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Abstract

In this paper, thermal conductivity and rheological properties of CNT water-based nanofluids
were experimentally measuredwhereas density and heat capacity were evaluated from appropriate
theoretical correlations. The influence of nanoparticle content and base fluids on thermophysical
properties of nanofluids were presented and discussed. Then, the thermal performance and
convective heat transfer of such nanofluids were investigated in a coaxial heat exchanger working
in co-current flow. Fixed wall temperature boundary condition and laminar regime were also
considered during the experiments. The results were presented discussing the effect of the
entrance region, Reynolds number and nanofluids composition.
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Nomenclature

) % Concentration

) W m™*K*  Thermal conductivity

h W mzK Convective heat coefficient
C, Jkg'K*? Specific heat

P kg m? Density

Nu Nusselt number

Re Reynolds number

T °C Temperature

X m Axial distance

e m Thickness

D m Inner diameter of the tube
m  kgs* Mass flow rate

Special characters

W Water

EG Ethylene-Glycol

N2 Nanofluids with water as base
fluid

N6 Nanofluids with EG+water as
base fluid

wit Weight fraction

Subscripts

bf Base fluid

np Nanoparticle

nf Nanofluid

th Thermocouple

a Annular tube

S Stainless steel

Introduction



Most of the scientific community agrees that pollution and global climate change, due mainly
to excessive carbon dioxide emissions, threaten the environment. As industry is one of the
highest energy-using sectors, a shift towards improved energy efficiency in industry, especially in
thermal systems, is a new challenge to reduce energy consumption and gas emission [1].

Over the past decade, many methods have been implemented for heat transfer enhancement.
This enhancement can be achieved by decreasing thermal boundary layer thickness, increasing
velocity gradient near heat-transfer wall, disrupting fluid flow, increasing velocity from laminar
flow to turbulent flow, increasing extending surface of heated wall and changing thermophysical
properties of surface and fluids [2-4]. Heat transfer properties of conventional working fluids is a
primary obstacle in making efficient and compact thermal systems especially in heat exchanger
which are widely used in industries.

It is now well established that nanofluids are challenging materials with promising use in heat
exchangers, energy and convective systems, solar collectors, electronic devices... They also
appear as a worldwide research topic due to their potential applications. Nanofluids exhibit
higher thermal conductivity than base fluids which is significantly increased with increasing
concentration of nanoparticles. The nature of nanoparticle also plays a role in these benefits over
conventional fluids. Also, carbon-based nanomaterials are of main interest because of their
excellent intrinsic thermal properties.

Ding et al. [5] have studied the effect of axial distance on heat transfer of multi-walled carbon
nanotubes flowing through a horizontal tube. Their results have shown that the enhancement is a
function of axial distance from the inlet, increasing first, reaching a maximum, and then
decreasing with increasing axial distance and that the axial position of the maximum
enhancement increases with CNT concentration and Reynolds number Re. These results differ
from those of Paritosh et al. [6] who found that the enhancement of heat transfer increases with
the axial distance under laminar regime. Mayer et al. [7] have investigated experimentally the
effect of axial distance on convective heat transfer of aqueous multi-walled carbon nanotubes
flowing through a straight horizontal tube. They showed that at low axial distance, the use of
MWCNT-water nanofluid enhances slightly the convective heat transfer; nevertheless, at high
axial distance, the addition of MWCNT penalizes the heat transfer.

Evaluating the literature shows that the results are very dispersed. In fact, some works have

confirmed that the addition of CNTs can enhance significantly the thermal performances [8,9],



while other works have found the opposite: the addition of nanoparticles may cause significant
pressure losses that result in a negative energy balance [10]. Wang et al. [11] have studied the
heat transfer and pressure drop under laminar flow for CNT based nanofluids with volumetric
concentration of 0.05% and 0.24%. They showed that the nanofluids at low concentration
(0.05%) increase the heat transfer with small extra penalty in pressure drop and have a great
potential for applications in the heat transfer. The effect of MWCNT functionalization on laminar
convective heat transfer of water-based nanofluids was reported in [12]. The authors also
evidenced convective heat transfer enhancement with increasing the nanofluid content and

Reynolds number.

In the continuity of our previous researches [13], this paper focuses on thermophysical
properties measurement and heat transfer performance of carbon nanotubes nanofluids, stabilized
by lignin as surfactant, considering both water and water-EG mixture as base fluid. Also, the
effect of low concentration in CNT is considered. Based on our investigations, this work aims to

select the appropriate composition of CNT nanofluids for heat transfer applications.

Materials and experiments

Here, MWCNT produced by Nanocyl with an average aspect ratio of 160 (average length:
1.5um; average diameter: 9.2 nm) were dispersed by the two-step method in water and a mixture
of water and ethylene-glycol (50:50 in mass%). As reported by the manufacturer, density and
carbon purity of MWCNTSs’ were respectively 1800 kg m™ and 90 %. Lignin, known as by-
product of paper industry, was used as surfactant to ensure nanoparticles dispersion and avoid
nanoparticles agglomeration and sedimentation [14]. The surfactant was purchased from Sigma
Aldrich, with product number 471003. Low nanoparticle content of 0.01 and 0.05 in mass%
(respectively 0.0277 and 0.0055 in vol.%) was here considered in a trade-off between thermal
conductivity enhancement and viscosity penalty. These nanofluids were obtained from the
dilution of initial suspension with 1% in mass fraction of nanotubes from mechanical mixing. A
constant surfactant/CNTweight ratio of 2 was also maintained with dilution.

Due to the lack of reliable models for the prediction of thermal conductivity and viscosity of
CNT nanofluids [15,16] and the influence of surfactant on these properties [17], they were
measured with experimental setups previously used [15,16] for an operating temperature of 45°C.



As explained thereafter, this is the average temperature between inlet and outlet in the inner tube
of the coaxial heat exchanger presently used.

Thermal conductivity of both nanofluids and base fluids were measured using a KD2 Pro
thermal Property analyser (Decagon Devices Inc.) based on transient hot wire method with an
accuracy of + 3.5% [15]. The rheological properties were measured under steady-state condition
with a Kinexus Pro rheometer (Malvern Inst.) equipped with a cone and plate geometry of 60mm
in diameter and 1° in angle, with well controlled temperature of £0.01°C and with a maximum
deviation of 4%. The comprehensive description of rheological measurements and validation as
well with calibration fluids were reported in a previous paper [16].

As shown also in previous works [18], density and heat capacity of CNT based nanofluids can

be evaluated respectively from the following well-known formulas [20,21].

Prt :¢pnp +(1_¢)pbf (1)
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Coaxial heat exchanger

The home-made coaxial heat exchanger was previously described in [13]. The main features
are recalled as follows and described in figure 1.

- The experimental setup consists of a test section of a stainless steel coaxial heat exchanger
with entrance with inner tube length of 660 mm, inner diameter of 18.7 mm and a thickness of
1.3 mm and an annular tube diameter of 47.6 mm and thickness of 1.7 mm.

- An adiabatic section of 200mm was left outside the test section to ensure fully developed
flow through the inner tube, allowing the measurement to be made after the hydrodynamic and
thermal entry and ensuring that the axial variations of temperatures are mainly related to heat
transfer and not to the hydrodynamic flow.

- Four platinum probes are positioned at the inlet and outlet of test section for measuring the
respective working fluid temperatures.

- To evaluate the wall temperature distribution of the inner, 8 K-type thermocouples with an
accuracy of 0.1 °C after calibration, were inserted at axial positions of 5(T1), 20(T2), 30 (T3),
60(T4), 140(T5), 185(T6), 245(T7) and 385 mm (T8) from the inlet.



- The pressure drops of the inner tube were measured using piezo-resistive pressure
transmitters (Rosemount) over a range of 0-5 bar with an accuracy of 0.075%. All the data were
recorded by a data acquisition system (Labview). The entire test section was insulated with

polyurethane foam, as shown in Figure 1.a, in order to minimize the heat losses.

Tl T3 T5 T7 — Cold fluid

Thermocouple

position
Hot fluid

200 mm

Adiabatic upstream

Figure 1a. Experimental set-up for heat exchange measurement; b.Schematic view of coaxial heat exchanger

The measurements are made for a co-current flow maintaining the hot fluid inlet temperature
at 50°C and the inlet temperature of cold fluid at 10°C. The water flow rate in the annular tube
was maintained constant and equals to 5.6 I/min for all tests.The flow rate in the inner tube varied
between 0.31 and 3 I/min. For the tested flow rates, the maximum temperature difference
between the inlet and the outlet of the annular tube does not exceed 1°C. For this reason, the heat
transfer properties were considered to be evaluated from fixed wall temperature boundary
condition.



As mentioned in our previous work [13], the nanofluid flow rate was measured directly from
the time required to accumulate a fixed volume of the nanofluid using a 3-way valve. This 3-way
valve was also used for flow system cleaning between runs even with the same nanofluid. For
each volumetric flow rate, the data acquisition is performed when a steady state is reached. This
was achieved when the difference between inlet and outlet temperature of both inner and annular
tubes becomes constant. For all flow rates, the average temperature of the operating temperature
in the inner tube is about 45 °C. This enables to avoid possible instability of nanofluids and
surfactant efficiency with regards to temperature.

The thermocouples inserted at the heat exchange surface, as shown in figure 1.b, measure the
temperatures of the inner surface and the outer surface of the central tube. To determine the
temperature distribution at the inner surface of the central tube, a corrective term was considered
to take into account the conductive effect between the grooves where the thermocouples are
positioned and the internal surface of the central tube.

For each axial position x, the axial heat density is calculated as follows:

a(x)= T.()-T, e, 3)

Where Ty (X) is the axial temperature displayed by the thermocouple and T,is the temperature
of the annular tube.

M IS the average thermal conductivity of the thermocouples and e; is the thickness of the
groove (m).

The axial heat density can also be expressed as a function of the axial temperature of the inner
surface of the central tube, and reduces to equation (4) at first approximation due to low thickness
of tube.

q(x) _ Tp (X)_Tth (X) e, (4)

Where A is the average thermal conductivity of the central tube (stainless steel); e, is the
thickness between the thermocouple and the tube inner surface.
The local convective heat transfer coefficient was obtained according to the following

equation:



001, 07,0 X

Ten(X) is the fluid local temperature in the inner tube. It was determined as follows [19]:

Ty (=T, (0)+ (T, T, (x)ex %Th] ©

P is the perimeter of the inner tube; his the average convective heat exchange coefficient.

The local Nusselt number was calculated using equation (7):

Nu(x)= Q]

The accuracy of the platinum probes and K-thermocouples used is about 0.1 °C after
calibration. In the heating circuit, the flow rate was calculated by measuring the time required to
accumulate a fixed volume. This operation was repeated five times for each flow rate to minimize
measurement uncertainties. The maximum relative error is also estimated to 2%.

The maximum heat flux uncertainty can be evaluated based on [22] as following:

(RORGE)

Hence, the uncertainty of heat flux and convective heat exchange were evaluated to 4.5 and

N

7.45%, respectively.

Before studying the nanofluids, the coaxial heat exchanger was tested and calibrated with
distilled water. The validation procedure and results of global parameters are previously
presented and detailed in [13].

Figure 2 shows the evolution of local Nusselt number of distilled water (W) in inner tube with
the axial distance for three different Reynolds numbers 600, 950 and 1850. For low axial
distances (less than 0.25 m), we note that Nusselt number decreases with axial distance and then
stabilizes for values greater than 0.25m.

We can observe that for Re=600, the Nusselt value achieved at high axial distances is about
3.66, which corresponds to a thermally developed regime. All the values closely agree with

theoretical and expected ones with distilled water.



21

18 o Re = 600
15 A Re=950
! ¢  Re=1890
E
Z wexe NU=3.66
6 R
3 X)@(X ................ X ................................................. %
O 1 1 1
0 0,1 0,2 0,3 0,4

Axial distance/m

Figure 2Local Nusselt number versus axial distance of W/W configuration in function of axial position and
Reynolds number

Experimental results

In the following main figures, water-based nanofluids are denoted N2, and nanofluids
containing EG are noted N6.The thermophysical properties of nanofluids investigated for an
operating temperature of 45°C are reported in table 1. It is observed that density and heat capacity
of nanofluids respectively increase and decrease with volume fraction, and depend on the nature
of the base fluid. When EG is present within the base fluid, density and specific heat are naturally
higher, respectively lower than with water only. Thermal conductivity enhancement also
increases with volume fraction of nanofluids, the enhancement being greater with EG+W based
fluid. Rheological behavior of nanofluids with 0.05% in mass is reported on figure 3. It is found
that water-based nanofluids are shear-thinning for shear rate lower than 200s-1, then a Newtonian
region is observed. Shear-thinning effect is absent with EG+W as base fluid. In the Newtonian
region, the viscosity values increase slightly with volume fraction in comparison with viscosity of
base fluids, and, as expected, are higher with the presence of EG. Similar trends were observed
with nanofluids of lower mass concentration of 0.01%, viscosity value in the Newtonian region

being lower than with 0.05% in mass.

Nanofluid bf plkg m? Coldkg K™ Thermal conductivity Viscosity value
mass % Enhancement / % in Newtonian




region

/ mPas
0.01 W 990.25 4179.7 10.9 0.604
0.01 EG+W 1038.84 3368.6 13.2 2.18
0.05 W 990.44 4178.2 11.3 0.632
0.05 EG+W 1039.01 3367.6 154 2.35

Table 1 Thermophysical properties of CNT nanofluids
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Figure 3 Viscosity of base fluids and nanofluids with 0.05% in wt. at 45°C

Wall temperature distribution of nanofluids along tube axial distance is shown in figure 4 for
Re=600 and both tested weight fraction. It was observed that for both nanofluids, temperature
decreases significantly with axial distance at the entrance region. However, for axial distance
higher than 0.25m,the influence of the axial distance on the wall temperature becomes negligible.
This implies that heat transfer within the heat exchanger occurs mainly at the entrance region.
The temperature along the axis is slightly higher with water as base fluid in comparison with
EG+water, and higher than water only. Similar tendencies were also reported for higher Re

numbers. It is also found that temperature difference reduces when Re number is increased. The



main difference in changing volume fraction was observed with water as base fluid as it was

found that temperature is higher with the highest nanoparticle weight fraction.
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Figure 4 Wall temperature distribution along the tub(%)axial distance for Re=600 and wt.% of 0.01 (a) and 0.05

The effect of base fluid and nanoparticle content on local relative convective heat transfer is
reported on figure 5 for Re number of 950. For both nanofluids, convective heat transfer
increases slightly with axial distance and depends on both base fluid and weight fraction in
nanoparticles. Higher the weight fractionbetter heat transfer enhancement is. In addition, better
enhancement is also obtained with the mixture of EG+W as base fluid. This agrees well with
previous studies [23]. The maximum enhancement is about 18.5% for N6 with 0.05 in mass%,
while it is around 11.8% with N2 for the same concentration. This trend is similar for all Re
number, without significant effect when Re is changed within the range presently investigated
from 600 to 1890.
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Figure 5 Local relativeconvective heat transfer along the tube axial distance for Re=950 and wt.% of 0.01 (a) and
0.05 (b)

Conclusion

Thermophysical properties and heat transfer performance under laminar regime of carbon
nanotubes nanofluids at an operating temperature of 45°C, stabilized by lignin as surfactant,
considering both water and water-EG mixture as base fluid were investigated. Effect of
nanoparticle content was also considered.

Accordingly, the following conclusions can be drawn:while viscosity and density are
increased with the presence of EG, nanofluid with EG+W as base fluid and higher nanoparticle
content appears as the best candidate for heat transfer applications. Actually, both thermal
conductivity and convective heat transfer coefficient along the tube is higher in comparison with

other compositions.
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