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Abstract

In the present paper, the heat transfer and fluid flow characteristics of a copper-made heat exchanger were experimentally studied.
The configuration of the heat exchanger was a double pipe and carbon-water nanofluid was utilised as a heat-exchanging medium
within the heat exchanger. Experiments were conducted at volume fractions 0.1-1% and Reynolds number 800—10500. Plausible
effect of various parameters including the nanofluid flow rate, nanoparticles’ volumetric concentration and film temperature on
the overall heat transfer coefficient (HTC) were investigated. Results showed that carbon/water nanofluid can offer a great
potential for cooling applications. It was found that the flow rate of nanofluid; concentration and temperature of nanofluid can
enhance the HTC. Interestingly, the presence of carbon nanoparticles within the base fluid resulted in the augmentation of
pressure drop. This was because of the enhancement in friction factor parameter between layers of the base fluid and the
augmentation in fluid viscosity, which is attributed to the presence of nano-carbons, which increased the pressure drop.
Significant improvement in overall HTC was registered (44% enhancement) achieved at vol.% =1. The penalty of 14% was
reported for the pressure drop at vol.% = 1, which offers a trade-off between the increase in the value of HTC and augmentation in
the value of pressure drop. The maximum value for thermal hydraulic performance of the system was 42.2% at Reynolds number
10200 and vol.% = 1.

1 Introduction

Process intensification and enhancement of thermo-hydraulic
performance of heat exchanging systems is receiving attention
in recent years [ 1-4]. Heat exchangers are most common used
devices in heating and cooling systems with wide range of
applications in industrial sectors such as automotive,
pharmaceutics and chemical processes. One of the significant
challenges of heat exchangers is the poor thermal and physical
properties of the coolants used in these systems, which limit
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their applications. This challenge is associated with the poor
thermal conductivity of the working fluids [5—8]. Thereby,
much effort has been made to enhance the thermal perfor-
mance of a heat exchanger by applying the process intensifi-
cation to the system. Process intensification is a chain of tech-
niques and methods to enhancement the thermal and hydraulic
performance of systems [9-16]. Thus, the effort falls into two
groups of passive and active process intensification tech-
niques. Extension of heat-exchanging surface area is the most
favourable passive technique; however, space limitation is still
considered as the main drawback of this method. Advanced
thermal engineered fluids such as nanofluids has been first
utilised by Choi et al. [17]. Nanofluid is a colloidal mixture
of conductive particles with average size of <100 nm dis-
persed in a base fluid such as deionized water.

Nanofluid can be used for augmenting the thermal proper-
ties of base fluid. As nanofluids are relatively cost-effective
passive technique, easy to produce and less challenging in
comparison with micro-fluids, therefore, they have been ex-
plored in many experimental studies [18-23]. For example,
the heat transfer characteristics of water— based alumina
nanofluid was investigated by Ryzhkov and Minakov [24].
Results showed that the considerable performance of the test
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nanofluid comparing to the base fluid such as low inlet vis-
cosity and pumping power. However, considering the aug-
mentation in pumping power, no systematic comparison was
performed on thermal performance of the system. The effect
of various parameters such as temperature on the HTC of
alumina—water nanofluid in a copper-made tube was experi-
mentally investigated by Ho and Lin [25]. Results demonstrat-
ed that nanofluids enhanced the thermo-physical properties
together with HTC. This showed that alumina water has a
great potential to be used as a coolant. Overall enhancement
of 44% was reported for the HTC.

In another study, Bahiraei and Hangi [26] investigated the
potential application of aqueous Mn/Zn nano-suspension in a
heat exchanger. They investigated the influence of various
operating parameters such as particle distribution size, con-
centration and the scale of magnetic field on the value of
pressure drop and demonstrated anomalous improvement in
heat transfer within the heat exchanging medium. These pa-
rameters were also studied in another work conducted by Wu
et al. [27]. According to their results, there was no significant
improvement in heat transfer for different regimes including
laminar and turbulent flows. It means that the HTC increased
up to 3.43% over the base fluid.

Somewhere else, enhancement of the HTC in a helical heat
exchanger was reported to be 10.7% for vol.% =0.02 for
TiO,/water over the base fluid, (water) [28]. In another works
conducted by Sarafraz et al. [29-33], the HTC was shown to
be decreased in forced convective heat transfer domain and
nucleate boiling regime. They used CuO/water nanofluid
around a vertical cylinder and investigated the potential effect
of different operating parameters on HTC. In other works,
they assessed the two-phase heat transfer characteristics of
nanofluids and reported that nanofluids might not suitable
for the boiling heat transfer regimes [34-37]. In contrast to
Sarafraz et al.’s work, in another similar experiments, Darzi
et al. [23] showed that the addition of nanoparticles enhances
the properties of base fluid in a way that the nano-suspension
can have a plausible applications in cooling systems. Sahin
et al. [38] studied the convective HTC together with the value
for the pressure drop under the turbulent regime. The aqueous
mixture of alumina and water was used as a working fluid.
They showed that the HTC can be enhanced increased with an
increase in the fluid flow rate, and the concentration of parti-
cle. They did not report any specific information on the pres-
sure drop of the system. Wang et al. [39] examined the laminar
forced convection of carbon nanotube nanofluid in a horizon-
tal circular tube. They reported that at Re > 100, Nu number
significantly augmented with an increase in Re number, that
shows the convective heat transfer enhancement is not only
due to the enhancement in thermal conductivity. Fazeli et al.
[40] presented the experimental results of heat transfer and
pressure drop of laminar flow of nanofluids containing Silica
nanofluids in a miniature heat sink. They found that the SiO,/
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water nanofluids enhanced the HTC while also showed a 10%
decrease in the thermal resistance of the heat sink.

Amongst the various nanofluids assessed for thermal engi-
neering applications, carbon nanoparticle is a relatively new
nanomaterial, which is cheap and easy-to-fabricate material
with relatively high thermal conductivity (e.g. ~3200 W/
(mK)). Search the literature, it can be understood that carbon
nanoparticle is widely used for the absorption and water treat-
ment, however, such a plausible thermal conductivity can po-
tentially be used for thermal applications. Hence, the novelty
of the present work is to use carbon nanoparticles to improve
the thermal performance of the system. As carbon nanoparti-
cle is a cheap material, it can further improve the economic
viability of the process as well. Thus, in the present work, an
experimental investigation is conducted on the potential ap-
plication of the spherical carbon nanoparticles/water in a heat
exchanger with double pipe configuration. Characterization of
the carbon nanoparticles including pore size distribution, x-
ray diffraction test, transmission electron microscopic image
and particle size test is performed. Assessment of thermal and
physical properties of nanofluid including thermal conductiv-
ity, specific heat, viscosity and density of nanofluid is exper-
imentally conducted and briefly discussed. The test enable one
to investigate the influence of different operating parameters
such as volumetric concentration of nanoparticles, flow rate of
nanofluid, temperature of nanofluid on overall HTC and pres-
sure drop.

2 Experimental
2.1 Test rig

Figure 1 shows a schematic representation of the test rig used
in the present research. The test rig has three main units in-
cluding the main test section (double pipe heat exchanger),
measurement instruments including thermocouples, flow me-
ter and pressure transmitters and cooling/hot loops for circu-
lating the nanofluid and water. The test section is a double
pipe heat exchanger consisting of two tubes with nominal
diameter of 6.35 mm and 12.7 mm, for inner and outer tubes.
The pipes were fabricated from copper. Nanofluid was intro-
duced to the inner tube, while water at 20 °C was used inside
annular space. The body of the heat exchanger was heavily
isolated to minimise the heat loss to environment. Cooling
loops include the tubes and two centrifugal pumps
manufactured by DAB Co. to pump the nanofluid and water
to the heat exchanger. Nanofluid was carbon/water and was
prepared using two-step method described in the following
section. Distillate water was also chilled using a refrigerant
thermostat bath. To measure the flow rate within the loops,
an ultrasonic flow meter was employed manufactured by
Flownetix (050 lpm). It was calibrated for nanofluid using
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Fig. 1 A schematic representation of test setup employed in this study

a particulate fluid calibrator. To control the temperature of the
tank a cartridge heater connected to an AC transformer was
employed. The cut-off circuit was controlled with a PID con-
troller not only to maintain a constant temperature to the
nanofluid tank, but also to prevent from evaporation of the
nanofluid. The nanofluid tank was kept at 40-70 °C. All the
pipes, joints and tanks were heavily insulated using glass
wool. To measure the temperatures of fluids, four thermocou-
ples were placed at the inlet section and outlet section of the
heat exchanger. The temperature readings were set to a data
logger to monitor the temperature data with data reading fre-
quency of 1 kHz. To measure the axial temperature profile
along with the heat exchanger, eight thermocouples were
mounted on the exterior wall of the inner tube. Also, to mea-
sure the inlet and the outlet temperature of the inner tube,
two thermocouples were installed at the inlet and the outlet
port of the inner tube. To eliminate the potential effect of
thermal resistance, a T18 silicon paste was used in thermo-
wells. To assess the value of the pressure drop within the
heat exchanger, two pressure transmitters manufactured by
OMEGA were mounted at inlet and outlet of the test sec-
tion. Detailed specification of the experimental instruments
have been given in Table 1.

Test section

1

Flow meter

QO]

Flow control valve

Nanofluid cycle

Red for nanofluid loop
Blue for water loop
....... for thermocouple wiring

2.2 Materials and characterization of nanofluid

Carbon nano-powder (CNP), (Sigma-Aldrich, USA) was used
as the carbon-based nanoparticle source. Nitrogen adsorption
test was carried out to measure and estimate the surface area
and size distribution of particle (PSD) of the carbon nanopar-
ticles and is shown in Fig. 2. The higher surface area, the
higher thermal performance is expected to achieve. Results
showed that samples have mesoporous structure with negligi-
ble contributions from microspores. The results of the particle
size distribution test for the CNP sample is shown in Fig. 3.
The distribution is multimodal, showing a broad range of 4—
50 nm. The intensity of the distribution curve is very small.
This low intensity and broad distribution of pores confirm that
the available surface area is primarily due to the particle’s
external surface rather than their internal porosity.

X-ray diffraction test was employed using GNR APD in-
strument. The data were recorded in continuous scan mode
and with the step size of 0.02° and at the range of 2-80° [42].
As can be seen in Fig. 4, the XRD pattern reveals that the
characteristic peaks are seen in 26°, 43° and 55°, which are
the characteristic peaks of the carbon material. Also, there is
no other peaks in the XRD sample. This implies that the
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Table 1 Uncertainties of the

devices utilised for the Instrument model Accuracy

experimental measurements
Ultrasonic tracking flowmeter US100 X Flow-netix £19%°
Thermocouple K-type, Omega 0.1 K"
Cartridge heater 1200 W, 100mmx10mm(L*D) +1.5%*
Pump Centrifugal -
Pressure transmitter Sensys PT +1%*
PID Autonics +1%°

*estimated with calibration procedure, 9based on the manufacturer claim

structure of the carbon is pure and then the thermal conduc-
tivity of the particles is the same. Also, there is no noise in the
result of the XRD showing that the particles are almost uni-
form in terms of size an morphology.

To assess the morphology, dispersion and agglomeration,
Scanning Electron Microscopic image (SEM, represented in
Fig. 5a) and Transmission Electron Microscopic images,
(TEM) were provided by Tecnai, G2 spirit TEM, USA; and
from a sample of 1% by volume of carbon nanoparticles inside
the deionized water as represented in Fig. 5b. As can be seen,
the morphology is spherical and the same for the particles.
Importantly, neither cluster nor agglomeration is formed dur-
ing the dispersion.

Figure 6 presents the experimental results obtained for the
particle size sampling for carbon nanoparticles. Analysis of
particle size test showed that the average particle size for car-
bon nanoparticles is 50 nm, which is in accordance with the
results obtained by scanning electron microscopic and trans-
mission electron microscopic images. To ensure about the
repeatability of the particle size test, measurements were con-
ducted three times and results were consistent.

2.3 Data reduction

To measure the HTC in the hot loop, following correlations:

thnf = M. Cp oy (T inaf =L outnf ) (1)
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Fig. 2 Nitrogen adsorption isotherm on CNP sample [41]
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For the cooling loop, following equation was implemented:

ledw = mw-Cp‘W(Tin,w_TUut-,W) (2)

Here, Qh‘”nfis heat transfer of in hot loop and m, s its mass
flow rate. Likewise, 0, is heat transfer in cooling loop and
m,, is its mass flow rate. Thereby average rate of heat trans-
ferred between inner and outer pipes can be estimated with the
following equation:

Qhot of + Qcold ;

qua = 2 (3)

To calculate the HTC of hot loop, %, Eq. (4) was utilised:

Qa ve

4
Tw_Tb,nf ( )

hyr =

Here, T, is the average of temperature reading from the
wall mounted thermo-meters. 7}, is bulk temperature calculat-
ing from the average of inlet and outlet temperatures of inner
tube. The dimensionless numbers employed in the present
research were Prandtl Nusselt, Pecklet and Reynolds numbers
as follows:

hoy.D;
et

(5)
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Fig.3 The estimated distribution of pore size (PSD) according to QSDFT
for CNP sample [41]
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Also important is to estimate the friction factor which may
be intensified due to the presence of nanoparticles. Following
equation was used:

Ap
R
Djya.” p

©)

Here, L is the length in which fluid is flowing, G is the
velocity (mass based, multiplication of density, p and volu-
metric flow); Ap is the value of the pressure drop.

Thermal performance is estimated with the following equa-
tion:

B (Nunf) )’
" Nubf ’ f,!f

Fig. 5 a Scanning electron
microscopic image of carbon
nanoparticles [41]. b TEM image
of carbon nanoparticles dispersed
in deionized water [41]
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Fig. 6 Results of particle size test for carbon nanoparticles

fis the friction factor and nf, bf stands for nanofluid and base
fluid, respectively. Uncertainty was estimated using the meth-
od introduced by Moffat [43]. The total uncertainty for this
experiment based on Table 1 was estimated to be about 9.1%.
to ensure about the uncertainty, results were checked by Kline-
McClintock’s equation [44]. The total uncertainty estimated
for the heat loss was 5.1%, and for Reynolds number was
8.2%, while it was 10.1% for overall HTC and 9.2% for pres-
sure drop. These estimations were double-checked with the
equation introduced by Moffat et al. [40]. A fair agreement
between the data and the correlation (~8% deviation) was
obtained.

2.4 Thermal and physical properties
of nano-suspensions

Since thermal and physical properties of the nanofluids are
critical, therefore, they were experimentally obtained. As
shown in Fig. 7, thermal conductivity is enhanced with an
increase in the concentration of nanofluid. For better under-
standing, comparison was made between water and nanofluid.
Atvol.% =1, 15% enhancement was seen in thermal conduc-
tivity of water. This can be attributed to the Brownian motion
of the NPs and thermo-phoresis phenomenon intensified at

(i
" —
.

[e— T

b TEM image of carbon nanoparticles

dispersed in deionized water.
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Fig. 7 Thermo-physical properties of carbon aqueous nanofluid

60 °C. Interestingly, density of nanofluid is also larger than
that of measured for water. This is clearly due to the presence
of nanoparticles, which increases the mass of the base fluid
per unit of the volume. Note that, KD2 Pro Decagon was
implemented to measure the thermal conductivity of
nanofluids.

Viscosity was measured with Brookfield digital viscome-
ter. It was found that with an increase in the volumetric con-
centration of nanoparticles, the viscosity of nanofluid in-
creased. This was attributed to the friction forces and friction
forces between layers of the fluid. The heat capacity of
nanofluid decreased with an increase in the volumetric con-
centration of CNPs. This is because the heat capacity of car-
bon nanoparticles is several times lower than water. Density
was measured with Anton Paar densitometer device. Notably,
the heat capacity was measured with thermo-gravimetric
device.

2.5 Calibration and validation of the experimental
setup

It is necessary to calibrate and to valid the test rig to ensure
about the accuracy of the experimental data. For this purpose,
deionized water was used for the test and the obtained results
were examined against the well-known correlations such as
Gnielinski and Dittus-Boelter correlations for both laminar
and turbulent regions. According to Fig. 8, the HTC obtained
by the correlations is in a reasonable agreement with those of
experimentally obtained. As expected, with an increase in the
flow rate of the working fluid, the HTC value increases and
both correlations show the same accuracy for predicting the
HTC. However, For low Reynolds numbers, due to the in-
crease in the residence time of the fluid inside the heat ex-
changer, the heat loss increases resulting in a small mismatch
between the results calculated by the correlations and those of
experimentally obtained. However, this deviation is still less
than 11%-13.8% and is only seen for 1000 < Re < 1500.
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Therefore, results are reliable and experiments can be con-
ducted for the nanofluids.

The friction factor of the system was also measured for
water as a reference case. The results were compared to
Colebrook’s equation. As shown in Fig. 9, results are in a fair
agreement with the well-known Colebrook equation and data
are reliable. As shown, the friction factor decreases non-
linearly with an increase in the value of Reynolds number
and close to the values estimated by Colebrook equation.
Therefore, the experimental setup can measure the pressure
drop and friction factor accurately.

3 Results and discussions
3.1 Flow rate of fluid

Figure 10 shows the dependence of HTC on Re of the
nanofluids for various volumetric fractions and for DI water
at temperature 50 °C. With an increase in Re, the HTC
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Fig. 9 Dependence of friction factor of deionized water on the Reynolds
number at temperature 50 °C
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Fig. 10 Influence of flow rate of nanofluids on the HTC

increases for all concentrations and even the base fluid. More
importantly, when volumetric concentration of nanoparticles
increases, the HTC is increased too. This trend was seen for all
three flow regimes including laminar, transient and turbulent,
however, in turbulent region the HTC is ~10 times larger than
that of obtained for the laminar domain. This is because of the
intensification of the Brownian motion, agitation and eddies,
which intensifies the heat transfer rate inside the heat exchang-
ing media. Similar trends were seen for other temperatures;
while the quantity of the HTC was increased at higher tem-
peratures, which is discussed later.

For better representation of the results, enhancement pa-
rameter is defined as follows:

U
Enhancement parameter = U—f (11)

of
In which, U is the HTC (W/m?. K), for nanofluid (nf) and
base fluid (bf). Figure 11 shows the variation of enhancement
ratio with the concentration and different volumetric fraction

of the nanofluids. According to the represented results in
Fig. 11, enhancement parameter increases with an increase
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Fig. 11 Variation of enhancement parameter with Reynolds number

the Reynolds number meaning that carbon nanofluid can work
at high flow rates as they present higher HTC. Noticeably, for
the laminar region, enhancement parameter is still higher than
1, which means that the HTC enhances at Reynolds 0 < Re <
2300. This enhances the span of application of carbon
nanofluids at low flow rate conditions. For concentration,
the HTC is intensified when flow rate increases.

A comparison was made between the experimental data
and those of theoretically calculated from the well-known cor-
relations not only to validate the experimental data, but also to
see if the well-known correlations can estimate the HTC of
nanofluid. Figure 12 shows the results of a comparison be-
tween the experimental data and those of obtained with well-
known correlations such as Pak and Cho, Gnielinski, Maiga
et al. and Xuan-Li correlations [45]. Results of the comparison
revealed that the HTC values are in a good agreement with the
correlations. According to the figure, the experimental HTC
values are within £30% against the correlations. Also, for
most of the experimental data, the absolute average deviation
was £15%.

3.2 Concentration of carbon nanoparticles

Figure 13 presents the potential effect of volumetric fraction
of carbon nanoparticles HTC at various Reynolds number.
Reynolds number were chosen in a way that three flow re-
gimes of laminar, transient and turbulent were considered. As
shown in Fig. 12, by increasing in volumetric fraction of car-
bon NPs, the HTC is enhanced. For instance, at vol.% =0.1
the HTC is 2240, while it is 2480 and 2790 for vol.% =0.5
and vol.% = 1, respectively. However, system showed that the
HTC is very sensitive to flow rate rather than concentration of
carbon nanoparticles. For example, at Reynold number =
2500, the HTC =2790 (W/mz. K), for nanofluid (at vol.% =
1), while it is 9800 (W/mz. K), at Re = 10,500. This is because
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Fig. 12 Results of a comparison between the HTC value and those of
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of the low thermal conductivity of carbon nanoparticles as
with increasing the concentration of nanoparticle, thermal
conductivity of the nanofluid is enhanced 15% at maximum
vol.% = 1. The HTC value obtained in this work was relative-
ly larger than those of reported for other nanofluids and pure
liquids [46-49].

3.3 Inlet temperature

Figure 14 shows the influence of Reynolds number on overall
HTC at various mean temperature of hot loop (inlet tempera-
ture) to the heat exchanger. Results demonstrated that by in-
creasing the mean inlet temperature of nanofluid, the HTC is
enhanced and the increase follows a rectilinear trend. This
trend can be seen for all other volumetric concentrations and
at any Re numbers. This is simply because an increase in the
temperature of the nanofluids can improve viscosity, thermal
conductivity, density and heat capacity of nanofluid.
Noticeably, impact of temperature on the HTC is insignificant
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Fig. 14 Variation of inlet temperature of hot loop on overall HTC of
nanofluids
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in laminar and to some extent in transient flow regimes, how-
ever, it significantly improves the HTC in turbulent region.

3.4 Pressure drop

Figure 15 represents the values of pressure drop obtained at
different flow rate of carbon nanofluids at temperature 60 °C.
According to Fig. 14, by increasing the flow rate of nanofluid,
pressure drop linearly increases, while the pressure drop for
turbulent flow rates are considerably higher than laminar re-
gime. Since only single-phase heat transfer occurs inside the
heat exchanger, eddies and friction of fluid in contact with the
inner pipe walls are responsible for the pressure drop. More
importantly, presence of carbon nanoparticles inside the heat
exchanger intensifies the pressure drop because particles in-
crease the viscosity of the coolant as well. At Reynolds num-
ber of 910, pressure drop is 150% lower than the value mea-
sured at Reynolds number 3500, meaning that pressure drop is
strongly dependent to the flow rate of nanofluid. For deion-
ized water, similar trend is seen. For the Reynolds number of
900 at vol.% =1, pressure drop is 133% lower than that of
measured at Reynolds number 3500. Meaning that pressure
drop is higher in comparison with DI water at a given
Reynolds number, which is due to the interaction of particles,
base fluid and the heat exchanger walls.

Figure 16 presents the change in values of pressure drop
due to the variation of Reynolds number in turbulent region
and for various volumetric fraction of carbon NPs. With an
increase in the flow rate, the value for the pressure drop in-
creases. Also, increasing the volumetric fraction of NPs results
in the augmentation of pressure drop. For instance, at vol.% =
1 and at Reynolds number 10500, the pressure drop is 10.5,
while it is only 2 at Re =4500.

For better understanding, a comparison is made between
the experimental friction factor obtained for nanofluids and
the base fluid. According to Fig. 17, adding the nanoparticles
into the base fluid increases the value of the fiction factor. For
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Fig. 15 Dependence of pressure drop on fluid flow rate of nanofluids and
base fluid in laminar regime
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Fig. 16 Variation of pressure drop values with Re in turbulent regime and
for various volumetric fractions of nanofluid

vol.% = 0.1, the friction factor increases by 2%, while for
vol.% =0.5 and 1%, it increases 9 and 14%, respectively.
Presence of nanoparticles can increase the probability of stick-
ing of particles on the walls of the inner tube which enhances
the values of pressure drop. Notably, enhancement in viscosity
also results in the augmentation in the friction factor and pres-
sure drop.

3.5 Overall thermal performance

Figure 18 shows the variation of thermo-hydraulic perfor-
mance of the nanofluid on the volumetric fraction of
nanofluids. As can be seen, even though friction factor is
enhanced with an increase in the volumetric fraction of
nanofluid, the thermo-hydraulic performance of the system
still increases. This is because enhancement in the HTC is
more effective than the enhancement in the pressure drop. In
fact, there is a trade-off between the HTC enhancement and
pressure augmentation. For the carbon/water nanofluid, the
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Fig. 17 Experimental friction factor of DI water and carbon nanofluid at
vol.% =1 and at temperature 50 °C. As results almost overlapped each
other, for other concentration the average friction factor enhancement was
reported
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Fig. 18 Thermal performance of the system at different volume fractions
of nanofluids and for different Reynolds number

experiments show that the HTC enhancement is the determin-
ing factor. In other words, carbon nanoparticle can enhance
the thermal performance of the system by intensifying the
convective HTC within the heat exchanger. Also, at higher
Re numbers, thermo-hydraulic performance of the system is
more intensified in comparison with mid-range and low
Reynolds numbers. This is because of the formation of eddies,
Brownian motion of nanoparticles, local agitation of fluid,
thermo-phoresis effect and flow regime.

4 Conclusion

In this study, some experiments were conducted to evaluate
the convective thermal performance of carbon/water
nanofluid in a double pipe heat exchanger. Following conclu-
sions were drawn:

* Experimental measurements on thermo-physical proper-
ties showed that carbon nanoparticles can improve the
thermal conductivity, viscosity and density of nanofluid
up to 30%, 20 and 16% respectively at vol.% = 1.

» Carbon nanoparticles in deionized water can enhance the
convective HTC up to 45% at vol.% = 1. With an increase
in concentration of particles, flow rate and inlet tempera-
ture of nanofluids, convective HTC is augmented.

* Presence of particles within the base fluid added a small
penalty for the pressure drop due to the enlargement in the
friction factor and viscosity of base fluid. However, this
penalty is insignificant in comparison with 45% of en-
hancement in HTC.

» Although pressure drop and friction factor both increased
slightly, the overall thermal performance of nanofluid
within the heat exchanger increased. Moreover, by in-
creasing the concentration of NPs, higher thermal
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performance is achievable for the range of 0.1-1% by
volume of nanoparticles.
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