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Chapter

Heat Transportation by Acicular
Micro-Textured Device with
Semi-Regular Alignment

Tatsuhiko Aizawa, Hiroki Nakata and Takeshi Nasu

Abstract

Heat transportation device was developed to improve the cooling capacity through
the heat convection process and to make low-temperature radiation from the heat
source to the objective body in vacuum. This device consisted of the metallic substrate
and the acicular micro—/nano-textures in semi-regular alignment. The micro-cone
unit cell size and pitch in these textures was controllable by tuning the total current
and the current density in the electrochemical processing. Four devices with various
unit cell sizes and pitches were prepared for geometric characterization by SEM
(Scanning Electron Miscopy) and for spectroscopic analyses on the IR-emittance by
FT-IR (Fourier Transform-InfraRed) spectroscopy. Heat radiation experiment was
performed to describe the heat transportation in vacuum from the heat source at 323 K
to the objective plate. The texture size effect on the low-temperature heat radiation
was investigated to build up a physical model for this heat radiation device. Heat
convection experiment was also performed to describe the cooling capacity of device
under the forced air flow. The unit cell height effect on the cooling behavior was
discussed to deduce the physical model for this heat convection device. These models
were considered to be used in the computational fluid mechanics simulations.

Keywords: acicular micro—/nano-texturing, heat transportation device, size effect,
FT-IR diagnosis, resonance, IR-emission, heat radiation, heat convection, cooling
capacity, theoretical model

1. Introduction

Heat transfer and transportation [1-3] is an essential engineering to design the
power generator, engines, reactors, and electric devices, to describe the thermody-
namic behavior in those systems and units and to develop nontraditional methods for
energy saving, reduction of thermal waste, and efficient thermal management. In a
sustainable society or in a circular economy toward the zero-carbon wastes and carbon
neutrality [4], various mechanical and electrical systems must be designed to signifi-
cantly minimize the energy consumption and thermal waste, to prevent them from
the thermal damages and to prolong their lifetime and make full use of generated heat.
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As discussed in [5-8], the graphene solid with higher thermal conductivity than
copper was utilized as a thermal spreader from the GaN chips to the substrate in order
to preserve the integrity of semiconductor packages. In this heat transportation
design, higher thermal conductivity than 1000 W/K was fully utilized for fast and
homogeneous thermal spreading to prevent the GaN-chipped package from thermal
damages. Let us consider how to improve the heat transfer and transportation capac-
ity in three schemes in Figure 1, except for the heat transfer from solid to solid.

The boiling heat transfer in Figure 1a advances with the phase transformation
from liquid to vapor; its essential behavior is described by the boiling curve. Various
approaches [9-11] were proposed to control this relationship between the heat flux
(q) and the superheat (AT). Among them, the concave and convex micro-textured
interface between the copper heater and the cooling water worked to reduce the onset
superheat to start the vapor nucleation, to increase the heat penetration rate, and to
attain the higher heat flux than the burnout critical limit [12-14].

In the heat convection transfer in Figure 1b, the solid interface is cooled down by
the natural or forced flow of liquid or gaseous media. Extension of the interfacial area
improves the overall heat penetration factor through the interface [15, 16]. In addi-
tion, the acicular micro-textured interface is cooled more rapidly than that on the bare
copper sheet as stated in [17]. The topological design on the micro-textured interface
has large influence on the local convection heat transfer to the coolants.

The heat radiation from the solid to the gaseous media or to the vacuum in
Figure 1c is driven by emission of electromagnetic waves in the IR (Infrared) wave-
length range [18]. In particular, the nano-structured, the meta-material, and the
concave micro-textured interfaces [19-21] provided a way to make low-temperature
heat radiation. As discussed in [17, 22, 23], the heat radiation takes place at 323 K in air
and in vacuum from the acicular micro-textured emitter to the objective body. No
temperature rose on the object surfaces when using the bare copper substrate without
acicular microtextures. As investigated in [24, 25], the wavelength for IR-emission
from the textures with semi-regular alignment of micro-cone shaped unit cells was
determined by the resonance condition on the micro-cavity, which was surrounded
by micro-cone unit cells under high heat flux. This resonation drives the low
temperature heat radiation from the textured surface to objectives with the selected
IR-wavelength range.

In the present paper, the micro-cone unit cell size in this acicular micro-texturing
is varied to investigate the size effect on the IR-emission. The resonance wavelength
range for IR-emission is mainly determined by the micro-cone cell height
(H = Haye + Hgey for the average height, H,., and the height standard deviation,
Hgev). This IR-emission is characterized by the resonance condition via A ~ 2 x H.

a C)
) Solid

Solid Solid

Figure 1.
Three heat transfer and transportation schemes from solids to liquid and gaseous media. (a) Boiling heat transfer,
(b) heat convection, and (c) heat radiation.
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The low temperature heat radiation experiment is performed to describe the heat
transportation from IR-emitter to object in vacuum and to discuss the micro-cone cell
size effect on the measured thermal transients on the object. The convection heat
transfer under forced airflow is also preformed to understand the cell size effect on
the cooling capacity and the cooling power.

2. Methods and materials

An acicular microtexture is formed onto the copper sheet in semi-regular align-
ment. Its micro-cone shaped unit cell size is controlled to yield several acicular micro-
textured specimens. They are characterized by SEM and FT-IR for geometric mea-
surement and emittance of IR (infrared) electromagnetic waves, respectively. Heat
convection and radiation experiments are performed to investigate the unitcell size
effect on the cooling capacity and on the low-temperature heat radiation behavior.

2.1 Fabrication of acicular micro—/nano-textured substrate

The electrochemical process was utilized to form the acicular microtextures onto
the copper sheet. Iron-nickel ionized solution was used to deposit the Fe-Ni alloy
microtextures onto the copper sheet. As schematically depicted in Figure 2, the
nucleation sites for deposition were first built by the femtosecond laser texturing to
control the regularity in the alignment of deposits [26, 27]. Then, the wet plating was
performed to make fine micro-texturing. To be discussed later, the micro-cone unit
cell size is controlled by the total current and current density in this process.

2.2 Control of micro-cone unit cell sizes

Typical three acicular micro-textured specimens were selected to characterize the
micro-cone size and regularity in alignment, using their microstructure observation.
Figure 3 depicts the SEM images for LL-, M-, and SS-specimens, respectively.

Each microtexture is geometrically characterized by the micro-cone cell height
(H), the root diameter (B), and the mutual distance (D). The regularity in alignment
is also controlled by varying the unit cell size. In the following, {H, B, D} for each
acicular microtexture is measured from each SEM image.

T Nucleation Nucleation and
Sites Growth
; A9
Base plate

Figure 2.

A schematic view on the electrochemical process with the use of nucleation site control.
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Figure 3.
SEM image on the several micro-textured specimens by varying the unit cell sizes [24, 25]. (a) LL-specimen,
(b) M-specimen, and (c) SS-specimen.

2.3 Characterization on the acicular microtextures

Using various SEM images with controlling the skew angle, {H, B, D} are estimated
with aid of the picture processing [28] and the computational geometry [29]. On the
SEM image in plain view, each micro-cone unit cell is identified as a Voronoi polygon
by tessellating every micro-cone unit cell. Figure 4 shows the tessellation process of
SEM image to an assembly of Voronoi polygons. The root diameter (B) of each micro-
cone cell is determined by the diameter of an inscribing circle to each Voronoi poly-
gon. The mutual distance (D) is calculated by the distancing length between the
center points of neighboring Voronoi polygons. On the SEM image with the skew
angle of 30°, the whole micro-cone height profile is digitized in pixels. Using the one-
to-one correlation between the measured height and the pixels for the same micro-
cone unit, the digitized profile is transformed to the height distribution. Hence, {H, B,
D} data are determined for each micro-cone unit cell.

The optical properties of acicular microtextures are measured by the FT-IR (Fou-
rier Transform Infra-Red) spectroscopy with reference to the black body. The FT-IR
measurement setup is schematically depicted in Figure 5a. The detector was placed
onto the specimen to measure the transmittance of electromagnetic waves or T (1) in

Figure 4.
Geometric characterization on the unit cell size and alignment by picture processing and computer geometry

[22, 25].
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(a)

Detector

Figure 5.
FT-IR spectroscopy to measuve the transmittance spectrum of the micro-textured devices. (a) A schematic view of

FT-IR spectroscopic analysis, and (b) overview on the FT-IR spectrometer.

Fixture

Radiation spot

the wavelength () range from the visible light to far-IR. As shown in Figure 5b, the
FT-IR system (IR Spirit; Shimazu Co., Ltd., Kyoto, Japan) with the detector (QATR-S)
was utilized for this spectroscopic measurement. The software (LabSolution IR) was
also used to edit the measured raw data and to represent them as a transmittance

spectrum, T (A), as the function of the wave number (A).

2.4 Heat radiation experiment

The heat radiation process advances from the IR-emitter to an objective body even
through the vacuum. In this experiment, the test device was placed onto the hot plate
with the holding temperature at 323 K. The black-colored polycarbonate (BC-PC)
plate with a thickness of 2 mm was used as an objective body. As depicted in
Figure 6a, thermography (FLIR-100; FLIR Co., Ltd. Frankfurt, Germany) was

Vacuum Bag

Black-colored
PC plate

|

¥

Acicular
Micro-textured
Specimen

Hot Plate

Figure 6.
Low-temperature heat radiation experiment in vacuum from the IR-emitter to the objective solid plate.

(a) A schematic view of experimental setup, and (b) overview of the experimental setup.
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utilized to measure the thermal transients on the top surface of the BC-PC plate. This
thermography was focused on the top surface only to measure the thermal transients
on it. The whole setup was fully covered by the black cloth to minimize the optical
noise. The test-section setup and thermography were all packed into the vacuum bag
for evacuation during the experiment. The pressure in the side of bag was kept to be
less than 100 Pa. Throughout the experiment, the vacuum bag was continuously
evacuated to be free from the heat convection through the residual air.

In experiment, the heat is first transported to the bottom surface of BC-PC plate
via the heat radiation process. Then, the temperature rises on its top surface by heat
conduction from its bottom to its top surface.

When using the bare copper plate instead of a device, no temperate increase was
detected on the top surface of the BC-PC plate. This thermal transient measurement
was free from a convection heat transfer below the bottom surface of the BC-PC plate.
Figure 6b shows the overview of the experiment setup for the measurement of the
thermal transients on the top surface of the BC-PC plate.

2.5 Heat convection experiment

An experimental setup for heat convection test under the forced air flow was
schematically illustrated in Figure 7a. Figure 7b shows the overview of the whole
setup. The specimen was placed on the hot plate with the holding temperature of 50°C
or 323 K. The temperature distribution was monitored by thermography. A bare
copper plate was utilized as a reference to investigate the cooling behavior under the
forced air flow and the temperature recovery process without the air.

3. Results

SEM was utilized to make geometric diagnosis on the acicular microtextures with
aid of the picture processing and the computational geometry. IR-emittance was
analyzed by FT-IR spectroscopy to discuss the resonance condition between the peak
wavelengths in the emittance spectrum and the micro-cone heights. The thermal
transportation from the IR-emitter to the object in vacuum was investigated to dem-
onstrate the heat radiation capacity of acicular microtextured device. The convection
heat transfer experiment was performed to describe its higher cooling capacity under
the forced air.

a)
Thermography

Forced air

flow
‘ l Specimen

Hot-plate

Figure 7.
Heat convection experiment under forced air cooling. (a) A schematic view on the experimental setup, and
(b) Its overview.
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3.1 Geometric diagnosis on the acicular textured device

Four specimens were prepared to have different micro-cone unit cell sizes for
geometric diagnosis. At first, the LL-specimen was utilized to make its geometric
diagnosis by measurement of the statistical distributions on {H, B, D}. As shown in
Figure 8a, the population of micro-cone heights, P (H), has a bimodal distribution
with two peaks at H,ye = 2.7 pm and 3.5 pm. The standard deviation is nearly the same
between the two profiles; AH = 0.25 um. In Figure 8b, P(B) also has a bimodal
distribution with two medians at 1 pm and 2 pm. The standard deviation of the first
profile is AB = 0.5 pm, while it becomes 0.75 pm for the second profile. In Figure 8c, P
(D) has a monotonic distribution with the median at 2.2 pm and the standard devia-
tion of AD = 0.75 pm. These P (H), P (B), and P (D) as well as {H,ye, Bayes Dave} and
{AH, AB, AD} are varied by the regularity control in the alignment of micro-cone unit
cells. In the following, P (H), H,y., and AH are estimated for other three specimens.

Figure 9 compares the micro-cone unit cell height distributions, P (H), among the
M-, S-, and SS-specimens. These P (H) profiles have a mono-modal distribution with
the monotonic decrease of H,,. to lower heights.

Table 1 summarizes the estimated median, H,., and standard deviation, AH, for
these four specimens.
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Figure 8.

Populations of {H, B, D} of micro-cone unit cells in the acicular microtextures for the LL-specimen in
Figure 3a [25]. (a) P (H), (b) P (B), and (c) P (D).
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Acicular microtextured H. e, median in P (H) AH, standard deviation in P (H)
specimen (pm) (pm)
LL-specimen 3.5 0.25
LL-specimen 2.7 0.25
M-specimen 13 0.2
M-specimen 0.8 0.25
S-specimen 0.68 0.12
SS-specimen 0.57 0.1
Table 1.

Median and standard deviation of the micro-cone unit cell height distributions for four specimens.
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Figure 9.

The micro-cone height distribution, P (H), for M-type, S-type, and SS-type acicular microtextured specimens
[25]. (a) P (H) for M-type specimen, (b) P (H) for S-type specimen, and (c) P (H) for SS-type specimen.

3.2 Spectroscopic analysis on the IR-emittance from device

The IR-emittance for every acicular micro-textured specimen with the size of
50 mm x 50 mm x 0.5 mmt was estimated from the measured IR-transmittance, T

(A), by the FT-IR. The measured IR-emittance at the center point of the LL-specimen
is shown in Figure 10.
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Figure 10.
The measured IR-emittance by the FT-IR for the LL-type specimen [22, 24, 25].

The IR-emittance E (A) is characterized from the measured transmittance T
(A) by FT-IR in the function of the wavenumber, A (cm-Y). Since A (pm) = 10*/A
and E (A) =1.0 - T (), E () represents the IR-emission from each type of
acicular micro-textured specimens. No significant peaks were analyzed for A < 4.5 pm
and A > 8.3 pm; T ~ 100% or E ~ 0% for A < 4.5 pm and A > 8.3 um. In
correspondence to the bimodal distribution of P (H) in Figure 8a, this E (1)
has bimodal profiles, the median of which is located at A = 5.9 pm and A = 6.7 pm,
respectively. The standard deviation, AA, for two profiles is nearly the same as
AX = 0.5 pm.

As discussed in [22], the measured spectra on the IR-emission at the five
positions on the LL-specimen were compared among them. Although the measured
intensities deviate from each other, the measure spectra were equivalent to E (1) in
Figure 10. This implies that the measured E (A) by FT-IR is never dependent on the
positions in measurement but intrinsic to the LL-type acicular microtextures in
Figure 3a with the micro-cone unit cell size distribution in Figure 8.

Other three specimens with the same size as the LL-specimen were prepared for
FT-IR measurement in the similar manner. The measurement zone was fixed to the
center point of every specimen in practice. The wavelength range was only varied to
indicate the difference in measured E (A) among three specimens.

In both the LL- and M-type specimens, the IR-emission peaks are detected in
their spectra as shown in Figures 10 and 11a. The wavelength of this peak shifts
to the shorter wavelength, and the peak itself becomes too broad to detect the
median of peak directly from the measured spectrum for the S-type specimen in
Figure 11b. No IR-emission peaks are detected in the measured spectra for the
SS-type specimen in Figure 11c. As seen in the SEM images on three specimens in
Figure 3, the shorter micro-cone unit cells align with more regular and dense
manner so that less free volume is present among the micro-cone unit cells.

Figure 11 implies that various micro—/nano-texturing parameters of micro-cone unit
cells have influence on the IR-emission from the acicular micro-textured film, to be
discussed in later.

The average wavelength of emission spectra, A,y., and the standard deviation AX in
each E (L) are estimated from Figure 11 and listed in Table 2.
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Figure 11.
The measured IR-emittance by the FT-IR for M-, S-, and SS-type specimens [25]. (a) E (1) for M-type specimen,
(b) E (1) for S-type specimen, and (c) E (1) for SS-type specimen.

Using the data in Tables 1 and 2, the correlation between {H,ye, AH} and {A,ye, AA}
is investigated in Figure 12.

Within the measured standard deviation {AH, AA}, the resonance relation for the
IR-emission by the acicular microtextured device abides by A,ye = 2 x H,ye when the
emission wavelength is larger than 1 pm. In the IR-emission with its wavelength
shorter than 1 pm, more precise measurement is necessary to investigate the effect of
acicular microtexture size and topology on the IR-emission.
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Acicular microtextured Average wavelength, A,ye, in IR- Standard deviation, A}, in IR-
specimen emission (um) emission (pm)
LL-type specimen 6.7 0.25

LL-type specimen 5.9 0.25

M-type specimen 6.5 0.4

M-type specimen 5.7 0.4

S-type specimen 2.7 0.7

SS-type specimen — —

Table 2.
The average wavelength of emission spectra, A, and the standard deviation, AJ in the measured IR-emission

spectra, E (1), for four specimens.

3.3 Thermal transportation via heat radiation

g

=5 8

~

£ 7

<

g © -
(]

= ~
g 5 7

N .

h=] .

s 1

"5‘ 3 ‘/ kave=2XHave
S .

= ‘/

N 2 .

1Y)

= R

£

& 0/

3 0 0.5 1 1.5 2 2.5 3 3.5

Micro-cone height, H,,. /um

Figure 12.
Correlation of {Agpes A} in the IR-emission and {H,,., AH} in the population of micro-cone unit cell heights to
deduce the resonance relation between the resonant IR-waves and the micvo-cone unit cells.

The experimental setup in Figure 6 was first utilized to describe the temperature
difference between the heat source and the top surface of acicular micro-textured
device. In the following experiment, the former temperature is controlled to be con-
stant by 373 K, while the latter one is determined by the heat flux (q) balance between
the Qinou: from the heat source and qqypue to the vacuum by the IR-emission. Figure 13
depicts the stationary temperature distribution, measured by the thermography with
its focus onto the LL-specimen surface.

The measured temperature on the acicular micro-textured LL-type specimen
decreases down to 323 K, while the heat source surface temperature is constant by
373 K. Due to the IR-emission from the LL-type specimen, the IR-emitter surface
temperature is reduced by AT = 50 K from the heat source temperature. In the latter,
the IR-emission model is discussed with reference to [21, 22, 30]. The physical model
for IR-emission from the acicular micro-textured copper plate is also considered for
further understanding on the low-temperature heat radiation.

The heat radiation experiment is performed, using the experimental setup in
Figure 6. Before evacuation, the BC-PC plate with the size of 180 mm x 180 mm x 2
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Figure 13.
Measurement of the stationary temperature distribution on the heat source (or hot plate) with the micro-textured
LL-type specimen. The thermography was focused onto the surface of specimen.

Figure 14.
Thermal transient on the top surface of BC-PC plate located away from the LL-type IR-emitter by 150 mm. (a)
t=0a, (b)t=60s, (c) t=120s5, (d) T=360s5, and (e) = 600s.

mmt was placed with the distance from the LL-type micro-textured IR-emitter

by 150 mm. The thermography was focused onto the top surface of BC-PC plate.
Figure 14 shows the thermal transient from the onset of measurement at T = 0 s to the
end of measurement at T = 600 s. In experiment, the measurement starts when the hot
plate temperature reaches to 293 K after switching it on; as shown in Figure 14a, the
surface temperature starts to rise at the center zone of BC-PC plate. During 600 s, the
temperature rise reaches 10 K on the top surface of objective body even when the heat
source temperature is constant by 323 K as shown in Figure 14b-e.

Next, this LL-type specimen is exchanged with the S-type specimen to describe
the heat radiation capacity change by reducing the micro-cone heights as shown in
Figures 3 and 12.

Comparing Figure 15 for the S-type IR-emitter with Figure 14 for the LL-type IR-
emitter, the thermal transient process is retarded and the final temperature at the
hottest spot is reduced by 2 to 3 K. This implies that heat radiation capacity is directly
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Figure 15.
Thermal transient on the top surface of BC-PC plate located away from the S-type IR-emitter by 150 mm. (a)
t=0a, (b) t=60s, (c) t=1205, (d) t=360s, and (¢) 7= 600s.

affected by the IR-emission behavior with the micro-cone unit cell size dependency.
More heat radiation experiments with higher micro-cone unit cells are necessary to
demonstrate the possibility to improve the heat radiation capacity.

3.4 Cooling capacity of convection heat transfer under the forced cooling air

The heat convection under the forced cooling air is performed by using the exper-
imental setup in Figure 7. The nozzle was fixed to blow the air in the lateral direction
of the micro-textured and bare copper specimens. This air flow was switched on to
cool down the specimen surface temperature and switched off to measure the recov-
ery of surface temperature on the specimen. A simple theoretical model is used to
describe these cooling and recovery processes of specimen surface temperature.

In this cooling mode, the surface temperature (T) reduces with time from the
initial temperature (T;) down to the lowest temperature (Ty), exponentially. This
cooling behavior is modeled by.

(T_Ti)/(TL_Ti) =1- eXP- (_Kcooling X T), (1)

where 7 is the transient time from T = Tj to T = Ty, and Kcooling represents the
cooling capacity of specimen under the forced air-cooling condition. High kcooling
denotes for high cooling rate. This Eq (1) is utilized to estimate this Kcooling Dy param-
eter fitting by linear-logarithmically plotting the measured data in experiment. On the
other hand, when the forced air blow is stopped, the surface temperature starts to
recover from Ty, to T;. This recovery process is also modeled by.

(T—Ti)/(TL—Ti) = €xp. (_Krecovery X T)’ (2)

where Kyecovery denotes for the recovery constant. In a similar manner to deduce
Keoolings this Krecovery Was estimated from the measured data.

13
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Figure 16 summarizes the cooling and recovery responses in the convection heat
transfer on the bare copper plate when switching on or off the air blow, respectively.
Each experiment was performed three times to deduce the average response with the
deviation of measured temperature less than 0.1 K. In a similar manner, four speci-
mens were employed to measure the cooling and recovery responses and to compare
the cooling and recovery capacities among four specimens with reference to the bare
copper specimen.

Figure 17 depicts the cooling and recovery transients of acicular micro-textured
LL-type specimen. Comparing Figures 16 and 17, the LL-type textured surface is
rapidly cooled down to Ty, < 313 K (or 40°C) and rapidly recovered to T;. This reveals
that Keooling aNd Krecovery Of textured copper plate in Egs. (1) and (2) are more than k’s
of bare copper plate.

Using these cooling and recovery capacities, the heat convection transfer process is
compared among four micro-textured copper plates with reference to the bare copper
plate. Figure 18 shows the variation of cooling capacity or Kcooling Of four textured
specimens with increasing the micro-cone unit cell height. Each k.ooling Was measured
from the monitored temperature transient data after Eq. (1). When using the SS- and
S-specimens, this cooking capacity is enhanced by their dense alignment of shorter
micro-cone unit cells. This enhancement is attributed to the enlargement of heat
transfer area with reduction of micro-cone size. On the other hand, this capacity also
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Figure 16.

Cooling and recovery vesponses in the convection heat transfer of bare copper plate when switching on or off the
forced air blow, alternatively.
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Figure 17.
Cooling and recovery responses in the convection heat transfer of the micro-textured LL-type specimen when
switching on or off the forced air blow, alternatively.
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Comparison of the cooling capacity among four specimens with reference to the bave copper specimen. The
representative micro-cone unit cell height, Hg, is equal to H,,. for specimens with mono-modal distribution of
P (H) and defined by Hg = (H,,." + Hay.”)/2 for specimens with bimodal distribution of P (H).

increases with increasing the micro-cone unit cell heights. To be remembered, the free
volume increases with the micro-texture heights; the micro-cone unit cell density
decreases when using the M- and LL-specimens. This implies that the convection heat
transfer is enhanced by the forced cooling flow through the microtextures. The con-
vection heat transfer mechanism is expected to change with the acicular microtextures
with optimum alignment of micro-cone unit cells and FVEs.

4, Discussion

The acicular micro-textured thin structure with semi-regular alignment of micro-
cone unit cells has an IR-emission capability from low-temperature heat source. This
IR-emission is driven by the electromagnetic wave resonance with the free volume
elements (FVEs) among the acicular microtextures. Since each FVE is surrounded by
the micro-cone unit cells, this FVE is wrapped by the metallic walls with high inten-
sity heat flux, as illustrated in Figure 19a. Let us estimate this heat flux (q) for IR-
emission from the LL-specimen on the heat source. This q is given by q = —«, x (Ts -
Tg) /h, where k, is the thermal conductivity of microtextured film, h is the film
thickness, and Ts and Ty are the surface and bottom temperatures of micro-textured
structure, respectively.

Since the micro-textured structure consists of the Fe-Ni alloy, this k, is estimated
to be 80 W/ (m = K). In case of the LL-type specimen, h = 4 pm. In the experimental
setup in Figures 6 and 13, Ty is equal to the hot plate temperature, 373 K, and Ts is the
measured temperature, 323 K. Then, each heat flux surrounding the FVE reaches to 1
GW / m? in the physical model in Figure 19b. This power dissipates to induce the
electromagnetic waves with both nodes at the bottom and top surfaces of free volume
elements, respectively. The resonance relationship by A = 2 x Hy in Figure 12 proves
that the electromagnetic waves with the wavelength of A is induced at each FVE
among the micro-cone unit cells in the micro-textured film.

In [21, 30], the micro-cavity aluminum sheet was used as an IR-emitter in the heat
radiation experiment. The micro-cavity unit cell was sized by 3.5 pm x 3.5 pm x 5 pm.
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Figure 19.
Physical model on the infrared electromagnetic wave resonance in the inside of the free volume, surrounded by the
micro-cone unit cells in the micro-textured structuve. (a) A schematic view of acicular microtextuved IR-emitter,

and (b) a physical model of IR-emission.

Ts and Ty were also measured to be (Ts-Tg) = 10 K. The IR-emission from this micro-
cavity aluminum sheet was detected with reference to the bare aluminum sheet;
however, the intensity of IR-emission was still limited in practice. This might be
attributed to low resonation of micro-cavity alignment to emit the IR-waves.

Figure 20 illustrates the role of free volume in the IR-emission. When the FVE
with the finite volume is present among the micro-cone unit cells, this FVE works as a
resonator to emit the IR-waves with the defined wavelength, Az, by the resonator
height. Notably, the emitted IR-waves simultaneously direct in the vertical direction
to the copper substrate in this device. The regularity of micro-textured micro-cone
unit cells has much influence on this directivity of IR-waves.

Before further discussion, let us consider the role of free volume element in
organic and inorganic materials. As seen in the literature, the free volume element
(FVE) works as a key item to determine the functional properties of materials. The
free volume fraction plays a key role in the network structure of oxide glasses [31]. In
particular, this fraction has a close relationship to the fictitious temperature in the
structural relaxation, or to various mechanical and functional properties of oxide glass

Heat flux, q
Have i
D e — — —
Heat flux, q A= AR
Figure 20.

IR-wave emission from each FVE to the vacuum through the resonator voxel. The voxel height defines the emitted
IR wavelength.
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systems [32]. In the polymer materials such as low-density PMMA (Poly-Methyl--
Meta-Acrylate), the nano-scaled FVE induces the ultrafast structural fluctuation in
the inside [33]. These findings on the significant role of FVE in various material
systems reveal that FVE with a finite volume in the acicular microtextures is respon-
sible for IR-emission through the resonance to drive the electromagnetic waves by the
dissipated thermal power to FVE.

Let us consider the micro-cone unit cell size effect on this IR-emission. The
resonance relationship in Figure 12 and the measured IR-emissivity in Figures 10
and 11 demonstrate that IR-emission is induced for LL-, M-, and S-specimens but that
no IR-emission takes place for SS-specimen. SEM images on the microstructures in
Figure 3 show that a free volume is present in the micro-textured film of LL- and
M-type specimens but that the micro-cone unit cells align by themselves too densely
to induce the electromagnetic waves. This size effect on the IR-emission is physically
described by using the FVE model. As illustrated in Figure 21, the integrated area
ratio, A, of IR-emission spectra per the whole integrated intensity in the all wave-
length range decreases with the free volume fraction, f. When using the LL-, M-, and
S-specimens, the IR-waves are emitted since f is more than the critical free volume
fraction (f.). However, no IR-emission is detected in Figure 11c in the case of the
SS-specimen since f < fc.

Various studies were reported in the literature on the microstructural design
toward high optical antireflection films [34]. Optical ray simulation was utilized to
describe the relationship between the optical reflectivity and the micro—/nano-
textured surface. COMSOL software was also utilized to design the anti-reflecting
microstructures for IR-applications [35]. The effect of microstructural unit cell shape
on the antireflection and its broad band was discussed through the simulation. These
studies suggest that the physical model in Figure 19 is installed into the multi-physics
model with consideration to the resonance between the heat dissipation and the
IR-emission.

The acicular microtextures control the heat convection mechanism. As stated
before, the alignment of micro-cone unit cells or the related size effect to D, has
direct influence on the cooling behavior. With decreasing D,y., the unit cell density
increases; the extended surface area enhances the convection heat transfer as depicted
in Figure 22a. On the other hand, the coolant flow has a structure where the viscous
layer at the vicinity of walls has little influence from the main flow. After [13, 14],

>
—

LL

SS
@ >
Free volume element fraction, f

Integrated area ratio of
IR-emission spectra, A
=

Figure 21.
Fee volume element model in the acicular microtextured with different micro-cone unit cell siges.
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when the acicular microtextures are within this viscous layer or the unit cell height is
smaller than the viscous layer thickness (y+), the heat transfer through the
microtextures has nothing to do with the main flow of coolant. As depicted in

Figure 22b, when H,,. > y+, the main flow pattern is affected by the acicular
microtextures so that the convection heat transfer changes by itself at the presence of
microtextures. Three dimensional flow dynamic simulation [36] might be useful to
describe this interaction between the coolant flow and the micro-cone unit cells and to
theoretically understand the microtexturing effect on the convection heat transfer.

In addition to the microtexture size effect on the convection heat transfer, the
topological design is also needed to make full use of acicular microtextures for heat
transfer control. In the case of the convex-type acicular microtextures in Figure 23a,
H.ye/Bave and D,ye/Baye ratios in {H, B, D}-design influence on the heat transfer from
the conductively heated micro-cone surfaces to the forced coolant flow. As partially
stated in [13, 14], the nucleation site selection of vapors on the micro-cone unit cell
surface influences on the bubble density during the boiling heat transfer. This rela-
tionship between the acicular microtextures and the vapor nucleation changes by
itself by topological change of the convex textures to the concave ones in Figure 23b.
After the classical boiling heat transfer treatise [9], the vapor was assumed to nucleate
itself at the bottom of concave acicular microtextures and to grow in them during the
nucleation step in the boiling curve. This suggests the transition of nucleation-to-
growth steps of vapors is significantly affected by the concave microtexture sizes.

a) b)
U D y+

D Viscous flow
ave

N Bave
Z = DaveIBave

Figure 22.

Two types of the microtexturing size effect on the convection heat transfer under the forced coolant flow. (a)
Dimensional relationship among {H, B, D} in the acicular microtextuves, and (b) velationship between the micro-
cone height and the viscous flow layer thickness, y+.

a) b)

=)

Forced
Coolant
Flow

Figure 23.

Comparison of the convex and concave acicular microtextures at the convection heat transfer. (a) Convex acicular
microtextures, and (b) concave acicular microtextures.
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In addition to the acicular microtexture size effect on the IR-emission, let us
consider how the micro-cone unit cell regularity influences on this IR-emission. As
had been studied in [19, 20], the absorbance or emittance of IR-waves by the nano-
structured and meta-material devices was preserved to be nearly 100% in the tailored
wavelength range from 1 pm to 5 pm. As shown in Figure 10, the maximum emittance
is limited by 20 to 30%. This inefficient IR-emission by semi-regularly aligned micro-
cone unit cells is attributed to their dispersive distribution with the topological irreg-
ularity of FVE. In particular, the geometric and topological distortion of FVEs might
significantly reduce the IR-emittance.

The geometric and topological regularity of micro-cones is much improved by the
nucleation site control as depicted in Figure 2. Their optimum size and shape is
investigated to minimize the distortion of FVEs after acicular microtexturing.

Let us summarize the new applications of acicular micro-textured film for thermal
transportation and heat transfer.

In the present device, the IR-wave is emitted from each FVE, surrounded by
the high heat fluxes. When every micro-cone unit cell is formed onto the curved
substrate surface with designated curvature, these emitted IR-waves are focused
onto the objective body surface to heat it up by this radiation process, as
illustrated in Figure 24a. As stated in [35, 37], the acicular micro-textured film
with more regular alignment of micro-cone unit cells works as an antireflective
device to control the refractive index by its size effect. In Figure 24b, the input
IR-wave E; is transformed to an output IR-wave E, by the optical control through
the film.

The heat pipe was invented to make long-distance heat transfer from the heat-in
section via evaporation to the heat-out section via condensation [38]. Its inner surface
is made of the capillary wick to house the condensate film and the vapor. Preserving
nearly the same structure as heat pipe, the vapor chamber is designed as a thin, flat
structure unit to make two-phase heat transfer [39]. In its conventional design, the
wick is made of the sintered copper layer and copper fins. In both devices, the
capillary wick works as an essential structure for evaporation, condensation, and
mass flow.

a) b)
Objectives
Focused
Heat Radiation
Textured

IR-Wave E, = |R-Wave E,

Mini- Interface
Heater

T ~100-200°C

Figure 24.

Controllability of radiation heat transfer process and IR-wave transformation. (a) Focusing of emitted IR-waves
from the curved microtextured film to the objective body, and (b) antireflection with the tailored refractive index
for transformation of IR-waves.
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Figure 25.
Controllability of convection heat transfer process in the inside of heat pipe and vapor chamber units.

The inner surfaces of heat pipes and vapor chambers are easily wet-plated by using
the present electrochemical procedure, as depicted in Figure 25. The micro-cone unit
cell sizes are also controllable just in the similar manner as stated before. These Fe-Ni
alloy acicular microtextures have sufficient strength and toughness as a structural
member. They provide the dense nucleation sites for efficient evaporation and con-
densation at lower superheat. The flowability of condensate liquids is easily controlled
by the micro-cone unit cell sizes.

5. Conclusion

Infrared (IR) optics to terahertz electromagnetics is a new technological field to
cultivate the innovative ways onto the basic science and to harvest the valuable
applications in heat transfer. The micro—/nano-texturing provides a linkage between
this basic understanding on the IR-emission and the heat transportation through
radiation. The free volume element (FVE) among the micro-cone unit cells plays a
role of IR-emission with the selective wavelength through the resonance of IR-
electromagnetic waves to the micro-cone unit cells or the FVE. Since each FVE is
surrounded by micro-cone cells with high heat flux, the IR-waves are emitted to have
two nodes at the bottom and top of FVE. The wavelength (1) in this IR-emission is
determined to be equal to the doubled FVE-length or the doubled micro-cone heights.

At the presence of resonant free volume element in the acicular micro-textured
film, the wavelength of emitted IR electromagnetic waves is controllable from near-IR
to far-IR range by varying the micro-cone height. With decreasing the height, the
micro-cone unit cells are densely formed on the substrate and the free volume reduces
so that IR-emittance significantly decreases and disappears. This size effect of acicular
microtextures with semi-regular alignment suggests that more regular alignment is
needed to preserve high IR-emittance in the wider selective range of resonant wave-
lengths.

This acicular microtexturing provides a new way to describe the convection heat
transfer process within the viscous layer of coolant or with interaction to the main
coolant flow. Various size effects on the single-phase or the two-phase heat transfer
between the heating solid and the coolant are experimentally analyzed by using the
present device.
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In the heat radiation by this acicular micro-textured device, the object located
away from the IR-emitter is efficiently heated up till the thermal balance around the
objective body. In the heat convection, higher cooling rate is attained by using this
acicular micro-textured device. These micotextures are formed on the curved surfaces
even with large to be applied to radiation- or convection-based heat transfer of
structural members and parts with complex shape and geometry. These are easily
mounted and installed as a capillary wick into various heat sinks, heat pipes, and
vapor chambers. Phase transformation of cooling media through evaporation and
condensation processes is much enhanced together with the control of condensate

liquids.
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Nomenclature

A integrated area ratio of IR-emission spectra in whole spectrum
B root diameter of micro-cone unit cells

B.ve median of measured B

AB standard deviation of measured B

D mutual distance between adjacent micro-cone unit cells
D.ve median of measured D

AD standard deviation of D

E () emittance in the wavelength, A

H height of micro-cone unit cell

H.ye median of measured H

AH standard deviation of H

P population of micro-cone unit cell size parameters {H, D, B}
T (A) transmittance in the wave number, A

T (\) transmittance in the wavelength, A

q heat flux

A wave number in cm *

1 wavelength in pm

lave median of measured wavelengths

AN standard deviation of measured wavelengths
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