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a b s t r a c t

Convective heat transfer performance of a micro-channel with copper nanowires (CuNWs) coatings has

been investigated experimentally. Experimental studies were carried out on a bottom surface heated

single micro-channel of 672 mm hydraulic diameter using de-ionized (DI) water as coolant. Nanowires

were directly grown on the bottom surface of the micro-channel using electrochemical deposition

technique. Both single-phase and two-phase convective heat transfer experiments were performed at

different mass flux and different degree of sub-cooling. The results from microchannel with bare surface

are used as the baseline data. CuNWs coatings have been found to enhance single-phase heat transfer

rate by up to w25%, whereas in the flow boiling regime, the enhancement was up to w56% with

a pressure drop increase byw20% in the single-phase regime. The obvious change of pressure drop in the

fully developed boiling regime was not observed.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Removing heat from a heated surface is an important issue in

nature and usually critical in many engineering applications. With

the advance of modern micro-electronics industry, efficient

removal of ever increasing heat flux has become a major chal-

lenging issue to the thermal engineers. Exploitation of high surface

area to volume ratio of micro-channel provides opportunity to

design compact and efficient cooling devices for micro-electronics,

which already took place in microprocessor chip cooling applica-

tions [1]. Since its early introduction by Tuckerman and Pease [2],

micro-channel cooling is an active and extensive area of research

for the thermal engineers to keep pace with the ever growing

cooling demand from micro-electronics industry. Although micro-

channel heat sinks can enhance single-phase heat transfer rate

significantly compared to the conventional channel, it has limita-

tions. At increased heating loads single-phase convective heat

transfer in micro-channel can become costly, due to higher pres-

sure drop and larger temperature gradient.

Boiling which is a complex but very common natural

phenomena involves nucleation, growth and departure of vapor

bubbles. Boiling heat transfer is of great interest to researchers as

an efficient way to dissipate high heat flux through the use of latent

heat. When boiling is associated with forced convection, it is called

flow or convective boiling which is a function of numerous

geometric factors (such as shape, size, position etc.), thermal

properties of fluid and the operating conditions (such as operating

pressure, inlet degree of sub-cooling etc.) [3]. Flow boiling behavior

significantly differs with the channel hydraulic diameter. Macro-

scale correlation for flow boiling cannot be directly used for

micro-scale specifically because of the various influence of gravi-

tational force and capillary force [4]. Introduction of flow boiling in

micro-channel harnesses the advantage of enhanced single-phase

convective flow and high heat transfer rate of boiling. Being

capable of dissipating high heat flux, flow boiling in micro-channel

attracts researcher’s attention as a promising technique for the

thermal management of ultra-high heat flux electronics compo-

nents (microprocessors, radio frequency (RF) system, high power

light emitting diode) [5].

Flow boiling performance has been attributed with three

parameters: surface superheat temperature for onset of nucleation,

two-phase heat transfer coefficient (HTC), and critical heat flux

(CHF) or unstable boiling point. Single-phase is attributed with low

heat transfer coefficient with of course pumping power require-

ments taken into consideration. To enhance the micro-channel

performance, several attempts have been made by modifying the

fluid properties (adding nanoparticles [6,7], surfactants [8] to

water) or by modifying the channel geometry, orientation or sol-

ideliquid interface geometry (such as grooved surface [9e13],

micro structures [4,14], and porous surface [15,16]). Mixed and

inconclusive results have been observed. Very recently researchers

have also shown that with the advanced nanotechnology, solid
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surface morphology can be modified with Si or Cu nanowires [17]

or Cu nanorods [18] or carbon nanotubes [19] to enhance the

pool boiling performance. Carbon nanotubes [20], copper nano-

wires [21] and silicon nanopillers [22] have been used recently to

enhance the single-phase heat transfer in microchannels. Carbon

nanotubes has also been investigated for flow boiling performance

in micro-channel [23]and also in macro-channels [24]. Copper

nanowires and silicon nanopillers have been reported to be effec-

tive in single-phase flow upto 24% [21] and 16% [22] respectively.

Although Carbon nanotubes have been reported to be very effective

for boiling heat transfer coefficient (HTC) enhancement in macro-

channel whereas for micro-channel, it has been found not to be

very effective either in single-phase or in flow boiling.

It is noteworthy to mention that CuNWs make the surface more

hydrophilic, enhance pool boiling performance significantly and can

be easily synthesized on Cu heat sink using template based elec-

trochemical synthesis technique which is inexpensive, reliable and

easily scalable. So far noattempthasbeen reported toassess theflow

boiling performance of CuNWs coated macro-channel or micro-

channel which motivates the authors to carry out this experi-

mental investigation. In the present study flow boiling along with

single-phase convective experiment has been conducted on

a bottom surface heated single micro-channel with DI water as

coolant. The mass flow rates and sub-cooling at the inlet are varied.

CuNWs have been synthesized on the bottom surface of the micro-

channel. In this study single-phase heat transfer coefficient, onset of

nucleationboiling (ONB), and two-phaseHTCasa functionof surface

superheat temperature and pressure drop characteristics have been

performed specially to assess the effectiveness of CuNWs coating.

The results of the experiment indicate potential applications in

thermal management of high heat flux electronics components.

2. Experimental setup

2.1. Water flow loop

Fig. 1 shows the experimental setup used in the present

experimental study. The test loop was an open loop configuration.

From an inlet reservoir DI water was pumped to the test section by

a gear pump (ISMATEC� Regol-z digital), which can provide

a constant mass flow rate. The pump was equipped with a digital

flow meter which was calibrated by the bucket and stopwatch

Fig. 1. Schematic diagram of the experimental setup.

b
a

Fig. 2. Schematics of the test section. (a) exploded view of the test section. (b) Sectional view of the test section.
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method [25]. Inlet temperature and dissolved gases greatly influ-

ence boiling experiment [3], therefore care was taken to minimize

the dissolve gases. A minimodule� de-gasifier was used in the flow

loop to remove dissolved gases before entering the test section. To

ensure constant inlet temperature a heat exchanger (which was

connected with a constant temperature thermal bath) was placed

just before the test section.

2.2. Test section

The details of the test section are shown in Fig. 2. It is comprised

of a cover plate, housing block, Cu heat sink, cartridge heater,

insulating cover and a bottom plate. The test section design is

referred to the similar part of Khanikar [23]. The cover plate,

housing block and the bottomplateweremade of high temperature

polycarbonate plastic. The insulating block was made out of

ceramic material and the Cu heat sink was machined from oxygen

free single Cublock C10100. As shown in Fig. 2, a 0.360� 5� 26mm

micro-channel is formed by inserting the top portion (5 � 26 mm)

of the Cu block into the center cavity of the housing block. Six

0.85 mm diameter holes (positions are measured from the inlet at

4, 7, 10, 14,19 and 24 mm) were drilled into the side wall up to the

half width of the Cu block to insert thermocouples. A 100 W

cartridge heater was inserted into the hole of the Cu block to

provide heat to the bottom of the micro-channel. Thermal resis-

tance between the heater surface and the Cu block was minimized

by applying a thermal compound (Artic Silver� 5) on top of the

heater surface. Power was supplied to the cartridge heater using an

HP6655A DC power supply.

2.3. Data acquisition

Six K-type thermocouples were inserted into the holes of the Cu

block. Surface temperatures of Cu were determined from temper-

ature readings of these thermocouples. Two additional K-type

thermocouples were placed in the inlet and outlet plenum to

measure the water inlet and outlet temperatures. Two pressure

transducers (Omegadyne PX 309) were also connected with the

inlet and outlet plenum to measure the absolute pressure and later

on pressure drop of the test section was measured using a differ-

ential pressure transducer (PX2300-1DI). An NI compact DAQ-9172

data acquisition system and LabVIEW programwere used to record

all pressure and temperature data.

2.4. Cu nanowires synthesis

Template based electrochemical synthesis technique [26] was

used to synthesis CuNWs on the top surface of the Cu block. Fig. 3

illustrates the basic steps of this technique. Porous anodic alumina

(PAA) was placed on the flat and smooth Cu surface. In the present

study, 60 mm thick membranes with 200 nm nominal pore size and

approximately 50% nominal porosity fromWhatman Inc. were used

as the template. Aqueous CuSO4 and H2SO4 solution was used as

electrolyte, Cu block itself works as cathode and another Cu foil as

anode, an electrical potential was applied between the electrodes.

A CH Instrument electrochemical workstation was used to provide

a constant voltage of �0.3 V for 4 h at room temperature. After Cu

nanowires were grown on the Cu surface the PAA template was

removed by 5e10% NaOH solution for 2 h. The heat sink was further

rinsed with DI water and dehydrated in a vacuum oven. The

procedure results in free-standing 200 nm diameter and 30 mm

length nanowires with 50% filling ratio on top of the Cu surface.

Scanning electron microscopy (FEI Quanta 200 SEM) was used to

characterize the nanowires. Fig. 4 shows the top view of the bare Cu

surface and CuNWs coated surface. In Fig. 4 b, micro-scale defects

(cavities) are observed, which were formed during the nanowires

synthesis process and are ideal as active bubble nucleation sites

[17]. Surface wettability has a profound effect on heat transfer,

Fig. 3. Schematic illustration of CuNWs synthesis steps. (1) PAA membrane used as

template. (2) PAA template placed on flat Cu heat Sink. (3) Electrochemical deposition

of Cu in the nanochannels. (4) Removing PAA by NaOH leaving CuNWs.

Fig. 4. Scanning electron microscopy (SEM) graphs of (a) top view of bare Cu surface. (b) top view of Cu nanowires.
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especially on boiling heat transfer. Hence, the surface wettability

characteristics of CuNWs coated surface was quantified and

compared with that of the bare surface. To perform the static

contact angle measurements, a VCA optima surface analysis system

from AST Products Ltd. was used. One ml droplets of DI water was

deposited on the surface and the static contact angles were

measured. Fig. 5 shows that the Cu surface became more hydro-

philic with CuNWs coatings as contact angle was observed to

reduce from 97� tow56�.

3. Experimental procedure and data processing

3.1. Experimental procedure

To perform the experiment, the test section was assembled and

connected in the flow loop. The heat exchanger was adjusted to

control the inlet temperature to a desired value and the pump was

set to run at a desired flow rate. After the flow rate and inlet

temperature were stabilized, a predetermined level of power was

supplied to the heater from the DC power supply. Temperature and

pressure were monitored by the LabVIEW software until it reached

steady state. Once the system reached the steady state, tempera-

ture, pressure and input power data were recorded. After finishing

the recording, power was increased at a step of 5 V. The experiment

was carried out for a fixed flow rate and with different input power

level until the two-phase flow instability begins (i.e. the reverse

flow appears). To examine the effects of flow rate and inlet sub-

cooling on the flow boiling in micro-channel, a data set has been

collected with various flow rates and inlet sub-cooling.

3.2. Data reduction

The steady-state sensible heat gain Q by the coolant can be

determined from an energy balance:

Q ¼ rCpðTin � ToutÞQ (1)

Where, Q is volumetric flow rate (measured from the pump control

panel), density (r) and specific heat (Cp) have been obtained using

fluid mean temperature (Tm).

Tm ¼ ðTin þ ToutÞ=2

In this experiment, voltage (V) and current (I) were measured

directly from the power supply and input power (Qin) to the

cartridge heater was calculated.

Qin ¼ V :I (2)

Depending on the flow rate, 80e90% of the input power is

transferred to the flowing water. Heat losses from the experimental

setup have been calculated by subtracting the energy gained by the

water from the total electrical power input.

Qloss ¼ Qin � QrCpðTin � ToutÞ (3)

Surface temperatures of the heat sink were estimated from 1D

steady state conduction equation coupling with the thermocouple’s

reading (thermocouples inserted into the copper block).

Ti;s ¼ Ti � Q :t=Kcu:At (4)

Where, Ti,s is the surface temperature at different location, Ti the

corresponding thermocouple reading, Kcu the thermal conductivity

of the copper block (391 W/moK), t is the distance between

Fig. 5. Static contact angle of a water droplet on (a) bare Cu surface (b) CuNWS coated surface.

Fig. 6. Sub-cooled flow boiling curve of water for 45.9, 95.6 and 143.8 kg/m2 s mass

flux. The inlet temperature was 22 �C.

Fig. 7. Single-phase heat transfer coefficient variations with input power for CuNWs

coated and bare surface micro-channel.
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thermocouple position and top surface (2.5 mm), and At is the heat

transfer area (26 � 5 mm).

Average surface temperature and effective heat flux has been

calculated using:

Ts ¼
�

T1;s þ T2;s.:þ Tn;s
��

n (5)

qeff ¼ Q=At (6)

Average single-phase and two-phase heat transfer coefficient

has been calculated using:

hsp ¼ qeff =ðTs � TmÞ (7)

htp ¼ qeff =ðTs � TmÞ (8)

3.3. Uncertainty analysis

Uncertainties associated with the instruments were: flow rate

�0.02%, current �0.06%, voltage �0.15%, local temperature �0.5 �C

and differential pressure �0.25%. Uncertainty propagation in the

calculated value was computed by Kline and McClintock method

[25]. Uncertainties in the mass velocity and effective heat flux are

calculated as �3.4%, �5e17%respectively, depending on the flow

conditions.

4. Results and discussion

Sub-cooled flow boiling curves for water at different mass

velocity(45.95, 95.67, 143.79 kg/m2s) and a constant inlet temper-

ature of 22oC are shown in Fig. 6. The boiling curves present results

for both CuNWs coated micro-channel and bare surface micro-

channel. The single-phase zone and two-phase zone can be clearly

distinguished by a significant change in the slope of the boiling

curves.

In the single phase zone, heat flux increases almost linearly with

the surface temperature and also increases with the mass flow rate.

For all the cases presented in the Fig. 6, heat transfer rate is clearly

higher for CuNWs coated surface as compared to the bare surface.

Single-phase heat transfer coefficient, hsp, was found to be inde-

pendent of heat flux both for the CuNWs coated surface and bare

surface but very much dependent on mass velocity as shown in

Fig. 7. Average HTC enhancement for CuNWs coated surface was

calculated as w25.2% and w23.5% for mass velocity of 45.95 kg/

m2 s and 143.79 kg/m2 s respectively. Due to nanowires coating

wetted surface area, surface roughness (fin effect) and surface

wettability increase. All these factors may be attributed to this HTC

enhancement in single phase.

From Fig. 6 it is also observed that with the increase of heat flux

the surface temperature increases linearly until boiling starts. Slope

Fig. 8. Sub-cooled flow boiling curve of water for 251 kg/m2 s mass flux at inlet

temperature 40, 60 and 80 �C (corresponding to degree of sub-cooling 60, 40 and

20 �C).

a b

Fig. 9. Boiling heat transfer coefficient for CuNWs coated and bare surface micro-channel. (a) Two-phase HTC for 251 kg/m2 s mass flux at 40, 80 �C inlet temperature. (b) Two-

phase HTC for 45.95 and 143.8 kg/m2 s mass flux at 22 �C inlet temperature.

Fig. 10. Boiling instability (backflow) growths with time at 95.6 kg/m2 s mass flux and

38.25 W/cm2.K heat flux on bare copper surface. ((1) Tiny vapor bubble starts to grow.

(2) Vapor bubbles grow and merge. (3) Vapor bubbles merge and forms a vapor slug

which grows with time. (4) Vapor bubble comes out from the inlet port. The images

were captured using a phantom V 7.3 camera at 2000 fps.).

A.K.M.M. Morshed et al. / Applied Thermal Engineering 32 (2012) 68e7572



of the curve is observed to change significantly at the boiling

incipient point. With the increase of mass velocity, the single-phase

convective heat transfer increases, which suppress bubble nucle-

ation, resulting in delayed boiling incipient point as shown in Fig. 6.

Surface superheat temperature required for incipience of boiling is

significantly reduced for CuNWs coated surface. Boiling was

observed to initiate on the nanowires coated surface at average

surface temperatures of 102.9, 105.6 and 106.6 �C for the mass

velocities of 45.95, 95.6 and 143.79 kg/m2 s respectively and for the

bare surface the temperatures were 106.6, 112.7 and 115.8 �C

respectively. Similar reduction in surface superheat temperature is

reported for pool boiling experiments [17,18]. Micro-scale defects

that develop on the CuNWs coated surface during the NWs

synthesis process is favorable to activate at lower surface superheat

temperature which lowers boiling incipient point for CuNWs

coated surface. With the increase of inlet temperature, nucleation

sites become active earlier, resulting in a decrease of boiling

incipient point as shown in Fig. 8, but CuNWs coated surface

maintains the difference in surface superheat temperature with the

bare surface by 8 to 12oC throughout the range.

With the increase of input heat flux, the number of bubble

nucleation sites and the average vapor bubble frequency increase,

as a result, unlike single-phase, HTC increases with input power as

shown in Fig. 9. Two-phase HTC has been observed to strongly

depend on the inlet sub-cooling but it does not depend much on

the mass velocity, which determines the beginning of the insta-

bility. With the decrease of inlet degree of sub-cooling (increase of

inlet temperature), bubble nucleation sites become more stable [3]

and the performance of the boiling has been observed to increase in

two-phase HTC. CuNWs coatings clearly enhance the boiling

performance significantly as shown in Fig. 9. Two-phase HTC

enhancement for CuNWs coated surface compared to the bare

surface is calculated as 16% and 18% for Tin 22
�C at mass velocity of

45.9 kg/m2 s and 143.8 kg/m2 s respectively. The enhancement has

been observed as 56% and 23% formass velocity of 251 kg/m2 s at Tin
40 �C and 80 �C respectively. Effectiveness of CuNWs coatings does

not depend much on mass velocity but is highly dependent on the

inlet degree of sub-cooling. At lower inlet degree of sub-cooling

(higher inlet temperature) CuNWs coating was found to be more

effective.

The nucleation process speeds up with the increase of heat flux.

Vapor bubbles take a disk shape (due to very low aspect ratio

(0.072) in the micro-channel), and coalesce into a vapor slug. The

vapor slugs flush out with the stream. With further increases in the

heat flux, the size and frequency of the slug increases significantly

and consequently slugs start to expand in both the upstream and

downstream directions. At certain heat flux, the vapor slug flows

out through the inlet port creating the instability as shown in

Fig. 10. With the increase of mass velocity, pressure drop along the

channel increases significantly as compared with the capillary

pressure of the vapor slugwhich delays the start of the instability as

shown in Fig. 6. With the decrease of the inlet degree of sub-

cooling, heat carried by single-phase convective flow also

decreases resulting in instability at lower heat flux as shown in

Fig. 8. Bubble nucleation, boiling and bubble flow pattern for

CuNWs coated surface has been observed to be similar to that of

bare surface. Although CuNWs coatings have significant effect on

Fig. 11. Sub-cooled flow boiling curve with throttle valve at the inlet.

Fig. 12. Transient pressure at the outlet of the micro-channel in different convective

heat transfer zone.

a b

Fig. 13. Characteristics of pressure drop on bare surface and CuNWs coated micro-channel. (a) pressure drop as a function of input heat flux. Tin 50 �C, mass flux 274.3 kg/m2 s.

(b) pressure drop as a function of mass flux for the same input power. Tin 50 �C and input power 92.44 W).
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boiling incipient but it is found not to have any influence on the

start of instability.

Entrained air bubble and flexible hose in the upstream of the

test section causes the vapor bubble to backflow to start the

instability [27]. This instability can be eliminated by using a throttle

valve at the inlet of the channel and removing the outlet flexible

house. Fig. 11 shows the boiling curve of water for both the chan-

nels at 50 �C inlet temperature with an inlet throttle valve. Excur-

sive instability did not appear for these cases. Boiling was

terminated due to the limitations of the heater power.

Pressure drop in the channel fluctuates during boiling. The

fluctuation appears to increase with the increase of boiling and to

be severely intensified near the unstable point as shown in Fig. 12.

Fig. 13 (a) shows the pressure drop characteristics as a function of

heat input. With the increase of input heat, the viscosity of the

water is reduced and so is the pressure drop until the boiling starts.

Pressure drop increases with the vapor quality during the boiling

process. CuNWs coated surfaces show a pressure drop penalty of

around w20% compared to the bare surface. For a given heat flux,

pressure drop obviously decreases with the decrease of mass

velocity as shown in Fig. 13(b) until boiling intensifies, after that

point, pressure drop increases dramatically with the decrease of

mass velocity due to the large number and frequent vapor bubble

generation. Pressure drop keeps climbing until the saturation exit,

and then it starts decreasing due to segmented flow of water and

vapor. Pressure drop is observed to increase for the NWs coated

surface in the single-phase zone, but in the fully developed boiling

zone, it is hard to estimate the additional pressure drop resulted

from the NWs coatings. The additional average pressure drop in

two-phase zone is also estimated to be not more than w20% as

compared with that on the bare surface.

CuNWs coating used in this experimental study is found robust

and does not de-anchor due to shear force of the fluid flow. The

authors repeated each test case for 3 times, so in total w144 h of

boiling experiment had been performed over the nanowires and

did not observe any degradation in performance due to aging of the

nanowires and from periodic visual inspection of the end reser-

voirs, the authors did not observe any apparent CuNWs losses. In

our previous work [21], we have shown by taking SEM image before

and after the single-phase convective heat transfer experiments

that copper nanowires are robust, do not de-anchor or collapse due

to convective flow.

5. Conclusion

In this study single-phase and two-phase convective heat

transfer performance of water in a single side heated square micro-

channel has been investigated experimentally. Heat transfer

performance of the heated surface with CuNWs coating has been

compared with that of a bare surface. From the experimental

results, the following conclusions can be drawn:

1. Microchannels with bare and CuNWs coated surfaces show

similar flow boiling behavior. Boiling always starts from the

downstream zone of the channel. CuNWs coating has been

found effective in reducing surface superheat for the onset of

nucleate boiling. In our experimental range and conditions,

surface superheat on CuNWs coated surface has been observed

to reduce by 4e12 �C.

2. With the increase of heat flux it is observed that the pressure

fluctuation in the micro-channel gets intensified on both bare

and CuNWs coated surfaces and at some point reverse flow has

been observed. CuNWs coating does not show any significant

effects in managing the two-phase flow instability.

3. CuNWs coatings have been found to enhance single-phase heat

transfer rate by up to w25%, whereas in the flow boiling

regime, the enhancement is significantly higher, up to w56%

with a pressure drop increase of only up tow20%.

4. CuNWs coated surface has been experimentally observed to be

more effective at lower degree of sub-cooling.
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