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In this work, thermal conductivity, viscosity, and boiling heat transfer coefficient of
a biologically produced nano-coolant were experimentally quantified. The nanoparticles
were produced from silver nitrate via the plant extraction method and by means of green
tea leaf extract. The mean size of the particles was 50 nm, with spherical morphology
and single-phase structure of Ag (silver). The synthesized particles were dispersed in
coconut oil as base fluid. Thermal conductivity and viscosity of the nanofluid were experimentally measured and correlated based on temperature and concentration of
nanoparticles via the regression analysis. Thermal performance of the nanofluid inside an
annular heat exchanger with convective boiling conditions (in forced convection and
nucleate boiling heat transfer regimes) was assessed. The results demonstrated a superior
thermal performance in both heat transfer regions over the base oil, and revealed that this
nanofluid can be used as a coolant as well as a lubricant in engines with high heat flux
conditions, as its thermal conductivity and viscosity were enhanced due to the presence
of Ag particles inside the oil.
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Introduction
Continuous progress in designing a new generation of powerful car engines has led to the enhancement of the heat transfer rate in engine cooling systems, which has faced the designers with
serious limitations for cooling the engines. Subsequently, demands for highly efficient cooling systems have increased. Traditional working fluids
such as water and engine oils are commonly used in
many industrial sectors including power cycles, automotive industries or lubricating processes. The
major challenge of using traditional coolant is that
the thermal properties of these coolants are relatively poor1. For example, thermal conductivity of water is 0.65 W m–1 K–1, while it is 120 W m–1 K–1 for
copper oxide. To address the mentioned challenge,
nanofluids have been introduced as a promising
way to enhance the thermal properties of coolants.
These fluids are dilute colloidal suspensions of solid nanoparticles (with mean average size of 1–100
nm), which have been dispersed in a base liquid
(e.g. water or oil). A very small amount of nanoparticles can provide dramatic improvements in thermal properties of a base fluid2–9.
*
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Boiling heat transfer is a highly efficient process of heat dissipation with a span of application in
thermal engineering. Much effort has been made to
investigate the thermal performance of different
nanofluids on pool, flow and film boiling heat transfer coefficient10–18. In most previous works regarding nanofluids, it has been found that thermal conductivity of nanofluids is higher than that reported
for the base fluid. However, thermal performance of
the nanofluids in boiling systems is yet to be completely understood. For instance, in an experimental
work conducted by Fan et al.13, stainless steel
spheres in dilute aqueous graphene oxide nano-sheets nanofluids at various concentrations (by
weight) up to 0.1 wt. % were quenched. The experiments were performed for saturated boiling, and
boiling curves were obtained for the nanofluids in
comparison to the baseline case of pure water. It
was shown that quenching is accelerated upon increasing the concentration of nanofluids. The enhanced boiling heat transfer by the nanofluids was
interpreted in relation to the modified surface properties, including morphology, wettability, and
roughness, on the quenched surfaces. However, as
the nanofluids were water based, they could be used
in high heat flux systems. Moreover, the authors reported no visual investigations on the deposition
and fouling formation of particles on the heating
surface.
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Sarafraz et al.14–16 established experiments on
thermal performance of alumina and copper oxide
nanofluids in a boiling pool. They demonstrated
that pool boiling heat transfer can be deteriorated
over extended time, since nanoparticles can form a
fouling layer on the surface, which causes a significant thermal resistance. Tang et al.17 performed a
set of experiments on pool boiling heat transfer
characteristics of gamma alumina/R141b nanofluids
on a horizontal flat square copper surface at heat
fluxes in the range 10–200 kW m–2. The surface
roughness has been controlled by sandpaper of
grade #2000 before boiling. The results show that
the presence of alumina nanoparticles can enhance
or deteriorate the pool boiling heat transfer coefficient, which strongly depends on the concentration
of nanoparticles dispersed in the base fluid.
In another study, nucleate boiling heat transfer
of alumina–water–ethylene glycol nanofluids under
atmospheric pressure was investigated by Raveshi
et al.18 He and his co-workers evaluated six different volume fractions of the nanofluids to study the
impact of concentration on boiling heat transfer of
binary mixture of water/ethylene glycol based nanofluids. The results showed the high effectiveness of
the nanoparticles on the heat transfer coefficient. In

addition, the experimental results indicated that
there is an optimum volume concentration of
nanoparticles, in which the heat transfer coefficient
has its maximum value. Furthermore, the optimum
volume concentration of nanoparticles and the maximum increment of boiling heat transfer coefficient
in their study were 0.75 % and 64 %, respectively.
Although they reported a slight enhancement in
thermal performance of the system, they mentioned
no information regarding the sedimentation and status of particles over the extended period of operation. As mentioned, water/ethylene glycol is not an
appropriate coolant for high heat flux conditions. To
address this challenge, oil-based nanofluids are a
promising option for high heat flux systems. Much
efforts have been made to investigate the effect of
the presence of particles in oils. A summary of these
researches is presented in Table 1.
According to Table 1, nanoparticles have a significant role in thermal performance and viscosity
of oil-based nanofluids. Nanoparticles can be produced using green synthesis via plant extracts.
Much effort has been made to obtain biologically
produced nanoparticles from plant extraction method. For instance, in a study conducted by Wang et
al.28, AgNPs were synthesized using the cell filtrate

Ta b l e 1 – Investigations on the influence of the presence of particles in oils and on thermal performance of the systems
Author

Nanofluid

Remarks

Behabadi et al.19

CuO-synthesized oil

vol. % = 0.5–1.5, Laminar regime, heat exchanger with micro-fin tubes, heat transfer
enhancement up to 230 %, no stability analysis, maximum pressure drop 42–47 %

Shi et al.

Cu-oil

vol. % = 0.001–0.2, Preparation of nanofluid was carried out by Two-step method.
Thermal conductivity was measured using hot wire method, thermal properties were
enhanced due to the base fluid and intensified because of the nanoparticles, maximum
enhancement was 18 % for vol. % = 0.2

Hemalatha et al.21

ZnO-coconut oil

vol. % = 0–2.5 %, Ultrasonically Two-step method was employed to prepare the nanofluids, experimental viscosity was measured and correlation was proposed. Shear thinning behavior was reported. No information on thermal conductivity.

Behabadi et al.22

CuO-base oil

wt. % = 0.2–2, laminar flow, all thermal properties were experimentally measured,
heat transfer enhancement = 12.8 %, Newtonian behavior is reported for the coolant,
no information on stability of nanofluids are reported.

Xie et al.23

MWCNT-silicon
based oil

CNT fraction not mentioned. Multi-walled carbon nanotube was produced using
mechano-chemical method, functionalized and dispersed in silicon based oil, potential
thermal application for nanofluids is reported by measuring the rheological properties.

Ashtiani et al.24

MWCNT-oil

vol. % = 0.002, 0.005, 0.01, at fully-developed regime and constant wall temperature
condition, heat transfer enhancement is reported. No specific values of enhancement
are given. Better thermal properties were seen for oil based nanofluids rather than
base fluids.

Ahmadi et al.25

MWCNT-engine oil

Two-step method, flash point and heat transfer enhanced 6.7 and 13.2 % for wt. % =
0.1 respectively.

20

Ding et al.26
Behabadi et al.27

Diamond-Refrigerant/oil wt. % = 0–5, surfactant including SDS, CTAB were employed as dispersant. EnhanceR113+oil (VG68)
ment in pool boiling heat transfer coefficient up to 63.4 %.
R600/CuO/oil

For refrigerant/oil mixture heat transfer coefficient increases for (vapor quality < 0.6).
For refrigerant/oil mixture heat transfer coefficient decreases for higher vapor qualities. Adding CuO nanoparticles improves the heat transfer coefficient up to 63 %.
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of C. militaris mycelium as reducing agents. The
formation of AgNPs was first confirmed by the surface plasmon resonance illustrated in UV–visible
spectrophotometer. X-ray diffraction analysis further confirmed that the AgNPs were composed of
highly crystalline Ag. Transmission electron microscopy analysis revealed that most of the AgNPs
were of spherical shape with mean diameter about
15 nm. Although they synthesized a relatively pure
Ag by a new method, they did not investigate the
thermal performance of the Ag.
In another study, Benakashani et al.29 reported
the synthesis of silver nanoparticles by reducing the
silver ions present in the solution of silver nitrate
with the cell free aqueous extract of Capparis spinosa leaves. Silver nanoparticles (AgNPs) were
successfully synthesized using C. spinosa extract
and the nature of the synthesized nanoparticles was
analyzed by UV–Vis spectroscopy, transmission
electron microscopy, X–ray diffraction, and Fourier
transform infrared spectroscopy. The antimicrobial
effect of NPs produced with C. spinosa was studied
using different pathogenic bacteria, such as Escherichia coli, Salmonella typhimurium, Staphylococcus aureus, and Bacillus cereus. Despite the antibacterial activity of Ag particles, they reported no
information on its heat transfer application.
Salari et al.30 investigated a procedure for the
synthesis of silver nanoparticles. In this research,
silver nanoparticles (SNPs) were synthesized
through bio-reduction of silver ions using the Spirogyra varians. The structure and morphology of
SNPs were characterized by UV–visible spectroscopy, X-ray diffraction (XRD) pattern, scanning electron microscopy (SEM), and Fourier Transform Infra-Red (FTIR). These nanoparticles indicated an
absorption peak at 430 nm in the UV–visible spectrum. The crystallite average size was estimated
about 17.6 nm and SEM image confirmed synthesis
of relatively uniform nanoparticles. The antibacterial effect of SNPs was also tested on several micro-organisms by measuring the inhibition zone.
However, they did not consider the thermal application of the Ag particles.
In view of the aforementioned literature, in the
present work, thermal performance of biologically
produced Ag nanoparticles dispersed in coconut oil
was investigated. Thermal conductivity and viscosity of Ag/coconut oil nanofluids were experimentally measured and compared to available correlations.
A new and accurate correlation is proposed for thermal conductivity of nanofluids. Thermal performance of nanofluids inside an annular heat exchanger in a convective boiling flow was also
assessed and compared to commonly used car engine oil and the base oil.
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Materials and synthesis method
For producing the nanoparticles, a modified
version of biological method was utilized31,32. As a
reducing agent, Camellia sinensis (green tea leaves)
extract was used, as follows: Initially, about 15.54 g
of tea leaves was washed and dried in a microwave-assisted oven. The dried leaves were ground
and milled. The obtained powders were added to
100 mL deionized water in a clean flask. The mixture was boiled for 12 min, quenched, screened, and
filtered with micro-filter paper. Although Yu et al.
suggested that the filtrate should be kept in 277 K,
we stored the filtrate at 288 K as the stock solution.
Using TOC analyzer, total organic carbon (TOC)
content of the tea extract was evaluated and analyzed (TOC-Dohrmann, Teledyne), which was approximately 19.07 g L–1. In the next step, 750 mL of
silver nitrate (10 mmol L–1) (purchased from Merck
Co. CAS#7761-88-8) was added drop-wise into the
20 mL tea extract solution under sonication using
Hielscher UP400S GmbH (210 W/24 kHz), and mechanically stirred at a speed of 400 rpm for 100 min
at 303–323 K. The Ag nanoparticles were concentrated and purified by centrifugal ultrafiltration,
then rinsed and dried. Noticeably, the formation of
Ag nanoparticles was indicated by the appearance
of a signature smoky brown color of the solution,
which is in good agreement with observations reported by Yu et al.32 Cocos nucifera oil (coconut
oil) was also selected as the base fluid. According
to the literature, it can be stated that coconut oil is
an appropriate host fluid for dispersing the nanoparticles, because the thermal properties of coconut oil
such as density, heat capacity and thermal conductivity are relatively higher than other traditional
oils33,34. Also, after dispersion of nanoparticles, no
further stabilization process is required, which drastically reduces the toxicity of the nanofluid. In the
present work, nanofluids were prepared at wt. % =
0.5, 1 and 1.5 % of nanoparticles. The method of
nanofluids preparation is shown schematically in
Fig. 1.
The nanofluids were prepared at different
weight concentrations of 0.5 %, 1 % and 1.5 %.
Quality tests were perform to investigate the dispersion, size, and morphology of the nanoparticles inside the coolant. According to Scanning Electron
Microscopic, (SEM) and Transmission Electron Microscopic images (TEM) shown in Figures 2(a-b),
the nanoparticles are well-dispersed within the base
fluid. Importantly, in terms of morphology and size,
it can be seen that the particles are spherical and of
the same size. As shown in Fig. 2(c), the Digital
Light Scattering (DLS) test revealed that the
nanoparticles mean size ranged approximately from
50 to 60 nm. To check the purity and morphology,

stirred at a speed of 400 rpm for 100 min at 303–323 K. The Ag nanoparticles were
concentrated and purified by centrifugal ultrafiltration, then rinsed and dried. Noticeably, the
formation of Ag nanoparticles was indicated by the appearance of a signature smoky brown
color of the solution, which is in good agreement with observations reported by Yu et al.32.
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nanoparticles, because the thermal properties of coconut oil such as density, heat capacity and
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transfer profile through the rod could be ignored according to the insulation of both ends of the heater.
For assessing the thermal performance of the
The heat flux and wall temperature could be as high
Ag/coconut oil nanofluids, in high heat flux condias 175 kW m–2 and 184 °C, respectively. The local
tions, the flow boiling heat transfer coefficient of
wall temperatures were measured with four stainthe nano-coolant was experimentally measured. For
less steel sheathed K-type thermocouples54installed
this purpose, a test rig, shown in Fig. 3, was uticlose to the heat transfer surface. The temperature
lized. The
working
fluid
enters
the
loop
from
a
between
the thermocouples
location
K-type thermocouples were thoroughly calibrateddrop
using
a constant
temperature water
bath, and the
main tank through the isolated pipes, and is continheat transfer surface were calculated from:
uously and
circulated
by a centrifugal
pump (DAB
Co.).
 was then
their accuracy
was estimated
at ±0.3
K. The local heat transfer coefficient
. s
Since measuring the flow rate of fluid is very imT
=
T
−
q
(1)
w
th
from: a Flownetix ultrasonic flow
lw
portant calculated
in flow boiling;
meter (uncertainty: ±1 %qreadings) was also installed
The ratio between the distance of the thermom of fluid to measure the flow rate
in trajectory line
(2)

T
T
eters
from the surface and the thermal conductivity


w
b
ave.
with the least possible uncertainty.
The fluid temof the tube material (s/λw) was determined for each
perature was measured by two PT-100 thermomeTo
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the
thermal
contact
resistance,
high
quality thermocouple
silicone paste (uncertainty:
was injected ±0.1
into K)
the by caliK-type
ters (uncertainty: ±0.1 K) mounted on the pipes be35
.
The
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plot
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wells. Toheat
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due toofthe
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andemployed
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age
of
10
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cessed with a data acquisition system in conjunction
the
difference
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flowsection
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PID temperature
ture for each thermometer. All the K-type thermoconsisted of an electrically heated cylindrical DC
the annulus was made of Pyrex glass. Fig. 3 schematically
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thecalibrated
experimental
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usingtest
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36
temperature
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steel surface,
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in the surrounding pipe. The dimensions of the test
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the
heat
transfer
a
was
thencoefficient
calculated can
from:be related to the
section can be seen in Fig. 3. The length of the heated section
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the mm,
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− Tb )ave.
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radiallyTherefore,
by the heater.
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theforaxial
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Experimental

is 16.234 %. More information about uncertainty analysis can be found in our previous
publication37.

F i g . 3Fig.
– Scheme
of the test
rig test
for the
of thermal performance
nanofluids and of
details
of annularand
test section
3 Scheme
of the
rigassessment
for the assessment
of thermalofperformance
nanofluids

details of annular test section
54

analysis for estimating the thermal conductivity. Noticeably, for better understanding, an
enhancement ratio was defined as:
Thermal conductivity Enhancemen t ratio 

(3)

k nanofluid
k base fluid

Fig. 4 presents the dependence of enhancement ratio on temperature for different
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To minimize the thermal contact resistance,
high quality silicone paste was injected into the
thermocouple wells. To avoid possible heat loss, the
main tank circumferences were heavily insulated
using industrial glass wool. To control the fluctuations due to the alternative current, a regular DC
power supply was also employed to supply the
needed voltage to the central heater. Likewise, to
visualize the flow and boiling phenomenon and record the proper images, the annulus was made of
Pyrex glass. Fig. 3 schematically represents the experimental test apparatus. To evaluate the uncertainty analysis, Kline-McKlintock method was used36.
The major uncertainties in the measurement of the
heat transfer coefficient can be related to the errors
in the measurements of volume flow rate, hydraulic
diameter, and all the temperatures. Therefore, the
main uncertainty for the heat transfer coefficient as
thermal performance index is 16.234 %. More information about uncertainty analysis can be found
in our previous publication37.

Results and discussion
Thermal properties
Thermal conductivity

To measure the thermal conductivity of the prepared nanofluids, the KD2 pro Decagon instrument
was utilized (uncertainty: 5 % reading), and thermal
conductivity of nanofluids at different temperatures
was measured and compared to existing correlations. Noticeably, calibration tests were performed
on DI-water to show the accuracy of the experimental device. The results were compared to those reported in literature, which showed that the calibration results were in excellent agreement with
literature for DI-water.
The obtained results for the nanofluids were
examined against the available correlations and it
was found that the available correlations were unable to provide the reasonable values for thermal
conductivity of nanofluids. Thus, a new correlation
was proposed using regression analysis for estimating the thermal conductivity. Noticeably, for better
understanding, an enhancement ratio was defined as:
Thermal conductivity Enhancement ratio =

knanofluid
kbase fluid

(3)

Fig. 4 presents the dependence of enhancement
ratio on temperature for different concentration of
nanofluids.
According to Fig. 4, thermal conductivity of
nanofluids at any concentration is significantly
higher than that measured for the base oil. As can

F i g . 4 – Dependence of thermal conductivity enhancement
ratio on temperature for different concentrations of nanofluids

also be seen, with an increase in concentration of
nanoparticles, the enhancement ratio increases. In
addition, a slight increase in thermal conductivity
due to an increase in temperature is seen. In fact,
thermal conductivity of nanofluid is a strong function of concentration of nanoparticles and operating
temperature. This is largely due to the enhancement
in Brownian motion and internal thermal conductivity of Ag, which is increased with an increase in
concentration.
To correlate the experimental data, it was assumed that thermal conductivity is a function of
temperature and volume fraction of nanoparticles
dispersed in the base oil. Therefore, the dependency
of thermal conductivity on temperature and volume
fraction was separately considered. Thus, summation of the correlations will result in a simple, but
accurate correlation for estimating the thermal conductivity of nanofluid, as:
knf
= f (ϕ , T ) =k0 + aϕ + bT + cϕ 2 + dT 2 (4)
kb f
Eq. 4 is a summation of the two following correlations. In a constant temperature, the influence of
nanoparticles concentration on the thermal conductivity of the nanofluid can be obtained by Eq. 5:
knf
= f (ϕ ,=
) aϕ + cϕ 2
T cte=
kb f

(5)

a, b are obtained using precise regression. In a constant concentration, influence of temperature on
thermal conductivity can be shown by a second-order polynomial as:
knf
= f (ϕ =cte, T ) =k0 + bT + dT 2
(6)
kb f
Table 2 represents the numerical values of constants in regression. Note that our experimental criterion for concentration was the weight fraction,
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Ta b l e 2 – Numerical values of constants defined in Eq. (6)
Constant

a

b

c

d

k0

R2

Standard error

Numerical value

58.6146

0.0052

–1609.0286

–2.22E–5

0.7688

0.99981

5.42 %

while in the regression analysis, the weight fraction
was converted to vol. %.
Fig. 5 represents the results of comparison for
available correlations in literature38 and the proposed correlation. As can be seen, the Maxwell
equation and correlation suggested by Patel et al.
overestimated the experimental data, while Xue et
al., Yu-Choi and Hamilton-Crosser, all underestimated the experimental data.

tained results, the viscosity decreases with an increase in temperature, while by increasing the
nanoparticles concentration, the viscosity significantly increases. Similar to thermal conductivity,
for viscosity, the enhancement ratio is defined as:
mnanofluid
Enhancement ratio =
(7)
mbase fluid

Fig. 6 represents the dependence of viscosity
enhancement ratio on temperature for different
Viscosity
nanoparticles concentrations. As can be seen, deterioration of viscosity with temperature is obvious,
Viscosity of oil is a key parameter, especially
58
which is in accordance with earlier works2,21. Nofor nano-lubricants, in which the presence of partiticeably, viscosity of nanofluids is relatively higher
cles may result in enhancement of viscosity and
than
that measured
for the
base fluid.
of oil, which
increases
the interlayer
movement
of lubricants and also on the surface,
changes in the behavior of the oil. Viscositylayers
can sigIt
can
also
be
stated
that
addition
of nanopartinificantly influence pumping power and lubrication
but at higher concentrations, the nanoparticles form clusters and aggregations, which increase
cles
leads
to
an
increase
in
viscosity,
which is not
performance of oil for high-friction surfaces.
In the
the roughness. These
all result
insome
enhancement
of nanofluid
to the
appreciable
for
applications,
such
asviscosity.
low-tem-According
58
present work, viscosity of nanofluid was measured
57lubrications, while for heavy-oil applicaperature
obtainedof
results, the viscosity decreases with an increase in temperature, while by increasing
at different temperatures and concentration
such as
heat-temperature
conditions
layers
of oil, tions,
which increases
the high
interlayer
movement of lubricants
and also onin
the surface,
nanoparticles using Brookfield digital viscometer
the
nanoparticles
concentration,
the viscosity significantly increases. Similar to thermal
Constant
a
b
c
d
k0
R2 engines,
Standardusing
error the nano-lubricants can enhance the
at higher concentrations, the nanoparticles form clusters and aggregations, which increase
DV-E series (uncertainty: 0.1 % of readings). but
The
thermal properties
and viscosity
in comparison
with
conductivity, for viscosity,
the enhancement
ratio is defined
as:
results
showed
that
with
an
increase
in
nanoparticle
the
roughness.
These5.42
all38%
result in enhancement of nanofluid viscosity. According to the
–
Numerical value
58.6146
0.0052
–2.22E–5
0.7688
0.99981base
oils .
concentration, the viscosity
of the nanofluid signifiobtained results, the viscosity decreases with an increase in temperature, while by increasing
1609.0286
(7)

nanofluid
cantly increases. Noticeably, at lower concentraEnhancemen
t ratio
 concentration,
the nanoparticles
viscosity significantly increases. Similar to thermal
Boiling
thermaltheperformance
 base fluid
tions, a thin layer of nanoparticles is deposited on
conductivity, for viscosity, the enhancement ratio is defined as:
the surface and between layers of oil, which inConveniently, the convective boiling heat transcreases
the
interlayer
movement
of
lubricants
and
38 dependence
fer
coefficient
considered
as thermal
Fig.
6
represents
the
ofwas
viscosity
enhancement
ratio on perfortemperature for
(7)different
Fig. 5 represents the results of comparison for available correlations in literature andthe
nanofluid
tmance
ratio  index for high heat flux conditions. Boiling
also on the surface, but at higher concentrations,Enhancemen
the
 base fluidAs can be seen, deterioration of viscosity with temperature is
nanoparticles
proposed correlation.
As can be
seen,clusters
the Maxwell
equation and
correlationconcentrations.
suggested
by comprises different heat transfer mechnanoparticles
form
and aggregations,
which
heat transfer
whichand
isanisms,
in
accordance
with
earlier enhancement
works2, 21. Noticeably,
viscosity
of nanofluids is
increase the
all result
enhancenamely
heatontransfer
and
Patel et al. overestimated
the roughness.
experimentalThese
data, while
Xue in
et obvious,
al.
, Yu-Choi
HamiltonFig. 6 represents
the dependence
offorced
viscosityconvection
ratio
temperature
for different
ment of nanofluid viscosity. According torelatively
the nanoparticles
ob-higher than
nucleate
boiling
regimes.
that measured
forbethe
base
fluid.
concentrations.
As can
seen,
deterioration
of viscosity with temperature is
Crosser, all underestimated the experimental data.

obvious, which is in accordance with earlier works2, 21. Noticeably, viscosity of nanofluids is
relatively higher than that measured for the base fluid.

F i g . 6 – Experimental viscosity of nanofluid at different temF i g . 5 – Comparison between thermal conductivity enhanceperatures for different concentrations of nanofluids
ment
ratio
obtained
by
the
correlations
against
the
experimenFig. 5 Comparison between thermal conductivity
enhancement ratio obtained
by the
Fig. 6 Experimental
viscosity of nanofluid at different temperatures for different
tal data; temperature = 25 ○C
Fig. 6 Experimental viscosity of nanofluid at different temperatures for different

correlations against the experimental data; temperature = 25 ○C

4.1.2. Viscosity

concentrations of nanofluids

concentrations of nanofluids

It can also be stated that addition of nanoparticles leads to an increase in viscosity, which is

It can not
alsoappreciable
be statedforthat
addition
of nanoparticles
leads to lubrications,
an increasewhile
in viscosity,
some
applications,
such as low-temperature
for heavy- which is

applications,
such applications,
as
conditions in engines,
using the
nanonot appreciable
some
such as low-temperature
lubrications,
while
for heavyViscosity of oil is a key parameter, especially for nano-lubricants,
in oil
which
thefor
presence
of high heat-temperature
38

lubricants can enhance the thermal properties and viscosity in comparison with base oils .
particles may result in enhancement of viscosity and changesoilin applications,
the
behavior such
of theasoil.
high heat-temperature conditions in engines, using the nano-
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Ta b l e 3 – Operating conditions related to flow boiling experiments
Operating parameter

Value

SI unit

Heat flux

5–170

kW m–2

Mass flux

80–1200

kg m–2 s–1

Reynolds number

900–15503

–

Concentration

0.5, 1, 1.5

wt. %

Surface roughness

0.4 (clean) –
0.52 (deposited)

µm

Sub-cooling

353

K

base fluid as well as that of Castrol oil. In fact, the
addition of Ag nanoparticles improves the thermal
performance of coconut base oil. On the other hand,
the presence of nanoparticles influences the thermal
conductivity, Brownian motion, and viscosity of coconut oil. Therefore, better thermal performance is
reported for the nanofluid in comparison with engine oil and coconut oil.
It is worth noting that fouling formation is a
major drawback in the use of nanofluids in cooling
systems. In this work, fouling formation of Ag particles on the heating surface of an annular heat exchanger was constantly monitored using IUP500X
digital microscope. The results were compared to
alumina and copper aqueous nanofluids to understand the fouling behavior of a biologically produced nanofluid. In our earlier publications, fouling
of different nanoparticles on the heating surface
was investigated28,29,34.

Table 3 shows the experimental conditions
used for the boiling experiments. As can be seen,
Reynolds number varies from 900 (laminar regime)
to 15503 (turbulent regime) to assess the performance of nanofluids at different flow regimes. Also,
heat flux is varied from 7 kW m–2 (forced convective) up to 170 kW m–2 (nucleate boiling heat transof nanoparticles which can enhance the thermal conductivity
fer regime).
enhancement of thermal performance of nanofluid.

60

of nanofluid. This results in

According to the experimental results, in the
nucleate boiling region, higher heat transfer coefficient is seen in comparison with forced convection
region. This is largely due to the bubble formation
on the heating surface, which intensifies the local
movements of fluid. Bubble interactions also intensify the Brownian motion of particles. Overall, Ag/
coconut nanofluid presents reasonable cooling performance at high heat flux and two-phase systems.
Fig. 7 shows the dependence of heat transfer
coefficient on Reynolds number for different concentrations of nanofluids and at different heat fluxes
belonging to forced convection and nucleate boiling
regions. Noticeably, with an increase in concentration of Ag nanoparticles into the base oil, higher
heat transfer coefficient is seen for both heat transF i g . 7 – Comparison between heat transfer coefficient at difFig. 7 Comparison
between
heatregions
transfer for
coefficient
differentconcentrations
heat transfer regions for
fer regions. Moreover, an increase in fluid flow rate
ferent heat
transfer
differentat weight
of Ag nanoparticles
61
results in enhancement of heat transfer coefficient.
different weight concentrations of Ag nanoparticles
However, the value of heat transfer coefficient for
Fig. 8 presents the heat transfer coefficient of Ag/coconut oil nanofluids and base oil (coconut
laminar region is relatively lower than that obtained
for the nucleate boiling region. More importantly,
oil) in comparison with car engine oil (20W–50 provided by Castrol GTX). Castrol GTX was
with an increase in concentration of nanofluid,selected
the as it is widely used in the automotive industry, however, other oils can also be
boiling heat transfer coefficient increases. This is
compared. As can be seen, for all the heat fluxes, the heat transfer coefficient of Ag/coconut
mainly due to the presence of nanoparticles which
oil nanofluid is greater than that of the base fluid as well as that of Castrol oil. In fact, the
can enhance the thermal conductivity of nanofluid.
This results in enhancement of thermal performance
addition of Ag nanoparticles improves the thermal performance of coconut base oil. On the
of nanofluid.
other hand, the presence of nanoparticles influences the thermal conductivity, Brownian
Fig. 8 presents the heat transfer coefficientmotion,
of and viscosity of coconut oil. Therefore, better thermal performance is reported for the
Ag/coconut oil nanofluids and base oil (coconutnanofluid
oil) in comparison with engine oil and coconut oil.
in comparison with car engine oil (20 W–50 provided by Castrol GTX). Castrol GTX was selected as it
is widely used in the automotive industry, however,
other oils can also be compared. As can be seen, for
all the heat fluxes, the heat transfer coefficient of
F i g . 8 – Comparison between thermal performance of nanoAg/coconut oil nanofluid is greater than that of theFig. 8 Comparison
between
thermal
fluid, base
oil, and
car performance
engine oil of nanofluid, base oil, and car engine oil
It is worth noting that fouling formation is a major drawback in the use of nanofluids in
cooling systems. In this work, fouling formation of Ag particles on the heating surface of an
annular heat exchanger was constantly monitored using IUP500X digital microscope. The
results were compared to alumina and copper aqueous nanofluids to understand the fouling
behavior of a biologically produced nanofluid. In our earlier publications, fouling of different
nanoparticles on the heating surface was investigated28, 29, 34.

60

surface but also changes the surface characteristics, which decreases the thermal properties of
the surface. Also, rate of evaporation of base fluid is another important parameter, which
influences the rate of deposition of particles39–48 and needs further investigation, which is out
of scope of this articles. Also, deposition of Ag nanoparticles may have significant influences
on cancer treatment and drug delivery systems, which needs to be investigated52–56.
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Ag/coconut oil    

    Alumina/DI-water
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     CuO/DI-water

F i g . 9 – Ag/coconut
Morphology of heating
of silver-coconut oil nanofluids in comparison
with alumina-water and copoil surface during boiling
Alumina/DI-water
CuO/DI-water
per-water nanofluids. Operating time: 1000 min under boiling conditions; heat flux: 85 kW m–2; mass flux: 800 kg m–2 s–1.

Fig. 9 Morphology of heating surface during boiling of silver-coconut oil nanofluids in
For Ag/coconut
oilalumina-water
nanofluid, it was
that
– The Operating
results indicated
that Ag/coconut
comparison
with
andfound
copper-water
nanofluids.
time: 1000
min under oil
nanoparticles exhibited different behavior, such that
nanofluids
exhibit
reasonable
thermal
conductivity
–2 –1
boiling conditions;
heat flux:
85 kWdue
m–2to
; mass
flux: 800
s
the heat transfer coefficient
remained constant
over
the presence
of kg
Ag m
nanoparticles.
An average
time, and fouling of Ag particles had not changed
enhancement ratio of 60 % was reported for wt. %
the surface
characteristics. More importantly, it was
= 1.5. Also, viscosity of Ag/coconut oil nanofluids
5. Conclusions
found that nanoparticles had not formed clusters
was enhanced due to the Ag nanoparticles.
and aggregations on the surface. In fact, in the boil– The results suggested that thermal conducIn this work,
performance
biologically
produced
Ag nanoparticles
in are
ing micro-layer,
the thermal
rate of evaporation
for of
coconut
tivity
and viscosity
of Ag/coconut dispersed
oil nanofluids
oil was lower than that of other base fluids such as
functionsand
of temperature
concencoconut oil was investigated. The thermal conductivity
viscosity ofand
thisnanoparticles
nanofluid was
ethylene glycol or DI-water. As a result, particulate
tration. With an increase in temperature the thermal
behavior
of nanoparticles
remained
and sediexperimentally
measured
and stable
correlated.
Also, theconductivity
following conclusions
were drawn:
slightly increases,
while viscosity of
mentation of particles on the surface significantly
nanofluids decreases. An increase in concentration
decreased over time. Moreover, a polarized layer of
of particles
enhances
the viscosity
and thermal
Thearound
resultstheindicated
that Ag/coconut
oil
nanofluids
exhibit
reasonable
thermalconnanoparticles
heating surface
had not
ductivity.
formed, which
led to decreased
resistance
conductivity
due to thermal
the presence
of Ag nanoparticles.
Anofaverage
ratio
– In terms
thermal enhancement
performance, the
results
(fouling resistance).
suggested that the boiling heat transfer coefficient
of 60 %thewas
reported for
wt.heating
% = 1.5. Also,
viscosity oil
of nanofluids
Ag/coconutwas
oilrelatively
nanofluids
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morphology
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of Ag/coconut
higher
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that
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fluid
and
with
an
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results
that thermal
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orThe
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signif- conductivity and viscosity of Ag/coconut oil
Overall, the biologically produced Ag/coconut
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Conclusions

In this work, thermal performance of biologically produced Ag nanoparticles dispersed in coconut oil was investigated. The thermal conductivity
and viscosity of this nanofluid was experimentally
measured and correlated. Also, the following conclusions were drawn:

Nomenclatures:

a
b
c
d

–
–
–
–

Constant
Constant
Constant
Constant
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k
k0
T
q
s
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–
–
–
–
–

Thermal conductivity, W m–1 K–1
Constant
Temperature, C or K
Heat flux, kW m–2
Thickness of heater, m

Greek letters

l
a
m
f

–
–
–
–

Thermal conductivity of heater, W m–1 K–1
Heat transfer coefficient, W m–2 K–1
Viscosity, N m–1
Volumetric concentration

Sub-scripts

bf
nf
w

– base fluid
– nanofluids
– wall (heater)
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