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Abstract The main challenge in the use of multi-wall carbon
nanotube (MWCNT) as key components of nanofluids is to
transfer excellent thermal properties from individual nanotubes
into the bulk systems.We present studies on the performance of
heat transfer nanofluids based on ultra-long (~2 mm), curly
MWCNTs – in the background of various other nanoC-sp2,
i.e. oxidized MWCNTs, commercially available Nanocyl™
MWCNTs and spherical carbon nanoparticles (SCNs). The
nanofluids prepared via ultrasonication from water and propyl-
ene glycol were studied in terms of heat conductivity and heat
transfer in a scaled up thermal circuit containing a copper heli-
cal heat exchanger. Ultra-long curly MWCNT (1 wt.%)
nanofluids (stabilized with Gum Arabic in water) emerged as
the most thermally conducting ones with a 23–30%- and 39%-
enhancement as compared to the base-fluids for water and pro-
pylene glycol, respectively. For turbulent flows (Re = 8000–
11,000), the increase of heat transfer coefficient for the over-
months stable 1 wt.% ultra-longMWCNT nanofluid was found
as high as >100%. The findings allow to confirm that longer

MWCNTs are promising solid components in nanofluids and
hence to predict their broader application in heat transfer media.

1 Introduction

With a continuous development of power plants, solar collectors,
machines, machineries, devices and advancingminiaturization of
electronics as well as increasing number of supercomputers, heat
transfer intensification becomes a critical phenomenon [1, 2].
The main challenges in the heat transfer processing based on
nanofluids (base-fluids containing uniformly dispersed
nanoparticles) are: (a) high thermal conductivity and high con-
vective heat transfer coefficient in thermal systems enabling en-
hanced energy harvesting, (b) high energy conversion efficiency
(e.g. between radiation energy of sunlight into the heating medi-
um), (c) physicochemical stability over storage and working (the
latter frequently under harsh conditions), (d) prevention of clog-
ging in microchannels, (e) minimized biological and chemical
corrosion of the construction materials caused e.g. by bacteria or
acids formed via oxidation of base fluids like glycols, and (f) low
abrasion of piping by dispersed nanoparticles [3]. Those prob-
lems have already met response from various nanomaterials
(metal, metal oxides and other nanoparticles) with partial suc-
cesses [4, 5]. Among many possible, multi-wall carbon nano-
tubes (MWCNTs) – nanoparticles with their C-sp2

(hybridization) 1D–geometry and a unique combination of phys-
ical, chemical and biological properties – are considered as an
ideal candidate for large-scale thermal applications [6–10]. This
nanomaterial is now available at the industrial scale and is by
orders of magnitude less expensive than its single-wall counter-
part [11]. However, the critical challenge in the use ofMWCNTs
is ‘translation’ of their excellent properties from the individual
nanotubes (thermal conductivity ca. 3000 W m−1 K−1 for
MWCNT [12, 13]) into the nanofluids (or other bulk assemblies
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such as polymer composites), where in thermal conductivity
drops by orders of magnitude [14, 15]. This obstacle is due to
non-uniformity of dispersion and small interphase (contact areas)
between the individual MWCNTs which can be additionally
separated with (macro)molecules with lower heat conductivity.
In consequence, those phenomena impede phonon transport. By
now, the main area of exploitation of MWCNTs (pristine and
functionalized) and other nanoC-sp2 allotropes (e.g. graphene
[16]) has been fabrication of nanofluids using readily available
base-fluids as water [17], oils [18] or glycols [19, 20]. From
numerous studies (a cross-field review was written e.g. by
Sadri et al. [21]), it is evident that MWCNT nanofluids show
great promise revealing up to from 20 [22] to 72%-enhancement
[23] in thermal conductivity as compared to the base-fluid. In
those cases, 1 wt.%MWCNTstabilizedwith gum arabic (GA) in
water and 0.4% wt. oxidized MWCNT in a mixture of ethylene
glycol/water were used, respectively. Also,MWCNTs confirmed
their potential in the heat transfer performance showing e.g. a
32%-increase of convective heat transfer coefficient at Re = 500,
(lMWCNT = 0.5–40 μm, ODMWCNT = 10–20 nm, 1 wt.% H2O,
0.25% wt. GA) [22].

Although the above indisputable results in the increase
of thermal conductivity coefficients were revealed for var-
ious nanotube content and morphologies, aspect ratios,
surface chemistries / surfactant stabilizers, type of base-
fluids and temperatures, there are inconsistencies and dif-
ficulties in correlation between nanotube morphology /
chemistry and the heat transfer performance [24, 25]. In
this paper, in order to investigate thermal performance of
MWCNT-based nanofluids, we have selected curly and
ultra-long versus short MWCNTs in the comparative stud-
ies among various nanoC-sp2-based allotropes as dis-
persed phases (with GA [26] as a stabilizing surfactant).
The rationale behind the selection of nanoC-sp2 was two-
fold. Firstly, the critical parameter of heat transfer effi-
ciency is dimensionality of the nanoparticles forming
thermally conducting pathways [27]. It was therefore im-
portant to compare two MWCNT-based nanofluids where
morphologies of nanotubes would be strikingly different,
and also with a nanoC-sp2 allotrope of spherical structure,
i.e. spherical carbon nanostructures (SCNs). This compar-
ison was also critical as commercially available MWCNTs
are typically of low aspect ratios. Additionally, hence sur-
face chemistry is usually responsible for disintegration of
the outer nanotube walls and functionalization leads to
prolongation of the MWCNT dispersions stability, O-
MWCNTs were also used for comparison.

2 Materials and methods

Four different nanoC-sp2 phases were prepared as components
of the heat-transfer nanofluids. Ultra-long (as well as precursors

of O-MWCNTs) MWCNTs were synthesized via chemical cat-
alytic vapour deposition (c-CVD) at 760 °C in argon using
toluene and ferrocene as carbon feedstock and catalyst precur-
sor, respectively [28]. As the second nanophase towards
months-stable aqueous dispersions, O-MWCNTs were pre-
pared by the treatment of 250 ± 120 μm-long MWCNTs with
a boiling mixture of 98% H2SO4 and 68% HNO3 (3:1, v/v)
according to our previous work [29]. Spherical carbon nano-
structures (SCNs) produced via c-CVD from acetylene using
pre-deposited and then H2-pretreated iron nanoparticles as cat-
alysts at 800 °C. Commercially available Nanocyl™ NC7000
MWCNTswere tested as the last nanophase. SEM images were
acquired using a Tabletop SEM HITACHI TM3000 (accelerat-
ing voltage: 15 kV, tungsten source, 30 nm resolution). TEM
imaging was performed on JEOL 4000EX-II (LaB6 electron
source, operated at 400 kV) and Philips Tecnai F20 operated at
200 kVaccelerating voltage. Initially, four different nanofluids
containing 1 wt% of nanoC-sp2 were prepared, i.e. (1)
MWCNTs + 0.5 wt% GA/water, (2) O-MWCNTs in water,
(3) Nanocyl™ MWCNTs + 0.5 wt% GA/water, (4) SCNs +
1 wt% GA/water. For further experiments, MWCNT disper-
sions in propylene glycol (PG) – as medium of low melting
point and more environmentally friendly than ethylene glycol –
were also studied. 1-h ultrasonication (Sonics VCX-130, probe
diameter 13 mm) was used as the agitation technique prior to
the measurements. Thermal conductivities of the nanoC-sp2

nanofluids at various temperatures were measured using a KD
2 Pro thermal properties analyzer (Decagon devices, Inc., USA)
equipped with a 6-cm KS-1 probe. A principle of this measure-
ment is Transient Hot Wire (THW) method which provides an
accuracy of ±5%. Viscosity was measured using a viscometer
Brookfield LV-II + Pro at selected temperatures which were
measured with accuracy ±0.1 °C. Heat transfer coefficient in a
helical heat exchanger (Fig. S1, A) was measured in a labora-
tory setup presented in Fig. 1.

Nanofluid from vessel (1) was delivered by pump (2)
to the copper helical coil heat exchanger (4) (diameter of
coil 96 mm, tube inner diameter 6.2 mm, length
L = 2530 mm) immersed in the insulated container (5)
and filled with deionized water (DW). Average tempera-
ture of DW was kept at 60±1°C by means of an integrated
electrical heater and stirrer (6). Wall temperature of the
helical heat exchanger was measured by means of seven
attached K-type thermocouples which were connected to
A/C Advantech converter. Before experiments, the ther-
mocouples were calibrated with accuracy ±0.1 °C. Outlet
and inlet temperatures of the nanofluid were measured by
means of a separate set of K-type calibrated thermocou-
ples. Flow rate of nanofluid was measured by flowmeter
(3) Flowmex PV 40 (Codea, Czech Republic). After leav-
ing helical exchanger, the nanofluid was cooled down in a
system of the tube-shell heat exchangers (7), and then
returned to the container.
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3 Results and discussion

Morphology of nanoC-sp2 dispersed phases is presented in
SEM and TEM images (Fig. 2). As length and waviness of
MWCNTs can be controlled by duration time and pressure
in the c-CVD furnace, ~2 mm and curly (outer and inner
diameter of 10 and 60 nm, respectively) MWCNTs were
synthesized (aspect ratio 3 × 105) (Fig. 2a, e). The synthe-
sis was performed according to a known procedure [28],
modified by applying higher internal pressure in the CVD
furnace and prolonged (14 h) nanotube growth. O-
MWCNTs were 0.8 ± 0.4 μm long and 21 ± 11 nm thick
(Fig. 2b, f). As MWCNTs from the other end of the aspect
ratio scale – commercially available Nanocyl™ NC7000
were used and their highly-entangled spaghetti-like
micro-assemblies of open-tip and a few-wall structure
was confirmed by SEM (Fig. 2c) and TEM (Fig. 2g).
Nanocyl™ MWCNTs contain 10% of catalyst – mainly
as Al2O3 [30]. SCNs of 20 ± 10 nm in diameter revealed
entangled morphology with onion-like graphitic layers sur-
rounding catalyst nanoparticles (Fig. 2d, h) and were
heavily loaded up to ca. 11 wt.% with iron nanoparticles
as measured by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) [31].

All tested nanofluids of the identical (per weight)
nanoC-sp2 allotrope content caused an increase in thermal
conductivity as compared to the base-fluids in the range
of temperatures 5–65 °C (Fig. 3).

Initially, water containing GAwas used as the base fluid
(Fig. 3a). The lowest and only ca. 5% increase was found
for commercially available Nanocyl™ MWCNTs. SCN-

based nanofluid could be found as ca. 15% more conduc-
tive on average than the base-fluid but a high drop of dis-
persion stability was observed even at 25 °C. Rather intense
sedimentation of solid SCNs, partially connected with their
high density, could by visible by naked eye and it was
further confirmed as a drop in thermal conductivity.
Oxidation of MWCNTs causing cutting and introduction
of oxygen-rich functionalities (carboxylic, hydroxyl) as
well as defects to the outer MWCNT walls resulted in the
formation of months-stable dispersion of still excellent heat
conductivity, ca. 12% more conducting than water.
Nevertheless, 1 wt.% ultra-long MWCNTs in water
emerged as the most thermally conducting among the all
tested water-based nanofluids yielding a 23–30% enhance-
ment as compared to water + GA system. As pure water
cooling liquids are rarely applied in industry, the most
promising curly ultra-long MWCNTs were selected as the
appropriate dispersed phase for preparation of PG-based
nanofluid. PG was selected as it is non-toxic, water-misci-
ble, inexpensive and broadly used [32]. Here, the enhance-
ment was even more evident – PG-based nanofluid contain-
ing ultra-long MWCNTs emerged as 39% more conducting
heat than PG. (Thermal conductivity for PG was
established only up to 35 °C due to increasingly significant
convection). Moreover, in the range of 0–1 wt.% nanotube
content, thermal conductivity was found as linearly depen-
dent on the nanotube concentration as at 0.5 wt.%
MWCNTs thermal conductivity of the nanofluid was
0.28 W m−1 K−1 on average. This finding is also in agree-
ment with previous works showing that heat conductivity
was higher for nanofluids based on longer MWCNTs [33].

Fig. 1 Scheme of laboratory
setup: 1 – fluid container, 2 –
pump, 3 – flowmeter, 4 – helical
coil heat exchanger, 5 – insulated
container, 6 – integrated heater
and stirrer, 7 – cooling system
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The fundamental of size reduction of the systems used in
thermal engineering is the enhancement of heat transfer. For
this purpose, two main techniques, i.e. active and passive are
used [34]. The former one uses electric, acoustic or vibration
field interaction to increase the heat transfer coefficient. In the
passive technique, intensification of the heat transfer is
achieved by modification of geometry of heat exchanger and/
or addition of materials to modify media that flow inside the
equipment. One of the widely used passive solutions is a coil
which is used in chemical (reactors, distillation columns, evap-
orators) and related industries (HVAC equipment, sanitary

engineering, steam generators and condensers). This is due to
a high value of the heat transfer surface area per unit volume.
Geometry of the helical coil induces secondary flow due to un-
balanced centrifugal forces and enhanced cross-sectional mixing
which are responsible for the increase in the heat transfer coeffi-
cient [35]. Hence, combining coil geometry and nanofluids, as
the next step, the most promising 0.5 and 1 wt% ultra-long-
MWCNTs water-based nanofluid stabilized with 0.5% wt. GA
was examined in terms of heat transfer enhancement (Fig. 4, a
detailed error analysis for thosemeasurements is presented in SD
and in SD Table 1). Viscosity of the MWCNT nanofluid was

10 µm

500 µm

10 nm

5 µm 20 nm

1 µm 100 nm

5 µm

a e

f

g

h

b

c

d

Fig. 2 SEM (a–d) and TEM (e–
h) images of curly ultra-long
MWCNTs, O-MWCNTs,
Nanocyl™ NC7000 MWCNTs
and SCNs; insets in (a) show
fibrous nature of MWCNTs (left)
and thickness of MWCNT forest

336 Heat Mass Transfer (2018) 54:333–339



found in the range of 1.7 to 1.2 mPa·s for 20 and 70 °C, respec-
tively, allowing for application of a standard pump in the scaled-
up system. Also, the temperature-viscosity relationship fulfilled
the Arrhenius Eq. (SD, Fig. S1, B).

Heat transfer coefficient (h) for the examined nanofluids
was calculated as average of 7 local values h(xi) measured
along helical coil and calculated as follows:

h xið Þ ¼ q
tw xið Þ−t xið Þ ; ð1Þ

where tw(xi), t(xi), are measured temperature of wall and
local bulk nanofluid temperature, respectively. Local bulk
temperature was estimated as:

t xið Þ ¼ tout−tin
L

xi þ tin; ð2Þ

where tin and tout are measured bulk temperatures of
nanofluid at the inlet and outlet, respectively, L working
length of helical tube and xi location relatively to the inlet.
Heat flux (q) absorbed by the fluid was calculated as fol-
lows:

q ¼ V
:
ρnf cnf tout−tinð Þ

F
; ð3Þ

where: V
:
- flow rate, [m3/s], cnf - heat capacity of nanofluid,

[J/kg K], F - inner surface area of heat transfer,
F = 0.0493 m2. Effective heat capacity of nanofluid was
calculated as [36]:

cnf ¼ ϕNWρNWcNW þ 1−ϕNWð Þρwcw
ρnf

; ð4Þ

where: subscripts ‘NW’ and ‘w’ denote ultra-long-MWCNTs
and water, respectively, ϕNW volume fraction, ρNW density of

solid (ρNW= 2100 kg/m3 [37]), cNW heat capacity ofMWCNT
(cNW = 750 J/kgK [38]), density of nanofluid was calculated
from equation:

ρnf ¼ ϕNW ρNW þ 1−ϕNWð Þ ρw: ð5Þ

Firstly, the accuracy of the method for determining of h
was examined using DW. Figure 3 shows comparison of
average Nusselt number measured and calculated using
equation (Eq. 6) [34]:

Nu ¼ hd
λ

¼ 0:00619
uρd
η

� �0:92

Pr0:4 1þ 3:455
d
D

� �
: ð6Þ

Fig. 3 a Thermal conductivity versus temperature for various nanoC-sp2

nanofluids with water as a base-fluid, b Thermal conductivity versus
temperature for the ultra-long MWCNT based nanofluid as the most

promising nanoC-sp2 system with propylene glycol (PG) as a base-
fluid; the lines serve only as eye-guidelines; the error bars represent
standard deviations from at least four isolated measurements

Fig. 4 Heat transfer coefficient (h) versus Reynolds number (Re) for the
selected nanofluids based on ultra-long MWCNTs, GA and water

Heat Mass Transfer (2018) 54:333–339 337



The equation was obtained for developed turbulent
flow for 5000 < Re < 100,000. Heat conductivity coeffi-
cient (λnf) of the nanofluids was estimated at average fluid
bulk temperature. Experimentally determined h-values for
DW were slightly higher than theoretically estimated, and
the maximal discrepancy did not exceed 7% with regard
to the calculated one using Eq. 6. Experiments with 0.5
and 1 wt.% ultra-long MWCNT nanofluids showed
concentration-dependent and significant enhancement of
heat transfer coefficient in comparison with the results
obtained with DW – h increased with the solid contents
in the examined nanofluids. For Reynolds number (Re) in
the range of 8000 to 11,000, the increase of heat transfer
coefficient for 1 wt.% MWCNT nanofluid was found as
high as >100%. Importantly, quality of the ultra-long
MWCNT nanofluid has not been changed throughout the
over-month storage and showed practically equal results.

4 Conclusions

In the background of spherical and cylindrical nanoC-sp2 al-
lotropes, ca. 2 mm-long curly MWCNT-based nanofluid was
found as the most promising heat transfer medium, probably
due to the optimal geometry of the dispersed phase enabling
formation of conducting pathways. The results showed that
the presence of curly and long MWCNTs, fully dispersible in
GA/water, enhanced heat transfer coefficient in the flow of
nanofluids in helical coil in comparison with pure water. It
allows us to predict that MWCNT-based nanofluids, also
due to significantly higher and less expensive world produc-
tion of MWCNTs, will soon find application as efficient heat
transfer media.
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