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ABSTRACT: We present a new concept of a structured
surface for enhanced boiling heat transfer that is capable of
self-adapting to the local thermal conditions. An array of
freestanding nanoscale bimorphs, a structure that consists of
two adjoining materials with a large thermal expansion
mismatch, is able to deform under local temperature change.
Such a surface gradually deforms as the nucleate boiling
progresses due to the increase in the wall superheat. The
deformation caused by the heated surface is shown to be
favorable for boiling heat transfer, leading to about 10% of
increase in the critical heat flux compared to a regular
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nanowire surface. A recently developed theoretical model that accounts for the critical instability wavelength of the vapor film
and the capillary wicking force successfully describes the critical heat flux enhancement for the nanobimorph surface with a

good quantitative agreement.
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O ne of the most important factors that determines the
efficacy of boiling heat transfer is the critical heat flux
(CHF), which refers to the threshold heat flux above which the
surface dry-out occurs.’” CHF determines the practical
operating limit for cooling applications because the surface
will eventually experience overheating followed by meltdown
beyond this point due to the reduced heat transfer, as
witnessed from the recent disaster in Fukushima nuclear power
plant.” In this regard, extensive efforts have been put into
increasing the CHF; to date, one of the most effective ways of
enhancing the CHF is by roughening the surface with micro/
nanostructures, for example, nanowires.” ® An array of
nanowires exhibits extremely high surface roughness, leading
to increased number of nucleation sites. Moreover, the
presence of nanowires enables enhanced wetting and capillary
pumping due to the narrow pore spaces, allowing significant
enhancement in CHF by more than 100% compared to a
smooth surface.”™’

Another recent approach of extending the CHF is by
manipulating the motion of nucleated bubbles. One way is to
induce lateral bubble motion by using an asymmetric
>1% Another recent approach is to impinge jets near
the boiling site, which drives an upward flow above the heated
area that can carry away the bubbles at a faster rate.'"'” These

structure.
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set of studies highlight that the fast ebullition of a large number
of nucleated bubbles is critical for enhancing the CHF.

In this paper, we propose a new concept of nanostructure
that further enhances CHF compared with a nanowire surface,
that is, one that produces mechanical actuation in response to
the surface temperature. Here, we use an array of nanoscale
freestanding bimorphs; a bimorph refers to a structure that
consists of two adjecent materials with a large thermal
expansion coefficient difference in contact and hence deforms
under ambient temperature changes.'” As the nucleate boiling
progresses, the increasing surface temperature actuates the
deformation of the bimorph array. We show that such a
deformation creates a structure that is favorable for promoting
bubble departure and capillary wicking, thus extending the
CHF.

A schematic illustrating the deformation of a nanobimorph
due to the change in the surface temperature is presented in
Figure la. An array of nanoscale bimorphs is placed vertically
on a heated surface where the bimorphs deform as the surface
is heated. This deformation effectively increases the surface

Received: July S, 2018
Revised:  August 19, 2018
Published: August 31, 2018

DOI: 10.1021/acs.nanolett.8b02747
Nano Lett. 2018, 18, 6392-6396


pubs.acs.org/NanoLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.8b02747
http://dx.doi.org/10.1021/acs.nanolett.8b02747

Nano Letters

a

>m O

23]

R R A A A ,

o 0 ©°

0

100

150 200

Temperature (°C)

Figure 1. Self-actuating nanobimorph arrays. (a) A schematic illustrating the deformation of a bimorph due to the change in the surface
temperature. (b) An ordered array of bimorphs is achieved by depositing the metal layer on Si nanowires in an oblique angle. (c—e) SEM images
show that the Al layer is coated evenly from the top (c) to the bottom (d) of the nanowire on a large area (e). (fg) Deformation of the bimorph
upon exposure to different temperatures. (f) The in situ SEM imaging shows reversible bending of the bimorph with minimum hysteresis. The
frontmost bimorph was false-colored for a guide to the eye. (g) The degree of the deformation depends on the thickness of the Al layer. (h,i) SEM
images of Si/Al “core—shell” nanowire that has Al deposited on the both sides of the nanowire. (j) Illustration of an array of deformed bimorph
seen from the top. Scale bars are 500 nm for (c,d,h,i) and 1 um for (ef).

fraction (¢, ratio of the projected cross-sectional area of the
structure and the substrate area). On the basis of the recent
theoretical prediction by Quan et al,'* such an increase in the
surface fraction effectively reduces the critical instability
wavelength of the vapor film and increases the capillary
wicking, both of which lead to enhanced CHF. We confirm
experimentally that this is indeed valid and shows that the
CHEF of a nanobimorph surface can further exceed that of the
nanowire surface, reaching up to 271 W/cm?® for stagnant
water at a saturated condition.

To achieve a uniform array of nanobimorphs on a large area,
we deposit metal layer on the already synthesized nanowires at
an oblique angle (Figure 1b). Further fabrication details can be
found in the Supporting Information. This process allows easy
fabrication of nanobimorphs with well-controlled thickness,
from the tip of the nanowire (Figure 1c) to the bottom (Figure
1d) on a large area (Figure le). The deposited metal was
chosen to maximize the mismatch of the thermal expansion
coefficient a, for which we choose aluminum (ag; &~ 3.3 X 107¢
K" ay ~ 23.8 X 107 K~'%). Si nanowire as a base material
ensures fast thermal response that can rapidly adapt to the
temperature change due to its short thermal diffusion time
scale, which is &1 ns for current geometry.

The deformation of the fabricated bimorph under varying
temperature is presented in Figure 1f. The in situ scanning
electron microscope (SEM) images clearly show that reversible
bending of the bimorph is observed upon exposure to different
temperature conditions. The deformation also shows minimum
hysteresis, which can be important for a long-term operation.
The bending also depends on the thickness of the metal
deposit as it shows an optimal thickness of ~140 nm for the
maximum bending (Figure 1g). As shown in Figure lg, the
deformation increases linearly with temperature, which can be
predicted from a theoretical analysis where we obtain the
temperature-dependent deformation as
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Here, L is the length of the bimorph, AT is the temperature
change, Aa is the difference in the thermal expansion
coefficients between the two adjoining materials, and r is the
radius of the bimorph. A detailed derivation of eq 1 is provided
in the Supporting Information. For example, inserting realistic
numbers for the nanobimorphs shown in Figure 1f, that is, L~
1S pm, r & 0.25 pm, the theory yields 6 & 0.59 pm at AT =
100 K, which agrees reasonably with the measured value (§ =
0.82 um).

For control experiments, we have further fabricated
nanobimorphs with chromium as a side layer, which has
similar thermal expansion coefficient as silicon (ac, ~ 4.9 X
107 K™''), and “core—shell” nanowires that has aluminum
deposited on the both sides of the nanowire such that it has a
geometrical symmetry (Figure 1lh,i). These surfaces exhibit
similar geometries and surface properties to those of the Si/Al
nanobimorph surface but do not undergo deformation upon
temperature change.

With the fabricated surfaces, we conduct pool boiling
experiments using water as a working fluid. The boiling curves
(i-e., heat flux versus wall superheat) at saturated condition
(pool temperature = 100°C) are presented in Figure 2.
Regardless of the length of the nanobimorphs, there is a clear
tendency for the Si/Al nanobimorphs to exhibit higher CHF
than the corresponding bare Si nanowires (Figure 2a).
Furthermore, enhanced CHF is only observed for Si/Al
nanobimorphs whereas Si/Cr nanobimorph and Si/Al core—
shell nanowire do not show any appreciable enhancement in
CHF over the bare nanowires (Figure 2b).

With a deposition of thin aluminum film only on one side of
the nanowire, we observe CHF up to 271 W/cm? which is
significantly larger that that of bare silicon surface (=88 W/
cm?) and bare silicon nanowire (x245 W/cm?). Considering
that a nanowire structure is regarded as a surface that exhibits
the highest CHF in pool boiling among various types of micro/
nanostructured surfaces,”'®'? this additional stretch in CHF
can be particularly important in cooling of high heat flux

DOI: 10.1021/acs.nanolett.8b02747
Nano Lett. 2018, 18, 6392—-6396


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02747/suppl_file/nl8b02747_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02747/suppl_file/nl8b02747_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b02747

Nano Letters

a

300 ;
—/— Plain surface
—A— Si/Al bimorph (4.6 um)
250 | —A— Si/Al bimorph (4.6 um) J
—{J— Si nanowire (4.6 um)
Py —{ Si nanowire (7.3 ym)
[\
gZOO [ ASOO 46 ym 73 ym ]
= NE
S S
vt L S250 i
x 150 =
= L [
— o
& 100 & ]
T -
50 1
il
ot o :
0 10 20 30 40
Wall superheat (K)
b 300 : : : ‘
—/— Plain surface
—{F— Si nanowire
| —O— Si/Al core-shell
250 —A— S:/Cr bimorph
g —A— Si/Al bimorph
[
(\% 200
3
x 150
=
$ 100
I
50

20
Wall superheat (K)

Figure 2. Bimorph structures show highest CHF among all other
surfaces. (a,b) Boiling curves for the nanostructures with (a) different
lengths and (b) different configurations/compositions. The inset
represents the CHF values for different surfaces. The arrows indicate
CHF.

devices such as nuclear fuel rods or electronics as CHF
represents a technical milestone in boiling heat transfer."

The enhancement of CHF for the nanobimorph surface is
unexpected since the presence of metal film is anticipated to be
unfavorable for heat transfer due to a number of following
reasons: First, the presence of metal films provides an
additional thermal resistance to the heated surface. This
argument is supported by the fact that the wall superheat for
the nanostructured surfaces with additional metal films are all
shown to be higher than the bare silicon nanowire surface
(Figures 2a,b), implying reduced heat transfer. Second, the
thermal emissivities of the deposited metal films are much
lower than the host material (&4 ~ 0.03, ec, ~ 0.08, &5 ~
0.7),”>*! thus reducing the radiative heat transfer. Lastly, the
presence of the metal film reduces the wettability of the surface
as confirmed by the contact angle and the capillary rise
measurements presented in Figure 3.

The wettability is one of the most critical factors that
determines the CHF, because a superhydrophilic surface
supplemented by fast capillary wicking is believed to be the
driving factor for high CHF in nanowire surfaces.”® However,
the measurement results in Figure 3 confirm that these effects
are suppressed when additional metal films are present. In
detail, the nanowire reduces the apparent contact angle of the
surface and the angle further decreases with increasing
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Figure 3. Bimorph structures show unfavorable wetting behavior for
boiling heat transfer. (a) Static contact angle measurements of water
droplets on different surfaces. Zero nanowire length indicate planar
surfaces. (b) Capillary rise measurements for Si/Al bimorph and Si
nanowire surfaces.

nanowire height (Figure 3a), which is consistent with
theoretical grediction due to the larger degree of surface
roughening.”” However, it is observed that the presence of any
additional metal films reduces the contact angle at any given
nanowire length due to the altered surface property.
Furthermore, the nanobimorph surface shows weaker capillary
rise dynamics compared to the nanowire surface, indicating
reduced capillary pumping of working fluid (Figure 3b). Thus,
these experimental data suggest that the surface properties of
the nanobimorph surface are disadvantageous for the boiling
heat transfer. Then what causes the bimorph surfaces to exhibit
higher CHF than any other surfaces?

Physically, the CHF renders a situation where the removal of
the vapor near the surface due to the bubble ebullition is
slower than the generation due to the bubble growth such that
the surface is deficit of the working fluid." In this regard, high
bubbling frequency with small bubble departure diameter is
favorable for higher CHF. Indeed, we observe that the
nanobimorph surface exhibits faster bubbling frequency
(Figure 4a) and smaller bubble diameter (Figure 4b) than
the nanowire surface despite the aforementioned disadvan-
tages, both of which are footprints of enhanced CHF.

We attribute such distinct dynamics to the deformation of
the nanobimorphs driven by the local change in the surface
temperature. While bubbling frequency is typically known to
be constant across varying heat flux conditions within the
nucleate boiling regime,® which is also shown for the planar
and the nanowire surfaces in Figure 4a, the bubbling frequency
for the nanobimorph surface is shown to be heat-flux-
dependent, implying that the temperature-dependent bending
of the bimorph structure is responsible for such dynamics. In
addition, boiling experiments conducted at a subcooled
condition (pool temperature = 90 °C) leads to a larger degree
of CHF enhancement for the nanobiomorph surface compared
to the nanowire surface (Figure 4c), further suggesting that the
dynamics is related to the temperature difference.

As the bending of the nanobimorphs increases due to
increased surface temperature, the effective solid fraction ¢ is
increased, as sketched in Figure 1a,j. Because of the high area
density of the nanobimorph array, a slight deformation can
lead to large change in ¢, For example, from geometrical
calculations (Figure 1j), the surface fraction for a surface with
deformed bimorphs can be expressed as

@ = Qar® + 451‘)/(\/§p2), where p is the distance between
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Figure 4. Bimorph structures show temperature dependent dynamics. (a) Bubbling frequencies, (b) bubble diameters, and (c) CHF values at
saturated (pool temperature = 100°C) and subcooled (pool temperature = 90°C) conditions for various surfaces. Red triangles, blue squares, and
white inverted triangles in (a,b) represent Si/Al nanobimorph, Si nanowire, and plain surface, respectively.

the bimorphs. Thus, a bimorph having a deformation of its
own radius (i.e., § = r) leads to 2/7 ~ 64% enhancement in ¢,.

The consequence of increased ¢ is the reduction in the
critical instability wavelength of the vapor film, which is the
length scale corresponding to the bubble departure diameter.
The critical wavelength A, of the vapor wave transmitted along
the surface nanostructure was first modeled by Quan et al."

and scales with ¢, as 4.~ (1 — \/Es)l/z, which is in a
qualititave agreement with the experimental observations in
Figure 4b. Taking into account the reduced critical instability
wavelength and the capillary wicking force, the CHF of a rough
surface can be calculated from a force balance on a single vapor
bubble and is given as

= Khglong07 (p, — o)1 @)

where hg, is the latent heat, oy, is the surface tension of the
liquid, g is the gravitational acceleration, and p;, are,
respectively, the density of liquid and vapor. Also, K is the
dimensionless CHF given as

1+ cos @ _1/2(R+ cos@)
K="
( 16 )[ \/7) 1+ cos @

+ %(1 - \/%)1/2(1 + cos 9)]

qCHF

)

where 6 is the apparent contact angle of the boiling surface,

and R = 1 + 4nrL/(+/3p®) is the surface roughness. Equa-
tions 2 and 3 predict that increased ¢, leads to enhanced CHF
due to the contribution of reduced critical wavelength and the
enhanced capillary wicking.'* Although the presence of a metal
film reduces the wettability due to the changed surface
property as shown in Figure 3, capillary wicking is anticipated
to be enhanced as the bimorphs gradually deform since the
bending provides more contact area for the wicking to occur,
as evidenced from curved nanowires.”®

Using eq 1, the surface fraction increases from ¢, = 0.04—
0.10 near the CHF (T = 13S °C) for the nanobimorph surface
used in the pool boiling experiment shown in Figures le and
2a (L ~ 7.3 um). Then, using eq 3 the CHF enhancement of
the nanobimorph surface compared to the nanowire surface is
calculated as ~15.8%. This values is in a good agreement with
the experimental observations in Figure 2, measured as
~10.6%, which strengthens our argument that the increase in
the solid fraction of the nanobimorph surface due to the
thermally induced deformation leads to enhanced CHF.

In summary, we have fabricated an ordered nanobimorph
surface that can deform under temperature change. The surface
is self-responding to the ambient condition such that the
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deformation caused by the heated surface is favorable for pool
boiling in terms of higher CHF. A recently developed
theoretical model that accounts for the critical instability
wavelength and the capillary wicking force successfully
describes the CHF enhancement with a good quantitative
agreement. The nanobimorph surface presented in this study is
a proof of concept without any design optimization being
conducted. However, the study suggests that even further CHF
enhancement can be expected for a nanobimorph surface with
a proper design such as higher packing density or larger
thermal expansion mismatch (for example, Zn, In, and so
forth), which are left for future studies.
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