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a b s t r a c t 

Boiling heat transfer is a favorable method for cooling high heat flux devices, and its performance is 

evaluated using critical heat flux (CHF), which indicates the maximum heat dissipation capacity. CHF oc- 

curs when a surface is covered with a vapor film due to bubble coalescence. Here, we propose a new 

nucleation patterning surface using rGO-coated micropillar-free cavities in order to enhance boiling heat 

transfer by suppressing bubble coalescence. Nucleation patterned surface is achieved by a sectored self- 

assembly on surfaces with artificial cavities embedded in micropillar array. The nucleation pattern is 

designed with spacings of 1.0 and 1.5 mm, with reference to the bubble departure diameter on the rGO- 

coated micropillar surface. The rGO particles deposited on the bottom of the micropillar-free cavity cause 

bubble formation in the cavities, and the micropillars around the cavities supply liquid to bubbles through 

wicking. Moreover, rGO deposition with varying heat flux schemes suggests the capability of constructing 

toned rGO layers on patterned micropillar surfaces. The results confirmed that high heat transfer perfor- 

mance can be obtained by applying denser bubble nucleation with a bubble generation spacing to bubble 

departure diameter ratio of 1, under the condition of preventing bubble coalescence. The heat transfer co- 

efficient and critical heat flux were augmented by 340% and 203%, respectively, by preserving flow paths 

for water imbibition under the floating rGO layer and delaying bubble coalescence. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Boiling is an efficient heat transfer method, and is applied to 

lectronic equipment, heat exchanger tubes, nuclear power gen- 

ration, and fusion power generation. In particular, boiling is at- 

racting attention as a solution to the problem of cooling big data 

torage devices, which is becoming an important issue with the 

ecent 4th Industrial Revolution [1] . Through boiling, low tempera- 

ure of a heating surface can be maintained by changing the phase 

f the coolant. Performance factors of boiling are heat transfer co- 

fficient (HTC), which indicates heat transfer efficiency, and critical 

eat flux (CHF), which indicates the maximum heat removal ca- 

acity to maintain stable surface temperature. If the surface heat 

ux exceeds CHF, a vapor film forms on the surface and blocks liq- 

id supply. Consequently, the surface temperature suddenly rises, 
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nd surface damage occurs. The improvement of CHF is therefore 

mportant to protect heating surfaces from thermal failure. 

To delay vapor film formation, bubble coalescence must be 

uppressed to maintain the liquid path to the surface. Bubble 

oalescence is the merging of adjacent bubbles to form larger 

ubble. In order to reduce bubble coalescence, research is ac- 

ively being conducted to control bubble characteristics, for which 

urface treatment is an efficient approach. The nanowire struc- 

ure reduces the critical wave length and induces active nucle- 

te boiling [2] . Bubbles of small diameters depart at a faster fre- 

uency on the nanowire surface, resulting in improved heat trans- 

er and higher CHF performance [3] . Nanoparticle coating with 

raphene/graphene-oxide nanofluid also improves the heat transfer 

erformance by generating small bubbles in the porous structures 

hich contain numerous micro-cavities [ 4 , 5 ]. The microstructure 

as designed such that the evaporation momentum acts in one 

irection to strengthen the bubble departure motion [6] . Thus, the 

icro/nanostructured surface could achieve improved heat trans- 

er performance through active nucleate boiling. However, bubble 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123329
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. Concept of nucleation patterning. (a) Random bubble formation on micropillar tips and liquid inflow in micropillar array, (b) artificial cavities determine discrete 

bubble formation sites with stable liquid paths through micropillar array, (c) preparation process of an actuated patterned surface with a bisected self-assembly. 
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oalescence that occurs under the condition of high heat flux is 

ifficult to prevent. 

To overcome this limitation, researchers attempted to reduce 

ubble coalescence by controlling the location of bubbles. Bi- 

onductive surfaces have been used to control the space be- 

ween nucleated bubbles. Bi-conductive surfaces comprising mate- 

ials with different thermal conductivities induce spatial variations 

n wall temperature. Bubbles are generated in the high tempera- 

ure region and the low temperature region is utilized as the liquid 

ow path. In this manner, the liquid path can be stably maintained 

n the high heat flux region [7] . Studies have also been carried out 

o control the location of bubbles by constructing an artificial cav- 

ty structure. HTC increased with increasing cavity density, but CHF 

ecreased in denser cavities because of the horizontal coalescence 

f bubbles [8] . Designing hydrophobic patterns on hydrophilic sur- 

aces is another means of controlling bubble characteristics. Due to 

he difference in surface energy, the hydrophobic pattern acts as 

 bubble nucleation site [ 9 , 10 ]. Therefore, studies are underway to

nalyze the bubble behavior and heat transfer characteristics ac- 

ording to the optimum ratio of hydrophobic to hydrophilic area 

r the size and spacing of the hydrophobic pattern [11–13] . 

In general, effort s are continuously being made to improve 

he heat transfer by controlling the bubble departure characteris- 

ics through surface treatment using various methods of maintain- 

ng liquid paths by wicking phenomena or separating liquid-vapor 

athway [ 14 , 15 ], controlling bubble nucleation with bi-conductive 

r biphilic surfaces to heighten CHF limits [7–13] . From these 

tatics, we propose a new concept of nucleation patterning sur- 

ace using rGO-coated micropillars ( Fig. 1 ). The nucleation pattern 

as designed to reduce bubble coalescence, and bubble generation 
2 
pacing was changed to secure a space for liquid supply between 

ubbles. By defining bubble nucleation sites, discrete and arranged 

ubble formation occurs since the predetermined cavities become 

ctive nucleation sites. This patterned surface morphology demon- 

trates a rich porous layer on the micropillar tips and only a thin 

ayer on the cavity after nanofluid boiling. rGO particles deposited 

n the bottom of the cavity cause bubbles to form in the cavity, 

nd the micropillars around the cavity supply the liquid through 

icking. This different self-assembly behavior via nanofluid boiling 

an help to design engineering applications with controlled inter- 

acial interactions. The bubble behavior and heat transfer charac- 

eristics were analyzed by changing the spacing of the nucleation 

attern to 1.0 and 1.5 mm. 

. Materials and methods 

.1. Synthesis of reduced graphene oxide (rGO) 

The reduced graphene oxide (rGO) was synthesized according 

o Hummer’s method [16–18] . This method involves an oxidation 

eaction step and a reduction reaction step. Firstly, graphite, which 

as a two-dimensional graphene layer stacked by a van der Waals 

ond, is oxidized to graphite oxide. To oxidize graphite, graphite 

owder (1.5 g, 325 mesh, SP-1, Bay Carbon), K 2 S 2 O 8 (2.5 g, 99.99%

urity, Sigma-Aldrich), and P 2 O 5 (2.5 g, 99.99% purity, Sigma- 

ldrich) are added to H 2 SO 4 (12 mL, Duksan pure Chemicals). 

he solution is stirred at 120 °C for five hours, then cleaned and 

ried in the powder form. Then, the powder is put into H 2 SO 4 ,

nd KMnO 4 (15 g, Junsei Chemical Co. Ltd) is added to the solu- 

ion for five hours. The solution is kept at a temperature of 35 °C 
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Fig. 2. Fabrication process and experimental cases. (a) Schematic diagram of Fabrication process. (b) SEM image of the rGO particle deposition process, (c) Single bubble 

departure diameter on rGO coated micropillar surface, (c) experimental cases of micropillar, P 1.0 and P 1.5. 
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nd stirred overnight, after which it is diluted with 2.5 L water, 

nd H 2 O 2 (30 mL, Sigma-Aldrich) is added to the solution drop- 

ise. The GO solution is washed with deionized (DI) water and 

Cl solution (1:10 of HCl and water, extra pure, Samchun Pure 

hemicals) to remove metal ions. Finally, the GO solution is re- 

uced using Hydrazine monohydrate (3 μL) and ammonia solu- 

ion (9 μL) at a temperature of 96 °C for two hours. For the boil-

ng experiments, a concentration of 0.0 0 05% of the rGO solution is 

sed. 

.2. Patterned rGO coated surface 

The design concept of the rGO-coated nucleation patterning 

urfaces could be better understood by describing the graphene 

tructure fabrication process in Fig. 2 . The nucleation pattern- 

ng surface consists of a micropillar array and regularly arranged 

icropillar-free cavities. First, a positive photoresist (AZ GXR 601, 

6CP) is coated on a silicon substrate and UV lithography is per- 
3 
ormed using a pattern mask. In the lithography mask, dots with 

izes the same as the diameter of the pillars are distributed in the 

rea where the micropillar is to be fabricated. The patterned pho- 

oresist acts as a protection layer in the deep reactive ion etching 

DRIE) process, leaving a micropillar structure with a diameter of 

 μm, a pitch of 20 μm, and a height of 20 μm after the etching

rocess. After the DRIE process, the organic matter remaining on 

he surface is removed through plasma ashing and piranha clean- 

ng. On the other hand, the micropillar-free cavity region has no 

ask pattern because it must be etched without photoresist pro- 

ection. 

Next, the prepared micropillar surfaces are coated with rGO for 

ctive nucleate boiling. The nanofluid boiling method is used for 

GO coating [19–21] . The experimental equipment for boiling is set 

sing 0.0 0 05 wt% rGO solution as the working fluid. The specimen 

o be coated with rGO particles is installed in the test section and 

he heat flux applied to the heater is increased by 3 W cm 

−2 . The

oating time is maintained for 10 min at each heat flux step, and 
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Fig. 3. Experimental system of the pool boiling heat transfer. (a) Experimental setup for pool boiling heat transfer, (b) Silicon chip with resistance temperature detector 

(RTD) sensors and indium tin oxide(ITO) thin film heater, (c) Test section assembly of the experimental setup. 
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he heat flux is increased until immediately before reaching CHF. 

he rGO coated specimens are evaluated for boiling heat transfer 

haracteristics through boiling experiments using DI water as the 

orking fluid. 

The pitch of the nucleation pattern, (i.e. pitch of micropillar-free 

avity) was designed based on the single bubble size of the rGO 

oated micropillar surface. Fig. 2 c. indicates the bubble nucleation 

nd bubble coalescence on the rGO coated micropillar surface. The 

ize of the nucleating bubble is 1 mm. Since the purpose of this 

tudy aims to suppress bubble coalescence, bubble nucleation pitch 

as determined to be 1 and 1.5 mm to avoid the merger of the sin-

le bubble. Experimental cases are shown in Fig. 2 d. Three types 

f microstructured surfaces were designed: in the first case, the 

verall surface was covered with micropillars; in the second case, 

icropillar-free cavities with an area of 200 μm × 200 μm were 

mbedded into the micropillar array with a center-to-center pitch 

f 1 mm (P1.0, patterned surface); in the third case, micropillar- 

ree cavities were arranged with a center-to-center pitch of 1.5 mm 

P1.5, patterned surface). The pitch of the cavity was designed to 

valuate the impact of the vacancy distance on the boiling nucle- 

tion and sequential coalescence of the bubbles [ 22 , 23 ]. 

.3. Boiling heat transfer experiment 

Fig. 3 shows the boiling heat transfer experimental system. The 

oiling experiments were performed at atmospheric pressure and 
4 
aturated temperature of the working fluid, and DI water was used 

s the working fluid. The working fluid was introduced into the 

oiling chamber and its temperature was measured using two k- 

ype thermocouples. Four auxiliary immersion heaters were in- 

talled in the chamber to raise and maintain the temperature of 

he working fluid. Prior to the experiment, gases dissolved in the 

orking fluid were removed through a degassing process for 2 h. 

n the heat transfer experiment, a silicon chip was installed in the 

est section for the boiling test [24] . The silicon chip includes re- 

istance temperature detector (RTD) sensors and indium tin oxide 

ITO) thin film heaters, as shown in Fig. 3 (b) The temperature- 

esistance correlation of the RTD sensor was obtained through 

re-experiment temperature validation. Fig. 3 (c) describes the test 

ection assembly. RTD sensor after surface manipulation was put 

n the cover plate and assembled into the test section assembly. 

he test section surrounding the silicon chip sensor was made 

f low conductivity materials (PEEK (Poly Ethyl Ether Ketone), 

 PEEK = 1.7 W/m •K and Macerite ceramic, k Macerite = 1.6 W/m •K) 

or thermal insulation. Macerite plates reduce heat spread and pre- 

ent sensor breakage due to abrupt temperature rise. Macerite 

late put onto the PEEK plate to minimize heat spread in the test 

ection. The thin film heater on the silicon chip was connected 

o a DC power supply (200 V–10 A, KSC Korea switching) with a 

ouple of electric busbar and platinum pads on the sensor were 

onnected to spring probes to collect data with a data acquisition 

ystem (34970A, Agilent Technologies, and SCXI-1503, National In- 

truments). 
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.4. Data reduction 

The heat flux ( q’’ ) is generated from the thin film heater and

he value is calculated using the following equation 

 

′′ = 

I × V 

A 

(1) 

here I is induced current, V is voltage, and A is heating area. 

The wall temperature was measured using the RTD sensors, but 

he sensors were located on the backside of the heat transfer sur- 

ace. Thus, the wall temperature is calculated according to Fourier’s 

aw for 1D thermal conduction as shown below: 

 w 

= T R − t 

k Si 

· q ′′ (2) 

here T w 

, T R , t , and k Si are the wall temperature, temperature

easured using RTD sensors, thickness of silicon substrate, and 

hermal conductivity of silicon, respectively. Lastly, the heat trans- 

er coefficient is investigated according to Newton’s law for ther- 

al convection, expressed as: 

 = q ′′ / 
(
T w 

− T f 
)

(3) 

here h and T f are the heat transfer coefficient and temperature 

f the working fluid. The uncertainty of data reduction was calcu- 

ated following a previous study, heat loss in the test section was 

xamined by numerical simulation using a commercial CFD pro- 

ram, ANSYS Fluent. The estimated value of the heat loss is 6.36%, 

nd the uncertainties of heat flux, wall superheat, and heat trans- 

er coefficient were 6.4%, 6.4%, and 9.2%, respectively [ 3 , 25 ]. 

.5. Bubble characterization 

Bubble visualization was conducted using the shadowgraph 

ethod. In order to visualize the bubble on the boiling surface, 

ED lighting (100 W) and a high speed camera (Speedsense M110, 

antec) were installed along a straight line. Images were recorded 

ith a frequency of 20 0 0 Hz on the rGO-coated micropillar and 

ucleation patterning surfaces (P 1.0 and P 1.5). Based on the 

ecorded bubble images, bubble characteristics were analyzed us- 

ng a software platform for scientific imaging (DynamicStudio, 

antec Dynamics, Denmark). The pitch of nucleation site was mea- 

ured using a scale bar calculated during the calibration process 

or visualization, and the bubble departure diameter was evaluated 

sing the particle characteristic analysis function in the software 

latform. The imaging software evaluated the bubble departure di- 

meter as the diameter of the spherical particle having the same 

urface as the measured object. The uncertainty of bubble diame- 

er measurement is ±0.1 mm. 

. Results and discussion 

.1. Deposition characteristics of rGO particles on the patterned 

urface 

We devised the activated patterned surface with rGO coat- 

ng for boiling actuation by deep reactive ion etching (DRIE) fol- 

owed by rGO deposition via nanofluid boiling. High-aspect-ratio 

icropillar arrays were densely designed in advance to ensure suf- 

cient capillary inflows for liquid replenishment over the surface 

24] . 

To coat rGO layers on the structured surfaces, nanofluid boiling 

s performed using rGO particle solutions. When the bubble nu- 

leation starts during nanofluid boiling, a microlayer is formed be- 

eath the bubble, and evaporation occurs in the microlayer [ 19 , 26 ].

uring the evaporation of the microlayer, rGO particles floating in 

he nanofluid do not escape into the bulk working fluid but settle 
5 
n the solid surface by van der Waals force [19] . Since the depo-

ition of the particles occurs at the microlayer, the location of the 

icrolayer during nucleate boiling determines where rGO particles 

re formed. The spatial microlayer location varies with the nucle- 

te boiling regime; thus, the deposition scheme of rGO particles 

an be changed as the heat flux increases. 

Scanning electron microscopy (SEM) images in Fig. 4 (a) show 

he characteristics of rGO layer deposition on patterned surfaces 

ith different heat flux regimes during the nanofluid boiling pro- 

ess. Fig. 4 (b) shows the schematic diagram of the particle deposi- 

ion, bubble visualization, and rGO-coated surface under a partial 

ucleate boiling regime with a relatively low heat flux of 20 W 

m 

−2 . A liquid–vapor–solid triple line is likely to form at the edge 

f the micropillar-free cavity area where the bubble nucleation 

nitiates. During the separated nucleation of single bubbles, rGO 

articles are settled along with the edge of the microlayer, form- 

ng concentric coffee ring-like circles [ 27 , 28 ]. As this seed bubble

rows, the bubble growth occurs with microlayer evaporation on 

icropillar tips so that rGO particles preferentially coat micropil- 

ars tips, which surround pillar-free cavities. As a result, rGO coat- 

ng starts to form at the bottom of the artificial cavity and then 

xpands onto the tips of the micropillar array, as illustrated in 

ig. 4 (b). When the heat flux increases to 50 W cm 

−2 to a fully

eveloped boiling regime, the bubble hovers above the micropil- 

ar structures and microlayer is formed as water menisci between 

he pillar due to the stable wicking [24] . Therefore, newly deposit- 

ng particles interconnect the tips, and this leads to a rich, floating 

ayer of rGO on the micropillars, as shown in Fig. 4 (c). 

For higher heat fluxes above 150 W cm 

−2 , which could trig- 

er surface dry-out, the shape of the microlayer for this high heat 

ux develops into the small liquid reservoir at the corners of the 

icrostructure [29] . Thus, the triple line goes to the edge of the 

orous layer and down to the lateral sides of the micropillar. As 

resented in Fig. 4 (d), rGO particles thicken the rGO coating and 

over even the root and side surfaces of the micropillar. For the 

GO layer on the pillar-free cavity side, it stays quite thin even for 

igh heat fluxes, as shown in Fig. 4 (a). These stepwise experimen- 

al approaches imply that the conformation of rGO particle deposi- 

ion can be manipulated exquisitely by controlling the applied heat 

uxes during nanofluid boiling. Further, the deposition of rGO par- 

icles could be tailored by tuning the deposition time under the 

orresponding heat flux. 

.2. Boiling performances of the nucleation patterned surface 

The impact of the rGO deposition for activated patterned sur- 

aces on the cooling performance of two-phase heat dissipation is 

nnotated after surface preparation. For boiling experiments with 

he rGO-coated surfaces, heat flux is gradually increased from the 

nset of bubble nucleation and until immediately before the speci- 

ens’ CHF point to enrich the porous rGO layer. Bubble generation 

haracteristics can be distinguished by bubble visualization accord- 

ng to both the surface condition and the heat flux, as indicated in 

ig. 5 . At the initial stage of boiling, bubbles are randomly gen- 

rated on the rGO-coated micropillar surface, and adjacent bub- 

les merge, while bubbles on the activated patterned surfaces (P1.0 

nd P1.5) initiate from the artificial cavities. As shown in Fig. 5 (a), 

he ripples on the bubble surface at a heat flux of 10 W cm 

−2 in-

icate that bubble coalescence has occurred, and following capil- 

ary waves affect the shape of a rising bubble. As the heat flux in- 

reases, the coalescence of bubbles becomes more vigorous, caus- 

ng them to float in the form of columns. Moreover, activated pat- 

erned surfaces enable the dispersal of bubble nucleation for both 

ower and higher heat fluxes, as shown in Fig. 5 (b) and (c). At a

eat flux of 10 W cm 

−2 , the bubble interface seems to be spher-

cal without any ripples as nucleation sites are confined to the 
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Fig. 4. Schematic diagram on formation of porous rGO layer on the nucleation patterning surfaces, the liquid–vapor–solid triple line, bubble visualization during the rGO 

deposition process, SEM images of the resulting surfaces (a) for partial nucleate boiling with low heat fluxes, (b) for matured nucleate boiling with medium heat fluxes, (c) 

before the transition to film boiling with high heat fluxes. 

p

s

o

5

a

o

t

e

f

a  

s

t

i

b  

H

t

c

j

g

a

o

f

i

F

w

b

t

c

b  

s

i

b

i

e

b

d

P

v

r

H

w

c

1

H

p

re-patterned cavities with a thin rGO layer, and individual bubble 

hape keeps intact without coalescence. The morphological impact 

f the activated patterned surfaces is confirmed at a heat flux of 

0 W cm 

−2 , where the intended pitches between the cavities play 

 critical role in hindering bubble coalescence. Minor coalescence 

f departing bubbles is monitored on P1.0 and P1.5 surfaces, and 

he shape of individual bubble stems is maintained. 

Passages between bubbles, which are occupied with liquid and 

nsure better liquid accessibility, are distinguishable on both sur- 

aces ( i.e. , P1.0 and P1.5), as marked by spacings between yellow 

rrows in Fig. 5 (b) and (c). An increase in the number of these

paces can be observed on the P1.5 surface compared with that on 

he P1.0 surface, which is advantageous. When designing the cav- 

ty pattern, we set the pitch between the cavities based on a bub- 

le size of 1 mm on the rGO-coated micropillar surface ( Fig. 2 (c)).

owever, the size of the departing bubbles on the activated pat- 

erned surfaces increased slightly compared to those of the rGO- 

oated micropillar surface as shown in the Fig. 5 . 

For the rGO-coated micropillar surface, heat is dispersed in ad- 

acent cavities in the porous rGO layer. Thus, the bubbles cannot 

row sufficiently due to the dispersed heat. However, on the P1.0 

nd P1.5 surfaces, bubbles are generated in the pillar-free cavity 

wing to sufficient spacing. Therefore, the localized heat is trans- 

erred to each cavity on the patterned surfaces, resulting in a slight 
6 
ncrease in the sizes of the bubbles, as depicted in the insets in 

ig. 5 . Larger bubbles are generated on the P1.0 surface compared 

ith those generated in the designed cavity pitch; therefore, bub- 

le coalescence occurs more easily. Bubble coalescence interrupts 

he liquid supply and narrows the liquid supply path. However, 

avities in the P1.5 surface functions independently without early 

ubble coalescence at a heat flux of 50 W cm 

−2 . Therefore, Fig. 5 (c)

hows more liquid paths are secured in P1.5 than in P1.0, indicat- 

ng that rGO nucleation patterning is activated efficiently. 

When bubbles depart with less coalescence, the time occluded 

y the bubble film is relatively short, and the surface temperature 

s kept low without significant overheating as the liquid inflow is 

nsured. The amount of heat removed per unit area is increased 

y these passages between bubbles. Fig. 6 shows the HTC results 

uring boiling heat transfer on a plain surface, micropillars, and 

1.0 and P1.5 surfaces with rGO coating. As nucleate boiling de- 

elops with the increased heat flux, the HTC gradually increases, 

egardless of the interface conditions. Nevertheless, the maximum 

TC depends on the nucleation characteristics on each surface, 

hich are directly related to the two-phase convection. After rGO 

oating, the maximum HTC is improved by 96%, 96%, 108%, and 

14% on the plain, P1.5, P1.0, and micropillar surfaces, respectively. 

erein, P1.0 and P1.5, which are the rGO-coated surfaces with 

illar-free cavities, show the utmost HTCs of 85.8 kW m 

−2 K 

−1 
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Fig. 5. Bubble departure characteristics on the nucleation patterning surface. Bubble visualization of (a) The micropillar array surface, (b) Surface with micropillar cavities 

arranged at 1 mm spacing (P1.0), and (c) Surface with micropillar cavities arranged at 1.5 mm spacing (P1.5). Insets in the second column of the figure indicate the single 

bubble diameter at the onset of bubble nucleation of each surface. The yellow arrows mark the location of bubble nucleation. Scale bars on the surface description and 

bubble visualization image indicate 1 mm and 5 mm, respectively. 
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Fig. 7. Impact of the bisected self-assembly on boiling performances of CHF and ONB on a plain, micropillars, P1.0, and P1.5 surface. (a) Boiling characteristic curves, and (b) 

comparison of CHFs according to the rGO coating. 
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−2 K 

−1 , respectively, whereas it is 79.1 kW m 
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−1 for the rGO-coated micropillar surface. As previously discussed 

n the bubble visualization results based on surface manipulations, 

he dispersed bubbles on the activated patterned surface efficiently 

issipate heat through separated and dispersed ebullition so that 

he HTC can be further improved beyond the rGO-coated surface 

ithout beneficial microcavities. 

If bubbles merge and form a vapor blanket covering the heated 

urface, the vapor blanket blocks the liquid replenishment and fi- 

ally causes surface failure due to an abrupt increase in the wall 

emperature. Meanwhile, it is known that liquid passages between 

ubbles lead to stable and plenty of coolant supply toward the 

eated surface under the boiling heat transfer [ 26 , 29 , 30 ]. In par-

icular, the aforementioned bubble behavior and the accompanying 

otential for the liquid supply on the rGO-coated surface improve 

he CHF. Fig. 7 shows boiling curves and CHF distributions on plain, 

icropillar, and P1.0 and P1.5 surfaces with and without rGO coat- 
8 
ng. In Fig. 7 (a), the boiling curve of the plain surface with rGO 

oating moves to the left than that of the plain surface without 

oating. This explains that the wall superheat on the rGO-coated 

urface is reduced under the equivalent heat flux condition. The 

all superheat reduction is also evident on the micropillar surface. 

his lower wall superheat in the presence of rGO coating could 

e explained by the high thermal conductivity and the nucleation- 

romoting effect of rGO. The thin rGO layer on the microcavities of 

1.0 and P1.5 surfaces has smaller cavities with an effective diam- 

ter of a couple of microns, which are suitable for bubble nucle- 

tion [19] . The phase change due to active bubble generation and 

he following turbulent convection along the upward bubbly flow 

an effectively dissipate more heat per unit area to the working 

uid. Furthermore, the high thermal conductivity of rGO benefits 

he growth of the bubble nucleus, initiating nucleate boiling with 

ow thermal energy. The onset of nucleate boiling (ONB) is encour- 

ged for lower wall superheat on the rGO-coated surface. The inset 
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Table 1 

Comparison results of averaged nucleation pitch, bubble diameter, and normalized pitch of bubbles on experimental surfaces and Ref. [22] . 

Averaged pitch (mm) Averaged diameter (mm) P avg /D avg 

P 1.0 1.0 7.6 0.13 

P 1.5 1.5 8.1 0.18 

rGO-coated micropillar 0.8 1.0 0.79 

rGO-coated P 1.0 1.0 1.2 0.83 

rGO-coated P 1.5 1.5 1.4 1.04 

Plain [22] 3.6 3.0 1.20 

Microcavity [22] 1.0 2.5 0.42 

Nanowires [22] 0.7 1.1 0.60 

MNHS [22] 1.0 1.0 1.00 

Fig. 8. Distribution of CHF under the activated nucleation pattern effect according 

to the normalized pitch of nucleation site. The dotted line represented that the ratio 

of pitch of nucleation site over the bubble departure diameter is 1. 
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able in Fig. 7 (a) shows the ONB temperature of each surface. After 

he rGO self-assembly, the ONB point of surfaces with micropillar 

s reduced to 10 K. 

Fig. 7 (b) shows the impact of rGO coating on the CHF enhance- 

ent of the plain, micropillar, and activated patterned surfaces. 

he surfaces with micropillars inherently exhibit higher CHF than 

he plain surface owing to wicking between bubbles. Moreover, 

HF is significantly improved on the rGO-coated surfaces. In partic- 

lar, remarkable CHF values of 261 W cm 

−2 and 270 W cm 

−2 are 

btained from P1.0 and P1.5 activated patterned surfaces, respec- 

ively. Pattern surfaces without rGO coatings show similar CHF val- 

es as micropillar surfaces, but after rGO deposition, the designed 

icropillar-free cavity is activated by the bisected self-assembly, 

hich leads to improved heat transfer. The bisected self-assembly 

n the patterned surfaces extends nucleate boiling to a higher heat 

ux by controlling the location of bubble formation and securing 

iquid paths between bubbles. The securing of the liquid supply 

ath retards bubble coalescence and suppresses vapor film forma- 

ion. As a result, the highest CHF is obtained from the P1.5 surface, 

here the liquid supply passage between the bubbles is secured, 

s illustrated in the bubble visualization. The CHF of the P1.5 sur- 

ace shows a 3-fold enhancement compared to that of the plain 

urface. 

The CHF increase can be demonstrated by a function of the nor- 

alized pitch of the nucleation site ( P avg /D b,avg ) on activated pat- 

erned surfaces, as shown in Fig. 8 . P avg indicates the pitch of the

ubble nucleation site, and D b,avg means the averaged diameter of 

ingle bubbles. Detailed dimensions of the bubble size and pitch 

re shown in Table 1 . The red symbols represent data reported 

n our previous study [22] . Since the plain surface has not only 
9 
 larger bubble nucleation pitch than the bubble size ( P avg /D b,avg 

 1) but also a small bubble nucleation density due to the lack 

f any artificial cavities, the plain surface has a low CHF due to 

ts small heat dissipation capacity. The micropillar surfaces have a 

igher CHF than the plain surface owing to capillary inflow, which 

nduces vapor film formation. However, it generates bubbles larger 

han 7 mm ( P avg /D b,avg < 1), which interferes with the liquid sup- 

ly to the heating surface, limiting the heat transfer improvement 

y suppressing the capillary inflow. For the rGO-coated micropil- 

ar surface, nucleation site density could be increased as rGO de- 

osition leads to a dense bubble generation, which induces en- 

anced heat dissipation capacity. Specifically, small-diameter bub- 

les ( D b,avg = ∼1 mm) are generated from the porous rGO struc- 

ures, whereas those bubbles have an average pitch of approxi- 

ately ∼0.75 mm among bubbles so that bubble coalescence can 

e suppressed in this regime ( P avg /D b,avg < 1). The activated pat- 

erned surfaces can disperse bubble nucleation spots and shift 

he normalized pitch for nucleation sites to 1. This means that 

he most efficient heat transfer performance could be achieved by 

aximizing the nucleation site density and suppressing bubble co- 

lescence, thereby securing the liquid path on activated patterned 

urfaces, verifying that the nucleation patterning on the heated 

urface could act as an effective CHF improvement methods com- 

ared to the other CHF improvement methods of surface rough- 

ning, structure inducing capillary wicking, or saving liquid paths 

ithout maximizing the nucleation density. Consequently, a nor- 

alized pitch of nucleation sites could be a principal design fac- 

or for determining heat transfer performance through controlling 

ubble characteristics. This approach can guide the design of ther- 

al management interfaces for computer chip cooling, nuclear re- 

ctors, and HCPV cell, which need reliable heat dissipation on a 

ot spot. 

. Conclusion 

In this study, we propose a new concept of nucleation pattern- 

ng of surface using an rGO-coated micropillar-free cavity with the 

atterned self-assembly of rGO, enabling an engineered interfa- 

ial interaction. In particular, the rGO-coated micropillar-free cav- 

ty facilitated bubble nucleation by providing a suitable sized cav- 

ty in the porous rGO structure and the location of nucleated bub- 

les can be controlled. The porous rGO layer formation is mod- 

fied by the heat flux used during nanofluid boiling, and parti- 

le deposition could be tailored by heat flux control during the 

anofluid boiling process. The spacing between the cavities was 

esigned on the basis of the diameter of departing bubbles and 

his spacing could ensure liquid supply to the surface by secur- 

ng the liquid path between bubbles. The liquid supply was en- 

ured by preferentially coating the rGO layer on top of the pil- 

ars, allowing capillary inflow between the micropillar array. As a 

esult, bubble coalescence was reduced, and vapor film formation 

as prevented. Moreover, the heat transfer coefficient and critical 

eat flux increased by 340% and 203%, respectively, on the nucle- 
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tion patterning surface compared to the plain surface. Through 

his study, it was confirmed that high heat transfer performance 

an be achieved by implementing the densest bubble nucleation 

ith a bubble generation spacing to bubble departure diameter ra- 

io of 1 under the condition of preventing bubble coalescence. We 

uggest that particle deposition by nanofluid boiling can be used 

or developing tailored interfaces and normalized pitch between 

ucleation spots can be optimized for improving the thermal de- 

ign of phase-changing heat transfer in the future. 
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