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Abstract

Higher heat flux than its normal criticality from high-power transistors, LIDAR
(Laser Imaging Detection and Ranging), stacked CPUs, high-power transistors, and
lasers must be efficiently transferred to cooling media through the metallic interface.
The micro-/nano-textured aluminum and copper devices were highlighted among
several approaches and fabricated to enhance the boiling heat transfer process to the
subcooled water. The plasma printing was proposed to fabricate a pure aluminum
device with concave micro-textures and to describe the boiling heat transfer behavior
with comparison to the bare aluminum plate. A copper device was wet-plated to have
convex micro-textures and to discuss the effect of micro-textures on the heat transfer
characteristics under the forced water cooling by varying the Reynolds number. The
boiling curve on the micro-textured interfaces was newly constructed by improving
the boiling heat transfer process by micro-/nano-texturing.

Keywords: boiling heat transfer, micro-/nano-texturing, aluminum, copper, boling
curve, critical heat flux (CHF), superheat, micro-bubbles, Reynolds number

1. Introduction

High-performance forced cooling in VLSI (Very-Large-Scale Integrated) circuits
[1] became a turning point to reconsider how to improve the capacity to cool down the
highly energy-consuming devices and systems. Since then, various efforts were
reported on the heat and mass transfer engineering. Micro-fluid channel heat sink in a
single phase was proposed to improve the heat transfer from the heated surface to the
cooling media. As surveyed in [2–4], numerical simulations were performed to opti-
mize the micro-channel network. Various computational models were developed to
control the heat transfer process [5]. The experimental works followed these theoret-
ical discussions to enhance the boiling heat transfer with the use of porous interface
[6]. Those studies insisted that thermal spreading with high heat flux could never
be installed in practice without innovative modification in heat and mass transfer
process.

In general, there are several heat transfer processes with and without phase trans-
formation; e.g., the natural flow convection, the forced flow convection, and the
boiling heat transfer. Among them, the boiling heat transfer process provides the
highest heat flux condition in practice [7]. Toward the innovation in the boiling heat
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transfer technologies, the heat and mass transfer mechanism with phase transforma-
tion must be reconsidered to modify a boiling curve. In this chapter of book on the
heat transfer, several new ideas were discussed to control the heat and mass transfer;
e. g., a micro-porous interface design in [6], a micro-structured surface design via the
spray cooling [8], a micro-/nano-scale surface modification [9, 10], and wettability-
controlled surface design [11]. They provided a possibility to attain higher heat flux
than the critical heat flux (CHF) limit [7]. In addition, the nanoscale morphology of
heat-dissipating media became important to enhance the heat transfer on the heating
surface even with phase transformation [12]. Those studies suggest the importance of
the boiling curves on the micro-/nano-textured interface between the heating metallic
solid and the cooling media.

After [7], three engineering items must be considered to describe the heat transfer
with phase transformation and to discuss how to control this process. At first, the
nonlinear relationship between the heat flux (q) and the superheat (ΔT), or the
boiling curve, is precisely understood, as illustrated in Figure 1. In the natural con-
vection flow heat transfer regime, log (q) or logarithm of heat flux increases linearly
with the log (ΔT) or logarithm of ΔT. This linear relation between log (q) and log
(ΔT) along A – B changes at B. At this point B, the phase transformation occurs from
the liquid to its gaseous phase in local. That is, the liquid water locally transforms to
the vapor in this local boiling. Starting from B through C to D, the isolated vapor
bubbles grow by themselves, gradually agglomerate in themselves on the heating
surface, and take off from the heating interface by buoyancy or by forced flow. In this
regime, the heat flux significantly increases with increasing the superheat because of
the latent heat by boiling, the mass transfer from liquid water to vapor, and the local
convection flow.

Those growing vapor bubbles coalesce with each other to form a vapor film when
approaching the D point. Once this film locally forms on the heating interface, the
heat transfer deteriorates by itself since the thermal conductance significantly reduces
in local. The whole interface is covered by this vapor film at D; the heat flux becomes

Figure 1.
The boiling curve on the smooth metallic surface [7].
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maximum at this point. In the normal heat transfer process, this D point is physically
unstable enough to induce the snap-through or the jump of state from the point D to
its neighboring stable condition at E even by slightly increasing the heat flux. If the
constituent material for heating media had sufficiently high melting temperature not
to melt down during this snap-through, the heat transfer process could advance in
stable from E to F in Figure 1. However, most of metallic heating plates melt down or
burn out after this snap-through behavior from D to E.

On the way back by decreasing ΔT from E, this heat transfer process accompanies
another nonlinearity. That is, the heat flux decrease from E with decreasing ΔT, and
approaches to G where the heat flux minimizes itself under the film boiling regime. At
another critical point G, another snap-through takes place from G to H back to the
original boiling curve. Every heat exchanging system and device with smooth heating
interface has been designed after this boiling curve. The feasible heat flux is limited by
the critical heat flux in practice. To be free from this engineering constraint, this
relationship must be modified by nontraditional heat transfer process.

To be noticed as the second item, the phase transformation from the liquid water
to the vapor bubble commences in local on the heating interface to coolant; each vapor
bubble nucleates at the imperfect point on the heating interface. Remember that
most of theories on the nonlinear mechanics for heat transfer [7] and buckling
mechanics [13] presume the geometric imperfections on the heating interface and on
the shell structure, respectively. As summarized in [7], most of classical theories on
the boiling heat transfer assumed that a vapor bubble nucleated at the preexisting
wedge on the heating interface. Consider that an initial bubble shape is modeled by a
half-sphere with its radius of rc, then, the superheat (ΔT) is inversely proportional to
this rc. When the bubble size is controlled to be small, ΔT increases by itself to start
the boiling heat transfer in the early stage of ln (q) – ln (ΔT) relationship in Figure 1.
In practical situation, few methods were reported to reduce the wedge size, to
decrease the wedge depth, to increase the wedge density on the heating interface, to
regularize the distribution of wedges, and to control this regularity in the wedge
alignment.

The third feature in the boiling process is characterized by the dynamic behavior
of vapor bubbles both on the heating interface and in the coolant. After nucleation,
one isolated vapor bubble grows, coalesces with each other, and forms a vapor film on
the interface. The other bubble takes off from the interface and transports with
coolant. The fresh cooling water comes onto the interface to continue this boiling heat
transfer process. Unless any bubbles swell on the heated surface, it could be cooled
with higher heat flux under constant ΔT. Otherwise, the interface is gradually
covered by the vapor bubbles and finally separated from the liquid coolant by the
vapor film.

Three engineering items in the above have interaction with each other. The boiling
curve in Figure 1 is governed by the change in vapor bubble morphology. Hence, if
the nucleation and growth stages of the vapor bubbles are controlled by micro-
texturing the interface, the boiling curve in Figure 1 is significantly modified in the
boiling heat transfer regime. In addition to the studies on controlling the boiling
transfer by micro-/nano-texturing [8–12], MEMS (microelectronicmechanical sys-
tem) technique was utilized to develop the cooling system by impinging the droplets
[14] and to investigate the effect of micro-pillared micro-pipe on its thermal perfor-
mance [15]. Those micro-/nano-texturing methods are useful to demonstrate the
improvement of boiling heat transfer in the laboratory scale, but most of them are
difficult to be used in the industrial applications. Micro-/nano-textures onto the high
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conductive metal members must be essential to find a new way in developing the
effective cooling devices with linkage to industries.

Three approaches to form these micro-/nano-textures onto the product surfaces
and interfaces were developed feasible to industrial and medical applications. In the
plasma-oxidation-assisted printing [16–18], the micro-textures were formed onto the
carbon-based materials through oxygen plasma etching. In the plasma-nitriding-
assisted printing [19–21], the micro-textures were also formed into the metals and
alloys by selectively embedding the nitrogen solute. The extremely short-pulse laser
micro-/nano-texturing [22–24] is the third approach to directly imprint the tailored
fine textures.

In the first approach, carbon-derivative coatings such as DLC (diamond-Like
carbon), CNT (carbon nanotube), graphene sheet, and diamond coatings were
processed to yield the carbon-based dies with micro-textures [25–27]. The aspect
ratio was predetermined by the coating thickness. In second, the selective nitrogen
supersaturation process advanced into the unmasked surfaces and interfaces. The
ink-jet printing [19–21], the screen printing [28, 29], and the lithography [30, 31]
were utilized as an effective masking techniques. In this case, the aspect ratio
of micro-/nano-textures was determined by the nitrided layer thickness up to
sub-millimeter thickness. In third, the nano-textured ripples superposed on the tai-
lored micro-textured surface profile by the femtosecond laser processing [32]. In
particular, the unidirectional nano-textures were simultaneously formed onto the
laser-trimmed tool surface [33, 34]. On the basis of these micro-/nano-texturing
methods, the surface-topological design is available to control the heat transfer pro-
cess with phase transformation on the textured interface [35]. Different from the
micro-/nano-texturing by the porous structuring, the particle deposition, and the
MEMS techniques in [8–12, 14–15], the regularly or semi-regularly aligned
micro-/nano-textures were utilized to discuss the effect of micro-/nano-textures on
the aluminum and copper heating devices to the boiling heat transfer in the water
vapor system [36, 37].

In the present chapter, two micro-texturing methods are utilized to fabricate the
textured aluminum and copper heating units for boiling heat transfer experiments. In
the first approach, the plasma-oxidation-assisted plasma printing is used to yield the
regular alignment of micro-square pillars on the thick DLC die. This multi-micro-
pillared micro-textures on the DLC die are imprinted into the pure aluminum sheet.
This concave micro-textured aluminum sheet with regular alignment of micro-
cavities is fixed to the copper block to prepare the heating device for heat transfer
experiment to describe the vapor bubble nucleation and taking-off behavior. In the
presence of micro-cavities on the aluminum interface, the bubble size is reduced by 1/
100 or less than that. These super-fine vapor bubbles do not swell on the interface but
flow away with the coolant. Due to this change in the vapor-bubble dynamics, the
bubble nucleation commences in lower superheat and the heat flux steeply increases
with the superheat. In the second approach, the wet plating is utilized to form the
acicular Fe–Ni micro-textures onto the oxygen-free pure copper unit for heat transfer
experiment to demonstrate the effect of coolant flow velocity or its Reynolds number
on the boiling heat transfer. The original boiling curve on the smooth metallic inter-
face is significantly improved by this micro-texturing. The superheat to onset the
nucleation of vapor bubbles is reduced by homogeneous and dense generation of
bubbles. The heat flux steeply increases with the superheat and exceeds CHF.
Through these steps, a physical model is considered to design and fabricate the heat
transfer device with q > qcr and q > > qcr.

4

Heat Transfer



2. Experimental procedure

Two micro-/nano-texturing methods were developed to make concave and convex
micro-textures onto the metallic sheets and blocks, respectively. Two experimental
setups were prepared to describe the boiling curves, to demonstrate the superiority of
micro-textured interface in heat transfer, and to discuss the effect of coolant flow
behavior on the boiling heat transfer.

Micro-texturing. The plasma printing method was employed to form the concave
micro-textures with regular alignment of square micro-cavities with the specified unit
size and pitch onto the pure aluminum sheet. The whole procedure from the micro-
texturing design to the CNC imprinting onto the aluminum sheet is depicted in
Figure 2.

The lithography with ion milling and reactive ion etching was utilized to print the
square unit cell pattern with the size of 3.5 μm x 3.5 μm and the pitch of 5 μm onto the
DLC-coated AISI420 punch with the coating thickness of 15 μm. Then, the platinum
deposit on the nano-carbon film was left as a unit cell. The controlled oxygen plasma
etching system was utilized to chemically remove the unmasked DLC regions and to
fabricate the micro-pillared DLC coating punch. This punch was inserted into a die set
for CNC imprinting of micro-pillar textures into the aluminum sheet. The original
two-dimensional micro-texture pattern transformed to the three-dimensional regular
alignment of micro-cavities on the aluminum sheet. The wet plating was employed to
directly form the convex micro-textures onto the oxygen-free copper specimen with
use of the nickel and iron-ionized solution. Each unit cell of acicular Fe-Ni crystals
nucleated and grew on the substrate surface as depicted in Figure 3. Every acicular
unit cell aligned with each other in semi-regular on the substrate. Its root size and
height were completely determined by the wet plating conditions including the

Figure 2.
A plasma printing procedure from the CAD (computer-aided design) of micro-textures through the fabrication of
micro-textured DLC die to the CNC (computer numerical control) – Imprinting to metallic sheet.
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duration (τ). In Figure 3a, when τ is 210 s, the root size (B) of acicular micro-
texturing unit cell ranged from 0.1 to 0.4 μm, and its height (H) was 0.5 μm in
average. This tiny unit cell significantly grew as compared between Figure 3a and b.
When τ = 730 s, B ranged from 0.2 to 0.7 μm, and H � 1 μm.

Heat-transfer test-sections. In the following experiments, two test sections were
used to describe the vapor bubble nucleation and taking-off and to investigate the
micro-texturing effect on the boiling heat transfer process. In the first setup, the
coolant channel with the length of 70 mm is laterally placed so that the subcooled
water is heated by the copper block as depicted in Figure 4a. Pure aluminum devices
with and without micro-textures were joined to the top of this block. The heat flux (q)
through these devices was measured by the difference of temperature histories in the
block. High-speed video camera was also utilized to visualize the vapor bubble nucle-
ation and its taking-off from the aluminum devices.

Figure 4b shows another setup to measure the heat transfer characteristics with
the use of the heating copper block. The micro-textures were directly yielded onto this

Figure 3.
Nucleation and growth of Fe-Ni acicular unit cells on the substrate during the wet plating. a) τ = 210 s, and b)
τ = 630 s.

Figure 4.
The boiling heat transfer experimental test sections. a) Narrow, lateral channel section to observe the vapor bubble
nucleation and taking-off phenomena with the measurement, and b) square, longitudinal channel section to
investigate the effect of coolant flow on the boiling heat transfer.
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block. The water channel stood in vertical to control the flow velocity and to investi-
gate the effect of forced coolant velocity on the heat transfer. The heat flux was
measured in the similar manner to the setup in Figure 4a.

These test sections were respectively set up into the experimental system including
the power controllers and the monitoring apparatus, as illustrated in Figure 5. The
superheat was directly controlled by the applied voltage in the power supply. The
thermostatic chamber was utilized to keep the subcooled water temperature by 30 K
and to control the coolant velocity. The measured temperature histories were moni-
tored by using three thermocouples, which were embedded into the copper heating
block. The surface temperature on the interface was estimated by directly extrapolat-
ing the measured temperature depth profile in the block. The heat flux was also
calculated from this profile by using the Fourier’s law, which was represented by

q ¼ �κ δT=δXð Þ, (1)

where κ was the thermal conductivity of copper, δT was the difference between
two measured temperatures away from each other by the distance of δX. The whole
data were transferred and accumulated in PC.

The digital video imaging unit was utilized to record the time history of the boiling
and cooling behavior in the inside of channels through the transparent window. The
vapor bubble nucleation and growth process were directly monitored to describe the
effect of coolant velocity on the boiling behavior.

3. Experimental results

Regular alignment of micro-cavities onto aluminum sheet. Two-dimensional
micro-pattern was printed by the lithography onto the DLC film coated on the
AISI420 substrate. A square dot with 3.5 μm x 3.5 μm was aligned with the pitch of

Figure 5.
Experimental setup for measurement and observation of the boiling heat transfer in the test-section.
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5 μm on this DLC coating die. The unprinted DLC films were chemically etched out by
using the high-density plasma oxidation system. Through this plasma oxygen etching
for 5 ks, a DLC micro-pillared punch array was fabricated by selectively removing the
unprinted mesh-lines of DLC films with their width of 1.5 μm. As depicted in
Figure 6a, the arrayed DLC-punch by plasma oxygen etching had a square micro-
pillar head with its area of 3.5 μm x 3.5 μm and its height of 8 μm. The depth profile of
DLC punch array was measured by the laser surface profilometer and supposed in
Figure 6a. DLC micro-pillars with the same head size were regularly aligned with the
pitch of 5 μm by the plasma oxidation etching. This regular alignment of micro-pillars
onto the DLC-punch assures the regular duplication of micro-textures in inverse to
micro-pillars into the metallic sheets or plates by the precise stamping with the use of
this DLC-punch.

CNC stamping system was utilized for this imprinting of DLC micro-pillar array
into the as-rolled pure aluminum sheet with the thickness of 0.2 mm. As shown in
Figure 6b, the micro-cavity array was imprinted onto the aluminum sheet surface by
indentation of the DLC micro-pillar array in Figure 6a. Through this indentation of
DLC-punch, the pure aluminum work was extruded in backward into the clearance
with the width of 1.5 μm between adjacent DLC pillars. The thin walls of each
aluminum micro-cavity were formed to have the thickness of 1.5 μm. That is, each
DLC pillar with its head size of 3.5 μm x 3.5 μm was simultaneously indented to shape
a bottom of a micro-cavity with the size of 3.5 μm x 3.5 μm. Four clearances sur-
rounding each DLC micro-pillar became four micro-cavity side walls with the width
of 1.5 μm and the height of 5 μm. Then, the micro-pillar alignment on the DLC-punch
was duplicated to the aluminum sheet as a regular micro-cavity array with its unit cell
of 3.5 μm x 3.5 μm x 5 μm and the pitch of 5 μm. This imprinting process incrementally
advanced by stamping the DLC-coated AISI420 punch with the head size of 80 mm x
10 mm into the pure aluminum sheet. Each stamped aluminum sheet segment had 3.2
x 107 micro-cavities on its area of 80 mm x 10 mm. Then, the density of micro-cavities
reached 4 x 104/mm2.

Figure 7 compares the aluminum sheets without and with the micro-cavity tex-
tures. The static contact angle of pure water onto the aluminum sheets increased from
92° for smooth surface to 110° by this micro-texturing.

Bubble heat transfer on the concave micro-textured interface. The pure aluminum
sheet segment with micro-cavity alignment and the bare aluminum one were

Figure 6.
Comparison of the micro-pillared DLC die surface with the CNC-imprinted aluminum sheet. a) DLC micro-
pillar alignment on the die, and b) micro-cavity alignment on the aluminum sheet.
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respectively joined to the copper block by using the nanoparticle silver paste. Figure 8
compares the heating copper block before and after joining the aluminum sheet
segment. Except for the thermal gap in conductance by this silver paste, this heating
block was suitable to experimental analysis on the effect of micro-textured metallic
sheet on the boiling heat transfer. This heating block was fixed into the test section in
Figure 4a. In this setup, the phase transformation from the liquid water to the vapor
bubble took place on the surface of aluminum device with and without the micro-
cavity textures.

Figure 9 depicts the nucleation and growth stage of vapor bubbles on the alumi-
num sheet without and with micro-cavities. As shown in Figure 9a, when the micro-
textures were absent on the aluminum sheet, large vapor bubbles only nucleated and
swelled on the interface and grew by themselves. No taking-off of bubbles was
observed by the video imaging.

Figure 7.
Comparison of aluminum sheet without and with micro-textures. a) Aluminum sheet without micro-textures
(contact angle of pure water on its surface (θ) is 92°), and b) aluminum sheet with micro-textures (θ = 110°).

Figure 8.
A heating block in the setup in Figure 4a. a) a bare copper heating block, and b) heating block with the joined
aluminum sheets in Figure 6 by using the nanoparticle silver paste.
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On the other hand, as depicted in Figure 9b, only fine bubbles with the average size
of 5–10 μm nucleated on the interface without significant growth. Most of them flew
away together with the coolant and the medium-sized bubbles. As compared between
Figure 9a and b, the heating interface with micro-textures was cleared by this flow-
away of fine vapor bubbles. This easiness of vapor bubble taking-off from the heating
interface enabled new liquid coolant to directly come onto the interface for further
heat transfer. Owing to this micro-texturing effect on the bubble nucleation and
growth mechanism, the heat transfer on the aluminum interface between the heating
block and the coolant was much improved in the presence of micro-textures.

Figure 10 depicts the relationship between the measured heat flux q and the
superheat ΔT with and without micro-textures. When using the bare aluminum
interface, the heat flux gradually increased with ΔT and the onset superheat to nucle-
ate the boiling was retarded in correspondence to the normal heat transfer mechanism
in Figure 1. On the other hand, in the presence of micro-textures on the aluminum
interface, the heat flux steeply increased with ΔT at the beginning of superheating.
The onset of superheat for bubble nucleation started earlier than the normal boiling
nucleation. Although this increasing heat flux was suppressed around ΔT = 60 K due
to the insufficient coolant flow volume, the micro-textures enhanced the increase of
heat flux with ΔT so that q approaches to the critical heat flux, qcr.

Figure 9.
A bubble nucleation on the aluminum sheet a) without the micro-textures and b) with the micro-texture.

Figure 10.
Comparison of the boiling curves in the heat transfer through the aluminum sheets with and without the
micro-textures.
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This heat transfer through the micro-cavity arrayed aluminum device teaches:

1. the bubble size is reduced by decreasing the wedge size,

2. the onset superheat of ΔTonset to nucleate a mass of bubbles is also reduced, and

3.the heat flux q increases steeply toward the critical heat flux, qcr.

After the classical theory, the effect of the wedge size on the heat transfer is
considered by

∆T � 2σTsat= ρv∙∆hv∙rc∙ 1� rc=δð Þ½ � (2)

In this relation, σ denotes the thermal conductivity, Tsat is the saturated tempera-
ture, ρv is the mass density of coolant, Δhv is the latent heat, rc is the radius of wedge,
and δ is the thermal boundary layer thickness. From Eq. (2), the superheat increases
by decreasing rc. On the other hand, ∆Tonset decreased with decreasing the micro-
cavity size in Figure 8. This contradiction between the classical model and the exper-
imental results is attributed to vapor bubbling mechanism on the interfaces without
and with the regular micro-cavity alignment.

The classical knowledge by Eq. (2) presumes that each vapor bubble nucleates
at the preexisting wedge on the flat interface through the phase transformation of
liquid coolant in local. This nucleation and growth process advances independently in
each bubble, which is isolated from the neighboring bubbles. In this low bubble
density nucleation and growth process, higher superheat is needed to stimulate the
nucleation and growth step for each bubble till it takes off from the wedge. In the heat
transfer across the micro-textured interface, many bubbles nucleate simultaneously at
the regularly aligned wedges with the specified distance between adjacent wedges.
Under this high bubble density nucleation from regularly distancing wedges by 5 μm
in Figure 6b, lower superheat was enough to nucleate a fine bubble in the
surrounding coolant flows. Figure 9b reveals that a mass of fine bubbles easily moves
with the coolant flow and that the interface is cooled down to restart the bubble-
nucleation stage under the fresh coolant. That is, the generated bubble size is much
small enough to drive the routine of bubble nucleation, growth, and taking-off
promptly and repeatedly. This tiny bubbling routine on the heating interface with
regularly aligned concave micro-texture modifies the original boiling heat transfer
mechanism in Figure 1 and pushes up the heat flux even at the lower superheat.

Two engineering items are considered to further control the boiling heat transfer
by micro-texturing. In the first item, the micro-textured interface property is taken
into account together with the regular alignment of micro-cavities or wedges in
Figure 7b.

Since the metal surface is usually hydrophilic with the static contact angle of 60°–
70°, this surface condition is controlled by micro-/nano-texturing to be more hydro-
philic or to be hydrophobic, as an engineering policy. In second item, the coolant
design is surveyed to improve the q – ΔT relationship or the boiling curve. Among
several parameters, the coolant flow velocity is employed as an important item. After
the classical treatise on the boiling heat transfer [7], its mechanism was considered to
be invariant to the coolant flow velocity. There is a possibility to improve the q – ΔT
relationship with increasing the flow velocity or the Reynolds number of coolant on
the micro-textured interface.
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Semi-regular alignment of micro-acicular textures onto copper. The wet plating
process was employed to build up the acicular iron-nickel (Fe–Ni) alloy
micro-textures directly onto the copper heating block surface. The acicular Fe–Ni
pyramids nucleated and grew onto the copper surface with increasing the duration in
the wet plating, as stated before. In particular, as depicted in Figure 11a, the root size
and height of acicular pyramids were controlled by the wet-plating conditions.

Since no pastes were used in this micro-texturing, no thermal gap conductance was
present between the micro-textured layer and the heating copper block. As shown in
Figure 11b, this acicular Fe–Ni layer was thermally well-contact to the top surface of
copper heating block. In the previous experiment, the micro-textured aluminum sheet
was joined to the copper block by using the solder paste. Then, the measured q – ΔT
relationship was biased by its thermal gap conductance. In this second experimental
setup, the micro-textured layer was directly deposited onto the copper heating block
head surface without the use of paste. The heat flux in the copper block was directly
conducted to the wet-plated Fe–Ni layer without loss of thermal conductance. The
acicular micro-textures influenced on the surface property and on the vapor bubble
nucleation and growth during the boiling process.

Two Fe–Ni acicular layers were formed onto the copper block by varying their unit
cell size to understand the micro-texture size effect on the boiling heat transfer
mechanism. The microstructure of the first Fe–Ni micro-textured film (specimen-1) is
shown in Figure 12a. Three-dimensional profilometer was utilized to define the aver-
age height (H) of acicular unit cell, the average spacing (D) between adjacent unit
cells, and the aspect ratio (H/B) of H to the average bottom size (B) of unit cells. This
specimen-1 has H = 1.6 μm, D = 3.9 μm, and H/B = 0.42. As depicted in Figure 12b,
this textured surface becomes hydrophilic with the contact angle of 20–30°. A bare
copper block is also used as a reference to compare the q –ΔT relationship with two
micro-textured specimens. The mechanically ground copper interface has the average
roughness of Ra = 0.6 μm and Rz = 1.2 μm. Due to this surface roughness, the contact
angle reaches 100–110°; the copper interface is hydrophobic.

Figure 11.
An acicular Fe–Ni alloy film, wet-plated onto the copper heating block. a) SEM image on the wet-plated Fe – Ni
alloy film, and b) copper heating block with the Fe–Ni layer on the top of block.

12

Heat Transfer



Remembering that a smooth metallic surface is usually hydrophilic with the contact
angle of 40–70°, this high contact angle implies that original roughness of copper block
surface influences the measured boiling curve. In particular, this micro-textured sur-
face of specimen-1 has nearly the same geometric features as the bare copper surface.

The second specimen or specimen-2 was prepared by the wet plating with longer
duration. Figure 13a shows the SEM image of the Fe–Ni acicular microstructures on
the copper block. The micro-textures in Figure 13a have a self-similar morphology to
the specimen-1 in Figure 12a. This Fe–Ni acicular unit cell has H = 4.8 μm, D = 2.2 μm,

Figure 12.
The first Fe–Ni micro-textured heating block specimen-1. a) Its microstructure in the plain view, and b) its
wettability.

Figure 13.
The second Fe–Ni micro-textured heating block specimen-2. a) Its microstructure in the plain view, and b) its
wettability.

13

Boiling Heat Transfer on the Micro-Textured Interfaces
DOI: http://dx.doi.org/10.5772/intechopen.105872



and H/B = 0.46. After the wettability testing, this specimen is also hydrophilic with
the same contact angle.

By using two specimens in the above, the boiling heat transfer experiments in
Figure 3b are performed to investigate the effect of the acicular micro-textures on the
q – ΔT relationship and the heat transfer mechanism.

Boiling heat transfer on the convex micro-textured interface. Two types of
experiments are performed in the following. In the former experiment, the acicular
micro-texturing effect on the heat transfer is investigated. In the latter, the effect of
coolant velocity or Reynolds number (Re) to the heat transfer mechanism is precisely
discussed. In the first experiment, the coolant velocity was held constant by V = 1.9 m/
s or Re = 460. The coolant was completely degassed and its temperature was also
controlled to be 347 K or subcooled by 30 K. The copper block was gradually heated by
increasing the applied voltage in every 10 V.

In correspondence to the boiling curve in Figure 1, q increases gradually with
increasing ΔT in case of copper block without the micro-textures. When using the
specimen-2 with its microstructure in Figure 14, the heat flux rapidly increases with
ΔT after the superheat of ΔT = 2 K, and approaches the critical heat flux, qcr at
ΔT = 17 K. Remember that q = 0.9 x 106 W/m2 at ΔT = 17 K when using the copper
block without the micro-textures. The heat flux becomes two and a half times higher
at the same superheat of 17 K by using this hydrophilic micro-texture.

On the other hand, in case of the specimen-1 in Figure 12, its q – ΔT relationship
becomes nearly the same as q – ΔT for non-textured specimen. This is because the
micro-textured interface of specimen-1 has nearly the same topological aspects as the
bare copper interface. The difference between two specimens implies that the boiling
heat transfer behavior becomes sensitive to the acicular micro-texture morphology
under the laminar coolant flow. To be noticed, qcr on the micro-textured surfaces
seems to be always more than qcr on the smooth surface.

In the second experiment, the coolant flow velocity was increased to change the
laminar flow to the turbulent flow and to investigate the sensitivity of boiling heat
transfer mechanism to the flow pattern change. The specimen-1 was employed in this
experiment, while the bare copper specimen was also used as a reference. Figure 15
compares the variation of q – ΔT curves with increasing the Re between the specimen-
1 and the normal copper block without micro-textures.

Figure 14.
Comparison of the boiling curves under the laminar flow condition among the copper smooth surface and two
micro-textured copper surfaces.
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When using the bare copper heating block, four measured q – ΔT relationships in
Figure 15 are nearly the same among them and insensitive to the coolant velocity even
by increasing Re from 460 to 3459, or by changing the laminar flow to the turbulent
one. This insensitivity of boiling heat transfer process to the Reynolds number was
just stated in the classical treatise [7]. The coolant flow pattern has nothing to do with
the boiling heat transfer process or the bubble nucleation and growth process in the
classical common knowledge. This is because each wedge on the bare copper is iso-
lated from each other and a bubble nucleates and grows mainly in the function of
superheat.

In case of the micro-textured specimen-1, the onset of superheat to nucleate the
bubbles is reduced and the gradient of dq/d(ΔT) becomes steeper with increasing Re.
CHF also seems to increase with increasing Re. This enhancement of q – ΔT relation-
ship with Re implies that a mass of vapor bubbles is transported by the coolant flow
and that the fresh coolant comes onto the heating interface.

The video imaging often helps to describe the boiling behavior with increasing
the electrical power (P). In the following, an overall boiling and flow behavior is
observed during the heat transfer experiment by using two snap-shots in the video

Figure 15.
Q – ΔT relationships for normal copper block without micro-textures and for the specimen-1 with increasing Re.

Figure 16.
High-speed camera flame on the nucleation boiling process on the bare copper block head without micro-textures in
the coolant channel at Re = 3459 with increasing the applied power (P) for heating. a) P = 110 W, and b)
P = 180 W.
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imaging. Figure 16 depicts the boiling and flow processes in the coolant channel under
Re = 3459. When P = 110 W, the coolant was uniformly boiled in down- and upper
streams, surrounding the heating copper block head as shown in Figure 16a. The
small-sized bubbles were seen in this boiled coolant, but the boiled coolant region
widened symmetrically in both streams of coolant. A fresh coolant did not approach
the heating copper block head for further forced cooling. When increasing the power
to P = 180 W, the boiled coolant pattern in Figure 16b was nearly the same as seen in
Figure 16a. The boiling behavior did not change itself by increasing the applied power
to the heating unit. Larger bubbles were seen in Figure 16b; the bubbles nucleated and
easily agglomerated themselves to form a larger bubble. This appearance of large
bubbles teaches a signal of risk where these large bubbles promptly coalescence to a
film at the vicinity of interface, and the nucleate boiling mode changes to the film
boiling mode. That is, the nucleate boiling behavior in Figure 16b continues by itself
till the burn-out point when the heat flux approaches the critical one.

The difference of q–ΔT relationship with and without micro-textures in Figure 15
predicts that the nucleation boiling process in Figure 16 with increasing the power
changes itself by the micro-texturing on the heating copper block head.

In using the same experimental setup, the nucleation boiling behavior on the
micro-textured copper block is analyzed by high-speed camera. When P = 110 W, the
boiling coolant region was seen only in the downstream and became narrow near the
micro-textured interface between the heating copper block and coolant in Figure 17a.
When P = 180W, the bubbled coolant flew away in the downstream together with the
main coolant as seen in Figure 17b. To be noticed, a single-phase or liquid-phase
coolant entered into the channel inlet, mixed with the two-phase, turbulent flow from
the interface, and flew away from the channel outlet in Figure 4b. This observation
on the flow pattern at Re = 3459 reveals that the coolant flow has a significant
interaction with the boiling heat transfer on the micro-textured interface. Two-phase
mass with fine bubbles moves away from the vicinity of interface to the downstream
of coolant. The micro-textured interface is cooled down by a new coolant from the
upper stream. The mixing process of two flows and the mass transfer of fine bubbles
to coolant flow work independently to sustain the higher heat transfer through the
micro-textured interface. This results in the steep increase of heat flux to CHF and
above CHF even at lower superheat.

Figure 17.
High-speed camera flame on the nucleation boiling process on the micro-textured copper block head in the coolant
channel at Re = 3459 with increasing the applied power (P) for heating. a) P = 110 W, and b) P = 180 W.
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Micro-texturing effect on coolant flow and heat transfer. A micro-texture on the
interface has a possibility to influence both on the flow behavior and the heat transfer.
Various studies have been reported on the effect of micro-texture to the coolant
turbulent flow in the literature [38]. After those results, the turbulent flow behavior at
the vicinity of the channel wall is affected by the viscous effect. In this viscous sub-
layer, its friction velocity u* is estimated by the following equation with the Blasius
equation for friction factor λ,

u ∗ ¼

ffiffiffiffi

t0

ρ

r

, t0 ¼
1

8
λρu2, λ ¼ 0:3164Re �

1
4, (3)

From this friction velocity, let us calculate the wall coordinate (y+) at the height of
the micro-texture. In the above experiment, Re = 3459; then, u* = 0.0103 m/s. Since the
height of micro-texture is ks = 2.2 μm or 2.2 x 10�6 m, and the kinetic viscosity of
coolant is ν = 4.13 x 10�7 m2/s, y + = u* ks/ν = 0.04. This y + is much lower than the
critical number of�5. The surface angulation by this micro-texturing is identified to be
included into the viscous sub-layer. That is, this microstructure has nothing to do with
the coolant turbulent flow, and it can be regarded as a hydraulically smooth surface.

Next let us consider the micro-texturing effect on the heat transfer coefficient. The
turbulent flow heat transfer on the flat interface without the micro-textures is
described by the Nusselt number (Nu). After [39], this Nu is expressed by the func-
tion of the Reynolds number and the Prandle number (Pr) in the following:

Nu ¼ 0:023 Re 0:8Pr0:4 (4)

Since the heat transfer coefficient (h) is proportional to Nu, h � Re0.8 on the flat
interface. On the other hand, the measured h (= q/ (Tw – TL)) on the micro-textured
interface is estimated from Figure 15 to be

h � Re n (5)

Here, n is a power exponent, which is given by n = 2.71 at ΔT = 9 K, n = 2.79 at
ΔT = 15 K, and n = 3.31 at ΔT = 17 K. This result with n > 0.8 proves that the boiling
heat transfer is much enhanced by the coolant turbulent flow on the micro-textured
interface. Remembering that micro-textures have no influence on the turbulent flow
profile, this enhancement is induced by the vapor-bubble transportation with high
coolant flow velocity even in the viscous sub-layer.

4. Discussion

Boiling curves on the micro-textured interface. The micro-/nano-texturing onto
the heating device surface has a significant influence on the boiling heat transfer. First,
the heat flux to superheat relationship in Figure 1 is controlled by the micro-/nano-
texturing. The superheat to start the nucleation of vapor bubbles is much reduced,
the heat flux gradient by ΔT or the heat penetration factor (Kq) becomes steep along
B – C – D curve, and the heat flux can exceed the critical heat flux (CHF).

In second, the classical model on the nucleation and growth of vapor bubbles must
be exchanged with a new physical model, where superfine vapor bubbles nucleate on
the micro-/nano-textured interface and flow away with coolant flow. In particular, the
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nucleation and growth of vapor bubbles are dependent on the local geometric topol-
ogy of micro-/nano-textures. The bubble density, nucleating on the textured inter-
face, much increases even in the early stage on B – C regime.

In third, higher heat flux is attained even at lower superheat with increasing the
coolant flow velocity or its Reynold number. In the absence of textures on the heating
interface, the boiling heat transfer has nothing to do with the flow velocity change
from the laminar flow to the turbulent flow. This is just corresponding to the classical
theory in [7]. In the presence of micro-textures, most of vapor bubbles densely nucle-
ate and easily take off from the heating interface at the early stage of superheating.
Since the local mass in two phase with lots of fine bubbles moves away with main
turbulent flow of coolant, higher heat flux is attained even at the lower superheat.

Standing on these engineering items, a new boiling curve is proposed for the
boiling heat transfer process through the micro-/nano-textured heating surface.

The heat flux to superheat relationship on the micro-textured interface is sche-
matically depicted in Figure 18 with comparison to the boiling curve on the flat
interface. The vapor nucleation starts at B0 or at ΔT = ΔTi; the point B

0 becomes a
turning point from the natural or forced convection heat transfer along A’ – B0 to the
nucleation boiling process. This intrinsic superheat (ΔTi) is determined by the mini-
mum thermal conductance of the micro-/nano-textured layer; this ΔTi is much
smaller than ΔT in Figure 1. Along the line B0 to C0, the heat flux increases with the
steep gradient of Kq even under the laminar coolant flow. This heat penetration rate,
Kq, is strongly dependent on the geometric topology of micro-/nano-textured layer. In
case of the present acicular micro-textures, their unit cell size, height, aspect ratio,
and their alignment have essential influence on Kq. At C

0, the heat transfer process is
enhanced by the coolant flow pattern change from the laminar flow to the forced
turbulent flow. Under the continuous mass transfer of two-phase coolant with dense
fine bubbles to the main flow, the heat flux exceeds the CHF and increases monoto-
nously with ΔT above CHF.

Figure 18.
A new boiling curve for boiling heat transfer on the micro-textured interface between the coolant and the heating
solid.
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From Figures 10 and 15, this ΔTi was estimated to be less than 10 K and Kq � 0.2 x
106 W/(m2

•K). The onset temperature of bubble nucleation, ΔTonset reduced to ΔTi in
these Figures. The bubble nucleation at the single wedge on the flat surface is retarded
so that ΔTonset > ΔTi. On the other hand, the phase transformation to vapor bubbles
commences at every spot near the aligned micro-textures at the same time. That is, the
micro-/nano-texturing onto the heating surface stimulates the onset of bubble nucle-
ation at the network of micro-cavities in Figure 10 and at the micro-pillars in
Figure 15. This difference of onset superheat reveals that the mode change from the
convection heat transfer process to the boiling heat transfer process is triggered in the
very early stage of superheat by the simultaneous nucleation of fine bubbles in mass.

The least onset superheat of ΔTi is needed for thermal conductance of micro-/nano-
textured layer. In case of the heat transfer on the flat interface, the difference of
(ΔTonset – ΔTi) is needed to trigger the phase transformation to vapor at each isolated
wedge on the interface. This retardation is reduced, or, ΔTonset ➔ ΔTi by simultaneous
nucleation of fine vapor bubbles due to the micro-/nano-texturing. The simultaneous
nucleation reflects on the increase of bubble density even at lower superheat.

The steep branch at B0 with high gradient of Kq in Figure 18, implies that the fine
bubbles nucleating at the micro-textures easily take off from the heating interface to
the main stream of coolant. Until this nucleation and taking-off continues even in
increasing the superheat, the heat flux increases even under the laminar coolant flow.
After the nucleation mode changes to the growth mode of bubbles, the increase of
heat flux by ΔT becomes redundant and slow. In particular, q/ΔT in the forced
turbulent coolant flow regime is still large enough to sustain the flow interaction
between the generated two-phase local flow and the main forced coolant flow.

Bubble density nucleating on the micro-textured interface. Nucleation of super-
fine vapor bubbles and their taking-off with coolant is essential to start the boiling
heat transfer at lower superheat and to sustain high heat flux condition. The unit-cell
size and its pitch play an important role to reduce the vapor-bubble size and to
increase the bubble density. Through the image processing of frame pictures in
Figures 9b, 17a, and b, the vapor-bubble size was still larger than the unit-cell size;
e.g., the unit-cavity size of micro-textures was 3.5 μm x 3.5 μm but the bubble size was
larger than 10 μm. In other words, the local phase transformation process is redundant
to nucleate the vapor bubble at the selected unit cell among many nucleation sites.
This low bubble density suppresses the actual heat flux to be slightly higher than CHF.

Micro-/nano-texture design for enhancement of heat transfer. In the present
study, two types of micro-textures were employed to investigate the interface condi-
tions on the boiling transfer process; e.g., the concave micro-textures with hydropho-
bicity in Figure 7, and the convex micro-textures with hydrophilicity in Figures 12
and 13. The controllability of wettability by micro-texturing has been intensely
discussed through previous studies in the literature [32]. Let us describe the effect of
surface properties on the micro-textured interface to the heat transfer. High surface
energy surface is preferable to cover the whole surface by coolant liquid and to easily
release the nucleating vapor bubbles. That is, the micro- and nano-textures might well
be redesigned to consider their multiple functions in the boiling heat transfer mecha-
nism. The measured q – ΔT relationships in Figures 10 and 15 suggest that the
interfacial condition seems to have little influence on the boiling heat transfer process.
Other micro-/nano-texturing features might have more importance on the improve-
ment of boiling heat transfer process; e.g., the multidimensional texturing with self-
similarity, the super-hydrophilic texturing with high aspect ratio and the super-
hydrophobic texturing with higher spatial frequency ratio.
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As illustrated in Figure 19, various microstructures are available in CAD to modify
the heating surface conditions. Various nano-textures are also superposed onto each
specified microstructure surface. These micro-/nano-textures are aligned with differ-
ent regularity in their topological design. For an example, the micro-/nano-textures
are considered in trial to improve the coefficient of Kq at B

0 in Figure 18. The
hydrophilic or super-hydrophilic micro-textures with high peak-to-valley intensity
ratio are suitable to attain much higher heat penetration rate by improving the surface
properties of specimen-2.

Manufacturing to boiling heat transfer devices. In addition to the scientific
understanding on the effect of micro-/nano-textures to the boiling heat transfer, how
to make mass production of the textured heat-transfer devices must be also taken into
account. In this chapter, two methods were proposed to build up the micro-textured
devices. In the former method, a thick DLC-coating with more thickness than 20 μm
was employed as a mother die to build up the tailored micro-/nano-textures by the
plasma-oxidation-assisted printing. This die with the aligned micro-pillared punches
was indented into the metallic work sheet to form the micro-cavity micro-textures on
it. This plasma-oxidation-assisted technique is exchanged with other approaches. As
demonstrated in [40–43], the nitrogen supersaturated stainless steels as well as this
DLC coating are also utilized to make micro-/nano-texturing via the pico-/femto-
second laser micromachining. The LIPSS (laser-induced periodical surface structured)
nano-textures are precisely imprinted to metal plates and sheets by CNC-stamping.
Through this precise stamping, the mother topology of micro-/nano-structures is
imprinted onto the aluminum and copper device surfaces together with their engi-
neering functions such as their grating in colors and surface plasmonic brilliance.

The latter method is a coating procedure including the dry and wet plating to form
the micro-/nano-textures directly onto the metallic substrates. As shown in the acicular
micro-texture formation in Figures 12 and 13, the anisotropic deposition of Fe–Ni alloy
layers or the etching of deposited layers played a key process to control the unit cell size
of the convex and concave micro-textures. Their topological alignment of each unit cell
is also controllable in this approach. In application of these micro-textured devices to
practical heat transferring system, they must be post-treated to have high hardness and
strength against the erosion by the vapor bubble attack. Once these micro-/nano-
texture layers are hardened and strengthened, the heat-transferring device surface can
be functionally decorated by the tailored coating with complex topology.

5. Conclusion

The boiling heat transfer process with two-phase coolant flow has been utilized in
various engineering fields including the heat exchanging facilities, the heat-spreading

Figure 19.
Feasible micro-/nano-texturing onto the heating interface.
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devices of waste heats, or the high-cooling-rate equipment. Their design base stands
on the classical knowledge of heat transfer mechanism through the flat metallic
interface. The present study experimentally demonstrates that micro- and
micro-/nano-texturing on the metallic interface can control the boiling heat transfer
between the flowing coolant and the heated solid. The ultra-fine bubbles nucleate and
take off with the coolant flow on the pure aluminum sheet and plate with regular
alignment of micro-cavities. In addition to fine vapor bubbling in nucleation, these
fine bubbles flow away with coolant without swelling onto the interface. Owing to this
easy and prompt taking-off of bubbles, the heating interface is continuously wetted by
fresh coolant to sustain the high heat flux through the micro-textured interface. This
finding teaches the important role of fine bubble density and its dynamics in the
nucleation step of boiling.

The heat flux to superheat relationship or the boiling curve is essential in the
boiling heat transfer. It is much improved by the present micro-/nano-texturing.
The onset superheat for transition from the convection heat transfer to the boiling
nucleation is much reduced by homogeneous nucleation of bubbles with high den-
sity. With increasing the superheat over this onset, the heat flux increases in steep
gradient. In addition, this steep increase of heat flux is much enhanced with
increasing the coolant velocity. In classics, the boiling heat transfer has been
believed never to be dependent on the coolant velocity. The high-speed camera
observation in the present experiments discovers that the mass of two-phase local
flow with fine bubbles takes off from the textured interface and moves away to the
downstream of forced turbulent coolant flow. Since the fresh coolant flows onto the
textured surface, the higher heat flux is sustained on the textured heating interface.
This significant change of physical models in the boiling curve by micro-texturing
suggests that multi-scaled physics are necessary to describe the microscopic heat
transfer on the bubble nucleation, to analyze the mesoscopic interaction of vapor
bubbles and fresh coolant flow, and to modify the macroscopic relationship between
the heat flux and the superheat.

The present study started to consider the micro-/nano-textures tailored for
each boiling heat transfer design. Much more scientific idea and engineering effort is
still necessary to find a way to attain the much higher heat flux than the CHF in the
heat exchanger, the heat pipes, the heat spreaders, and the thermal device to effi-
ciently release the waste heat. A graphene with much higher thermal conductivity
becomes a candidate to be working instead of metals for small-scaled cooing
devices. The micro-/nano-textured sheet is near-net-shaped to a channel or a
pipe with textured inner surfaces for highly efficient heat transferring and
exchanging systems. The unit cell size and geometric topology are much modified to
improve the convection heat transfer together with the boiling transfer [44]. The
regularity in the alignment of unit cells in micro-/nano-texturing is further con-
trolled to discuss the simultaneous nucleation and taking-off at the early stage of
bubble nucleation.
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u Velocity of coolant
ρ Mass density of coolant
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