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ABSTRACT: The eﬀect of the supersonically blown below-74 nm
nanoﬁbers on cooling of high-temperature surfaces is studied experimentally
and theoretically. The ultrathin supersonically blown nanoﬁbers were
deposited and then copper-plated, while their surfaces resembled those of
the thorny-devil nanoﬁbers. Here, we study for the ﬁrst time the
enhancement of surface cooling in gas in the cases of the forced and
natural convection with the help of ultrathin thorny-devil nanoﬁbers. These
polymer core−metal shell nanoﬁbers in nanometric scale possess a relatively
high thickness of the metal shell and a high eﬀective thermal conductivity, which facilitates heat transfer. The additional surface
temperature reduction close to 5 °C in the case of the forced convection in the impinging air jet and close to 17 °C in the case of
the natural convection was achieved. Correspondingly, an increase in the value of the heat transfer coeﬃcient of about 41% in the
forced convection, and about 20% in the natural convection was achieved due to the presence of the thorny devil electrospun
and/or supersonically blown nanoﬁbers.
KEYWORDS: electrospinning, nanoﬁbers, electroplating, supersonic nanoblowing, heat removal, cooling microelectronics
ﬁbers.8−11 Polymer nanoﬁber mats (without metal-plating)
signiﬁcantly enhance heat removal in drop cooling because they
eliminate receding motion and bouncing of spread-out drops
and thus dramatically enhance coolant contact with the
surface.12 Even at such high surface temperatures as 300 °C,
water and ethanol drops cannot leave the hot surface, as in the
anti-Leidenfrost eﬀect discovered in refs 13 and 14.
It should be emphasized that cooling enhancement by means
of the thorny devil nanoﬁbers was demonstrated so far only in
liquid cooling. Herein, we show, for the ﬁrst time, that air
cooling can also be signiﬁcantly enhanced by means of
nanotextured surfaces covered by thorny devil copper-plated
40−100 nm nanoﬁbers formed by the novel process of
supersonic blowing applied in the present work to PAN. The
solution blowing of nanoﬁbers from polymer solution jets at
subsonic gas speed was introduced in refs 15−17 and was
recently extended to the case of much higher supersonic speeds
of the blowing gas.18 Transition to supersonic speeds of
blowing is achieved using a converging-diverging Laval nozzle,
which is the approach originating from gasdynamics and the
large-scale aerospace applications.19−21 Supersonic blowing of
graphene powder demonstrated recently22 also employs the
Laval nozzles. In the present work, we use the electrically
assisted solution blowing to form below-74 nm PAN nanoﬁbers
to facilitate cooling of hot surfaces.

1. INTRODUCTION
While a recent technological trend requires miniaturization of
electronic devices, it causes an increase in the heat release rate
per unit volume, which poses serious problems in spite of the
fact that the surface-to-volume ratio increases. Heat sinks and
fans have been widely used to remove heat from electronic
devices; however, their application is limited by narrow material
choices.1−4 There are some other means of microelectronics
cooling. For example, laptops use a fan installed inside while
taking advantage of the convective heat transfer or wind/air
chill. However, a large server room (such as Google server
rooms) experiences an enormous heat release, and thus, air
cooling alone is insuﬃcient. Thus, water cooling is proposed
and tested. In case of unmanned aerial vehicles (UAVs) or
commercial and military jets, complex electronics and equipment [such as electro-optical infrared sensors, video equipment,
signal-processing systems, real-time image processing, heating,
ventilation, and air conditioning (HAVC) systems, etc.] inside
need to be cooled continually to avoid any overheating that
eventually leads to malfunction or failure.5−7 The line
replacement unit (LRU) used in such cases consists of multiple
fans that enhance convective cooling. However, the convective
cooling is limited by small space available and other
technological limitations, as well as high cost. For these
reasons, spray cooling is considered as a realistic option, and
nanotextured surfaces were developed to enhance it.8 In the
latter work and subsequent works, electroplating of electrospun
polyacrylonitrile (PAN) nanoﬁber mats with copper resulted in
the so-called “thorny devil” nanoﬁbers with fractal-like surfaces
and dramatically increased surface area of individual nano© 2014 American Chemical Society
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sections of the Laval nozzle were 40 mm and 90 mm, respectively. Air
was delivered to the nozzle entrance at 30 °C (in the nonpreheated
case) and 500 °C in the case with preheating). In both cases,
supersonic air jets were issued from the nozzle. However, in the case
with preheating, a much higher air velocity (exceeding ∼900 m/s) at
the Laval nozzle exit was achieved. On the other hand, in the
nonpreheated case the maximum velocity of about ∼470 m/s was
achieved. For preheating, a gas heater (Joowon H&C, Seoul, Korea)
was used. It should be emphasized that, even in the case of preheating,
air jet at the Laval nozzle exit had already transferred so much of its
internal thermal energy into its kinetic energy that its temperature was
low enough (less than ∼200 °C) to prevent thermal degradation of the
polymer jet, which stayed spinnable. We also measured the static gas
temperature at z = 10 cm downstream from the nozzle exit and r = 10
cm radially away from the centerline for both the To = 30 °C
(nonpreheated) and 500 °C (preheated) cases, where To is the
stagnation or chamber gas temperature. The measured surrounding
static temperature was T∞ = 30 and 100 °C. The reason why the
original temperature was not recovered for the preheated case (To =
500 °C) was that the preheated jet cooled due to the heat losses.
The supersonic air jet applied an additional signiﬁcant aerodynamic
stretching (directly and through the aerodynamically driven bending
instability) to the polymer jet attracted to it by the electric forces.
Thus, polymer nanoﬁbers were formed. They were practically dried in
ﬂight due to rapid solvent evaporation and deposited at a substrate
located at a distance of 20 cm downstream from the Laval nozzle exit.
Figure 1 shows the supersonic nanoblowing setup, which included
the Laval nozzle and compressor. The compressor provides the high
pressured air, which is heated and expanded through the nozzle. The
syringe pump feeds the polymeric solution, which is charged by the
high voltage supplier. The electrospun nanoﬁber is ejected through the
needle and entrained into the supersonic air stream. The supersonically blown nanoﬁbers are collected onto a substrate.
2.4. Electroplating. The nanoﬁbers were gold-sputtered to make
them slightly conductive, so that electroplating can be conducted.
Then, the sputtered nanoﬁbers were immersed into the copper
electroplating solution on a cathode, which was in contact with a −3 V
voltage source compared to the anode. The electric current density of
100 mA/cm2 was sustained in the bath for 1 min (the electroplating
duration). As in ref 8, a pure copper plate was used as an anode, where
the copper ions Cu2+ and Cu+ were released following the
reactions23,24 Cu → 2e− + Cu2+ or Cu → e− + Cu+. These ions
were attracted to the nanoﬁber mat on the cathode, where copperplating took place following the reactions Cu2+ + 2e− → Cu or Cu+ +
e− → Cu. Finally, the electroplated nanoﬁbers were rinsed in DI water
for a few seconds. The rinsed copper-plated nanoﬁber mats were dried
in open air for 24 h.
2.5. Characterization. Polymer and copper-plated nanoﬁbers
were characterized using a high resolution scanning electron
microscope (SEM, Hitachi S-5000). The size distribution of the
nanoﬁbers was evaluated by direct measurement of about ∼200
nanoﬁbers taken from the SEM images. To observe the growth pattern
and thickness of the electroplated copper layer on PAN nanoﬁbers, we
used a high-resolution transmission electron microscopy [HR-TEM,
JEOL ﬁeld-emission TEM (2100F) operated at 200 kV].

2. EXPERIMENTAL SECTION
2.1. Precursors. Polyacrylonitrile (PAN) and dimethylformamide
(DMF) were purchased from Sigma-Aldrich (Seoul, Korea) and
Reagents Duksan (Ansan, Korea), respectively. The materials for
copper electroplating, copper sulfate, hydrochloric acid, and formaldehyde were obtained from Sigma-Aldrich, and sulfuric acid was
obtained from Matsunoen Chemicals (Osaka, Japan). To form PAN
nanoﬁbers, 6 wt % of PAN was dissolved in DMF, while stirring by
magnetic stirrer for 24 h at room temperature. As for the electroplating
solution, sulfuric acid (10 g), hydrochloric acid (1 g), copper sulfate
(32 g), and formaldehyde (20 g) were mixed with 200 mL of
deionized (DI) water. Sulfuric acid increased solution conductivity for
enhancement of the electroplating process.8
2.2. Nanoﬁbers. The PAN 6 wt % solution was supplied by a
syringe pump (KDS LEGATO 100) at the ﬂow rate of Q = 150 μL/h
to a needle [with the inner and outer diameters being 0.25 and 0.52
mm, respectively (EFD 25 gauge)] attached to a dc source (Glassman
High Voltage Inc., EL40P1). The applied voltage was in the range 5−6
kV. The nozzle-to-substrate distance was 10 cm. The needle was
located at 3 cm downstream from the nozzle exit and 2 cm above the
centerline of the nozzle (Figure 1). A grounded Laval nozzle was used

Figure 1. Supersonic nanoblowing setup. (a) Overall view. (b)
Polymer jet bending and stretching in the supersonic air jet. (c and d)
Images of the initial section of the electriﬁed polymer jet issued from
the needle and attracted to the grounded Laval nozzle captured by a
CCD (Vision Research Inc., Phantom 9.1, at the frame rate of ∼2000
fps). Panel c shows the overall view, and panel d shows the zoomed-in
view corresponding to the dashed square in panel c. Even at ∼2000
fps, it was practically impossible to resolve in detail the bending
instability of the polymer jet, as accurate as it was done in refs 42 and
44.
for solution blowing as described in the following subsection. The
polymer jet issued from the needle under the action of the electric
force and attracted to the grounded Laval nozzle was swiped in its
vicinity by the supersonic air jet issued from the Laval nozzle. A
ﬂexible thin copper plate was used as a grounded substrate because it
was the most appropriate for the subsequent electroplating procedure
described below. Other metal or nonmetal plates (i.e., aluminum foil,
ITO glass, etc.) could also be used as substrates. However, they do not
result in a desirable thorny-devil structure of electroplated PAN
nanoﬁbers.
2.3. Supersonic Blowing. A Laval converging-diverging supersonic nozzle was used to issue a supersonic air jet, which entrained
polymer jet attracted electrically to it. The Laval nozzle had the
following dimensions: 4.0, 3.5, and 4.5 mm for inlet, throat, and outlet
diameters, respectively. The lengths of the converging and diverging

3. RESULTS AND DISCUSSION
3.1. Supersonic Solution-Blown Nanoﬁbers. Panels c
and d of Figure 1 show images of the electriﬁed polymer
solution jet issued from a needle and attracted to the grounded
Laval nozzle. The polymer jet is swiped by the supersonic air jet
issued from the Laval nozzle. On its way from the needle to the
Laval nozzle, polymer jet experiences the electrically driven
bending instability. After the polymer jet is swiped by the
supersonic air jet, the former experiences a very strong
aerodynamically driven stretching and bending.18
Figure 2 depicts the computational results of the supersonic
air jet corresponding to our Laval nozzle and operating
13658
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Figure 2. Longitudinal velocity, density, temperature, and pressure ﬁelds, as well as the streamlines at (a) 30 °C and (b) 500 °C air temperature at
the entrance to the Laval nozzle.

predicted by the 1D theory of Laval nozzles.19 The ﬂow at
the exit of the Laval nozzle was slightly under-expanded (Pexit =
1.7 atm > Pamb = 1.0 atm), which always causes the formation of
a system of detached shock waves outside.19
In Figure 2 the computational domain outside the nozzle
extends 400 mm downstream, beyond which the system of the
shocks was fully dissipated by viscous losses. The stagnation
pressure at the nozzle inlet was P0 = 6 bar, while the stagnation
temperatures were either T0 = 30 °C (no preheating) or 500 °C
(preheating). It should be emphasized that the main purpose of
the gas preheating is to convert more thermal energy into
kinetic energy using the Laval nozzle, that is, to increase the gas

conditions. The results were obtained using Fluent 6.3 (Fluent
Inc., 2008), which solves the full Navier−Stokes equations of a
compressible ﬂow. Even though viscous eﬀects and turbulence
are included in the calculations, the obtained air ﬂow pattern is
dominated by purely gasdynamical (compressibility) eﬀects.
Indeed, the ﬂow structures obtained in our 2D calculations
(using the second-order accurate numerical approximation for
the derivatives in the Navier−Stokes equations) depicted in
Figure 2 reveal a system of several normal shocks outside the
nozzle. Such ﬂow structures are characteristic of the outﬂows
from Laval nozzles in cases where the outside pressure is lower
than the one corresponding to a smooth ideal outﬂow
13659
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calculations, the air density was initially set to 1.23 kg/m3 in all
cases. For the 30 °C case (Figure 2a), the density of air
surrounding the supersonic jet outside the nozzle was about
∼1.0 kg/m3; that is, it is slightly lower than the one before the
nozzle inlet. Viscous forces result in the entrainment of the
surrounding air into the jet issued from the Laval nozzle as the
streamlines in Figure 2 show. Figure 2 also shows that at the
nozzle exit the supersonic air jets are subcooled due to transfer
of their internal energy into the kinetic one inside the Laval
nozzle. The temperature of the air jet increases stepwise after
each compression in the normal shocks.
Note also that stretching by supersonic gas jet overbears any
potential change in the polymer solution temperature and
increase in viscosity. Indeed, the characteristic cooling time of a
section of the polymer jet when it begins to interact with the
gas jet is τcooling ∼ d2/α, and the characteristic stretching time in
this element is τstretching ∼ d/C, where d is the cross-sectional
radius, α is the thermal diﬀusivity of solution, and C is the
speed of sound in gas. The estimates yield τcooling ∼ 10−5 s, and
τstretching ∼ 10−11 s, which means that the jet element will be
stretched much faster than its bulk temperature (and thus the
viscosity) will change.
Figure 3a shows the SEM image and the corresponding ﬁbersize distribution of PAN nanoﬁbers formed by pure electrospinning without supersonic blowing. The cross-sectional
nanoﬁber diameter is in the range 160−240 nm, and the
mean diameter is about 197 nm. Figure 3b shows the SEM
image and the corresponding ﬁber-size distribution of PAN
nanoﬁbers formed by the electrically assisted solution blowing
without preheating with the inlet air temperature being 30 °C.
It is seen that due to the blowing the nanoﬁber mean diameter
was reduced to about 124 nm. Figure 3c shows the SEM image
and the corresponding ﬁber-size distribution of PAN nanoﬁbers
formed by the electrically assisted solution blowing with
preheating with the inlet air temperature being 500 °C. In this
case, the nanoﬁber diameter is in the range of 40−100 nm and
the mean diameter is about 74 nm, which is the ﬁnest PAN
nanoﬁbers reported in literature, as to our knowledge.
According to ref 18, supersonic blowing causes a substantial
stretching rate of nanoﬁbers. That allows one to expect that the
supersonically blown nanoﬁbers will be thinner than the
electrospun one, and the thinning will be stronger at higher air
ﬂow speeds (under preheating), which is fully conﬁrmed by the
results in Figure 3.
Figure 4 shows that nanoﬁber morphology varies depending
on the forming conditions. It is seen that the surface texture of
the ﬁbers becomes smoother when their diameter decreases.
The diameter decrease signiﬁcantly increases the surface area to
volume ratio, which makes the solvent evaporation process
faster and more uniform. This is probably facilitated by a higher
surrounding temperature, as Figure 4c reveals. It should be
emphasized that the surface texture or roughness of the
nanoﬁbers in Figure 4c could not be resolved at the
magniﬁcation used. It is also noteworthy that the supersonic
blowing at 30 and 500 °C did not cause any thermal
degradation or phase change of the PAN nanoﬁbers, based
on the FTIR results (not shown here).
3.2. Copper-Electroplated Nanoﬁbers. Figure 5 shows a
copper-foil substrate at diﬀerent stages of nanoﬁber deposition,
gold-sputtering, and copper-plating. It also demonstrates
ﬂexibility of the substrate with the deposited copper-plated
nanoﬁber mat.

velocity. When such conversion happens, the temperature
drastically diminishes, see Figure 2, where the gas temperature
at the nozzle exit (where the polymer solution jet comes in
contact with the gas ﬂow) is much lower than 500 °C. This
higher blowing velocity triggers the faster evaporation of
polymer solution jet aﬀected by the gas jet, which is reﬂected in
the size and surface morphology of the blown nanoﬁbers (see
Figures 3 and 4). More detailed descriptions of the computational approach were provided in our previous publications.25,26

Figure 3. SEM images of PAN nanoﬁbers and the corresponding ﬁber
distributions. (a) After pure electrospinning without supersonic
blowing. (b) After the electrically assisted supersonic blowing without
preheating. (c) After the electrically assisted supersonic blowing with
preheating.

Figure 4. High magniﬁcation SEM images. (a) Purely electrospun
nanoﬁber without supersonic blowing. (b) Nanoﬁber formed by the
electrically assisted supersonic blowing without preheating. (c)
Nanoﬁbers formed by the electrically assisted supersonic blowing
with preheating. Compare the surface nanotexture of the individual
nanoﬁbers seen before copper-plating (in the present images) with the
nanotexture seen in Figure 6 after copper-plating.

Figure 2 shows that the ﬂow accelerates in the diverging
section of the Laval nozzle and become supersonic. As
expected, the preheating results in a signiﬁcantly higher outﬂow
velocity than the one without preheating, albeit in both cases
(with and without preheating) supersonic outﬂow regimes were
achieved (∼933 m/s and ∼470 m/s, respectively). In the
13660
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Figure 5. Copper-plated supersonically blown PAN nanoﬁbers on a ﬂexible substrate (Cu foil). From the left: The substrate-Cu foil, polymer PAN
solution-blown nanoﬁbers deposited onto the substrate, the nanoﬁbers on the substrate after gold-sputtering, the nanoﬁbers on the substrate after
gold-sputtering and a subsequent copper-plating. The substrate ﬂexibility is shown on the utmost right.

Figure 6 shows SEM images and the corresponding ﬁber-size
distributions of copper-plated nanoﬁbers. The ﬁber morphol-

Comparing the mean diameters of the copper-plated nanoﬁbers
in Figure 6a, b, and c (276, 270, and 164 nm, respectively) with
the corresponding ones in Figure 3a, b, and c before copperplating (197, 124, and 74 nm, respectively), one can see that
the electroplating process increased the nanoﬁber diameters by
the factors of 1.4, 2.18, and 2.22, respectively. It is clear that
smaller nanoﬁber diameters, and thus their higher curvatures,
facilitate concentration of the electric ﬁeld lines in the
electroplating bath and thus facilitate deposition of copper
ions (indeed, the electric ﬁeld strength near a cylindrical
electrode-a nanoﬁber-is inversely proportional to its crosssectional radius). This indicates that the relative mass of copper
in the nanoﬁber shells as compared to that of PAN in their
cores is higher in the solution-blown nanoﬁbers, which is an
additional beneﬁt for heat transfer enhancement. Indeed, the
polymer core−metal shell structures in nanometric scale with a
high relative thickness of the metal shell possess a high eﬀective
thermal conductivity, which facilitates heat transfer.
Figure 6c also shows a larger interﬁber porosity in the case of
the supersonically blown nanoﬁbers formed with air preheating
at the inlet of the Laval nozzle to 500 °C, as compared to the
other two cases in Figure 6. This stems from the fact that a
higher air velocity in the impinging jet deﬁnitely results in a
wider ﬁber deposition onto a substrate in the lateral direction.
The thorny devil nanoﬁbers could be detached from the
copper foil or any other substrate by scratching. These
detached nanoﬁbers were randomly placed on a TEM sampling
container and their TEM images were obtained. Figure 7 shows
TEM image of a copper-plated thorny devil nanoﬁber, which
was formed by the electrically assisted supersonic blowing with
air preheating at the inlet of the Laval nozzle to 500 °C. It is
seen that, in this case, the core PAN nanoﬁber diameter is

Figure 6. SEM images of copper-plated nanoﬁbers. (a) After pure
electrospinning without supersonic blowing. (b) After the electrically
assisted supersonic blowing without preheating. (c) After the
electrically assisted supersonic blowing with preheating.

ogy resembles the one of the so-called thorny devil nanoﬁbers.8
Such morphologies are controlled by choosing the conditions
of the electroplating process, which aﬀects the nucleation rate
and the crystal growth rate. The surface morphologies seen in
Figure 6 are nanotextured, fractal-like, and sharp. Such surface
structures dramatically increase the total surface area of
individual nanoﬁbers and thus are attractive having in mind
enhancement of heat transfer. Similar electroplating conditions
were used for all cases shown in Figure 6. However, the
diﬀerence in the mean diameters in the two cases (purely
electrospun and solution-blown without preheating) is
insigniﬁcant; they are close to about 270 nm. On the other
hand, the mean diameter in the third case (solution-blown with
preheating) is still signiﬁcantly smaller-about 164 nm.

Figure 7. TEM image of a copper-plated thorny devil nanoﬁber, which
was supersonically- blown with air preheating at the inlet of the Laval
nozzle up to 500 °C.
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about ∼110 nm and the copper-plated shell extends it up to
about ∼180 nm, and thus, the copper layer (the outer shell) has
a thickness of less than ∼70 nm. Thus, the shell/core diameter
ratio is about 1.64, which is smaller than the mean value of 2.22
reported above. The dots visible in Figure 7 are the Au residues
from sputtering, which precede copper-plating.
3.3. Turbulence Eﬀect. To assess the eﬀect of the thorny
devil nanoﬁbers on heat removal rate in air cooling, nanoﬁbercoated substrate (or mat of A = 3 cm × 3 cm in size) was
located on a heater (or plate) placed on an aluminum block.
The steady state temperature of 120 °C of the bare copper
substrate was maintained by a constant power supply to the
heater plate. The total power supplied to the heater was Qt = IV
= (0.275 Amp) × (150 V) = 41.25 W (with I being the electric
current and V being voltage). It was divided into all planes of
the rectangular heater and the aluminum block whose total
surface area was about At = 380 cm2 while the substrate surface
occupied only A = 9 cm2. As a result, the amount of heat
released through the substrate surface was roughly Q = (A/At)
Qt = (9/380) (41.25 W) ∼ 0.977 W.
Alternatively, using for the estimate the correlation of section
7-6 in ref 27 for the natural convection heat removal from a
horizontal plate in steady state, the heat supplied to the top
plate alone was estimated to be about Q ∼ 0.93 W, which is
consistent with the value of Q = 0.977 W listed above. As a
result, the heat ﬂux at the top plate where the nanoﬁber mat
was located was estimated to be about q = Q/A = 1.03 kW/m2,
where A = 9 cm2 and Q = 0.93 W, which was considered to be
the heat supplied to the top plate alone.
A thermocouple (MV1000, Yokogawa, Japan) was placed
between the hot plate and the nanoﬁber mat to record the
eﬀect of cooling. Air at room temperature (about 19 °C) was
blown by a fan located above the mat, as depicted in Figure 8.
This is the forced-convection cooling case. Conversely, the
experiment without fan blowing corresponded to the natural
convection case and was the buoyancy dominated.
We studied three major cases: (i) The mat was coated with
electrospun (ES) nanoﬁbers, (ii) electrospun nanoﬁbers
subsequently electroplated (ES + EP), or (iii) supersonicblown electrospun nanoﬁbers subsequently electroplated (SES

+ EP). Certainly, the electroplated cases would result in better
cooling than the case without electroplating because electroplating introduces copper thorns on nanoﬁbers of high
roughness and thermal conductivity which facilitates enhanced
heat transfer.
In addition, the nanoﬁber mat creates turbulent eddies in the
blown air, that is, the enhanced surface roughness due to
nanoﬁbers can act as a turbulizer and enhance heat transfer
from the surface to an impinging air jet generated by a fan. To
estimate this turbulization eﬀect separately, that is, without the
surface nanoroughness of the individual nanoﬁbers, we used a
concentric coil of a macroscopic wire shown in the inset in the
lower left corner in Figure 8. This coil acted as a turbulizer
generating turbulent eddies in the air jet. The turbulization
eﬀect of such a wire is more signiﬁcant than that of the
nanoﬁbers, since the coiled wire perturbs the ﬂow to a larger
depth. It should be emphasized that turbulization of impinging
jets by coils located at the surface can increase the local mass
transfer (and similarly, the heat transfer) coeﬃcient in the
impinging jets up to 70% when the coils are located at radial
distances r < 2df, with df being the jet diameter.28 Our results
discussed below show that the eﬀect of nanoﬁbers on the heat
transfer coeﬃcient extends well beyond a simple turbulizer due
to their nanotexture. Note also that the eﬀect of a coiled
turbulizer is expected to be quite signiﬁcant only in the case of
the forced convection in the impinging jet, rather than in
natural convection. Indeed, in the forced convection case the
surface temperature reduction from 120 to 35.7 °C was
observed, as indicated in Figure 9b with an asterisk. Note also
that the surface temperature was reduced by forced convection
to 37.6 °C in the case of the bare substrate without the
concentric coil. Thus, the attachment of the concentric coil
aﬀected to some extent the turbulence in the impinging jet and
was responsible for the additional surface temperature
reduction of 1.9 °C. However, overall, this comparison shows
that we deal here with cooling by a turbulent impinging air jet,
since in the case of the natural convection, the surface
temperature in the presence of coiled wire was reduced only
from 120 to 116.9 °C, as indicated in Figure 9a with an asterisk.
3.4. Cooling in the Presence of Thorny Devil
Nanoﬁbers. The achieved steady-state surface temperature is
plotted for the bare surface (0 min deposition time) and
nanoﬁber-covered surfaces of diﬀerent thicknesses (up to 30
min deposition time) for cooling under the conditions of
natural convection in Figure 9a and forced convection in the
impinging air jet in Figure 9b.
Figure 9a shows that natural convection can be responsible
for the surface temperature reduction from 120 °C to no less
than 103 °C only. In this case, the deepest cooling (down to
103 °C) is possible when the surface is covered with the ﬁnest
solution-blown (with preheating) copper-plated nanoﬁber mat
of the largest thickness (30 min deposition time), that is, with
the surface possessing the largest surface area. The overall trend
illustrated in Figure 9a is that a higher surface area results in a
lower surface temperature, except the case of the thickest
coating of electrospun nanoﬁbers (the ES case). In the ES case,
a too thick mat prevents air motion through it and acquires
some insulating features.
Any further reduction of the surface temperature is possible
only due to the forced convection. In this forced convection
case, Figure 9b shows that a steady-state surface temperature
could be reduced from 120 °C down to 32 °C. Once more, the
ﬁnest solution-blown (with preheating) copper-plated nano-

Figure 8. Schematic of the air cooling experimental setup. The airblowing fan (5 cm diameter, 3800 rpm) is located at 2.5 cm above the
heated nanoﬁber mat (3 cm × 3 cm). The fan produced a cold air jet
impinging onto the nanotextured substrate located on a heater below.
In the lower right corner the nanotextured substrate surface is shown.
In the lower left corner, a concentric macroscopic wire coil used for
comparison to mimic surface turbulizer eﬀect is shown. The initial
temperature of the substrate with nanoﬁber mat or a macroscopic wire
coil was 120 °C.
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nanoﬁber mats reveals their largest surface area. The results in
Figure 6 imply that the characteristic pore size δ scales with the
ﬁber diameter. Denote the number of pores in a unit volume of
nanoﬁber mat as n. Thus, the mat porosity m can be evaluated
as m ∼ πδ3n/6, while the surface area of the unit mat volume S
∼ πδ2n = 6m/δ. This shows that the smaller is the pore size, or
the ﬁber size, the larger is the surface area, and thus, the cooling
eﬀect of nanoﬁbers on the heat removal rate and cooling. That
explains why supersonically blown nanoﬁbers revealed the
utmost cooling eﬀect.
3.5. Heat Tranfer Coeﬃcient. Using the data in Figure 9,
the eﬀective heat transfer coeﬃcient heff is deﬁned as heff = Q/
[(Ts − T∞)A], where Q is the known power supply to the
upper plane of the heater, Q = 0.93 W as described above, Ts is
the steady-state surface temperature, T∞ is the air temperature
in the room, and A is the projected surface area of nanoﬁbers,
which is A = 3 × 3 cm2. The value of heff under diﬀerent
conditions are listed in Table 1. This Table shows that the
Table 1. Heat Transfer Coeﬃcienta
heff (W/m2·K)
convection
type
natural

forced

Figure 9. Surface temperature versus ﬁber-deposition time (determining the mat thickness) due to natural convection or an impinging air
jet from a fan for diﬀerent surfaces. The air temperature far from the
surface is 19 °C (room temperature); the initial surface temperature in
all the cases is 120 °C (the heater temperature). (a) Natural
convection (no blowing). (b) Impinging jet (blowing). ES denotes
purely electrospun nonplated polymer nanoﬁbers; ES+EP denotes
electrospun copper-plated thorny devil nanoﬁbers; SES+EP denotes
supersonically blown (formed with preheating at 500 °C) copperplated nanoﬁbers. The ﬁber deposition time varies from 0 min (bare
substrate without nanoﬁbers) to 30 min. The mat thickness increases
with increasing in the nanoﬁber deposition time. Note that the asterisk
symbol indicates temperature reduction due to air turbulization arising
from the coiled wire.

deposition time (min),
tdep
coiled wire on the
surface
0-bare surface
10
20
30
coiled wire on the
surface
0-bare surface
10
20
30

ES

ES+EP

SES+EP

10.8
10.9
10.4

11.6
11.7
11.8

12.1
11.9
12.2

62.2
66.7
65.8

66.7
72.8
80.7

74.9
78.3
78.3

10.6
10.2

61.9
55.6

a

The deposition time of tdep = 0 refers to the bare surface case. For
comparison, for the macroscopic concentric coil, the eﬀective heat
transfer coeﬃcient heff = 10.6 and 61.9 W/m2·K in the natural and
forced convection cases, respectively. The following abbreviations are
used: ES, EP, and SES refer to electrospun-only, electroplated,
supersonically-electrospun, respectively.

presence of thorny devil nanoﬁbers on the surface allows one to
increase the heat transfer coeﬃcient signiﬁcantly in both natural
and forced convection. Namely, the increase of about 20% in
the natural convection, and about 41% in the forced convection
above the values of heff corresponding to the surface with the
coiled wire, is attributed to the eﬀect of the thorny devil
nanoﬁbers alone, in particular, to their extension of the eﬀective
surface area.

ﬁber mats provide the highest heat removal rates and thus, the
lowest surface temperatures (by several degrees Celsius) at all
mat thicknesses, except the largest one corresponding to 30
min deposition time. In the latter case, the thickest mat of the
ﬁnest nanoﬁbers becomes less permeable for air ﬂow, and a
ﬂuﬃer mat of electrospun copper-plated nanoﬁbers slightly
outperforms it. Except, the overall trend, once again, is that a
higher surface area results in a lower surface temperature not
only under conditions of the natural convection but also under
forced convection. This is in agreement with the conclusion of
ref 8, which was reached in the experiments with drop cooling.
Generally speaking, heat transfer from hot solid surfaces is
associated with the surface area.27 Therefore, the utmost
enhanced cooling demonstrated by the supersonically blown

4. THEORETICAL RESULTS AND COMPARISON WITH
THE EXPERIMENT
A number of previous experimental and theoretical works dealt
with cooling by impinging jets.29−39 A number of empirical
formulas for the Nusselt number Nu (the dimensionless heat
transfer coeﬃcient h) under diﬀerent conditions were obtained,
note in particular29,30
d
Nu = 13Re0.5 f , Nu = 1.16Re0.447Pr 0.33
(1)
H
Here and hereinafter, Nu = hdf/k, with df being the issued jet
diameter, k being the thermal conductivity, H being the
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distance from the jet origin to the surface, Re = Vfdf/ν being the
Reynolds number, with Vf and ν being the jet velocity at the
origin and the kinematic viscosity, respectively, and Pr being
the Prandtl number. The range of validity of these formulas is
H/df > 20, and H/df = 7−50, respectively, which is signiﬁcantly
diﬀerent from the experimental situation in the present work
where df/H = 2, and thus, H/df = 0.5.
The need in the theoretical description of the heat transfer
near the stagnation point of the impinging jets given the
inapplicability of the empirical formulas or their disagreement
with each other, was ascertained in refs 37 and 39, which
revealed the following theoretical expressions for the Nusselt
number, respectively
Nu = 1.8Re1/2Pr1/2,

with Vf being the normal velocity in the y-direction produced
by the fan, and at the impermeable wall (since the global outer
problem considered here absorbs the boundary layer and the
thin porous layer at the surface in this approximation)
v|y = 1 = 0

(6)

Then, the function iV̅ (z) can be found from the boundary
conditions for its real part at the surfaces using the Palatini
formula which follows from the Schwartz formula for a
disk.40,41 Namely, this general solution thus obtained reads
iV̅ (z) = −

⎛ d ⎞1/2
Nu = 0.798Re1/2Pr1/2⎜ f ⎟
⎝H⎠

+
(2)

i
2

i
2

∞

∫−∞ v(ξ , y = 0)coth π(ξ 2− z) dξ

∞

∫−∞ v(ξ , y = 1)tanh π(ξ 2− z) dξ

(7)

with ξ being a dummy (real) variable over the entire x-axis.
Substituting the boundary conditions eqs 4−6 and evaluating
the integrals in eq 7 inside the domain shown in Figure 10, we
obtain the following result

The second theoretical formula 2 revealed good agreement
with the experimental data in ref 39 and is adopted and
modiﬁed in the present work for the case of turbulent
impinging jet used for cooling here, as described below.
Consider the outer (main) part of the impinging jet of air from
a fan toward a surface in the potential ﬂow approximation
assuming, as usual, that all viscous and convective heat transfer
eﬀects (molecular and turbulent) occur in the inner part of the
ﬂow-in the boundary layer near the surface and inside ﬂuﬀy
porous mats on it. The outer ﬂow domain under consideration
is sketched in Figure 10. In the present case, it is convenient

iV̅ (z) = Vf −

iVf ⎧ sinh[π (b − z)/2] ⎫
⎬
ln⎨
π ⎩ sinh[π (b + z)/2] ⎭

(8)

At the outer surface of the boundary layer near the surface as
y → 1, eq 8 yields the following velocity components
u = γx ,

v = γ(1 − y)

(9)

with

γ = Vf tanh(πb/2)

It should be emphasized that in eqs 9 and 10 x, y, and b are
rendered dimensionless by the distance from the fan to the
surface H. In the present experiments the fan radius was 0.025
m and H = 0.025 m. So, the value of b is 1.
The heat transfer in the boundary layer of the impinging jet
with the velocity ﬁeld (eq 9) was calculated analytically in ref
39, and the corresponding Nusselt number is given by the
second eq 2. Accordingly, the surface temperature Ts was
related to the heat removal rate Q (equal to the heat supply rate
in the steady-state situations considered here) as39

Figure 10. Sketch of an potential ﬂow ﬁeld of air in a jet issued at a fan
−b ≤ x ≤ b, y = 0 and impinging onto a surface located at − ∞ ≤ x ≤
∞ and y = 1. The coordinates x and y, as well as b are rendered
dimensionless by fan-to-surface distance H.

Ts = T∞ +

not to use directly the complex potential χ(z) = φ(x,y) +
iψ(x,y), where φ is the hydrodynamic potential, and ψ is the
stream function, which are related, as usual, by the Cauchy−
Riemann conditions. The complex potential is an analytical
function of complex variable z = x + iy, with i being the
imaginary unit. In the present case it is convenient to consider
not χ(z) directly, but rather to use another analytic function of
z associated with the conjugate velocity V̅ = dχ/dz, namely
iV̅ (z) = v + iu

v|y = 0 = 0

for

(3)

for

|x | ≤ b

|x | > b

q
0.798k[Vf /(Hκ )]1/2

(11)

Here, k and κ are the thermal conductivity and diﬀusivity of air,
respectively.
It should be emphasized that ref 39 dealt with the impinging
jets of the liquid eutectic alloys of gallium and indium (GaIn),
and the molecular transport coeﬃcients of GaIn were used in
eq 11. In the present case, we are dealing with turbulent
impinging jets of air. Therefore, the molecular transport
coeﬃcients k and κ should be replaced by the corresponding
eddy ones kT and κT, respectively. According to ref 42,
turbulent eddy viscosity corresponding to the submerged
axisymmetric jets νT = 0.015Vfdf, where df = 2b (with b being
dimensional), that is, the fan diameter. In the present case of a
short impinging jet, another factor, 0.000028 is consistent with
the experimental results for the surface temperature. Namely,
νT = 0.000028Vfdf. On the other hand, according to ref 43, the
turbulent Prandtl number in such jets PrT ≈ 0.75, and thus κT =
0.000028Vfdf/0.75. Then, from eq 11 we obtain

where u and v are the x- and y-velocity components,
respectively.
In the impinging jet under consideration the real part of iV̅
satisﬁes the following boundary conditions at the domain
surfaces (cf. Figure 10), that is, at the fan level
v|y = 0 = Vf

(10)

(4)
(5)
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Ts = T∞ + q/{0.798k[tanh(πb /2)Vf /(Hκ )]1/2
× [0.000028Vf df /(0.75κ )]1/2 }

(12)

where all transport coeﬃcients are once again molecular (in the
present case of air). This equation results in Ts= 31.8 °C, with b
= 1, q = Q/S = 1.03 kW/m2, Vf = 10.2 m/s, H = 0.024 m, κ =
21.46 × 10−6 m2/s, and df = 0.05 m, while the actual surface
temperature was in the range of 32 °C < Ts < 38 °C in the
forced convection case.

5. CONCLUSION
Supersonically blown below-74 nm nanoﬁbers copper-plated to
become the thorny-devil nanoﬁbers, signiﬁcantly enhance
cooling of high temperature surfaces by impinging air jets or
natural convection. In air cooling, such supersonically-blown
and copper-plated nanoﬁber coatings at high-temperature
surfaces outperform bare surfaces, surfaces with an additional
turbulizer in the form of a coiled wire on the surface, as well as
the surfaces with polymer electrospun nanoﬁbers, or electrospun and copper-plated thorny devil nanoﬁbers. In particular,
surface coating consisting of ultrathin supersonically-blown
copper-plated nanoﬁbers allows one to reduce the surface
temperature by the additional 5 °C in the case of the impinging
air jet, and by 16 °C in the case of the natural convection. As a
result, the heat transfer coeﬃcient increases by about 41% in
the forced convection, and about 20% in the natural one.
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