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Phase change through boiling is used in a variety of

heat-transfer and chemical reaction applications.[1–7] The

state of the art in nucleate boiling has focused on increasing

the density of bubble nucleation using porous structures and

microchannels[8–12] with characteristic sizes of tens of micro-

meters. Traditionally, it is thought that nanoscale surfaces will

not improve boiling heat transfer, since the bubble nucleation

process is not expected to be enhanced by such small

cavities.[13–15] In the experiments reported here, we observed

unexpected enhancements in boiling performance for a

nanostructured copper (Cu) surface formed by the deposition

of Cu nanorods on a Cu substrate. Moreover, we observed

striking differences in the dynamics of bubble nucleation and

release from the Cu nanorods, including smaller bubble

diameters, higher bubble release frequencies, and an approxi-

mately 30-fold increase in the density of active bubble

nucleation sites. It appears that the ability of the Cu surface

with nanorods to generate stable nucleation of bubbles at

low superheated temperatures results from a synergistic

coupling effect between the nanoscale gas cavities (or

nanobubbles[16–18]) formed within the nanorod interstices

and micrometer-scale defects (voids) that form on the film

surface during nanorod deposition. For such a coupled system,

the interconnected nanoscale gas cavities stabilize (or feed)

bubble nucleation at themicroscale defect sites. This is distinct

from conventional-scale boiling surfaces, since for the

nanostructured surface the bubble nucleation stability is

provided by features with orders-of-magnitude smaller scales

than the cavity-mouth openings.

Cu nanorods were deposited on a polished Cu substrate by

oblique-angle deposition. Cu was selected for this study

because it is widely used in heat-transfer applications.[19,20] In

oblique-angle deposition, a flux of Cu atoms is incident on the

substrate at a large incidence angle (>858; see Figure 1a). This

results in the formation of isolated nanorods due to the atomic

shadowing effect[21,22] during growth, through which some of

the incident atoms are not able to reach the substrate because

of concurrent growth of parallel structures. Since the substrate

was not rotated during the deposition process, the rods grew

inclined[21] (a� 608) towards the direction of the incident flux,

as shown schematically in Figure 1a. The depositions were

performed in an electron-beam evaporator with base pressure

of �10�7Torr.

Scanning electron microscopy (SEM) characterization was

performed (Figure 1b) to study the structure of the deposited

nanorods. The diameter of the nanorods increased from a few

nanometers at the base to about 40–50 nm at the tip. The

average tip-to-tip spacing between the nanorods is�50 nm and

the nanorod height is �450 nm. The presence of defects (or

voids) is also noticeable in the SEM image. These voids are an

artifact of the uneven height distribution of the Cu substrate,

which causes certain regions (for example, in valleys) to be

shadowed out[22] during the oblique-angle deposition. These

micrometer-scale voids give the Cu nanorod surface a

combined nano- and microscale surface topography. The

density of microscale defects on the Cu surface with nanorods

(�104 defectsmm�2) was comparable to that of the plain Cu

surface.

Prior to performing the boiling heat-transfer experiments,

we tested the wetting properties of the nanorod samples in

comparison to the polished Cu substrate. For this, 2-mL

droplets of distilled water were deposited on the substrates

and the static contact angle was measured. The results

(Figure 1c) indicate a reduction in the macroscopic water

contact angle from approximately 55 to 38.58 due to the

enhanced roughness[23] caused by the nanorod structures.

The test facility used to evaluate the effect of nanorod

deposition on the boiling performance (Figure 2a) consists of

a Cu block, liquid chamber, liquid supply system, and

heating system. The Cu block is thermally insulated to assure

nearly one-dimensional (1D) thermal conduction. Three

K-type thermocouples (TC1, TC2, and TC3; Figure 2a) are

soldered onto the Cu block at a separation of 10mm to

monitor the temperature profile along the axial direction,

and hence the 1D heat flux can be accurately estimated by

Fourier Law.[24] The TC1 sensor, which is �0.5mm below the

boiling surface, is used to estimate the heating wall

temperature, while sensor TC4 provides the ambient fluid

temperature. The bubble visualization system comprises a

Motion Scope high-speed charge-coupled device (CCD)

camera with 640� 480 resolution and a maximum frame rate

of 2000 frames s�1, an Olympus microscope (U-TV1X-2)

with magnification from 60� to 1000�, and an Agilent data

acquisition system. The Redlake image-processing program

enables precise analysis of bubble release size and release

frequency.

In the boiling tests, the power to the heater was increased

and the process repeated until the critical heat flux (CHF) was
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achieved.[24] The data were categorized to obtain two key

parameters: the superheat, Tw�Tsat (Tw¼wall temperature;

Tsat¼ saturation temperature), and heat flux, q00 (including the
CHF). These parameters are estimated (Supporting Informa-

tion) from Fourier Law with the axial temperature profile and

the known thermal conductivity of Cu. The uncertainty in the

heat flux data was less than�5.5Wcm�2 and less than�1.3 8C

for the superheat (DTw¼Tw�Tsat). We quantified the

heat-transfer performance through the boiling curve (i.e.,

the heat flux versus superheat surface temperature). The

measured heat flux for the Cu nanorods was significantly

higher (Figure 2b) than that for the Cu substrate without the

depositions. Up to an order of magnitude increase in heat flux

was achieved in the 7–12K superheat range. The superheat for

boiling incipience also decreased and the CHFwas achieved at

a significantly lower superheat. Over time the performance of

the nanorod samples showed some degradation or aging. After

repeated testing of the sample (indicated by #2 and #3 in

Figure 2b), the heat flux was reduced but was still markedly

superior to that of the plain Cu substrate without nanorods.

This aging behavior is probably caused by oxidation and the

accumulation of impurities.

To understand themechanisms responsible for the improved

boiling performance, we performed real-time visualization tests

to study the dynamics of bubble formation and release on the

nanostructured Cu surface and the baseline Cu surface (without

nanorod deposition). To capture high-quality bubble images, the

liquid was maintained in a slightly subcooled condition and

the heat flux was increased stepwise from 4 to 25Wcm�2. The

bubble diameter and release frequency weremeasured using the

Redlake imaging program and averaged over the boiling sites.

The uncertainty of bubble size was primarily from the image

resolution and less than �0.1mm, and the bubble growth and

waiting period was less than�1ms.A detailed description of the

imaging procedure used in this study is available in References
[24] and [25]. The bubble release frequency and departure

diameter for the Cu surface with nanorods are plotted as

function of the wall superheat in Figure 3a and b, respectively.

For comparison, data for the baseline Cu surface are also

plotted. The release frequency and bubble diameter for the Cu

Figure 1. Nanostructured Cu surface. a) Bottom: the oblique-angle deposition process used to deposit the Cu nanorods on the planar Cu substrate;

deposition was performed at an oblique incidence angle of �858. Top: the substrate was not rotated during deposition, so the rods grew inclined

towards the incident flux. b) SEM image of the Cu nanorods after deposition. The rods have an average diameter of�40–50nm and are�450nm in

height. Surface defects or voids are also visible in the image, since the substrates on which the depositions were performed were not perfectly

smooth. c) Water contact angle measurements for the Cu nanorod surface and the planar Cu substrate. The nanorods display an improvement in

wettability.
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surface with nanorods show a nearly threefold difference

compared with the baseline Cu surface. This finding indicates

that the dynamics of bubble generation and release are

fundamentally different for the surface with nanorods compared

to conventional surfaces. The smaller bubble diameters and

higher release frequencies may be related to the relatively small

size of themicrodefects (Figure 1b) and the enhancedwettability

(Figure 1c) of the Cu surface with nanorods as compared to the

plain Cu surface. Another very interesting observation was the

high density of active bubble nucleate sites (Figure 3c) for

the Cu surface with nanorods compared with the baseline

Cu surface and with recently reported data[26,27] on Cu, brass,

and stainless-steel surfaces without nanorods. Compared to

uncoated surfaces, we observed an approximately 30-fold

increase in nucleation site density for nanostructured Cu in

the 5–10K superheat range. This indicates that the bubble

nucleation process is strongly influenced by the surface

topography of the Cu nanorods.

The bubble diameter (Db), bubble release frequency ( f),

and nucleation site density (Na) are related to the average heat

flux (q00
b
) due to nucleate boiling[28] as follows:

q00b ¼ K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pðklsCpÞ
q

fD2
bNaDTw (1)

where kl, Cp, and s are the liquid thermal conductivity, specific

heat, and surface tension, respectively. K is a constant that

represents the bubble diameter of influence and is independent of

the contact angle and physical properties of the fluid. Based on the

data in Figure 3, the product of
ffiffiffi

f
p

D2
b
Na [Eq. (1)] at low superheats

communications

Figure 2. Boiling characterization tests. a) Schematic diagram showing the test setup composed of the test unit, data acquisition system, and

visualization system. b) Boiling performance as a function of wall superheat. The red line indicates the boiling curve from an untreated Cu surface

without nanorods. The other boiling curves are for three different tests performed on a typical Cu nanorod sample, and indicate significant

improvement in heat flux coupled with lower boiling incipience and lower superheat to achieve CHF.
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is about six times greater for Cu nanorods in comparison to planar

Cu; this causes the heat-transfer performance to improve. The main

mechanism responsible for this improvement is the nearly 30-fold

increase (Figure 3c) in the nucleation site density (Na) for the Cu

nanorods. Bubble nucleation (i.e., the formation of vapor from

metastable liquid) is directly related to the availability of vapor

nuclei in the liquid or on the boundary surface. In the presence of a

temperature gradient, the range of active nucleation sites that can

trigger bubble growth is given by:[29]

fDc;max;Dc;ming

¼ dtC2

2C1

DTw

DTw þ DTsub

� 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 8C1sTsatðrlÞðDTw þ DTsubÞ
rvhfgdtðDTwÞ2

s" #

(2)

whereDc,max andDc,min are the maximum and minimum diameters

of active surface cavities, respectively, and rl and rv are the liquid

and vapor densities, respectively. C1 ¼ 1þ cosu, C2 ¼ sinu, u is

the contact angle, DTsub ¼ Tsat � Tf , dt is the thermal boundar-

y-layer thickness, Tf is the ambient liquid temperature, and hfg is

the latent heat of vaporization. Assuming a linear temperature

profile in the liquid boundary layer, the thermal boundary-layer

thickness dt can be simply expressed as: dt ¼ kl
hsp
, where hsp is the

heat transfer coefficient in single-phase natural convection. For the

present conditions, hsp� 500Wm�2
8C and dt� 1mm. Figure 3d

depicts the active nucleation site sizing obtained from Equation (2)

for the untreated surface and the nanorod surface. The reduced

contact angle of the surface with nanorods clearly cannot account

for the reduction of the superheated temperature at onset of

nucleate boiling and the increased density of active nucleation

sites—in fact, the improved wettability of the nanorods suppresses

the bubble ebullition process to higher surface temperatures.

Figure 3d also shows that effective cavities that can readily trigger

bubble nucleation need to maintain a gas/liquid interface with

Figure 3. Bubble visualization study. a) Bubble release frequency as a function of wall superheat for the Cu surface with nanorods and the baseline

Cu surface without nanorods. b) Corresponding results for the bubble release diameter as a function of wall superheat. c) The active nucleate

site density for the surfaces with nanorods is �30-fold greater (in 5–10K superheat range) than that for untreated surfaces. d) Predictions for

the range of active cavity size as a function of wall superheat for the baseline Cu surface and the Cu surface with nanorods.
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radius of curvature on the micrometer scale. Therefore, a gas

nanocavity formed in the nanopore between several nanorods

cannot explain the significant improvement in the bubble

nucleation density and frequency, and the subsequent enhancement

of heat transfer.

Knowledge of the nucleation site stability provides insight

into the processes governing the enhanced heat-transfer

performance of the nanorod surface. Two important cavity

traits dictate the tendency of a cavity to be active: the cavity

diameter controls the superheat needed to trigger boiling, and

the inner cavity characteristics determine its stability (i.e., its

ability to contain air or vapor that forms andmaintains the gas/

liquid interface). It appears that in the surface with nanorods,

the micrometer-sized surface defects or voids (Figure 1b) form

favorable cavity sizes with mouth openings that can be readily

activated at low superheated temperatures; the nanopores,

created between the nanorods in the array, maintain the

defect’s stability. That is, the vapor pockets (or nanobub-

bles[16–18]) that are continuously generated within the cavities

between the nanorods percolate through the porous nanorod

network and feed the nucleation and growth of larger bubbles

at the microscale defect sites. This enables stable nucleation to

occur at very low superheats, as observed in the experiments.

Without the stability provided by the nanopores, the

micrometer-sized surface defects are unable to effectively

trap air to form a gas/liquid interface and are readily

flooded[13–15] upon introducing water or after a short operation

at high heat fluxes. The inability of the naturally occurring

microscale surface cavities of the plain surfaces (see Support-

ing Information) in the current work and other studies[26,27] to

support low superheat temperatures is strongly indicative

of the ability of the interconnected network of nanopores

to effectively trap vapor/air and maintain the microcavity

stability.

In the conventional scale, enhanced boiling surfaces[13–15]

consist of cavities with a mouth (that controls the superheat

needed to initiate boiling) and a reentrant cavity (that provides

the stability for prolonged operation). However, unlike macro

surfaces in which the inner cavity dimensions are typically

larger than the mouth diameter, in the nano surface the cavity

stability is provided by features with orders-of-magnitude

smaller scales than the mouth opening. In this way, activation

of multiple scales from nano to micro plays a key role in

enhancing the nucleate boiling performance of the Cu

surface with nanorods. While this study was focused on Cu,

the concept of activating the solid/liquid/gas interface at

multiple scales to generate significant improvements in

nucleate boiling may also be applicable to other metals and

interfaces. The oblique-angle deposition scheme that was used

to deposit the Cu nanorods can be readily adapted to create

nanostructures from a range of different materials or even a

combination of materials. As such, these devices can have a

broad impact in thermal and chemical processes that involve

boiling, for example, the design of two-phase heat exchangers

for energy harvesting and thermal management of high heat

flux in Cu interconnects and semiconductor devices.
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