Draft

Surfaces with bent micro-polymerized pillars exhibit enhanced heat transfer
during subcooled flow boiling

Wei-Ting Hsu*, Namkyu Lee', Donghwi Lee*, JeongJu Kim*, and Hyung Hee Cho**

* Department of Mechanical Engineering, Yonsei University, 50 Yonsei-ro, Seodaemun-gu,
Seoul 120-749, Korea
TICS-3 Soft Condensed Matter, Forschungszentrum Jiilich GmbH, D 428 Julich, Germany

#Department of Mechanical Engineering, University of n Madison, 1500

Engineering Drive, Madison, W1 53706, United Stategp

FCorresponding author: hhcho@yonsei.ac.kr (H. H. &\

\{a
O‘a


mailto:hhcho@yonsei.ac.kr

Abstract

Anisotropic wicking surfaces reveal a unique liquid-spreading behavior with directional
dependence. By manipulating the bending direction of polymerized pillars with tilting angles of the
pillars, surfaces composed of the anisotropic wicking structures strengthen capillary driving forces
along the preferred direction. In the present work, we created surfaces composed of the bending-
polymerized pillar arrays with a 250 um and 500 um center-to-center spacing to experimentally
determine the influence of the anisotropic wicking surfaces on flow boiling heat transfer under
subcooled conditions compared to those vertical-polymerized pillar surface. The vertical-polymerized

pillars were deflected with an averaged tilting angle of 30° by conducting a bending treatment on the

polymerized pillar surface. Various test surfaces related to the surfac&lli ere manipulated to
evaluate the effect of wicking characteristics on boiling hea‘t tran el%Ubcooled flow conditions.
A notable enhancement in the critical heat flux (17-34%) 3 t at transfer coefficient (32-71%)

meanwhile, narrowing the spacings between

on the polymerized pillar surfaces was observed co d are polymerized surfaces, respectively;
i pillars resulted in an increasing trend in

boiling heat transfer under subcooled-co tive . The anisotropic surfaces significantly improved

the wicking- and the boiling heaflt r characteristics compared to surfaces with vertical-

polymerized pillars. These exy esults were further demonstrated by theoretically analyzing

the relationship be liquTd pinning force and the design layout of the polymerized-pillar
surfaces to better approa®ythe enhancement mechanisms of the anisotropic wicking surfaces in

subcooled flow boiling.
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Greek letter

a

Heated area (m?)

Departure diameter (mm)

Pinning force of liquid (N)

Heat transfer coefficient (W/m2K)
Imported current (A)

Thermal conductivity (W/m-K)
Length (m)

Wicking distance (mm)

Total input heat (W)

Heat flux (W/m?) Y.

Heat loss (W/m?) &\

Reynolds number
Center-to-center spacjg®®e olymerized pillars (mm)
Temperature (°C&

Time (s) %
Volta e ITO heater (V)

AWyancing contact angle (°)
Receding contact angle (°)
Radius of the contact line
Static contact angle (°)
Contact angle hysteresis
Surface tension (N/m)
Thickness of RTD sensor (m)

Standard deviation



Subscripts
b

c

Si

Bubble
Contact
Entrance
Fluid
Hydraulic
RTD sensor
Silicon

Heated wall



1. Introduction

Over the past few decades, as the development of fuel cell technology become mature,
automobiles in the city transportation networks have been gradually replaced by battery electric
vehicles, such as an electric vehicle (EV), battery electric vehicle (BEV), and plug-in hybrid
electric vehicle (PHEV), etc., which are mainly or partially motor by electric power of fuel
cells [1]. In general, heat flux generated by EV power systems comprised of IC packages is
predicted above 300 W/cm?, which cannot be efficiently transferred into the relative operating
environment using common cooling mechanisms in terms of nature- and forced- convection
using gas or liquid, respectively. Therefore, the actual working temperature of the EV power

system should be maintained below 200 °C to reduce power loss and prevent the circuit parts

from malfunctioning [2].
Boiling heat transfer is a highly efficient cooling method f& r units by inducing

vapor bubbles to transport latent heat with phase cha%e ph gndynowever, applying such

a mechanism with high heat dissipation capacities to traicvices still face difficulties

concerning limitations of boiling crisis and flow instMglity -4]. In terms of the critical point

of boiling heat transfer, which is also called crifgcal hgpt Tlux (CHF), heat transfer on a target
will be exhibited as a premature dry-out offC ¢ the entire surface is covered by a vapor
film preventing coolant from reachiv& ed surface, therefore deteriorate the overall
boiling heat transfer performanc@n ast, the boiling crisis will occur untimely as the
intensity of flow instability i c.asfcn though the heat energy can be frequently removed
through bubble-occy, @on within the superheated liquid layer, a significant flow
oscillation will occur esult in mechanical vibration within working chambers as the bubble
nucleation become vigord®s, especially within a relatively large heat flux regime [5], therefore
resulting in a premature CHF.

However, these detrimental effects on boiling heat transfer can be suppressed by
constructing artificial-roughened structures on heated surfaces for improving surface coolant-
supply ability; despite manipulating surface wettability via chemical electrodeposition [6-7],
using surfaces consisted of micro/nanopillar arrays to enhance heat transfer area, as well as
interfacial wicking characteristics, are a common strategy for achieving high boiling heat
transfer performance [8-9]. As for the influence of surfaces composed of nanopillar arrays on

boiling heat transfer, Chen et al. [8] experimentally investigate the effect of random-aligned

nanopillars, made by Cu or Si, on pool boiling heat transfer at saturated conditions, respectively;



a remarkable enhancement in both heat transfer coefficient (HTC) and CHF was observed as
compared to bare silicon surfaces, by 100%, which was attributed to high interfacial wicking
capacities offered by the nano-structuring surfaces. In addition to improving coolant-supply
ability, surfaces comprised of nanopillar arrays can also improve the thermal stability on heated
surfaces in pool and flow boiling [10-11].

On the other hand, surfaces composed of nanopillar arrays can also enhance the overall
boiling heat transfer under flow boiling conditions by improving the capillary driving forces in
microchannels [12-14], respectively. While vapor bubbles may trap by the roughened surface
along the flow direction in flow boiling, Li et al. [ 13] experimentally investigated the influence
of surfaces composed of silicon nanowires with various mass flow rates on subcooled flow

boiling heat transfer. According to their experimental results, the heggmglissipation capacity in

microchannel, which was attributed to the relatively high ¢

HTC on the nanowire coated surface was significantly logger#n Jhe silicon-surface
rate against the liquid

repellent capacity on surfaces composed of nanowires®In &g rds, it was conjectured that
the expending vapor was trapped by the nanowircefoat®s
on

surface fabricated by nanopillar arrays was enhancing the interfacial wicking
characteristics but also increasing the pinni o@ubbles, thereby resulted in a decreasing
trend in the boiling heat transfer [15].

Several studies were experi &Jnducted on surfaces composed of micropillar

arrays for determining its inf]

aces because the roughened

ogf boiling heat transfer in forced convective flow to

diminish the presence force of vapor bubbles on the roughened surface with

nanowires, especia e annular flow regime, which dominated the film evaporation
performance [16-17]. et al. [17] created vertical-aligned micropillar arrays with silicon
materials in a microchannel based on a standard etching process; they found that the
microchannel synthesized with micropillar arrays revealed a relatively stable surface
temperature distribution with a uniform liquid film covered on micropillar surfaces compared
to the smooth surface, indicating that the micropillar arrays were able to induce capillary
wicking to maintain thin film evaporation. Therefore, surfaces composed of micropillar arrays
should be selected as the promising structure for enhancing the overall flow boiling heat
transfer, owing to its high wicking behavior with the relatively low viscous resistance compared
to those comprised of nanopillar arrays.

Additionally, the interfacial wicking intensity can be further increased in preferred

directions by anisotropic wicking structures. When one side of micro- or nano- pillars are



deposited with a thin metal film, residual stresses will remain within the interfacial surface
between the pillar arrays and the metal coating layers allowing micro- /nano- pillars to deflect
at a certain angle, i.e., the deflected angle of pillars are strongly dominated by the depositing
thickness of metal coated layers [18-19]. By conducting the bending treatment on pillar arrays,
liquid on surfaces composed of bending pillar arrays can be driven directional along the pillar
tilting direction [20-21]. Therefore, a significant enhancement in boiling heat transfer in forced
convective flow can be expected utilizing surfaces with micro-bending pillars to further
intensify the liquid driving force on surfaces along the flow direction, owing to the directional
dependence of the wicking behavior of the pillar arrays. Notably, the influence of the bending
pillar arrays in terms of the nature of liquid anisotropy on subcooled flow boiling heat transfer

has still not been experimentally evaluated.

Accordingly, we controlled the surface wettability by coati hydrophilic layer

on test surfaces, and fabricated surfaces consisted of micro-pgiagg pillar arrays on silicon

substrates with variation in the center-to-center spacin®bei® % lar arrays. The polymerized

pillar arrays were fabricated on the silicon substrateﬁN
respectively, as shown in Fig. 1. The effect of th. sotr@pic wicking structures on boiling heat
transfer under subcooled flow conditions tme bending effect of wettability micro-
polymerized pillars, i.e., vertical- igp- pillar arrays coating with and without
hydrophilic coated layers, with &en‘cer—to—center spacings, were experimentally
examined; in particular, the rgls @between liquid pinning forces of the bending pillar

arrays on boiling heat tzans

l- and bending- alignments,

teristics under subcooled conditions was also analyzed in

the present work.

2. Experimental method
2.1 Experimental equipment and procedure

The influence of the anisotropic wicking of the polymerized micropillar surfaces under
subcooled flow boiling conditions was evaluated in the present work. The detailed information
concerning the experimental setup is schematically showed in Fig. 2(a). We used deionized
water as the working fluid and maintained at 100°C by a constant temperature base with an
immersion heater for 2 hours to remove the residual air/gas before the heat transfer experiment;

subsequently, a full-filled water storage tank with a capacity of 44 L storing degassed liquid

where the pressure conditions were regulated using a pressure valve located atop the tank, was



used to provide the working fluid. A magnetic pump composed of an electric motor was used
to continuously circulate the working fluid from the main reservoir into a test section passing
through a heat exchanger and a flowmeter within the closed system. The heat exchanger was

used to regulate the inlet temperature of the working fluid at 59.3 +0.4 °C throughout the

experiment. Additionally, the test section was designed with a rectangular channel where the
width and height are 5 mm related to Dn = 5 mm, fabricating by polyetheretherketone (PEEK,
k = 0.25 W/m-K); the entrance length of the flow channel (L¢) was adequate for achieving a
fully developed flow, where the mass flow rate was maintained at 0.51 kg/min, (i.e., Re =3600),

and the required length was 86.13 mm following the design criterion of 4.4-Re!"*D.

Furthermore, the bubble visualization regions were located at the side of the flow chamber,

created using two quartz windows, observing bubble characteri%polymerized test

surfaces in subcooled flow boiling. Two copper bus bars inggle test plates were

| TPent rated powers to heat

L 4
test surfaces. A silver paste with high conductivity & W#10* Q-cm) was utilized to
diminish the resistance of interfacial surfaces bet ¢ hedter electrodes and the copper bus

bars, as shown in Fig. 2(b). @

Moreover, the inlet and the outlet te@re of the working fluid was detected by K-

type thermal couples at the flow cha , the surface temperature of test surfaces was

connected to a direct current (DC) power supply, which imp ili )

measured via resistance temper tector sensors (RTDs) [22-24]; these temperature

measured components werg 6 to the data acquisition system consisted of a data
recorder and a deskt 0 d examine experimental data as the temperature variation
within 0.2 °C for 15

fites. The design layout of RTDs used to detect the surface temperature

in this study was schematically showed in Fig. 2(c). The detailed information related to

experimental facilities in the present study can be found in our previous work [24], accordingly.

2.2 Fabrication process and bending treatment on vertical-polymerized pillar arrays

The fabrication process of the surface consisted of polymerized pillar arrays on silicon (Si)
substrates is given in Fig. 3(a). Firstly, we used standard photolithography and reactive ion
etching processes to create silicon molds with various circular cavities, i.e., 50 um in diameter
and 300 um in-depth, which were etched vertically with 250-um and 500-um center-to-center
spacings, respectively. The silicon molds were uniformly coated with 200-nm
polydimethylsiloxane (PDMS) release agent (parylene C) using a parylene coater (KIST,
Seoul, Korea) for reducing the affinity between the PDMS and silicon molds; the PDMS



solution with a mixed ratio of 10:1 was then poured on the silicon mold and cured at 80 °C

for 8 hours in a conventional oven. After cross-linked the PDMS surface, PDMS stamps were
peeled from the silicon mold following by coating the 200-nm parylene C layer; the prepared
PDMS solution was subsequently poured onto the PDMS stamp, and a sharp scalpel was
carefully used to remove the excess parts of PDMS. Based on a standard replica modeling
method [25-26], the polymerized test surfaces were fabricated by vertically attached the
PDMS stamp comprised of pillar arrays on a silicon substrate within the curing process for 8
hours, as shown in Fig. 3(b); by removing the PDMS stamp from the silicon substrate, surfaces
composed of vertical-polymerized pillar arrays with 250-um and 500-um center-to-center
spacings were created, respectively, as shown in Fig. 3(c). In addition, the area of the
polymerized pillar surfaces was equivalent to the heated area, where g width and length were
5 mm and 10 mm, respectively. A bending treatment was co@he vertical PDMS

pillar arrays by deflecting the pillars with an averaged an ith coating a thin gold

*
layer, i.e., 200-um for hydrophilic- and 220-um for kX‘ c- surfaces, using a sputter

coater, the further information related to the r dihg process is given in the

supplementary materials. Therefore, surfaces of bending PDMS pillar arrays and

silicon substrates were fabricated, resultigf a erable wicking behavior with directional
dependence, i.e., so-called unidirecti% # o structures [20].

Fig. 4(a) shows the thickness@i- ating layers on the surfaces consisted of vertical-
and bending-polymerized R and Si-substrates, respectively. A 200-nm SiO2 was
uniformly coated o 's for further enhancing the capillary driving force on test
surfaces; on the oth d, additional 20-nm gold coating layers were coated on the surfaces
composed of polymeri pillar arrays using an e-beam evaporator (KIST, South, Korea)
ensuring that the surfaces were created homogeneously, as shown in Fig. 4(b). In addition, the
thickness of surfaces comprised of the multi-coating layers was confirmed using a scanning
electron microscope, a hydrophilic test surface composed of bending pillar arrays with 500-
um center-to-center spacing was selected as the representative case; notably, a 200-nm PDMS
membrane was maintained at the interfacial surface between the gold coating layer and the Si

substrate, as shown in Fig. 4(c). The configurations of the various test surfaces are summarized

in Table 1.

2.3 Surface wettability on test surfaces

Surface wettability related to the measured surface contact angle (CA, 6,.) on test surfaces



is shown in Fig. 5(a), measured by a contact angle goniometer measurement; among the
hydrophobic test surfaces, surfaces composed of polymerized pillar arrays with 250-um center-
to-center spacing revealed the highest apparent surface CA, which can be referred to as the
relatively large amount of air volume trapped by the liquid droplet resulting in highest surface
hydrophobicity than the other comparisons. In contrast, when the polymerized test surfaces
were coated with hydrophilic coating layers, the hydrophobic surfaces changed into
hydrophilic surfaces comprising bending pillar arrays with 250-um center-to-center spacing
showed the highest surface hydrophilicity compared with the other test surfaces. These
measurement results related to the CA on test surfaces are in a well-agreement with the Wenzel
state [27] and the Cassie-Baxter stare [28], considering with the roughness factor, respectively,

, the surface hydrophilicity increased as the roughness facto pacreased; the surface

hydrophobicity intensified as the trapped air volume 1ncre wn in Fig. 5(b).
Interestingly, the surface composed of bending pillar arra same center-to-center
spacing between two neighboring pillars, either th? or hydrophobic surfaces
showed a decreasing trend in surface CA compared t es with vertical pillar arrays,
which indicated that the surface wettability coul ed by deflection of the pillar arrays.

A similar trend of the surface CA on plc wicking structures can be found in
previous works [19][29].

2.4 Data reduction related to boiling he aracteristics
The heat flux applied ob% ’, 1s defined as follows:
e _vu
9 =43~ (1)

where q is the applied Neat flux, A is the heating area, V is the voltage drop from ITO
heater, and [ is the imported current. In addition, the surface temperature (7) was determined
by the RTDs, which are composed of 5-measured points for detecting the wall temperature of
the heated area, i.e., the width and the length were 5 mm and 10 mm, respectively. The
calibration process of several points of the RTD sensor and the detailed information for CHF
estimation can be found in our previous works [22-24]. The heated surface of the polymerized
test surfaces was on the opposite side of the RTDs, the substrate thickness of the Si-plain was
550 um. Hence, the influence of the test plate’ conduction was needed to determine the surface

temperature based on one-dimensional thermal conduction [23-24].



Q—( )X (Te — Tw) )
where ksi and / are the thermal conductivity and the substrate thickness of the Si plain, while
Tr and Tw represent the temperature measured by the RTDs and the temperature of the heated
wall, respectively.

In addition, Newton’s law of cooling was used to estimate the heat dissipation capacity
related to local heat transfer coefficient (HTC) of the various polymerized test surfaces, which

is given by

q =hx (T, —Tf) 3)
where h is the heat transfer coefficient of test surfaces, 7w and 7y are the wall temperature
determined from Eq. (2), and the averaged bulk temperature of th ing fluid at the inlet

and outlet of the flow chamber.

2.5 Uncertainty analysis

The uncertainties of the experimental variables g X ent work are summarized in
Table 2., which were evaluated based on the meth &se by Moftat [30]. Accordingly, the

dimension error of the length of patterns on tRg RTs and the working temperature of the

degassed DI water detecting by the thermgc at the inlet and outlet of the flow chamber
was =+ 0.054% and = 0.22%, respCqe!®®The measured temperature was taken into
consideration by estimating the e uid property. Propagation of the uncertainties from

the hydraulic diameter of t ar flow channel and the flow velocity of the working
i i ; N 1RGO 4.56%.

fluid resulted in uncg

A commercial code (ANSUS, version 6.3.26) was utilized to evaluate the heat flux
throughout the polymerized test surfaces was estimated to be 6.34% by assuming that the
adequate heat spreading area corresponded to the convective heat transfer area, which.
Therefore, we used the estimated-convective heat loss to evaluate the uncertainty of heat flux,

determined by

1
sqn_ [rov\2 | (s1\? | [54)? 2|2
Fr [(7) +(F) +(5) + @oss) ] (4)
where the voltage-drop from the heater (), the imported current (I), and the heating area (A)

of the RTDs were utilized to calculate the relative heat flux uncertainty, which was 6.37 %. On

the other hand, the uncertainty related to the heat transfer coefficient is determined by
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Accordingly, the uncertainty of the heat transfer coefficient was evaluated to be 9.1% by
substituting the uncertainties of the heat flux, the temperature of the working fluid, and the
local wall temperature into Eq. (5)

Finally, the uncertainty of Reynolds number (Re), the heat flux, the HTC, and the local
wall temperature was determined to be 4.56%, 6.37%, 9.1%, and 6.46%, respectively. The pixel

uncertainty in the equilibrium diameter of a single departing bubble, which was determined via
the bubble visualization, was +0.1 mm [23-24].

3. Results and discussion 6

3.1 Anisotropic wicking surfaces in forced convective boiling 3eat 4

Fig. 6 shows the subcooled flow boiling chara rl&
hydrophobic-test surfaces used to analyze the r n Myween the degrees of subcooling and
the relative heat flux with a Re value of 36 igghurfaces with a 200-nm PDMS coating

layer were selected as the reference ared to those surfaces composed of PDMS

nder subcooled conditions

the various hydrophilic- and

pillar arrays for determining the injgaen he anisotropic wicking surfaces on subcooled
flow boiling. Among the hydroph¥s#®tegy surfaces, surfaces composed of PDMS pillar arrays
@ of CHF (217-248 W/cm?) compared to the bare PDMS

surface with the PDMS pillars with narrow spacing (250 um)

showed a significant enha

resulted in the highest¥giling heat transfer compared to the other comparisons, as shown in
Fig. 6(a). In addition, the bending effect of polymerized pillar surfaces was observed compared
to the surfaces composed of vertical pillar arrays with the same center-to-center spacing that
the CHF was further improved by 5-8%, respectively.

In terms of hydrophobic test surfaces, a notable enhancement in CHF was also observed

on test surfaces. The CHF was improved by the anisotropic wicking surfaces (i.e., the averaged-

deflected angle of pillars was 30°) by 23-28%. In contrast, the influence of vertical pillar arrays

on boiling heat transfer was insignificant. Notably, the anisotropic wicking surfaces revealed a
remarkable improvement in CHF compared to those surfaces comprised of vertical pillar arrays
with the same spacing, by 21% and 23% as the center-to-center spacing between two

neighboring pillars were 250 um and 500 um, respectively, as shown in Fig. 6(b). The



experimental observations indicated that the boiling heat transfer under subcooled conditions
could be improved using the anisotropic wicking surfaces (i.e., surfaces composed of bending
pillar arrays), which resulted in the anisotropic wicking behavior to improve the liquid
replenishment capacity on heated surfaces along the flow direction.

Additionally, the HTC improvements of the hydrophilic-polymerized pillar surfaces
(22.4-23.4 kW/m*.K for 250-um center-to-center spacing; 18.7-20.2 kW/m* K for 500-um

center-to-center spacing) were observed compared to the hydrophilic bare PDMS surface (14.2

kW/m?K), respectively. The increasing trend of improvements in HTC was also observed on

the hydrophobic test surfaces with variation in spacings. Herein, HTC of surfaces composed of
polymerized pillar arrays increased as the heat flux increased, specifically, as the vertical
PDMS pillar arrays were varied to anisotropic wicking structures, #€., the pillar arrays were
deflected by depositing a thin gold layer on the one side of the@d pillars, as shown

in Fig. 7.
*

Thus, in addition to the surface wettability, the e e both CHF and HTC on the
various-polymerized test surfaces can be predomina%re to as the influence of center-
to-center spacing between the polymerized pillgffs as wllas the bending effect of pillar arrays
associated with anisotropic wicking behavgr.

3.2 Bubble characteristics on the hydrophi@ ¢ wicking surfaces
Bubble characteristics on th@s ydrophilic test surfaces were shown in Fig. 8(a)

and (b), in terms of the equim wfnecter of a single-departing bubble as a function of the

heat flux and the re

een the release frequency of bubbles and the heat flux.
According to the res I bubble visualization, however, the bubble characteristics on heated
surfaces under subcooledYlow boiling differed on those surfaces in saturated conditions where
bubbles vanished rapidly before departing from the heated surfaces, owing to the dramatical
decrease in the temperature gradient between condensation layer and layers consisted of
evaporative microlayer and superheated layer [31]. In addition, bubble characteristics were
significantly affected by the bubble lift force of the convective flow. The bubble coalescence
becomes more vigorously at high heat flux during downstream regions along the flow direction;
therefore, the bubble detachment characteristics in terms of the detachment diameter and the
departure frequency of a single-departing bubble were recorded in a fixed region, where the
width and the length were 1.5 mm and 2 mm, respectively [24].

We selected the surfaces composed of hydrophilic pillar arrays as the representative cases



for analyzing the influence of the bending effect of pillar arrays of anisotropic wicking surfaces
on bubble characteristics. Among the hydrophilic test surfaces, the surface with polymerized
pillar arrays showed the smallest bubble detachment diameter, which let bubbles released
frequently from heated surfaces compared to the bare PDMS surface. Additionally, narrowing
the center-to-center spacing between the polymerized pillars from 500 um to 250 um apparently
reduced the size of departing bubbles accompanying the high bubble release frequency. These
bubble characteristics were attributed to the active bubble nucleation sites and the
augmentation of interfacial capillary flow between the pillar arrays [17].

Moreover, the anisotropic wicking surfaces with the same center-to-center spacings were
released in a relatively small size in diameter of departing bubbles, which accelerated the
bubble departure frequency, compared to bubbles that form on thgegurfaces comprised of
vertical pillar arrays. As stated above, both the bending effect yijerized pillar arrays
in terms of the anisotropic wicking and the influence of s &
pillars dominate the subcooled flow boiling heat trans®

Fig. 9 shows the bubble visualization of hydro & drophobic-test surfaces with
variation in the spacings between pillar arrays, 14, the s®faces composed of the bending pillar
arrays, as the heat flux was at 100 W/cm?. egthe hydrophilic surfaces, active bubble
nucleation and frequent bubble detac n%ior were observed on the surfaces composed
of bending pillar arrays with 250% compared to the other hydrophilic test surfaces.

ac

In contrast, the hydrophobic tg
flux reached the CHF, yghert

ween two neighboring

were continuously covered by bubbles even the heat

altoglkher departing bubbles were not found on the test surfaces
during the experim , it was conjectured that bubbles tended to form on the hydrophobic
surfaces with relatively e size in diameter and trap easily by roughened surfaces, especially

when the surfaces with high hydrophobicity, resulting in a sudden transition in CHF [32-33].

3.3 Temporal surface temperature for hydrophilic-anisotropic wicking surfaces at CHF

In attempted to examine the influence of bending pillar arrays of the test surfaces on the
flow instability within a convectional channel, the temporal surface temperature at points 1, 2,
and 4 of RTDs for the hydrophilic test surfaces including vertical- and bending-pillar arrays
with 250-um and 500-um spacings were depicted in Fig. 10, respectively. All the experimental
results were recorded when the heat flux reached the CHF on the heated surfaces. Standard
deviation (€) was utilized to represent the temporal temperature fluctuation index, where an

intense temperature deviation was first occurred at point 4 of the RTDs for all the test surfaces,



by analyzing the temperature variation on the representative surfaces. In terms of surfaces
composed of polymerized pillar arrays with 250-um spacings, the lowest standard deviation on
the surface with bending pillar arrays was observed compared to the vertical pillar surface,
indicating that flow instability can be suppressed using the anisotropic wicking surfaces, which
maintained a stable liquid film to facilitate the film evaporation on heated surfaces. A similar
trend of the temporal surface temperature was found on surfaces composed of polymerized
pillar arrays with 500-um spacing. The standard deviation on the anisotropic wicking surfaces
was lower than the surfaces with vertical pillar arrays. These experimental observations
indicated that the anisotropic wicking surfaces could be optimized to enhance the flow boiling

heat transfer under subcooled conditions.

3.4 Bending effect of pillar arrays on wicking behavior on the anisotropic wickjgg surfaces

liquid supply capacity

Wicking measurements were conducted on the hydrophilic acgh. The test samples’
dimension was 5-mm in width and 10-mm in length, to de

on the surfaces consisted of the polymerized pillar afogs g the vertical and bending
e]}Ne he test surfaces reached the

pillars with 250-um and 500-um spacings, respecti

top of the test surfaces owing to the
ed pillar arrays, which were recorded
using a high-speed camera with a shQr Tate gf 6000 frame/s and a high power LED light
source (100W) based on a shado &od [23-24], as shown in Fig. 11(a). In addition,

the liquid replenishment capagegg on the test surfaces is associated with the relative wicking

capillary driving force occurred within t

characteristics when thengvaao occurred on the heated surfaces, which indicated that a
remarkable enhanc subcooled flow boiling could be achieved on the surfaces showing
the high capillary wicl®gg. We quantified the wicking characteristics on test surfaces by

estimating the averaged liquid propagation velocity, W = [/{*>where W is the wicking
coefficient, 1 is the measured wicking distance, and t is the time of the bulk liquid propagation
[34-35]. Among the vertical pillar surfaces, the wicking velocity showed on the surfaces with
vertical polymerized pillar arrays with 250-um spacing (40.6 mm/s’®) was higher than those
surfaces with 500-um spacing (18.9 mm/s’°); on the other hand, a significant improvement in
the wicking characteristics was found on the surfaces with bending polymerized pillar arrays
with 250-um (51.4 mm/s®%) and 500-um (26.8 mm/s®®) spacings, respectively. The
experimental observations indicated that the liquid supply capacity on the test surfaces could

be effectively improved using the surfaces consisting of the anisotropic wicking structures,



hence augmenting the overall subcooled flow boiling heat transfer performance.

Respecting the facts as mentioned above in terms of the bubble characteristics and the
wicking behavior on the various test surfaces, when compared to the surfaces composed of
vertical pillar arrays with the same center-to-center spacings (i.e., resulted in isotropic wicking
behavior), using the anisotropic wicking surfaces not only improved the heat dissipation
capacity through resulting in the relatively small departing bubbles, i.e., small vapor bubbles
can be frequently released on the heated surfaces, but promising a stable liquid film within the
pillar arrays, which effectively suppressed the flow instability, thus delaying the premature dry-
out on the test surfaces, as shown in Fig. 12. Additionally, we inferred the enhancing
mechanism of the wicking characteristics on the anisotropic wicking surfaces is associated with
the anisotropic liquid spreading behavior on the test surfaces, whichgg discussed in the next

section related to the relationship between liquid pinning forceqge y the polymerized
pillar surfaces and the subcooled flow boiling. &

jubcooled flow boiling

3.5 Influence of liquid pinning force of the anisotropic wickir® suf

the surfaces composed of
polymerized pillar arrays, it spread along the bgfidin ction of the pillars, resulting in the

(Fr) on the polymerized pillar surfaces

pinning force acting atéag cceding side was more considerable than forces that driven
liquid toward the sp @ direction. Herein we measured the dynamic CAs of the droplet on
the pillar surfaces at an 11§pient point where the droplet started to spread along the test surfaces,
for preventing an overprediction of the liquid pinning force; the measured results related to the
dynamic CAs a and [ on the various pillar surfaces were evaluated using the contact angle
goniometer measurement with the photos recorded based on the shadowgraph method, were

summarized in supplementary materials.

In addition, the liquid pinning force was estimated using correlations given by

E,=m-7-0[cos6, —cosb,] =11 0[cos 6, — cos(Af + 6,)] (6)
where r is the radius of the contact line, o is the surface tension of the DI water, 8, and 0,

are the advancing- and receding- CAs, and A6 is contact angle hysteresis (6,-0,.), respectively.



Thus, the pinning force on the pillar surfaces were determined by substituting each parameter
(r=2mm, o = 66.2 N/m, and the relative measured dynamic contact angels of the droplet)
into Eq. (6), accordingly.

Fig. 13(b) shows the relationship between the liquid pinning force and the relative
receding CAs measured on the surfaces composed of the hydrophilic- and hydrophobic-
polymerized pillar arrays with 250-um and 500-um spacings, respectively. The liquid pinning
force is proportional to the receding CAs on the various test surfaces, which corresponded to
the experimental results proposed by [38]. On the other hand, the overall liquid pinning force
on the hydrophilic-polymerized pillar surfaces was lower than the hydrophobic pillar surfaces,
indicating that the liquid replenishment capacity could be further improved by manipulating
the surface wettability of the anisotropic wicking surfaces. In additio e anisotropic wicking

surfaces with 250-um spacing showed the lowest liquid pinning& e for the hydrophilic

or the hydrophobic surfaces, compared to those surfaces wity pacing, indicating that
narrowing the center-to-

the anisotropic liquid spreading behavior could be % \
xs ¥ the surfaces with the same

center spacing between the pillar arrays. Moreoveig{n
spacings, the liquid pinning force on the verti 1l rfaces decreased by deflecting the
polymerized pillars where the liquid was s dlmard the pillar arrays’ bending direction.
These results showed a well-agree ithgthe previous discussion that the wicking
characteristics on the surfaces ¢ 0s f vertical polymerized pillar arrays could be
improved using the surfaces wigh @otropic wicking structures.

Interestingly, the co boiling heat transfer showed a strong dependence on the

@ o on the surfaces comprised of polymerized pillar arrays with

variation in the centerWcenter spacings in Fig. 14. Accordingly, intensifying the surface
wettability on the test surfaces significantly diminished the liquid pinning force on the test
surfaces, i.e., increasing the liquid supply capacity, following the extension of the boiling crisis
(CHF). Meanwhile, narrowing the center-to-center spacings between two neighboring pillars
on the test surfaces resulted in enhanced CHF enhancement by strengthening the capillary
driving forces within the polymerized pillar arrays. Moreover, changing the configuration of
the vertical-polymerized pillar arrays into the anisotropic wicking surfaces with the bending
pillar arrays effectively reduced the liquid replenishment resistance on the test surfaces,
preventing the premature dry-out occurrence. Therefore, the boiling heat transfer in terms of

the CHF under subcooled conditions were significantly dominated by the relative liquid

pinning force on the various test surfaces. However, the hydrophilic surfaces consisted of the



bending pillar arrays with 250-um spacing was the optimal case for approaching high CHF and

HTC among the polymerized test surfaces in this study.



4. Conclusions

This study experimentally investigated the influence of the anisotropic wicking surfaces
with the bending pillar arrays on forced convective boiling heat transfer under subcooled
conditions; PDMS materials were used to fabricate the vertical- and bending-pillar arrays with
variation in the spacings (250-um and 500-um) between the pillars based on the method of the
replica modeling.

The working fluid was DI water, i.e., the inlet temperature was maintained at 59.3+0.4°C, and

the Re was 3600. Our findings, including the effects of the surface wettability, variation of the
center-to-center spacing, and the configurations of the polymerized pillars (vertical and

bending alignment) on the subcooled flow boiling heat transfer, are summarized below.

1.  Among the test surfaces, hydrophilic surfaces comp@polymerized pillar
arrays with variation in the spacings ket@ illars showed notable
enhancements in CHF (17-34%) and HTC ompared to the bare PDMS
surfaces. These enhancements in boili t trffisfer were also observed on the
hydrophobic test surfaces where the C@ HTC were improved compared to the
hydrophobic bare PDMS surfac@ bysig-75% and 8-30%, respectively.

2. Compared to the vertical-PQgmons#ed pillar surfaces, the anisotropic wicking

surfaces increased the @ wicking by driving bulk liquid toward the bending
direction of the @i pillars, which strengthened the averaged wicking
e

velocity a maintained a stable liquid film on heated surfaces during
the evaporaNg#l process, thus preventing the sudden transition of CHF.
3. Vapor bubbles 18rm on the anisotropic wicking surfaces (bending-polymerized pillar

arrays with the averaged tilted angle of 30°) revealed in the relatively small averaged

detachment diameter as well as the high departure frequency compared to those
vertical-polymerized pillar surfaces. Narrowing the center-to-center between the
polymerized pillar arrays (from 500-um to 250-um) promoted bubble nucleation by
resulting in large numbers of bubbles with a relatively small diameter, showing that
the configuration of the polymerized pillars dominated the bubble characteristics.

4. Bubbles trapped on heated surfaces were observed on the surfaces composed of
bending-polymerized pillar arrays with 250-um and 500-um spacings, respectively,

even the heat flux reached the CHF, owing to the roughened surface with the strong



surface hydrophobicity, deteriorating the overall flow boiling heat transfer
performance under subcooled conditions.

5. The influence of the anisotropic wicking surfaces of subcooled flow boiling was
experimentally determined by analyzing the relationship between the liquid pinning
force for the various polymerized pillar surfaces and the relative boiling heat transfer
characteristics. The experimental results of this study could be used as the design
criterion for optimizing the anisotropic wicking surfaces in subcooled flow boiling,

accordingly.
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Table Captions

Table 1 Details of the hydrophobic coating pattern design

Table 2 Uncertainties of the experimental variables
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Table 1 Detail design information of the polymeri

. aces

Surface Structures Center-to-center Aer ) o Diameter Height [um]

wettability spacing [um] AL [um]

Hydrophobic Vertical 250 K ~ 50 300
Hydrophobic Vertical 500 < ' 30 50 300
Hydrophobic Bending 250 30 50 300
Hydrophobic Bending 500 30 50 300
Hydrophilic Vertical 2 30 50 300
Hydrophilic Vertical 0 30 50 300
Hydrophilic Bending % 30 50 300
Hydrophilic Bending 30 50 300

O_



Parameters

Temperature
measurement [°C]
Heater power
measurement

O
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Figure Captions

Figure 1 Schematic diagram showing the influences of anisotropic wicking structures,
which include surface wettability and bending effects, on the subcooled flow
boiling.

Figure 2 Experimental equipment. (a) Experimental facilities for subcooled flow boiling.
(b) Resistance temperature detector (RTD) sensor. (c) Detail design information
of test section.

Figure 3 Schematic diagram of polymerized pillars. (a) Fabrication process of polymerized
test surfaces. (b) PDMS stamps on a silicon substrate. (¢) Scanning electron
microscope (SEM) images for surfaces consisted of vertical- and bending- pillar
arrays with 250-um and 500-um spacing, respectively.

Figure 4 Multi-layers of (a) Hydrophilic- and (b) Hydrophobic-test surfaces. (¢) Scanning
electron microscope (SEM) images of anisotropic wicking surfaces showing
surfaces consisted of 200-nm SiO2-, gold-, and PD layers on silicon
substrates (550 um).

Figure 5 Surface contact angle on polymerized test surfaces. (IgQurtagegfontact angle as a
function of roughness factor on surfaces comp ical- and bending-
pillar arrays including hydrophilic and hyggop faces, respectively.

Figure 6 Subcooled flow boiling characteristics. (a) H us degrees of subcooling
for various hydrophilic test surfaces. (b) GN sus degrees of subcooling
for various hydrophobic test surfaces

Figure 7 Comparison of the HTC between @le hydroBhilic- and hydrophobic- surfaces
composed of PDMS pillar arr -um and 500-um spacing and bare

PDMS plains.

Figure 8 Bubble detachment charactfstics foghe hydrophilic PDMS surfaces at Re=3600.
(a) Bubble departure djgmmet function of the relative heat flux. (b) Bubble
detachment frequencyfa ction of the relative heat flux.

Figure 9 Bubble detachmepimggom ydrophilic- and (b) hydrophobic PDMS surfaces
1 1 Ing % es comprised of bending pillar arrays with 250-um and
500-um Quithicat flux of 100 W/em?, respectively.

Figure 10 Temp ace temperature for hydrophilic PDMS surfaces at various points
of RTD sc®gor. (a) vertical- and (b) bending-pillars with 500-um spacing and (c)
vertical- andWd) bending-pillars with 250-um spacing.

Figure 11 Liquid supply capability of various-hydrophilic PDMS surfaces. (a) Surfaces
composed of vertical- and bending- pillar arrays with 250-um and 500-um
spacing, respectively. (b) Relationship between wicking length and time t*> for
PDMS pillar surfaces in vertical and bending alignment with inter spacing of
250-um and 500-um, respectively.

Figure 12 Schematic diagram showing the bending effects of PDMS pillars on liquid
pinning force against the flow direction of cooling liquid in terms of subcooled
flow boiling.

Figure 13 (a) Measurement of dynamic contact angle of droplet on surfaces composed of
bending pillar arrays with 250-um spacing. (b) Liquid pinning force as a function
of receding contact angle on various PDMS pillar surfaces.




* Subcooled flow boiling heat transfer characteristics on anisotropic wicking structures
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Fig. 1 Schematic diagram W o®¥e influences of anisotropic wicking structures, which
include surface wejjsRitygnd ¥nding effects, on the subcooled flow boiling.
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(a) Hydrophilic (b) Hydrophobic
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Fig. 4 Multi-layers of (a) Hydrophilic- and (b) Hydrophobic-test surfaces. (¢) Scanning
electron microscope (SEM) images of anisotropic wicking surfaces showing surfaces
consisted of 200-nm SiO»-, gold-, and PDMS- layers on silicon substrates (550 um).
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