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This paper analyses the passive augmentation of convective heat transfer administering the nanoporous
layers fabricated by electrochemical anodization and spray pyrolysis. Nanoporous structures fabricated in
electrochemical anodization have pore size varying from 40 to 120 nm, and the pore size procured in
spray pyrolysis fluctuates from 60 to 100 nm. Convective energy transfer greatly banks on surface
attributes. These nanoporous structures aid in hindering the dynamic flow of fluid and the turbulence is
achieved more expeditiously. The proliferation of the convective heat transfer obtained with electro-
chemically anodized nanoporous surface is 131% higher than the polished bare metals with surface
roughness 0.2 mm. In case of spray pyrolysis the maximum proliferation is 120%. Disparate disciplines of
nanoporous fabrication are perused for asserting a productive process. This paper also analyses the
control parameters in the nanoporous fabrication process.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Heat transfer enhancement is the denouement to encounter the
future energy expectations in economic energy management. Heat
transfer can be ameliorated by active and passive techniques. Active
techniques subsume electric energy to initiate turbulence. Acoustic
fields or swirl generators are used to produce surface vibrations.
Active approaches are so esoteric and expensive to implement in
commercial production. Passive techniques mainly utilize idio-
syncrasies of flow velocity and surface roughness. Fins, fluid addi-
tives and surface roughness are also employed to augment the heat
transfer. Passive techniques are more beneficial than active method
accounting for the containment of greenhouse gases to pave way
for a greener environment. The sphere of passive heat transfer
enhancement technology has been stoked up by the recent devel-
opments in the field of nano technology. Exploiting the nanoporous
structures to escalate the heat transfer rate is preponderant
proposal for efficient energy management. Surface geometry, flow
velocity, flow turbulence are the influential ingredients on which
heat transfer attributes rely on.
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Swirl generators areemployed toproduce theflowturbulence for
increased heat transfer. The augmentation of heat transfer achieved
is 20% and it is a function of momentum ratio and Reynolds
number [1]. Flowon undulatedwavy surfaces with grooves and fins
contribute to the higher thermal efficiency [2,3]. Another passive
procedure to enhance the heat transfer is by decimating the pipe
diameter. It boosts the flow velocity aiding the convective medium
to transport more heat energy from the surface. Shrinking the pipe
diameter beyond the critical limit of 0.20 mm boosts the flow
velocity building up the pressure losses in the system. This system
will be more efficient for length diameter ratio range of 100e500
and Reynolds number 40e1400 [4]. To abstain from the pressure
losses nanofluids are administered as convective medium. Particle
size, volume fraction and aspect ratio are the principal properties on
which heat transfer is pivoted on [5]. Nanofluids have been sub-
jected to extensive research to achieve themaximal convective heat
transfer. The thermophysical properties of nanofluids are indepen-
dent of temperature [6]. Nanofluidswith smaller particles are found
to have higher viscosity and Nusselt number for constant Reynolds
number. An upswing of 32% heat transfer is accomplished in case of
1.8 vol% Al2O3 nanofluid [7e9]. Integrated performance of Brownian
motion and thermophoresis of nanoparticles elevates the turbu-
lence and improve the energy bearing capacity leading to thermal
instability [10]. In spite of its added resource requirements forced
convection is more advantageous than the natural convection.
Forced convection on heated surface with porous structures
increases the convection [11]. The flow of the convective medium
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Nomenclature

h convective heat transfer coefficient W/m2 K
T temperature K
A area m2

W weight g
Ms molecular weight g/mol
Cc molar concentration mol/L
V volume of the solvent L

Subscripts
t test plate
b referral plate
m bulk mean
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can be disrupted by the porous structures in nanometric scale to
achieve turbulence expeditiously. The size of the nanostructures
plays an imperative role in initiating the flow turbulence. Nano-
porous surfacewith smaller pore sizewill result in elevated capillary
action [12]. By utilizing the nanoporous surface heat transfer rate
can be proliferated 132% higher than the polished surface of bare
metals. Fabrication of nanoporous layers can be done by assorted
methods like electrochemical anodization, spray pyrolysis, plasma
arc injection, chemical vapor deposition, ion beam etching, atomic
force deposition and nanoparticle etching [13e15]. The nanoporous
layer fabrication byelectrochemical anodization and spray pyrolysis
can be justified economically for implementing in industries [16,17].
This researchwork is contemplated to scrutinize the proliferation of
heat transfer rate accomplished by nanoporous layers fabricated on
the surface of the thermal conductors like copper, brass, and
aluminium [18]. The design optimization is achieved for maximal
heat transfer by analyzing the control parameters of nanoporous
fabrication methods.
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2. Methodology

The heat transfer characteristics are analyzed in three disparate
modes. Polished bare metal plates with surface roughness 0.2 mm,
plates with nanoporous surface of pore size 120 nm formed by
electrochemical anodization, plates with nanoporous surface of
pore size 60 nm formed by spray pyrolysis. The attributes of the
nanoporous testmetal plates copper (C 12800), brass (C 23000), and
aluminium (A 96063) are judgedwith stainless steel (S 30300) plate
as reference and water as convective medium. Surface area of the
test plates and the referral plate are maintained constant to have
same heat flux. Temperature of test plate and referral plate is
perpetuated at preset values by a microcontroller. In the experi-
mentation it is assumed that the heat lost in test plate is equal to the
heat gained in the reference plate. The fluid region inside the
enclosure is considered adiabatic, because of homogenous thermal
mixing of convective medium. To ascertain the convective heat
transfer rate bulk temperature of convective medium is measured.
The ratio of the heat loss of top plate ht to loss of bottom plate hb is
enumerated to obtain the convective heat transfer rate of the test
metal plate. The thermal balance between the top and bottomplates
is expressed in equation (1).

ht=hb ¼ ðTm � TbÞ=ðTt � TmÞ: ðAt ¼ AbÞ (1)

where Tt is the temperature of the test plate, Tb is the temperature
of the referral plate, Tm is the mean bulk temperature of water in
the enclosure, At and Ab are the heat transfer area of the test plate
and the referral plate respectively. The obtained ratio is considered
as a new quantitative index for the heat transfer enhancement.

Electrochemical anodization process is a top down approach to
yield nanoporous surface. In this process metal particles are
removed in nanometric scale to make the surface porous. The test
metal plate acts as anode and stainless steel plate is cathode. Both
the plates are immersed in an electrolyte solution of 1 M H2SO4.
Thermo-
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Fig. 2. a. SEM image of polished brass surface. b. SEM image of polished copper surface.
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A regulated power supply is employed to cater the oxidation
potential of 1.4 V, 2e2.6 V, 2.5e3 V to the electrodes aluminum,
brass, and copper respectively. Oxidation potential is incremented
in steps of 0.1 V. The process is carried out for various machining
time by replacing the test plates at time intervals of 30 s, 60 s and
120 s. The time for which the oxidation potential is supplied and
the concentration of the electrolyte are the two important control
parameters with which the pore size varies.

Spray pyrolysis is a bottom up approach to fabricate a surface
with nanoporous structures. The precursor solution is pulverized as
a fine mist with a 600 mm spray nozzle and a carrier gas at high
pressure of 50 bar. The mist condenses on the substrate forming
a nanoporous layer on the substrate surface. The substrate must be
assayed for acidity. The precursor solution is obtained by the
controlled hydrolysis of copper acetate in distilled water. The
precursor solution consists offinedispersionof solid particleswhich
range from 1 nm to 1 mm in the liquid where the Brownian motions
suspend the particles. The solutionwas stirred at room temperature
for 2 days by a magnetic stirrer to yield a clear and homogeneous
solution. The solutionwas then age hardened in the centrifugal type
age hardener at room temperature. The precursor solution must be
sprayed rhythmically over the ensconced substrate at operating
temperature. The control parameters are concentration of precursor
solution, viscosity of precursor solution, operating temperature,
spray gun size, pressure of carrier gas, spray time, carrier gas. The
temperature of the substrate plays an important role in the forma-
tion of porous layer, and is controlled by modifying the burner and
sensed by an iron-constantan thermocouple touching the surface of
the hot plate. The temperature of the metal surface is maintained
below the recrystallisation temperature of the metal typically
around 100 �Ce500 �C so that there is no modification in the grain
structure and grain boundaries of the substrate metal, which affect
the heat transfer characteristics of the metal. Viscosity of the
precursor solution can be enhanced by polymer admixtures like
polyvinylpyrolidene. The precursor solution should be sprayed at
regular time intervals for the formation of nanoporous structure.
Irregularity results in thin film formation. Concentration of the
precursor solution can be determined using the equation (2).

W ¼ Ms*Cc*V
1000

(2)

Where W is the weight of parent metal salt to be dissolved, Ms is
the molecular weight of metal salt, Cc is the molar concentration,
and V is the volume of the solvent.

3. Experimental setup and test procedure

The experimental setup shown in Fig. 1 incorporates enclosures
for circulation of convective medium, measuring unit and control
unit. Outer shell of the cylindrical encapsulation is made of Pyrex
Borosilicate glass. Glass provides viable visibility while conducting
the experiment. The test plate is placed at the top side of the enclo-
sure. The stainless steel plate is securedat the bottomof the enclosure
with slender sealants. A 110 W electrical heater is placed on the test
plate and is controlled by a microcontroller. A well secluded cooling
loop is positioned below the stainless steel plate. RTD sensors of
accuracy� 0.1 �Cwith a range of 0e760 �C and J Type thermocouples
of accuracy� 0.1 �C are employed to quantify the temperature in the
system. PT 100 RTD's are positioned with congruent intervals along
the centerline of the enclosure and are fenced of finely. Iron and
constantan J type thermocouples are placed in 7 locations on the
heater surface and the reference plate to measure the uniformity of
the temperature. The sensors are connected to a data acquisition
system to reckon the reliable heat transfer rate at regular recesses.
Pumpswith flow control valve are used to bring off perennial flow of
convective medium. Pressure rise inside the enclosure is gauged by
a pressure sensor, of range 1e1000 bar and 0.1% FS accuracy over�10
toþ80 �C, positioned at the vicinity of flow inlet and is linked to flow
controller. The temperature of heater and cooler are retained at 50 �C
and 20 �C respectively. The apparatus is shielded with thermal
insulator of conductivity 0.018W/mK. Thewater loops conducts itself
as a convective medium. Heat transfer rate is computed for
a perceptible increment in the temperature of convective medium
with the data logger.

The convective heat transfer rate is obtained by the ratio of the
heat loss of top plate ht to that of bottom plate hb and is represented
in equation (1). The bulk mean temperature of the convective
medium is measured by RTD sensors of accuracy �0.1 �C and the
temperatures of test and referral plates are measured by J Type
thermocouples of accuracy �0.1 �C. So that the estimated uncer-
tainty in the heat loss ratio are about 5.9% at the lowest side and
5.04% at the highest one. The experimental uncertainty in the heat
flux is, mainly due to experimental errors in the heat balance, the
contact resistance between the plate heater and the test section
plate surface, axial thermal conduction in the test plate section, the
temperature measurements and the calculation of the heat transfer
surface temperature. It was estimated to be �7.45%.
4. Results and discussion

Experimental results indubitably illustrate the influence of
porous surface on heat transfer. The heat transfer ratio acquired for
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the polished metal surface with surface roughness 0.2 mm is 0.335
for copper, 0.32 for aluminium and 0.324 for brass. Polished copper
exhibits higher heat rate than brass and aluminium, since the heat
loss is proportional to the thermal conductivity. The SEM images
shown in Fig. 2a and b reveal the surface of the polished metal
surface of brass and copper with minimal waviness which provides
insignificant impedance to the flow of convective medium.

The heat transfer rate is primarily pivoted on the surface attri-
butes. The nanoporous surface proliferates the heat transfer rate
predominantly. The irregularities at nanometric scale afford
appreciable augmentation of convective heat transfer. Nanoporous
surface with pore size 60e100 nm is formed by electrochemical
anodization, which results in increase in surface area. The nano-
structures scattered over the surface enhances the capillary action
of convective medium. Hence more heat energy is transported by
convection. The turbulence of the flow is achieved more expedi-
tiously. Pore size plays a critical role, larger the pore size more will
be the pressure rise in the system.

SEM images of the nanoporous surface formed in electro-
chemical anodization shown in Fig. 3a and b manifest the nano-
metric pores scattered over the surface of copper and brass. In
copper and brass pores formed are uniform. In aluminium irregu-
larities are formed as pores and cracks because of its semi crys-
talline nature and reactivity with the electrolyte. In electrochemical
anodization the heat transfer rate for aluminium is 117%, brass is
127%and copper is 131% higher on comparison with the polished
Fig. 4. a. AFM analysis of nanoporous brass. b. AFM analysis of nanoporous copper.

Fig. 3. a. SEM image of anodized nanoporous copper. b. SEM image of anodized
nanoporous brass.
baremetals. The heat transfer ratio for the nanoporous surfacewith
pore size 60e100 nm is 0.764 for copper, 0.705 for aluminium and
0.746 for brass.

The pore density, pore distribution and surface profile are
analyzed with the atomic force microscopy (AFM). AFM images
portray the productivity of the fabrication processes in forming
a predictable nanoporous surface. AFM images shown in Fig. 4a and
b picture the surface of brass and copper where the pores are
distributed uniformly. The topography of the nanoporous surface is
plotted in Fig. 5. The pores are deeper in case of aluminium because
of its reactivity as presented in Fig. 6.
Fig. 5. Topography of nanoporous surface.
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Fig. 6. AFM analysis of nanoporous aluminium.
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SEM images of nanoporous layer fabricated in spray pyrolysis
shown in Fig. 7a and b display the nanometric structures engi-
neered on the copper and brass surface. The pores and cracks
disrupt the flow and intensifies the convective heat transfer. The
surface consists of unvaried nanopores of size 100e120 nm. The
pore size can be governed by manipulating operating pressure,
operating temperature, concentration and viscosity of precursor
solution. In spray pyrolysis the heat transfer rate for aluminium is
Fig. 7. a. SEM image of spray pyrolysed copper. b. SEM image of spray pyrolysed brass.
109%, brass is 118%, and copper is 120% higher than the polished
baremetals. The heat transfer ratio for the nanoporous surfacewith
pore size 60e100 nm is 0.727 for copper, 0.681 for aluminium and
0.712 for brass.

The diversification of the heat loss ratio with time is computed
for all the test plates and is represented in Figs. 8 and 9 which imply
the influence of porosity on heat transfer for copper and brass. In
case of nanoporous copper the maximum heat transfer is accom-
plished expeditiously. The maximum heat transfer is accomplished
200% faster in nanoporous copper than the polished bare metal.
The graph presented in Fig. 10 indicates the effect of porous
structures on heat transfer for aluminium. The swiftness with
which the maximum heat transfer achieved is comparatively lesser
in case of brass and aluminium. Electrochemical anodization is
more efficient than the spray pyrolysis. This occurs because of the
oxide film formed on the metal surface in spray pyrolysis. Precip-
itous proliferation of heat transfer rate is observed in nanoporous
surface because of the capillary action and turbulence of the flow.

The effect of increase in heat transfer showed a distinct
dependence on surface roughness. Fig. 11 illustrates the relation
between the convective heat transfer coefficient ratio and the area
ratio. It is renowned from the figure that area increase is having
a positive effect on heat transfer coefficient to a certain limit after
which, as the pore area increases, the diameter of the pore
increases resulting in decrease in capillary effect thus decreasing
the heat transfer coefficient. The turbulent comportment of the
fluid on the nanoporous surface contributes to the enhanced
heat transfer. Electrochemical anodization is thriftier than spray
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pyrolysis because of the oxide formation and occurrence of shallow
nanopores in the layer. In electrochemical anodization the change
in surface area of the anodized metal with increase in reaction time
is depicted in Fig. 12. In this process the material removal increases
with reaction time. Between 120 s and 180 s material removal is
uniform all over the surface. Hence the increase in surface area is
high in this range. After 180 s shallow pores are formed with higher
radius. Thus the increase in surface area is relatively less. In copper
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increase in surface area is relatively high because of its electro-
chemical nature and high conductivity. The electrical conductivity
of aluminum is about 60% that of copper per area of cross-section.
In case of aluminium material removal rate is high, which leads to
formation of shallow pores. In case of spray pyrolysis sol gel
sprayed over the surface forms the nano porous layers. For a small
spray time, the holes formed are also smaller, which is inferred in
Fig. 13. At a spray time of 3 s/min, the increase in surface is high.
When the spray time is more than 3 s/min, shallow holes are
formed and overlapping of pores occurs, thus the increase in
surface area is comparatively low. Increase in surface area on brass
and aluminium is lower than copper because of the oxide forma-
tion on the surface at higher spray temperatures. In brass presence
of zinc enhances the reactivity resulting in the formation of thin
oxide layers.

The heat transfer between the substrate and the convective
medium greatly depends on the nanoporous structures which have
an effect on the static configuration and dynamic behavior of the
convective medium in the vicinity of the surface. The convective
medium form a sticky layer on the substrate surface periodically
and statically, thus enabling a large amount of heat transfer in
nanoporous structures. For copper heat transfer enhancement of
131% and 120% is achieved in case of electrochemical anodization
and spray pyrolysis respectively. Electrochemical anodization and
spray pyrolysis are more provident than other nanoporous fabri-
cation methods like chemical vapor deposition, atomic force
dispersion, plasma arc machining, and ion injection. Electro-
chemical anodization process can be used to form a nanoporous
surface in complicated shapes but it involves electrode design.
Spray pyrolysis is limited to small substrates.
5. Conclusion

Heat transfer rate has been evaluated for various bare metals
and nanoporous surfaces in order to marvel at the magnification of
convective heat transfer in nanoporous surface. This research
concludes,

1. The nanoporous surface enhances convective heat energy
transfer extensively. By fluctuating the pore size heat transfer
rate can be varied.

2. Copper nanoporous surface accomplishes high convective heat
transferaugmentationof131% followedbybrass andaluminium.

3. Optimization of pore size and operating pressure yields very
high heat transfer augmentation.
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The propounded procedure of administering nanoporous
surface to augment convective heat transfer can be utilized in
refrigeration systems, heat exchangers, power plants and high heat
energy transfer applications. The maximum heat transfer
enhancement achieved in nanoporous surface of aluminum is 117%,
brass is 127%, and copper is 131% higher than polished surfaces.
Nanoporous surfaces prove to be an efficient method to enhance
convection than the nanofluid system and active augmentation
techniques.
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