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Abstract: Micro/nano structures on the Cu substrate arenally used for the
enhancing the heat transfer capacity for many Hpitelated applications.
Conventional methods for fabricating these striesuhowever, require additional
processing equipment and involve relatively complecesses. In this study, a simple
immersion method for generating in-situ micro/nagetal structures on Cu substrates
is developed for simplifying the fabrication witliduced cost and improving the boiling
performance in the meantime. Using characterizamadytical instruments including
SEM, AFM, XRD, EDS and XPS, the surface morpholagg chemical contents of
the micro- and nanocrystals generated on the Custsié were examined. The
experimental results showed that the hierarchicatrafmanocrystals enabled
simultaneous enhancements in critical heat flux KCEnd heat transfer coefficient
(HTC), indicating the superiority of the hierarchienicro/nanocrystals in facilitating
the boiling performance compared to conventionalcstired surfaces. It is found that
the nanosheet and micro-flowers (NSMF) surface ides/the largest enhancement
amongst other micro/ nano structures includingndweograss forests (NG), nanograss
forests and micro-petals (NGMP), and nanograsster@nd micro-flowers (NGMF).
Comparatively, the CHF and HTC could achieve 65/@fand 4.9 W/crfK, showing

an increase of the CHF and HTC by 56.5 % and 17@&8%pectively, using the smooth

1



38
39
40
41
42
43
44

45
46

47

48
49
50
51
52
53
54
55
56
57
58

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

surface in the same condition as the benchmaikirtplied that the liquid circulation
is apparently promoted through the separation postiquid pathway and the bubble
blanket formation is remarkably inhibited due te #pecial structure and morphology
of the hierarchical surface. However, vital factmrduding the surface wettability and
the experimental accuracy need to be consideragptonizing the boiling performance
in diverse scenarios.

Key words: Immersion method; In-situ micro/nanocrystals; Hierarchical structure
liquid circulation; CHF

1. Introduction

Due to the significant latent heat associated tghworking fluid’s liquid-to-vapor
phase change, nucleate boiling heat transfer has beed in many high energy-
consuming applications, including electronic desjcriclear reactors, lasers, and more
[1-3]. In this phenomenon, heat transfer coeffitighir C), which represents the ratio
of heat flux to the wall superheat temperaturasied to show the heat removal capacity
of the device. While the critical heat flux (CHR3, regarded as the terminal safety
thread, which indicates a transient increase ifiasartemperature (approximately
1000 °C) at this moment, causing severe damages to dewmhsanced boiling
techniques that aim to concurrently improve the Hid CHF must be developed in
order to prevent safety issues like burnout andadityfor increasing the limit of heat
transfer.

Previous research has demonstrated that the swvittability and structure have a
considerable impact on the onset of nucleate lgpi(@NB), bubble growth and
departure, as well as the CHF [4-8]. At low heaixdls, hydrophobic surfaces can
provide an early ONB and large nucleation site ier®swving to the lower energy
barrier [9, 10]. At high heat fluxes, the formatiand expansion of a vapor blanket
resulting from the merge of the dense bubbles ptsviirther enhancing the CHF.
However, hydrophilic surfaces can drive a smallldeldiameter and a rapid bubble
departure frequency, as well as an effective ligeigletting, resulting in a high CHF
value. Additionally, hydrophilicity is generallynked to surface morphology, which
can offer a large surface area and a large nunfbmurabeation sites. The surrounding
liquid is effectively forced driven into the bottoshthe bubbles due to the strengthened
capillary force on the hydrophilic surfaces, cagdubbles to quickly release before
merging into vapor films and increasing the effestiess of heat removal. Nanoscale
structures such as nanopores [11-15], nanowiresg[41 7], and nanotubes [18-20] can
increase the capillary pressure for liquid rewettilowever, using the nanoscale
structures with too small pores may obstruct floaths and decrease liquid
permeability, leading to the vapor bubbles coaleseeOn the contrary, microscale
structures involving microchannels [21-23], micnosf[24-26], micro pillars [27-30],
and micro porous [31-35] can facilitate liquid pewability, but reduce the capillary
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pressure in the meantime. Thus, the combinationaofo- and microscale structure
would be ideal to optimize the pool boiling heansfer performance [36-40]. When
building a micro-/nanoscale structure, the best@ggh should be required to improve
the capillary-assisted transport of liquid anditoudtaneously increase the flow paths.
Using this novel approach to enhance pool boiliegthransfer, the micro-/nanoscale
structures involving microchannel with nanowired-§3], microchannel with porous
[40, 44, 45], and micro-/nanoscale porous [46,Bkle been widely investigated due
to their superior liquid permeability and capillgaymping capability. For example, Lee
et. al [42] designed a micro-nano hybrid structdines microcavities could serve as the
bubble nucleation sites and nanowires provided dagillary pressure for liquid
replenishment. This combined effects of the micvdezs and nanowires can enhance
the CHF by delaying bubble mergence and maximizirey bubble nucleation site
density. Patil et. al [44] also proposed a fin-tefectrodeposited porous microchannel
to enhance pool boiling heat transfer through iai¢gethe bubble growth and departure
process. It was possible to create a micro cormectd that bubbles rising from the fin
tops caused vigorous liquid circulation in the marannel. Due to the controlled
bubble generation and departure, as well as teagtiened liquid replenishment for
rewetting active nucleation sites, pool boiling théansfer process was further
improved. Moreover, hierarchical structures thatehthe artificial microcavities and
micro-/nano pores can significantly optimize thdlibg heat transfer performance
because of the improved bubble nucleation, stremgith capillary pressure as well as
increasing flow paths on the nanoengineered swsfdgest. al [48] proposed an ultra-
scalable three-tire hierarchical Cu nano enginestefhces by using electrochemical
deposition for optimizing the boiling heat transfBnrough multiple-pronged strategy,
including raising the nucleation site density, flagng bubble behavior and expanding
liquid-vapor separation pathways, the structurgtlerscale can be adjusted to enhance
pool boiling heat transfer. For improving boilingdt transfer, Wen et. al [49] also
created a two-level hierarchical Cu nanowires fraor& with patterned nanowire
arrays. Long nanowire arrays’ capillary pumping aahas continuous feeder channels
to rewet active nucleation sites, increasing thé-Gihile microcavities between short
nanowires can provide high-density nucleation sitasincreasing the HTC and
decreasing the ONB.

However, most fabrication methods such as electimatal deposition, chemical
vapor deposition, chemical etching and sinteringhef above-mentioned micro/nano
structures are complex, which restrain their efectapplications in different
conditions. Due to its ease of use, low cost, arnmirenmental friendliness, the solution
immersion technique has recently been regarded \aabée method for producing
nanostructures on metal surfaces. These surfase$ale potential in applications for
pool boiling because of chemical stability and eadae under diverse serve
circumstances. For instance, Kim et. al [50] faded super-hydrophilic aluminum
surfaces through the solution immersion method, explored the effects of surface
roughness on the pool boiling heat transfer peréorce. As reported, the CHF was
positively connected with the roughness within atipalar range, but when the
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roughness beyond that range, the hydrodynamic litodk effect. Boehmite
nanostructures were discovered to have consideaalkntages in improving the CHF
and surface wettability [51]. It was found thate tRluminum surface induced an
enhanced CHF ascribed to the highly stable supereippilic properties. Moreover,
CuO nanostructures using solution immersion metidsed has been tried to enhance
pool boiling heat transfer. For example, Im ef52] presented low-profile, flower-like
CuO nanostructures on a smooth surface and a mimeg surface, respectively. The
results showed that the CHF was improved by at B8% in different scenarios due
to the increasing capillary wicking induced by th@gh surface area-to-volume ratio.
Xie et. al [53] investigated the effect of the sud wettability on the boiling
enhancement. The maximum CHF was increased by 68fabbicating a dual-layer
structure using nanograss as the substrate ana fidevers with varying covering
densities as the superstructures. In addition, ti@ese also looked into the combined
effects of surface wettability and patterned namms$tires on boiling heaty transfer [54].
The results showed that the boiling curves areteshito the left by patterned
nanostructured surfaces, and the CHF rises as ahsitd of the nanograss cover
increases. Li et. al [55] investigated the wickidggeneration on nanoengineered
surfaces and clarified the significance of absaglaimbient volatile organic compounds
from air. The hierarchical micro/nanostructures thare highly scalable, conformal,
cost-effective and with exceptional wicking abégidisplayed great pool boiling heat
transfer. Although previous studies have contridute a basic understanding of the
mechanism for improving boiling heat transfer based micro- and nanocrystal
structures, more analysis of the impact of crufaators like the immersion time on
surface modification and thermal promotion of nargieeered surfaces is worthy to
be investigated.

In this work, Cu surfaces were treated with solutramersion, a process that is both
economic and environmentally benign, to produceoneystals. The formation process
of in-situ growth of micro/nanocrystals on Cu suoda is investigated. The
morphological and chemical characteristics wereradtarized, and the impact of
immersion time on surface wettability and morphglagere investigated. Based on
these, boiling heat transfer experiments has beera dn nanoengineered surfaces with
the in-situ hierarchical Cu micro/nanocrystals, kwhich significant thermal
improvement has been achieved in wide-range expatahconditions.

2. Experimental sections

2.1 Samplefabrication and characterization methods

The manufacturing of boiling surfaces in this warkolves three basic steps:
washing, chemical alteration of surfaces, and vacwrying. The whole copper
surfaces of20mmx 20mmx 3 mrwere polished with 2000 grid SiC sandpaper for
removing the impurities on the surfaces. The pelisitopper surfaces were then
scrubbed with an ultrasonic acetone solution forriButes to get rid of the residue.

Then, the polished surfaces were rinsed with tlrasdnic ethanol and DI water for 10
4
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min, respectively. Finally, these copper surfacesewlaced in an oven and heated at
65 °C for 10 min.

The experiment materials, sodium hydroxide (NaOR, A96.0%) and ammonium
persulfate ((NH)2$0s, AR, 98.0%) were purchased from the Sinopharm Gtem
Reagent Co., Ltd. A 250 ml glass beaker holdindgltt@ ml aqueous solution of 2.5 M
NaOH and 0.1 M (Nk2S,0s was used to prepare the 100 mL aqueous solutios. T
dried and polished copper surfaces were placedtirdabove solution at the room
temperature for 3 min, 10 min, 60 min and 120 mgspectively. The reaction
conditions are summarized Trable 1. The initial colorless solution in the glass beake
became increasingly blue. The manufactured coppéaces were rinsed with DI water
after the chemical alteration in the beaker andrmotthe vacuum oven to be heated at
60 °C to remove the leftover solution. After theecthical modification and vacuum
drying, blue or dark blue colour appeared on thgpeo surfaces.

Table 1. Reaction conditions for the nanocrystals on thes@bstrate.

Sample Concentratltzrll/l(;f (NH4)25:0s8 Concentra(tilvcl); of NaOH Reaction time (min)
1 3
2 10
25 0.1
3 60
4 12C

Scanning electron microscopy (SEM, Gemini 300, ZI&ermany) and atomic
force microscopy (AFM, Dimension Edge, Bruker) teicjues were applied to clearly
identify the surface morphology properties of tha @icro/nanocrystals and to
investigate the growing thickness of the reactioodpcts. Meanwhile, the energy-
dispersive X-ray spectroscopy (EDS, INCA X-Act, Ovd) was used to get a
guantitative analysis (Cu, O, C) of the reactioodurcts on the Cu substrate. An X-ray
photoelectron spectrometer (XPS, ESCALAB 250xi, Aicg was used to examine
the sample’s XPS spectra.

2.2 Wicking capability test system

Figure 1la shows the wicking capability test system includingicro-syringe pump,
a lifting platform, a high-speed camera conneciwty the computer and a light source.
In this experiment, LL DI-water droplet obtained from the micro syringemp were
released on the surfaces of samples. To obserwve¢king phenomenon, a high-speed
camera (Phantom, VEO 410) was set to record 180 fps for capturing the droplet
spreading process. The micro-syringe was positidhedm away from the boiling
surfaces in order to minimize mistakes when th@léte drop onto the boiling surfaces.
Figure 1b shows the captured image of droplet spreadingvaoking. Rs represents
the capillary wicking radius (from center to dynanwicking liquid front) andR¢
represents the droplet spreading radius (from cedoteontact line). The wicking

distancd is the distance betwedh andR.. The wicking distance can be defined as
5
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follows [56]:

2P _
==t =W+t 1)

where Pcap is the capillary pressur& is the permeability andV is the wicking
coefficient. Through analyzing the high-speed insaghe wicking distance can be
measured and wicking coefficient can be calculammbrding to equation (1).

a

High-speed camera 4

Light source &
Microsyringe \
i Computer

Boiling surface 3 !
._ < Lifting platform

liquid front

Shelf

Contact Ijl;e

Figure 1. (a) Schematic of wicking capability experimeiu), Captured high-speed
camera images

2.3 Pool boiling experimental setup

Figure 2a shows theschematic diagram of pool boiling experimental petli
consists of a boiling chamber, a heating systemaaxiliary heating system, a
condensing system, a viewing system, a data gathsyistem. The working fluid was
DI water, and the boiling chamber was constructeguartz glass with a thickness of
5 mm. To keep the saturation of the DI water uriddatm, an auxiliary heater that is
submerged in the DI water was attached around TeERblock. A spiral tube was
added on the boiling chamber for condensing themapor in order to maintain the
liquid level of the DI water. The main body of theating system was a copper block
with three cartridge heaters embedded in the cytiatibottom. And the copper block
was integrated into the PTFE to maintain one-dinuoerad heat transfer. The cartridge
heaters were connected to the DC power supplytte®C power supply controlled
by the AC autotransformer was responsible for #stihg power of cartridge heaters.

As shown inFigure 2a andb, the copper block had a height of 183 mm heiglt an
the upper of copper block is a square column wivicdth of 20 mm. To measure the
heat flux and temperature gradients in the vertizaiction, nine holes with a diameter
of 1 mm were drilled along the copper column ati mtervals for placing the T-type
thermocouples. These nine thermocouples were lois¢d on three planes of the
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copper block, with three thermocouples on eacheplas shown irFigure 2b andd,

the thermocouplesT§i, T22 andT22) were placed in the holes with a depth of 10 mm
along the center line of the copper block, which loa used to calculate the temperature
gradient of the copper block. Also, the thermoceal11, T12, T13, Ta1, T32 andTaa)
were placed in the holes with a depth of 7 mm, Wwhian be used to calculate the
surface temperatur&igure 2b shows the thermocouples’ distribution. Anotheeéhr
thermocouplesTp1, To2 and Tos) were embedded on the top of the copper column
(Figure 2d). The average temperature of each plane was eysgsbyTo, T1, T2 and

Tz from top to the bottom, respectively. Meanwhilee temperature of DI water was
measured by the thermocouple The data acquisition system (Keysight, DAQ 970A)
recorded all the T-type thermocouples’ temperateaelings. Moreover, the high-speed
camera also recorded bubble dynamics includingeaticn, growth and departure.

As shown inFigure 2e, the sample was welded on the copper block ugad-free
solder. First, the solder was melted by the sahdenion and cooled down to form a
solder layer on the copper substrate. Second,albng the power of DC power supply
to heat the copper block until the surface tempeedb reaches the solder layer melting
point of 227 °C. Third, the sample was pressechersblder layer (0.1 mm thick) and
a heavy object was placed on the sample until ginfiace temperature returns to the
room temperature. The contact thermal resistanceolofer layer can be neglected
because it only accounts for less than 1% of the tesistance [57], which also has
been proved in the existing research [35, 58].dditeon, to prevent the heat losses
from the gap between the PTFE and sample, a siBeatant was used to fill this gap
on the surface bordeFigure 2f).
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Figure 2. (a) Schematic diagram of pool boiling experimésé&up (b) Front view
of copper block (c) Distributions of the cartridgeater inside copper block (d) Top
view of copper block (e) Sample installation (fngde with silicon sealant

2.4 Test procedures and data reduction

Prior to the pool boiling tests, DI water was hdalg the auxiliary heater to the
saturation temperaturdg: = 100 °C) for roughly 60 min to release extra gése
voltage was then gradually increased to the caerideaters in order to improve the
heat flux of the boiling surfaces. The temperatesehed a stable level following each
incremental voltage increase after around 15 mierfel minute, the temperature was
measured, and each thermocouple’s temperaturdigangas less than + 0.2 °C. When
the surface temperature exhibited the significaetait one point, the CHF phenomenon
could occur. W In order to protect the PTFE bloitle experimental devices were
turned off after the CHF reached.

Before calculating the heat flux, one-dimensioneathtransfer along the copper
block should be verifiedrigure 3a shows the temperature distributidn,(T> andTz)

8



261 along the copper block measured by the thermocsugaifferent heat fluxes. As
262  shown inFigure 3a, the R-square values obtained from the linearesufiiting are all
263  higher than 0.99. Thus, the radial heat loss frieencopper block can be neglected and
264  the heat flux calculated from tfig, T> andTs is effective. Otherwise, the linear curve
265  cannot fit the experimental datagure 3b show the comparison between the imposed
266  heat flux based on the corresponding heating p@iveartridge heaters and the heat
267  flux estimated from the linear curve accordinghe éxperimental data from 4 tests of
268  smooth surface, indicating that the heat losseteassthan 10%.
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271 Figure 3. (a) Temperature distribution at different heakés (b) Comparison
272 between the imposed heat flux corresponding targe@bwer of cartridge heaters
273 and heat flux estimated from linear curve
274 By one-dimensional Fourier’s law, the input heaxftj can be calculated as follows:
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dT
==A. —
q Cu dZ (a
where A, is the thermal conductivity of the pure GlIT/ dz is the axial temperature
gradient of the Cu block determined by the thremrtocouple readingd)zis the

distance between two thermocouple locations.

Utilizing the three points backward Taylor’'s ssriapproximation, the temperature
gradient in the copper block was determined.
d_T — 3l —4T,,+ T,

dx 2AX

3)

whereTzy, T22 andTz are the temperatures along the center line ofdpper block.

The local surface temperatures can be calculagsddoon the Fourier’s theory and
uniform intervals as follows:
_T13_T11

2
T33_T31

2

T =Ty 4)

T3 :T31_

W

(5)

Also, Tw2 can be calculated based on the temperature gtadrenghT>1, T2 andTas.
Therefore, the surface temperatiizecan be calculated by average valligi (+ Tw2 +
Tw3)/3.

Herein, the HTCH) can be determined as follows:

h=—3 (6)

whereAz is the distance between the top surfaiejs the boiling surface bottom
temperature; TsatiS the saturated temperature of the working fluid.

2.5 Uncertainty analysis

The absolute errors for the calibrated T-type tlwmooples were 0.2 °C. Copper’s
thermalconductivity was calculated to be 398 W/m-K, and the thermocouple location
errors were determined to be 0.2 mm. The uncerairdgf heat flux, heat transfer
coefficient, and superheat were calculated usinyectional method as follows in
accordance with the error-propagation law:

2 2 2 2
& — UACU + &JTl D1Cu + 4UT2 D1Cu + UT3 D1Cu +(UAZJ2 (7)
q A Az AZlq A 71q A
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N CREN(a,

-]+ 0

The maximum uncertainties of the heat flux, heangfer coefficient, and wall

superheat for this pool boiling experimental systeare + 48 kW/r (8 %), + 15
KW/m?-K (12 %) and + 0.6 K (9 %), respectively.

Yn
h

In addition to the above-mentioned uncertainty ysig) the uncertainty in measuring
the bubble size is also required to be considehedgeneral, the uncertainty in
measuring the bubble size generates from two feccttimension conversion when
converting the pixel size into actual size, and sneament error when measuring the
bubble size in the bubble visualization image ménuBue to these two factors, the
total uncertainty in measuring the bubble sizebisua 10% [59].

3. Results and discussions

3.1 Surface mor phology characterization

Figure 4 illustrates the top view micro/nanostructureshaf tifferent samples. The
immersion time has a clear effect on the growtlthefdifferent micro/nanostructures
on the Cu substrate. As shownRigure 4a, when the immersion time was short (3
min), the Cu substrate was mainly covered by umif@and dense nanograss (NG).
Increasing the immersion time to 10 min, nanogtigsscan be inter-wined with each
other, forming the micro-petals on the top of taeagrassKigure 4b). This nanograss
and micro-petals (NGMP) coexist almost half and bal the surface. When further
increasing the immersion to 60 min, the micro-getah the nanograss could be
synthesized to the micro-flowers (NGMF), the Cuditdie was covered by one-layer
nanograss and one-layer micro-flowers, as illustrat Figure 4c. Compared with the
micro-petals, more uniform micro-flowers with a mheter of around 4m could be
formed on the top of nanograss. The nanograss uhdenicro flowers were sticked
firmly on the Cu substrate, as seefrigure 3c. As shown inFigure4d, increasing the
immersion time to 120 min, the micro-flowers main&l almost unchanged, and the
Cu substrate was covered by one-layer nanosheetsoae-layer micro-flowers
(NSMF).

11
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Figure 4. Top view SEM images of (a) NG, (b) NGMP, (c) NGM& NSMF.

Figure 5 shows the side cross-sectional view SEM imagédkeotlifferent samples.
As shown inFigure 5a, the dense nanograss were found to have growrs-tikas
structure on the Cu substrate and the thicknessi®hanograss is about Quén. As
seen inFigure 5b, micro-petals were found to have grown on the geass tips due to
the longer immersion time for synthesis and thekiiess of this hierarchical structure
was around 4.7um. In Figure 5c, the micro-petals synthesized to the larger micro-
flowers and the nanograss seemed to disappear thedsicro-flowers because of the
firm stick on the Cu substrate. The thickness o kierarchical structure was 4ufn.
Similar micro-flowers were found iRigure 5d to have grown on the Cu substrate and
a large amount of micro-flowers stacked on top axfteother, resulting in the larger
thickness of 5.um. Surface roughness of untreated, NG, NGMP, NGKtF MSMF
samples was measured by the AFM methadure 6). Due to the previous polishing,
the untreated sample exhibited a flat surfaEggure 6a). It was clear that the
immersion process caused surfaces to graduallyrgengnd increase rough nanoscale
features Eigure 6b, ¢, d ande).
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Figure 6. AFM images showing the topography of (a) Untrdatb) NG, (c)
NGMP, (d) NGMF, (e) NSMF.

3.2 Surface compositions

Figure 7a shows the XPS spectrum of the samples, whichatelscthat the presence
of the Cu and O as well as the absence of any itgsiat various surfaces. As shown
in Figure 7b, the high-resolution XPS spectrum of Cu 2p, whigtudes Cu 2p, and
Cu 2p2 peaks, as well as the €satellite features, indicating the presence of Gu
the samples. Further analyzing the surface compnsitusing XRD, as shown in
Figure7c, the peaks shown by as asterisk can be refer¢atee cubic phase of copper
(JCPDS card 01-1242). The diffraction peaks foNi&structures were indexed to the
phase of orthorhombic Cu(OHJJCPDS 14-0420). The XRD diffraction peaks were
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361 for the NGMP, NGMF and NSMF hierarchical structunedexed to the monoclinic
362 CuO (JCPDS card 5-0611).
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366 Figure7. (a) Survey XPS spectrum, (b) High-resolution >Xd8ctrum of Cu, (c)
367 XRD patterns of the samples.
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3.3 Validity of experimental system

The boiling curve for a smooth surface is checkét worrelations and experiments
from the literature to ensure the validity of thgerimental setup. For determining the
dependability of the experimental system, threditicnal correlations from the
literature are used to estimate the pool boilingt &ansfer on the smooth surface. The
Rohsenow’s correlation is expressed as below:

033 n
AT ’
Cp,f sat — Csf q g [ Cp, f/'lf j (10)
My tihg\a(pr -p,) K

whereCst= 0.0152 andh = 1, and Pioro’s correlation can be expressed as,

2/3

q g _C q" Cp. 1 Hs ]m (11)
aTukiVolo-0,) | nor[o(p, )] ( .

whereCs+ = 1228 andm = -1.1. And CHF value can be calculated by theefisb
correlation, which can be expressed as follows,

V4
Ug(pfz_pg):l (12)

. T h
Ocne _ﬂpg fg P

In addition, Kandlikar proposed a theoretical apgfofor CHF estimation considering
the surface wettability, which can be expresseilimnys:

(13)

05
Oore = hfgpg's[ag(ﬂ _pg)T/4 1+ cos {_2'*' 4 )}

16 | 41+ codd

Figure 8 shows the boiling curve of this study has a clpsaireement with the
correlations at the low heat flux. Nevertheless,@HF value of smooth surface in this
study has the large variation compared with theretations. In general, the
mechanisms causing CHF can be broadly classifiddrageld hydrodynamic theory
and near-field surface property theory. Thereftirere are at least four different models
of CHF: (1) Zuber column Helmholtz-Taylor instabilimodel [60], (2) Lienhard and
Dhir column Helmholtz-Taylor instability model [61B) Macrolayer dryout model [56,
62, 63], (4) Hot/Dry spot model [64]. The CHF of @oth surface obtained from the
Zuber’s correlation (CHkerd is 100 W/cr. Here note that the Zuber’s correlation is
established on the condition of the infinite suefagithout considering the surface
properties [65]. Considering the size effect on @téF, Lienhard and Dhir proposed
that the heater size can affect the CHF via reduttie number vapor columns present
on the heater surface. The correlation can be sgpdeas follows:
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396 qCHF =1.14x qCHF,Zubel‘ sx Ag (14)

397  whereqcHF, zubers Can be obtained from the Zuber’s correlatibiis the number of
398  vapor columns on the surfade,is the Taylor instability wavelength aAdis the heater
399 area. However, this correlation can only be applvbén the heater size is much larger
400 than the critical wavelengtty = 25 mm. As listed in Table 2, most actual expenial
401  heater size is smaller than the wavelergthresulting in one vapor column presented
402  on these surfaces. Therefore, the Zuber's andesfeet correlation proposed by the
403  Lienhard and Dhir cannot represent the CHF of tttead experimental surfaces. In
404  addition, the CHF of the surface is affected bysindace wettability, surface roughness,
405  surface morphology, thermal conductivity and ef6él 67]. As shown ifrigure 8, the
406  contact angle of Cu smooth surface in this studyab®ut 109°, exhibiting the
407  hydrophobicity and no liquid wicking and spreadeftect on the surface.

408 Considering the effect surface wettability on thBIFC the CHF of Kandlikar’s
409  correlation is 47.7 W/cfbecause the contact angle of smooth surface srsthily is
410  109° Figure 8). The CHF obtained from the Kandlikar’s correctisrslightly higher
411  than 42.1 W/crhthat we measured. Comparing with the CHF of actxpleriments
412  listed in Table 2, the surface properties such as the surface vilditadind surface
413  roughness are the potential factors of these exeatal errors [63]. As a result, the
414  information collected by this experimental systean be trusted.

100

— — - Rohsenow's
- - -Pioro's

[ Smooth A This study

0=109°

v Joet al
80 - ¢ Yaoetal
Amiri et.al
» Han Kim et. al

2 Luet.al

60 i

0 20 40 60 80 100

415 AT (K)
416 Figure 8. (a) Boiling curve comparisons of water on the sthesurface with

417 Rohsenow’s, Pioro’s correlations, and literatut8sGHF enhancement for surfaces
418 with various sizes [17, 68-71]

419 Table 2. CHF values from the literature and present study
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Ref Material Shape D [mm] CHF [W/cnf]

[17] Copper Circle 30 20
[68] Silicon Square 10 65
[69] Copper Circle 15 53
[70] Copper Square 10 47
[71] Silicon Square 20 44.2
This study Copper Square 20 42.1

3.4 Pool boiling performance

Figure 9a depictsthe saturated pool boiling curves on the smooth, NGMP,
NGMF and NSMF surfaces at 1 atm. Before the wadches a specific value of
superheat, it is observed that the heat flux griiuiracreases, indicating the natural
convection process. Beyond the critical point of thall superheat, the heat flux
increases significantly due to the occurrence efrthcleate boiling. The lower ONB,
higher CHF, and higher HTC demonstrate that theictired surfaces exhibit
significantly improved boiling heat transfer comgéithe smooth one figure 9a, b
andc. The ONB among the entire structured surfacesappeo be decreased from 9
K to less than 7 K, as indicatedfigure 9a (downward arrows). This is because that
the micro-/nano-crystal surfaces can improve thedaate site density, facilitating the
bubble generation on the micro/nanostructures.f@ll structured surfaces exhibited
higher CHF when compared with the untreated smaatiace, indicating that the
presence of structures allows an improvement obtliing heat transfer on surfaces.
Even though the NG surface had the lowest CHRjlithead a greater CHF than a
smooth surface had. Furthermore, the CHF on the#nmsurface was lower than that
on the hierarchical structures, which included NGMIEMF and NSMF, with the
values of 55.4, 52.6 and 65.7 W/mespectively.
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Figure9. (a) Boiling curve of the samples; Heat transfer coefficient for samples as
functions of (b) wall heat flux and (c) wall supedy Comparison of this study with
other studies of pool boiling on various surfaces.

According toFigure 9b, it was found that the HTC decreased graduallyN&h
NGMF or NGMP surfaces before the onset of the ratel®oiling when the heat flux
is low, in which scenarios the superheat was aug¢gderapidly. Moreover, the HTCs
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of hierarchical structures involving NGMP, NGMF aN&MF were superior than that
of the NG because of the multilevel morphology lné surfaces. Among the three
hierarchical structures, the NSMF exhibited thenkigj HTC of 4.9 W/cAK compared
to the NGMP and NGMF. As shown Kigure 9c, due to an early ONB with a much
higher HTC and lower wall superheat, the hiera@hsurfaces were attractive for
thermal management of electronics, batteries ana center to diminish the safety
issues raised due to the temperature rise in apeehiconditions.

Figure 9d compares the pool boiling performance of varioolsamcement surfaces
investigated in previous literatures under 1 at®, [19, 45, 46, 49, 68, 72-76]. For
better comparing the boiling performance on théowss structured surfaces, we define
two parameterb/hy andg/p to evaluate the boiling heat transfer. Her&o, g andqo
represents the HTC of enhanced surfaces, HTC obgnsurface, CHF of enhanced
surfaces and CHF of the smooth surface, respegtifeldepicted, the mogig values
reported in the literatures were in the range 8f~11.8, and thg/q of the NSMF was
comparable to 1.6. Nevertheless, the NSMF alsalmadhigher HTC at CHF than the
other experimental studies. Although few structdiles porous with radial diameter
gradient had the relatively hiditho, low g/gp also could be obtained compared with
the data from this study. As comparisons, the hibieal structures such as long and
short nanowires, channel with nanowires, and Sangilwith active nucleation sites
provide the similar parametdnfo andg/qg compared with the NSMF, which has been
proved to be the excellent structures for improypngl boiling heat transfer. As a result,
the NSMF can concurrently improve the CHF and Ha€ well as reduce the ONB,
which suggests that there is potentials for imprg\ypool boiling heat transfer.

3.5 Bubblevisualization and analysis

Figure 10 shows the bubble dynamics on the smooth, NG, NGN®MF and
NSMF surfaces. At a lower heat flux, smaller bublbd@peared on the NG, NGMP,
NGMF and NSMF surfaces, and the bubble leavesutiace in nearly spherical shape.
While isolated bubble may still be seen on the NGB NSMF surfaces, the bubbles
above the smooth surface have merged into a sihgtg bubble with a mushroom-
like form as the heat flux increases. Nevertheldss,NG and NGMF surfaces also
have began to bubble coalescence, but there isusbnmom bubble to be observed. It
is possible to further activate the number of naiitan sites on the NG, NGMP, NGMF
and NSMF surfaces. The bubble coalescence tendeemoymes clear as heat flux
increases. At the heat flux of about 36 W#ctihe bubbles above the smooth, NG,
NGMP and NGMF surfaces have been merged into tige laubble in the mushroom
shape, while the merged bubbles are still isol&tmah the NSMF surface. Therefore,
the bubbles can grow and departure from the NShiface with faster speed, resulting
in the more heat can be carried out from the sarfac
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Figure 10. Bubble visualization images @t 10, 15 and 35 W/cfn(@) smooth (b)
NG (c) NGMP (d) NGMF and (e) NSMF

Figure 11 shows the bubble nucleation on the smooth, NG, RGNGMF and
NSMF surfaces at the ONB. As aforementioned, thé superheat of smooth, NG,
NGMP, NGMF and NSMG surfaces is 9, 6.9, 6.2, 6.8 &l K at the ONB,
respectively. Comparing with the smooth surface stinuctured surfaces including NG,
NGMP, NGMF and NSMF have more bubble nucleatioessibr small departure
bubbles, indicating that the NG, NGMP, NGMF and NSBurfaces can facilitate the
bubble nucleation or bubble departure. Here naettie NSMF surface not only can
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provide more bubble nucleation sites but also eaitifate bubble departure comparing
with the other surfaces.

For further comparing the bubble nucleation onliz NGMP, NGMF and NSMF
surfaces, we counted the bubble growth and deggpteniods using high-speed images
at the ONB stage. The bubble diaméeis calculated by measuring the pixels of high-
speed images. Following bubble nucleatibp,grows significantly during the bubble
growth process. Up until the bubbles have a diantBq, the rate of rise in bubble
diameter slows. At the same wall superheat, hidjeat flux can be obtained on the
NSMF surface, and the bubble growth period is gndhan it is on the other surfaces,
as shown irFigure 12a, b, c andd. This is because that the rapid bubble nucleation
and removal from the surface is advantageous &stipport of liquid capillary wicking.
Nevertheless, the NSMF surface has the smallesirtlep diameteDq, while the NG
surface has the largeBy. The bubble departure frequentyncreases because it is
inversely related to the bubble departure diam@tér As a result, the NSMF surface
can increase nucleation site density, decreaséubble diameter and improve the
bubble departure frequency, potentially leadingdeances in the HTC and CHF.

Large bubble
\\'\

A

Bubble nucleation

Yt -

) P 4
1

e e

Small bubble

“Bubble nucleation

.

Figure 11. Bubble nucleation at the ONB for the (a) smo@h NG, (c) NGMP,
(d) NGMF, (e) NSMF
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Figure 12. Bubble diameters during growth period on theN&) (b) NGMP (c)
NGMF (d) NSMF.

As shown inFigure 13, the bubble nucleation sites can continue to bieated as
the heat flux increases. We examined the isolatgxdblles produced from the surfaces
at low heat flux § < 20 W/cn?) to prevent fluctuation and evaporation of wateirg
the observation. The bubble nucleation site densigbserved to increase as the heat
flux increases on the four different types of scefa However, the active nucleation
sites of the NGMF and NGMP only minimally increaselicating that the hierarchical
structures NGMP and NGMF contribute less to thenftion of the active nucleation
sites. For the NSMF, it can be observed that thleunucleation site density increases
significantly. As reported, for water at atmosphehe essential bubble radius ranges
from 0.8-16um at the wall superheat of 2 to 40 K [49]. As autedhe microcavities
(5 ~ 15um) of the NSMF can be exploited as the effectiveleation sites. Because
bubble nucleation is more likely to be activated #re nucleation site density is greatly
increased at low superheat, the ONB can be redasddhe HTC can be enhanced.
Small nucleated bubbles in the microcavities casodibheat from the surrounding wall
and expand more quickly due to the more activatedieation sites resulting from the
increased heat flux.
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Figure 13. Nucleation site density of bubbles with the Haat on the NG, NGMP,
NGMF and NSMF

Figure 14 shows the average bubble departure diameter agddncy for the NG,
NGMP, NGMF and NSMF surfaces at various low haat.fAs shown irFigure 14a,
the bubble departure diameter increases with tbease of heat flux resulting from
the enhanced evaporative rate in the superheayed [Bhe structure features of the
NSMF result in a substantially smaller bubble dapardiameter than those of the NG,
NGMP and NGMF. As shown iRigure 14b, the bubble departure frequency on the
NG, NGMP, NGMF and NSMF surfaces exhibits the uglteend with the increase of
the heat flux. Meanwhile, the NSMF has the lardpedible departure frequency of all
the surfaces. This may be because that the NSMREhleafastest liquid replenishing
velocity for accelerating the bubble detachment afifiering the liquid to generate the
bubble continuously, thereby increasing the bublelgarture frequency.
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Figure 14. (a) Average bubble departure diameter (b) Avetadsble departure
frequency for the NG, NGMP, NGMF and NSMF

3.6 Effect of capillary wicking on boiling heat transfer

In order to evaluate the wetting properties of Haenples, the droplet dynamic
behavior on the sample surfaces was recotéiguir e 15 shows the dynamic behavior
of the droplet on the various surfaces. Before piragp the droplet, the initial height of
the droplet was 4 mm, and the volume of the dropket kept at 4L. As the droplet
contacted the surface, the contact area betweedrtipdet and the surface increased.
As shown inFigure 15a, b, c andd, the droplet can entirely penetrate the NG, NGMP,
NGMF and NSMF surfaces, indicating the super-hyhilapty of these structured
surfaces after the chemical modification. Moreoa#er the same period time (4 s) of
droplet spreading on the NG, NGMP, NGMF and NSMFaaes, different wetted
areas can be observed various surfaces, indicdiffegent wetting properties of the
NG, NGMP, NGMF and NSMF surfaces. As showtrigure 15d, the NSMF surfaces
exhibit the largest wetted area after the spreatiing of 4 s, which illustrates the most
excellent wetting properties among these structstethces. Therefore, the effect of
the micro/nano structural characteristics on tiréase wetting properties can be proved
by the droplet dynamic behavior analysis.
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Figure 15. Droplet dynamic behavior analysis (a) NG, (b) NBNt) NGMF, (d)
NSMF.

According to the above-mentioned droplet spreadieigavior images, the wicking
coefficient which can represent the wicking capabibf the surface was calculated
according to the equation (Bigure 16 shows the wicking coefficient as a function of
the square root of time on the NG, NGMP, NGMF ar@MF surfaces in the initial 0.5
s. LargeW value indicates that the droplet spreads fastetlae wetted area becomes
larger on the structured surfaces. In obvious, eddgmear fit between the wicking
coefficient and the wicking distance can be obsgriide wicking coefficient of the
NG, NGMP, NGMF and NSMF is 1.5, 1.7, 2.1 and 3.8/dif
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Figure 16. Wicking distance with square root time

To further explore the effect of the oxide presemeéhe surfaces’ wicking capability,
we conducted the EDS analysis on the NG, NGMP, NGIM& NSMF surfaces. As
shown inFigure 17a, b, ¢, andd, the O content of the NG, NGMP, NGMF and NSMF
is 32.5%, 24.9%, 24.7%, 24.3%, respectively. Meadlykthe Cu content of the NG,
NGMP, NGMF and NSMF is 35.5%, 58.3%, 58.6%, 61.3&gpectively. With the
increase in the reaction time, the O content deee@and the Cu content increases,
indicating that more CGii will produce with the presence of O. Accordingtie reaction
process as follows [78]:

Cu+20H+S @ - C{ OH,+2 SP (15)

Cu(OH), - Cuo+ HC (16)

When the reaction time is shorter, NG surface &@s more Na and S contents,
indicating that OHand SO; are not fully participating in the reaction. Thttse O and
Cu contents are smaller on the NG surface. Furtiteeasing the reaction time, more
O content can participate in the reaction, andadb@H) on the NG converts into the
CuO. The O and Cu contents can maintain almostangdd when the NG structure
converts into the other hierarchical structuregsT# attributed to the fact that more
Cu?* will produce with the presence of more O. Whenwvesting into the CuO, the
NGMP, NGMF and NSMF become more stable, resultmga significant formation
of the C#*. Nevertheless, different wicking performance carobserved on the NG,
NGMP, NGMF and NSMF surfaces. Therefore, the presef oxide has almost no
effect on the wicking.
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Figure 17. EDS analysis (a) NG, (b) NGMP, (c) NGMF, (d) NSMF

Figure 18 shows the relationships between the CHF\&hd@he wicking coefficient
W is zero on the smooth surface because of no m@nostructures fabricated on its
surface. The CHF and wicking coefficient have @&dinrelationship, which suggests
that thew alone determines the CHF on the NG, NGMP, NGMFN8MWF. In obvious,
the CHF of the NG surface is a little higher thiattof the smooth surface. This may
be attributed to two factors. First, the Cu(@QHn the NG surface is easily to
decomposed into the stable CuO [79], which mayrdgdhe nanograss structure on
the NG surface. Second, the thickness of Cugdtdnograss on the NG is very thin
(0.9um), which will be destroyed during the pool boilipgcess, resulting in exposing
smooth copper surface directly and deterioratirgg @HF. Comparing with the NG
structures, the hierarchical structures includiNGMP, NGMF and NSMF) have the
significantly high CHF. This is attributed to thect that the NGMP, NGMF and NSMF
structures have the higher wicking capability andltiievel roughness [55]. As the
wicking coefficient increases, the CHF of NGMF, NBMand NSMF structure
increases, which shows that the CHF augmentatiagghtnbe caused by a wicking
surface with improved wicking capabilities. Aftéretgrowth of micro/nanocrystals on
the smooth surface, the microcavities can be fatwet on the surface for bubble
nucleation. Additionally, capillary-driven constdiguid replenishment to the dry-out
region can improve the CHF. As a result, the NSMé&fgest liquid capillary wicking
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Figure 18. Relationship between CHF and wicking coefficiénht
3.7 Pool boiling enhancement mechanism

In the nucleate boiling process, the convective haasfer can be predicted by the
bubble departure diametddq, nucleation site densitNa and bubble departure
frequencyf. The equation can be expressed as follows [80]:

HTC=2/nkoC TN, (17)

wherek;, Cp, ands are the liquid thermal conductivity, specific haat surface tension,
respectively. As aforementioned, the minimum cavatglius required for activation is
determined by

_ 20T, (18)
Ah, AT

R.
NSMF can provide the suitable size range (5 wi) to act as the cavity for bubble
nucleation according tBigure 4d. In addition, the cavity radius will become smalle
as the wall superheat increases at higher heatHlere note that a wall superheat of 5
K refers to a cavity diameter of 1i8n, while a higher wall superheat of 20 K decreases
the cavity diameter of 8m, which is almost the pore size of the NSMF. Tferee at

the low heat flux, more bubbles can be activatad,the nucleation site density can be
significantly increased, resulting in the reducddBDand the increase in the HTC. As
shown inFigure 19, with the increase in the heat flux, more microgsoas nucleation
sites are activated, small nucleated bubbles incwities can absorb heat from the
surrounding wall (micro-flower structures) of theviies, resulting in the faster bubble
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growth rate. In addition, the surrounding wall (roeidlower structures) can limit the
bubble expansion, accelerating the bubble departm@ improving the bubble
departure frequency.

At the high heat flux, liquid supply performanceiethis determined by the capillary
pressure significantly affect the pool boiling merhance. The capillary pressure can
be expressed as follows:

AP=40/D, (19)

whereo is the surface tension abg is the pore size. It is clear that smaller poras c
facilitate the liquid to rewet the nucleation, detey the formation of hot spots and
enhancing the CHF. However, the performance of wascape is also the other
important factor to influence pool boiling perfornt@. The vapor mass rate can be
defined as follows [81]:

3

gfe) 2

12\ u, o
wherepy, v, ¢ ando is the vapor density, vapor viscosity, porosityd ghickness.
According to the equation (20), larger pores cailitate the vapor mass rate, resulting
in better vapor escape. Therefore, according talloee-mentioned equations (19) and
(20), the optimized pore size can simultaneouslyaene the liquid supply and the
vapor escape. As shown kigure 19, the NSMF structure is composed of nanosheet
bottom layer and micro-flower top layer. Micro psrean also act as the vapor escape
channel to facilitate the bubble departure. Mealaylhe liquid supply can rewet the
cavities (micro pores) immediately through the sunding wall with small pores, and
fast liquid supply can also facilitate the bubbépdrture. Furthermore, the surrounding
wall can prevent the bubble coalescence when bsli#eerated from the adjacent
micro pores become large enough to some extenth®hottom, nanosheet structure
with thin thickness can serve as the wicking layedrive the liquid to rewet to the
nucleation sites for delaying the formation of hsgots, resulting in the CHF
enhancement.

Hence, at the low heat flux, the NSMF structure pesvide more nucleation sites
for reduced ONB and facilitate bubble departure ifoproved HTC, while NSMF
structure can also facilitate the vapor escapdarapdove liquid supply at the high heat
flux. The integration of the micro pore, micro-flew and nanosheet structures
contributes to the better boiling performance conmgawith the other structures
including NG, NGMP and NGMF.
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Figure 19. Enhancement mechanism of boiling heat transfeherNSMF.

4. Conclusions

In this study, the enhancement in pool boiling heahsfer of the hierarchical
micro/nanocrystal structures on the Cu substral¥ water was specifically examined
under a wide range of heat fluxes. Based on therargnts, the following conclusions
can be drawn:

(1) The SEM, XRD, AFM and XPS methods were used toaittarize the morphology
and investigate the chemical content of these hibi@al micro/nanocrystals. With
the in-situ growth on the Cu substrate, the nandleee(NG), nanoneedles and
micro-petals (NGMP), nanoneedles and micro-flon@®&MF) and nanosheets,
nanosheets and micro-flowers (NSMF) can be syntbdsirhe thickness of the NG,
NGMP, NGMF and NSMF are 0.9, 4.7, 4.9 and T, respectively. The
compositions of the NG, NGMP, NGMF and NSMF are @dJ. and CuO
according to the XRD analysis.

(2) Compared with the capillary wicking on the NG, NGMRGMF and NSMF
surfaces, the NSMF surface has the largest capmMacking numbenw; of 0.3,
which is higher than those values on the NG, NGM& BIGMF surfaces. The
experiments indicate that the surface roughnessrampghology are responsible for
the improvements in capillary wicking.

(3) Compared with the smooth and hierarchical strustuMSMF surface has the
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largest CHF of 65.7 W/cfwhich implies a significant improvement of 56.5%,
55.8%, 18.6% and 25.1% compared to the smoothrtae NG, NGMP, and
NGMF, respectively. Meanwhile, the HTC can be augtee to 4.9 W/crfK on the
NSMF surface, which is larger than that of otharfates in the same conditions.
Moreover, superheat for the ONB on the NSMF is dnl{’C, which is 43.3%,
26.1%, 17.7% and 25.0% lower than those on the 8nmoface, the NG, NGMP,
NGMF, respectively.

(4) These significant improvements are due to the esgwarcapillary wicking and
increased bubble releasing frequency in the boiphgnomenon caused by the
special hierarchical morphology of the NSMF surfa®a result, the dynamics by
the liquid circulation is remarkably strengthenetiilev the resistance by the
coalescence of bubbles and formation of vaporiltargely reduced. Nonetheless,
the surface wettability and the measurement acyuwkibhe experimental apparatus
are also pivotal factors that need to be optimiz€drther experimental
investigations are to be completed towards a bhealkgh of the heat transfer
performance on such hierarchical structures.
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