that the both Csf and n values are generally lower for surfaces with higher heat transfer performances. In 

addition, with the computed Csf and n values, it was also determined, that the predicted heat fluxes are within 

15% of the experimental results in the nucleate boiling regime. 

 

𝑞′′ = 𝜇𝑙ℎ𝑓𝑔 [
𝑔(𝜌𝑙 − 𝜌𝑔)

𝜎
] 

1
2  [

𝐶𝑝𝑙(𝑇𝑤 − 𝑇𝑠𝑎𝑡)

𝐶𝑠𝑓ℎ𝑓𝑔𝑃𝑟𝑙
𝑠 ] 

1
𝑛 (8) 

 

Table 4 Csf and r values of SLM fabricated plain and microstructured surfaces 

 

Type of surfaces  Csf  ( 105) n 

 

Plain AlSi10Mg 

 

3.73 

 

1.2161 

Micro-cavity A 3.14 1.1611 

Micro-cavity B 2.96 1.2521 

Micro-fin A 3.56 1.1274 

Micro-fin B 2.58 1.1163 

Micro-fin C 4.00 1.1404 

Micro-fin D 3.17 1.1282 

 

As depicted in Table 1, features of the microstructured surfaces can be characterized by the surface 

roughness factor (r) and the solid fraction (φ). Recently, several models have been proposed [8, 28, 43] 

where CHF and hb of the microstructured surfaces were suggested to be dependent on r and φ. Similarly, it is 

shown in the present experimental studies that the pool boiling curves of the SLM fabricated surfaces are 

also highly dependent on the surface micro-features. In addition, as shown in Appendix A, it can also be seen 

that r is related to geometric parameters of enhanced surfaces. On this basis, it is postulated that both Csf and 

n are exponential functions of r such that the surface-fluid interactions as a result of the microstructured 

features are accounted for in the correlation. By using the Csf and n values from Table 4, non-linear 
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regression analyses were performed and the relationships between Csf, n and r are established as shown in 

Eqs. (9) and (10). Hence, by substituting Eqs. (9) and (10) into Eq. (8), a general correlation for the nucleate 

pool boiling heat transfer of the SLM surfaces tested in the present studies is obtained.  

 

𝐶𝑠𝑓 = (3.21 × 10−5) ∙ 𝑟0.0469 (9) 

 

𝑛 = 1.2163 ∙ 𝑟−0.0743 (10) 

 

Figure 13 compares the heat fluxes predicted by the general correlation (Eqs. (8), (9) and (10)) against the 

experimental values for the various SLM surfaces. Based on the plot, it is determined that a reasonably good 

prediction is achieved with the correlation where majority of the predicted values lie within ± 20% of the 

experimental values.  

 

5. Conclusions 
 

This paper reports the nucleate pool boiling performances of plain and microstructured surfaces fabricated by 

SLM technique. Pool boiling experiments were performed with FC-72 as coolant fluid under atmospheric 

pressure and saturated fluid conditions. The significant findings of the present investigations are summarized 

as follows:  

 

 The results indicate that SLM fabricated surfaces significantly improve the heat transfer coefficients and 

CHF as compared to plain Al-6061. While the plain AlSi10Mg surface demonstrated 15% higher have 

and 31% higher CHF than plain Al-6061, up to 70% enhancement in have and 76% enhancement in CHF 

were respectively achieved with Micro-fin B and Micro-fin C surfaces. The highest heat transfer 

coefficient (hb,t) of 1.27 W/cm2K was also recorded with the Micro-fin B surface at the heat flux of 7.0 

W/cm2.  

 Microscopic images and visualization of the boiling process suggest that the inherent microscale cavities 

and grooves on the plain AlSi10Mg surface increased the surface active nucleation site density which 

increased hb. In addition, the microstructure surface features also interrupted the coalescence of vapor 

bubbles and enhanced fluid replenishment paths, hence delaying CHF. Experiments performed with 

micro-cavity surfaces also revealed that the micro-size grooves were effective bubble generation sites 

which resulted in the higher hb than plain AlSi10Mg whereas the micro-size cavities increased the 

overall surface roughness which further delay CHF. On the other hand, the micro-fin surfaces were 

found to provide the most significant improvements in hb. The presence of fins provided additional area 

for bubble nucleation and, at the same time, increased heat dissipation via thermal conduction from the 

base area. 

 In addition, it was also observed that the optimization of the heat transfer performance of the micro-fin 

surfaces requires Fs to be optimized. The Fs values should be sufficiently small such that the number of 

fins and At are increased but at the same time, Fs should be sufficiently large so as to minimize resistance 

to bubble growth and departure.  In the present investigation, the optimal Fs is determined to be 300 µm.  

 Finally, using the Rohsenow model, Csf and n values were determined for the various SLM fabricated 

surfaces and from these values a general correlation was proposed where relationships between Csf, n and 

r were established. With this correlation, the predicted heat fluxes were determined to be within ±20% of 

the heat fluxes obtained from the experiments.  
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6. List of Figure Captions 
 

Fig. 1 (a) Top view microscope image of Plain Al-6061 surface at 500 μm scale and (b) Top view 

microscope image of Plain AlSi10Mg surface at 200 μm scale (c) Top view SEM image of Plain AlSi10Mg 

surface at 100 nm scale. 

Fig. 2 (a) Photograph of Micro-cavity A surface (b) Top view of the microscope image of Micro-cavity A 

surface (c) Three-dimensional cavity profile of Micro-cavity A and (d) Three-dimensional groove profile of 

Micro-cavity A surface. 

Fig. 3 (a) Photograph of Micro-fin A surface, (b) Top view microscope image of Micro-fin A surface and (b) 

Side view microscope image of Micro-fin A surface. 

Fig. 4 (a) Schematic of experimental setup and (b) Photograph of experimental setup. 

Fig. 5 Thermosyphon heater section. 

Fig. 6 (a) Nucleate pool boiling curves and (b) heat transfer coefficients of plain surfaces. 

Fig. 7 Comparison of nucleate pool boiling curves of (a) micro-cavity and (b) micro-fin surfaces. 

Fig. 8 Comparison of heat transfer coefficients of (a) micro-cavity and (b) micro-fin surfaces. 

Fig. 9 Nucleate pool boiling photographs of plain Al-6061 at (a) 6.7 W/cm2, (b) 8.4 W/cm2, (c) 15.1 W/cm2, 

(d) 19.1 W/cm2, (e) 22.6 W/cm2 and (f) 27.2 W/cm2 CHF. 

Fig. 10 Nucleate pool boiling photographs of plain AlSi10Mg at (a) 7.0 W/cm2, (b) 8.9 W/cm2, (c) 15.1 

W/cm2, (d) 18.5 W/cm2, (e) 28.0 W/cm2 and (f) 35.7 W/cm2 CHF. 

Fig. 11 Nucleate pool boiling photographs of Micro-fin B at (a) 7.0 W/cm2, (b) 8.9 W/cm2, (c) 15.7 W/cm2, 

(d) 23.4 W/cm2, (e) 28.0 W/cm2 and (f) 46.2 W/cm2 CHF. 

Fig. 12 η against qb′′ of (a) Micro-cavity surfaces (b) Micro-fin surfaces. 

Fig. 13 Comparison of predicted heat fluxes against experimental heat fluxes. 

Fig. A-1 (a) Top view and (b) side view of a Micro-fin surface unit cell. 

Fig. A-2 (a) Top view and (b) side view of a Micro-cavity surface unit cell. 
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7. List of Figures 
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Fig. 1 (a) Top view microscope image of Plain Al-6061 surface at 500 μm scale and (b) Top view 

microscope image of Plain AlSi10Mg surface at 200 μm scale (c) Top view SEM image of Plain AlSi10Mg 

surface at 100 nm scale. 
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(c) 

 
(d) 

 

Fig. 2 (a) Photograph of Micro-cavity A surface (b) Top view of the microscope image of Micro-cavity A 

surface (c) Three-dimensional cavity profile of Micro-cavity A and (d) Three-dimensional groove profile of 

Micro-cavity A surface. 
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(b) 

 
(c) 

 

Fig. 3 (a) Photograph of Micro-fin A surface, (b) Top view microscope image of Micro-fin A surface and (b) 

Side view microscope image of Micro-fin A surface. 
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Fig. 4 (a) Schematic of experimental setup. 

 

 
 

Fig. 4 (b) Photograph of experimental setup. 
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Fig. 5 Thermosyphon heater section. 
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Fig. 6 (a) Nucleate pool boiling curves and (b) heat transfer coefficients of plain surfaces. 
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(a) 

 
(b) 

 

Fig. 7 Comparison of nucleate pool boiling curves of (a) micro-cavity and (b) micro-fin surfaces. 
 

 
(a) 

 
(b) 

 

Fig. 8 Comparison of heat transfer coefficients of (a) micro-cavity and (b) micro-fin surfaces. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

Fig. 9 Nucleate pool boiling photographs of plain Al-6061 at (a) 6.7 W/cm2, (b) 8.4 W/cm2, (c) 15.1 W/cm2, 

(d) 19.1 W/cm2, (e) 22.6 W/cm2 and (f) 27.2 W/cm2 CHF. 
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(c) 
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(f) 

 

Fig. 10 Nucleate pool boiling photographs of plain AlSi10Mg at (a) 7.0 W/cm2, (b) 8.9 W/cm2, (c) 15.1 

W/cm2, (d) 18.5 W/cm2, (e) 28.0 W/cm2 and (f) 35.7 W/cm2 CHF. 
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Fig. 11 Nucleate pool boiling photographs of Micro-fin B at (a) 7.0 W/cm2, (b) 8.9 W/cm2, (c) 15.7 W/cm2, 

(d) 23.4 W/cm2, (e) 28.0 W/cm2 and (f) 46.2 W/cm2 CHF. 
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(a) 

 
(b) 

 

Fig. 12 η against qb′′ of (a) Micro-cavity surfaces (b) Micro-fin surfaces. 

 

 
 

Fig. 13 Comparison of predicted heat fluxes against experimental heat fluxes 
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Appendix A: Derivation and decomposition of r for micro-cavity and micro-fin surfaces 

 

Micro-fin surfaces 

Figure A-1 depicts the schematic of a unit cell of the Micro-fin surface features tested in the present 

investigation. As shown in Fig. A-1, the unit cell has sides equal to Fd + Fs and is made up of four quarters of 

a micro-fin. Using parameters Fd, Fs and Fh, r can be derived as follows: 

 

𝑟 =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑜𝑙𝑖𝑑 𝑎𝑟𝑒𝑎

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
  

    =
(𝐹𝑑 + 𝐹𝑠)2 + 𝜋𝐹𝑑𝐹ℎ(𝜋/2)

(𝐹𝑑 + 𝐹𝑠)2
 

 

     = 1 +
𝜋𝐹𝑑𝐹ℎ(𝜋/2)

(𝐹𝑑 + 𝐹𝑠)2
 (𝐴˗1) 

 

It should be noted that the (π/2) term in Eq. (A-1) was proposed by Chu et al. [8] to account for the scalloped 

feature of the micro-fins. Finally, Eq. (A-1) can be re-written as follows: 

 

𝑟 = 1 + 𝐶1

𝐹𝑑

(𝐹𝑑 + 𝐹𝑠)

𝐹ℎ

(𝐹𝑑 + 𝐹𝑠)
 (𝐴˗2) 

 

In Eq. (A-2), C1 is a constant of value π2/2. In addition, it can be seen that r is related to the product of the 

dimensionless parameters; fin diameter-to-pitch ratio, 
𝐹𝑑

(𝐹𝑑+𝐹𝑠)
 and fin height-to-pitch ratio, 

𝐹ℎ

(𝐹𝑑+𝐹𝑠)
. 

 

(a) 

 

 

(b) 

 

Fig. A-1 (a) Top view and (b) side view of a Micro-fin surface unit cell. 

 

Micro-cavity surfaces 

Similar to the Micro-fin surfaces, the Micro-cavity surfaces can also be decomposed into dimensionless 

terms. A unit cell of the Micro-cavity surface is shown in Fig. A-2.  As the two adjacent micro-cavities are 

separated by a micro-groove, the unit cell has sides of Cm + Gm and consists of four quarters of micro-cavity 

and four halves of micro-grooves. Using parameters Cm, Cb, Cd, Gm and Gd defined above, r can be derived 

as follows: 

 

𝑟 =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑜𝑙𝑖𝑑 𝑎𝑟𝑒𝑎

𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
  

    =
(𝐶𝑚 + 𝐺𝑚)2 −

𝜋
4 (𝐶𝑚

2 + 2𝐺𝑚
2 )

(𝐶𝑚 + 𝐺𝑚)2
+

𝜋
2 (𝐶𝑚

2 − 𝐶𝑏
2)

(𝐶𝑚 + 𝐺𝑚)2
 +

𝜋
2 𝐺𝑚(𝐺𝑚

2 + 𝐺𝑑
2)1/2

(𝐶𝑚 + 𝐺𝑚)2
 (𝐴˗3) 

Fs 

Fd 

Fd + Fs 

Fd + Fs 

Fh 
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    = 1 +

𝜋
4 {2(𝐶𝑚

2 − 𝐶𝑏
2) + 2𝐺𝑚(𝐺𝑚

2 + 𝐺𝑑
2)

1/2
− (𝐶𝑚

2 + 2𝐺𝑚
2 )}

(𝐺𝑚 + 𝐶𝑚)2
  (𝐴˗4) 

 

The first term on the right hand side of Eq. (A-3) is the projected area of the unit cell less the shaded area of 

the micro-cavities and micro-grooves shown in Fig. A-2. The second term of Eq. (A-3) is the surface area of 

the micro-cavity whereas the third term is the surface area of the micro-groove. Equation (A-3) can be 

further simplified to Eq. (A-4) which corresponds to Eq. (1). However, similar to the Micro-fin surfaces, Eq. 

(A-3) for the Micro-cavity surfaces can also be re-written in dimensionless form with respect to the cavity 

pitch (Cm+Gm), as shown in Eq. (A-5) where C2, C3, and C4 are -π/4, π/2 and π/2, respectively. 

 

𝑟 = 1 + 𝐶2

(𝐶𝑚
2 + 2𝐺𝑚

2 )

(𝐶𝑚 + 𝐺𝑚)2
+ 𝐶3 [

(𝐶𝑚 + 𝐶𝑏)

(𝐶𝑚 + 𝐺𝑚)

(𝐶𝑚 − 𝐶𝑏)

(𝐶𝑚 + 𝐺𝑚)
] + 𝐶4 [

𝐺𝑚

(𝐶𝑚 + 𝐺𝑚)

(𝐺𝑚
2 + 𝐺𝑑

2)1/2

(𝐶𝑚 + 𝐺𝑚)
] (𝐴˗5) 

 

By further manipulating the second term on the right hand side of Eq. (A-5), Eq. (A-6) can be obtained, 

where C = 1 + C2. 

 

𝑟 = 𝐶 + 𝐶2 [
𝐺𝑚

(𝐶𝑚 + 𝐺𝑚)

(𝐺𝑚 − 2𝐶𝑚)

(𝐶𝑚 + 𝐺𝑚)
] + 𝐶3 [

(𝐶𝑚 + 𝐶𝑏)

(𝐶𝑚 + 𝐺𝑚)

(𝐶𝑚 − 𝐶𝑏)

(𝐶𝑚 + 𝐺𝑚)
]  

+ 𝐶4 [
𝐺𝑚

(𝐶𝑚 + 𝐺𝑚)

(𝐺𝑚
2 + 𝐺𝑑

2)1/2

(𝐶𝑚 + 𝐺𝑚)
] 

(𝐴˗6) 

 

Similar to the Micro-fin surfaces, r of the Micro-cavity surfaces is related to several dimensionless geometric 

parameters. However, due to the complexity of the Micro-cavity surfaces which involved grooves and 

cavities, more terms were included to account for these geometrical effects. The second term on the right 

hand side of Eq. (A-6), is such that Cm > Gm for all the Micro-cavity surfaces and is unique to concave 

surfaces features such as grooves and cavities. On the other hand, the third term on the right hand side of Eq. 

(A-6) relates the cavity mouth and base diameters to the cavity pitch whereas the last term on the right hand 

side of Eq. (A-6) represents the groove mouth diameter-to-pitch ratio and groove slant length-to-pitch ratio. 

 

 

(a) 

 

 

 

(b) 

 

Fig. A-2 (a) Top view and (b) side view of a Micro-cavity surface unit cell. 

 

From the above derivation, it can be seen that r has taken into account the geometric parameters of the 

Micro-fin and Micro-cavity surfaces in the dimensionless form. 
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