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Abstract:

The thermal performance of water-based multi-watbon nanotubes nanofluids are measured in a
coaxial heat exchanger under laminar regime withérange of Reynolds numbers 500-2500. The
convective heat transfer properties with constaall 'emperature are evaluated for four different
multi-wall carbon nanotubes based nanofluids at dowcentration of 0.05% in weight (0.026% in
volume). The measurements of thermal and rheolbgrogerties of the nanofluids with operating
temperature were investigated experimentally. Tifexes of the aspect ratio of carbon nanotubes,
the type of base fluid and surfactant on viscositgrmal conductivity and laminar convective heat
transfer were studied. Based on the experimensaltse we reported the shear-thinning behaviour
of nanofluids, the nanofluid viscosity being depamidon the base fluid type in the Newtonian
region. We also showed that the enhancement oftlibemal conductivity and the average
convective heat transfer of nanofluids increasetth Wie aspect ratio of nanotubes and decreased
when the thermal conductivity of the base fluidreéases. This enhancement attains at least 10% in

comparison to base fluid even with the low contdmtamotubes used.

Keywords: heat transfer enhancement, coaxial heatxehanger, nanofluids, carbon nanotubes,
thermal conductivity, viscosity.
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1. Introduction

One developing issue in heat and mass transfemeaheent relies on the use of nanofluids [1-3].
Nanofluids consist of nanometer-sized particleshwitgh thermal conductivity dispersed in a
common base fluid such as water or engine oil. @udeir high thermal conductivity compared to
base fluids and their performance in energy deVig€s, nanofluids are interesting candidates for
heat transfer enhancement in many fields and apmlits [5-7]. Several studies have been
previously performed on the heat transfer enhanoewfenanofluids flowing through a tube under
laminar regime. It is well admitted that experin@ntonvective heat transfer coefficients of
nanofluids varied with increase of the flow velgaind volume fraction. These coefficients are far
higher than the ones of base fluids under the samditions, as reported in [8] for a wide variety
of nanofluids containing Cu or XD; spherical nanoparticles. Similar results were alsmmarized

in [9] considering other nanoparticle natures. &b&hors mentioned in particular that the measured
Nusselt numbers of nanofluids are higher than thesoof base fluids, and increase with higher
Reynolds numbers. However, few works reported tbat liransfer coefficient measurement of
nanofluids containing nanotubes and carbon nanstubparticular, while they have a high thermal
conductivity [10-12]. Hence, the potential of agueauulti-wall carbon nanotubes (MWCNT)
nanofluids for heat transfer enhancement in coaxia¢ exchanger under laminar flow regime is

here investigated from experiments.

Ding et al. [13] first reported the large conveetiveat transfer enhancement of aqueous CNT under
laminar flow in comparison with water for both loReynolds number and weight fraction in
nanotubes. Ko et al. [14] measured the flow properdf water-based CNT nanofluids through a
horizontal tube. They investigated the effect ofSS&s surfactant and the introduction of oxygen
containing functional groups. They also reported #ffect of shear-thinning of nanofluids with
concentration, which induces the increase of presdwp under laminar regime in comparison
with base fluid. A similar result was also reporteg Halelfadl et al. [15] with water based
nanofluids containing CNT and SDBS as surfactanaftow weight fraction of 0.01% and flowing
in a tube. The heat transfer properties of MWCNTTaflaids with volume fraction lower than
0.24% in intertube falling-film flow were studied/ lRuan and Jacobi [16]. They showed that the
heat transfer coefficient of nanofluids vary withsedluids and nanofluid volume fraction. Under
laminar regime and same Reynolds number, highearesgment was achieved with ethylene glycol
(EG) than water. Garg et al. [17] studied the heamsfer performance of MWCNT aqueous



nanofluids in horizontal tube under laminar flovgirae, showing that the heat transfer coefficient
for a fixed axial distance decreases with the REElmwoumber and increases with the axial distance.
Chen et al. [18] measured the convective heat feamd titanate aqueous nanotubes in a vertical
tube for Reynolds number lower than 2500. The ecdéraent in convective heat transfer appeared
to be strongly dependant on nanoparticle conceotraind aspect ratio, Reynolds number and axial
position. Also, heat transfer coefficient increasetth Reynolds number and the highest

enhancement was observed at the entrance regtbe aibe.

It is well known that the thermal conductivity emsament of nanofluids depends on the addition
of nanoparticles and the nanoparticle aspect rascshown in [3,19]. However, this increases the
viscosity of nanofluids [20,21] and can penalize tihhermal benefits of nanofluids in energy
systems. For the above reasons, we have hereigatest nanofluids containing nanoparticle with
both high aspect ratio and conductivity such as MWWG&nd low weight fraction of 0.05%. As the
heat transfer efficiency of nanofluids in flowingssems is also closely related to their thermo
physical properties [22], the thermal conductiviand viscosity of nanofluids are first
experimentally evaluated. Then, we report the measent of convective heat transfer
enhancement of nanofluids in a coaxial heat exatrangder laminar flow regime within the range
of Reynolds number 500-2500. The experimental tesuk reported for an operating temperature
of 45°C and considering the effect of surfactamd base fluids used to produce the nanofluids.

The influence of the nanotube aspect ratio is discussed.

2. Nanofluids

In this work, we studied four types of nanofluidshtaining multi-walled carbon nanotubes with a
low weight fraction of 0.05%. Due to the true dépnsif nanotubes, this leads to a volume fraction
around 0.026%. Table 1 summarizes the compositiohtlae properties of the different nanotubes
and nanofluids. For each studied nanofluid, aisgduspension containing 1% in weigth fraction
of nanotubes and 2% in weight fraction of surfattamially prepared by Nanocyl, was diluted with
the base fluid. The dilution was performed to mamta constant surfactant/carbon nanotubes
weight ratio of 2 and followed by mechanical stigito disperse the nanopatrticles in the base fluid.
The type and quantity of surfactants, which waslusestabilize the nanoparticles within the base
fluid, were selected by Nanocyl. They consistediamfic agents, such as lignin and sodium
polycarboxylate. Lignin is a by-product of papedustry which is suitable as a dispersing agent for
multiwalled carbon nanotubes [23]. So, we invesédaxperimentally the effect of base fluid type,
the effect of carbon nanotubes aspect ratio andtype of surfactant. As shown in Table 1,
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nanofluids N and N differ by their base fluid. The aspect ratio of thanotubes dispersed in the
nanofluid N is approximately two times higher than the oneth@ nanofluid M. Lignin and

sodium polycarboxylate were used as surfactantslf@nd N, respectively.

3. Thermo physical properties of nanofluids

The thermo physical properties of the nanofluidsevevaluated in this study at the average
temperature of J=45°C. This temperature corresponds to the aveodgine inlet and outlet
temperatures of the working fluid in the inner tuidehe coaxial heat exchanger test section (see
section 4). The thermal conductivity and the viggosf the nanofluids were experimentally
measured at the working temperature following thec@dures previously used in [22, 24-26] and
described thereafter. The density and the heatctgpa the nanofluids were evaluated from well-
known theoretical correlations stated later.

3.1.Thermal conductivity and viscosity measurements

Thermal conductivity measurement of nanofluids wagied out from the transient hot wire
method. We used a KD2 Pro thermal property anal{@ecagon Devices Inc.) equipped with a
KS-1 probe. Once both the probe and the nanoflardpde equilibrated at 45°C for 30 min, an
average of over ten measurements of thermal condyavas performed with a time interval of 5
min for each nanofluid. The accuracy and reliapilif the thermal conductivity measurement
system were previously reported, leading to maximelative deviation of 3.5% [24].

Rheological measurements of the nanofluids weredwctied with a Kinexus Pro rheometer
(Malvern) with well controlled temperature unded.01°C. Given the low viscosity of nanofluids,
all the experiments were performed with a cone @m@ in diameter and 1° in angle. The
measurement procedure and the validation of therempetal protocol are detailed and reported in
previous works [25,26], leading to maximum relatideviation in viscosity value of 4%. Once
equilibrated at 45°C for 5 min between the cone glate, each nanofluid sample was subjected to
a logarithmic stress ramp under steady-state dondit The tests were done in two replicates
indicating the measurement repeatability and thabilgty of the nanofluids. Rheological
measurement of the base fluids, e.g. distilled mael distilled water and ethylene glycol (50/50),

was also performed.

3.2. Density and heat capacity evaluation
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The following standard formulae were used to euvelube density of the studied nanofluids [27]

and their specific heat capacity [28], respectivadgcribed by equations (1) and (2).

P = (l_¢v)pbf + ¢vpnp (1)

Cont = * (2)

4. Coaxial heat exchanger
4.1 Experimental set-up

The experimental set up used to measure the thgrenfmrmances and the convective heat transfer
coefficient with fixed wall temperature boundarynddion is shown in figure 1. It involved a test
section finely designed and instrumented. This gestion consists of a stainless steel coaxial heat
exchanger with inner tube length of 0.66m, innantkter of 18.7mm and a thickness of 1.3mm and
an annular tube diameter of 47.6mm and thickness.dhm. An adiabatic section of 0.2m in
entrance length preceded the test section, allowireg measurement to be made after the
hydrodynamic and thermal entry. The nanofluids feoeed through the inner tube with a fixed
inlet temperature of 50°C. Distilled water was uasd cooling fluid with a fixed inlet temperature
of 10°C and was circulated in the annular tubehefdoaxial heat exchanger. For both the inner and
the annular tubes, the temperature was controldgutwo thermostatic baths (Fisher). Four
platinum probes with a maximum accuracy of 0.1°t@ratalibration, are inserted into the flow at
the inlet and outlet of each tube. As shown in riggd, eight K-type thermocouples with an
accuracy of 0.1°C after calibration, were mounte@dvaal positions in mm of 5(T1), 20(T2), 30
(T3), 60(T4), 140(T5), 185(T6), 245(T7) and 385(T@m the inlet of the test section to evaluate
the wall temperature distribution along the tubbe Tpositions of the thermocouples have been
chosen in order to evaluate the wall temperatustridution especially in the thermal entrance
region thereafter the adiabatic entry section. Agited by figure 1, it should be noted that the
thermocouples are inserted inside the wall of tinei tube. The pressure drops of the inner tube
were measured using piezo-resistive pressure tittessn(Rosemount) over a range of 0-5bar with
an accuracy of 0.075%. All the data was recorded lata acquisition system (Labview). The
entire test section was insulated in order to mirénthe heat losses.

The measurements are made for a co-current flovg. dllows the heat transfer of nanofluids to be
investigated at the entry of the heat exchangee.Wdtter flow rate in the annular tube is maintained

constant for all tests at 336l/h. This volumetianf rate is very high compared to that of the inner
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tube, which varies between 5 and 80I/h. These flal@s were chosen to achieve the fixed wall
temperature boundary condition and were adjusteddoh nanofluid to compare their properties at
same Reynolds number. As reported later, thislakds to laminar flow condition within the inner
tube containing nanofluids.

The nanofluid flow rate was measured directly fribva time required to accumulate a fixed volume
of the nanofluid using a 3-way valve. This 3-wayveawas also used for flow system cleaning
between runs even with the same nanofluid. For @atimetric flow rate, the data acquisition is
performed when a steady state is reached. Thisaaldasved when the difference between inlet and
outlet temperature of both inner and annular tllse®mes constant. For all flow rates, the average

temperature of the operating temperature in theritube is about 45°C.

4.2. Data analysis

The heat transfdyetween the nanofluids and distillated water withie coaxial heat exchanger was

obtained according to equation 3:

qonf = rﬁnf Cpnf AT (3)

Where m, and Cpnf are nanofluid’s mass flow rate and heat capacspeetively. AT is the inlet

and outlet temperature difference of the nanofinithe inner tube of the coaxial heat exchanger.
The overall and the average convective heat tramskefficients, respectively denoted U ang h

were obtained according to the following equations:

¢nf

U, @
with
T, -T, |-, -T
ATln _ ( nf Wo) ( nfI W ) (5)
Tnf _Tw
|n [0] o)
[T"fi T J
and
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In the previous equation,,land O are the external and the internal diameter ofither tube of

the heat exchanger as shown in figure 1.b. S ib¢laetransfer surface area.

The Reynolds and the Nusselt numbers were cagzllaging the following equations:

Re, = M
mu e Dy,
NUD _ hnf Dh (8)
" A

u and A, are the dynamic viscosity and the thermal conglitgtof the nanofluid respectively.

These thermophysical properties were evaluated empetally as presented previously.

4.3 Uncertainty and validation of experimental set-up

The uncertainty of the heat transfer characteristits the coaxial heat exchanger was computed
from the work of [29] and the values summarizedable 3. Hence, the uncertainty in Reynolds
numberRe, convective heat transfer coefficigmtand Nusselt numbedu was evaluated t&6%,
+7.45% andt10.95% respectively. Before studying the nanofluitie experimental coaxial heat
exchanger was tested and calibrated with distiNater. Thus, the experimental results for Nusselt
number of distilled water where reported in Fig@teand compared to the theoretical prediction
under laminar regime depicted by equation 9 [30].

- 0.14
Nu=1.86 RePr 3| £ )
L/D, Jz

where ., is the dynamic viscosity of distillated water atlmtamperature ., was evaluated based

on wall temperature measured by the thermocouptegire 3 presents the experimental and
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theoretical Nusselt numbers, which increase liyeaith Reynolds number as expected. Figure 3
shows that the Nusselt numbers calculated throlgtexperimental results and equation (8) are in
good agreement. The maximum deviation between mquél) and equation (9) is 6%. This is of

the same order of magnitude as the experimenta&rtaicty in Nusselt number.

5. Results and Discussion

The relative thermal conductivity of the nanofluigds/estigated in this work at the operating
temperature of 45°C is presented in Table 2. Asetqul, Table 2 first shows that relative thermal
conductivity of nanofluids is enhanced with the gemce of nanotubes. From Table 2, we also
observe that, at tested nanotubes weight fradi@nthermal conductivity of the base fluid has got
significant effect on the enhancement of the thércoaductivity of the nanofluids. In fact, the
thermal conductivity increases by 15.4% farwth a mixture of water and ethylene glycol (50/50
in weight) as a base fluid. The thermal condugti@ghhancement reduces to 11.3% fqrvithen
water is only used as a base fluid. This resuleegwith that of Chen et al. [31] and John and
Shima [3] who revealed that the thermal condugtigihowed a lower enhancement for aqueous
CNT based nanofluid as compared to ethylene glgddl based nanofluid. Table 2 also shows an
enhancement of thermal conductivity with increaB€NT aspect ratio. The thermal conductivity
increases by 9.6% for the nanofluid &hd by 11% for the nanofluid,NIt is also shown that the
role of surfactant in thermal conductivity enhaneamis negligible at that weight fraction in
comparison to the effect of the base fluid type tr@daspect ratio.

Figure 3 shows the evolution of the apparent dynawiscosity as a function of shear rate. The
results showed that the apparent viscosity firstekeses with shear rate. For higher shear rates, th
apparent viscosity tends to a Newtonian plateaurevtiee apparent viscosity becomes independent
of the shear rate. This means that the aqueous l6ad&d nanofluids (N N, N3 and N,) behave
like shear thinning fluids. Thus, at the initiatioh shear, the nanotubes network tends to align in
the direction of flow. In the Newtonian region, thiscosity of nanofluids N N, and N, is quite
close of the viscosity of distilled water. This icates that the aspect ratio and the surfactamiotio
have a significant role on viscosity at high sheae for the weight fraction of CNT investigated in
the current work, and with water as base fluid.urég3 also shows that the viscosity of the
nanofluid N;, with a mixture of ethylene glycol and water asééuid, is three times higher than

that of the aqueous CNT based nanofluidg (4 and N,). Besides, the addition of a small amount



of CNT (0.05% in weight) slightly increases thecasity of the base fluid (mixture of water and

ethylene glycol) of about 10%.

Prior to discuss the effect of base fluid, surfat@&nd CNT aspect ratio on the relative convective
heat transfer of the nanofluids, figure 4 firstwikdhe wall temperature distribution along the bxia
distance of the coaxial heat exchanger for theefit nanofluids at Re=950. As it is seen in figure
4, for all nanofluids the wall temperature decreasih the increase of axial distance for very low
axial distance then stabilizes for axial distangghér than 0.25m. This result shows that the heat
exchange is particularly significant in the entranegion of the heat exchanger, and decreases with
axial distance. The decreasing in wall temperatdigribution depends also on nanofluids
composition, in particular on base fluid. Indedw tvall temperature distribution is lower with the
mixture of water and EG as base fluid. It is impattto note that similar trends are obtained when
distilled water flows through the inner tube insteaf nanofluids and also when the Reynolds

number varies within the laminar regime.

Figure 5 shows the evolution of the average haaster coefficient of all nanofluids and associated
base fluids in function of Reynolds numbers. Iblsserved that these coefficients increase with
Reynolds number enhancement, as reported in [18],adso evolve similarly according to the
Reynolds number. Consequently, the relative heatster coefficients Jthy, which are defined as
the ratio of average heat transfer coefficient afafluids to average heat transfer coefficient of
base fluids, appear to be quite constant with Régnre 6. Comparing Nand N, Figure 6 shows a
significant enhancement of heat transfer coefficieyn about 16% with B (CNT dispersed on a
mixture of ethylene glycol with water), whereas édmhancement for aqueous CNT based nanofluid
N; is only about 12%. The convective heat transfélaanement is reduced with an increase in the
thermal conductivity of the base fluid.

Figure 6, in turn, shows that the enhancement efnimat transfer increased with the aspect ratio.
The enhancement of the convective heat transfdfiadeat is relatively higher for nanofluid N
with a high aspect ratio. The convective heat ccefit increased by about 12.5% fog, While it
increased by about 10% for Mompared to the base fluid.

Finally, the enhancement of the convective heatstea coefficient differs for both nanofluids; N
and N, especially for Reynolds number lower than 700shAswn in figure 6, the enhancement of
the convective heat transfer coefficient qfilNquite constant within the range of Reynolds nersb
while the convective heat transfer coefficient ofifcreases up to Re=700, then tends to a plateau.
The maximum enhancement of the convective heasfieacoefficient for both nanofluids is about
12.5%.
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4. Conclusion

The heat transfer performance of carbon nanotubssdnanofluids flowing in a coaxial heat
exchanger under laminar flow regime is investigagderimentally. The convective heat transfer
properties with a constant wall temperature of 45%€ evaluated for four different multi-wall
carbon nanotubes based nanofluids at low concemtrat 0.05% in weight (0.026% in volume).
The effect of surfactant, aspect ratio and basd figpe was also considered. First, the viscosity a
the thermal conductivity of nanofluids were meadurader the operating temperature of 45°C. It is
reported that all CNT based nanofluids behave dtkear thinning fluids. In the Newtonian region,
situated beyond 100s viscosity of aqueous carbon nanotubes based né®fN, N, and N, is
close to that of base fluid. With distilled watandaethylene glycol (50/50) as base fluid, the
presence of CNT also increases the viscosity. dlse shown that the effect of the aspect ratio of
CNT and the surfactant nature on the nanofluidgogsy is low at the CNT concentration
investigated here. It is revealed that both thentlaé conductivity of the base fluid and nanotube
aspect ratio plays a significant role on the enbarent of the thermal conductivity of nanofluids as
compared to surfactant. Higher improvement in tleronductivity is obtained for nanofluids with
higher nanotube aspect ratio and lower thermal ecindty of base fluid. Finally, the results
indicate that a low volume fraction of 0.026% in Thktads to an average convective heat transfer
enhancement higher than 12% in comparison with Bagks. Nanotubes aspect ratio increase and
base fluid with lower thermal conductivity contrtbuo better enhance the convective heat transfer
of nanofluids.
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Highlights

» Heat transfer study of CNT water-based nanofluidk l@w volume fraction
» Convective heat transfer of nanofluids through eomigc tube heat exchanger
* Experimental study of thermal conductivity and wisity of nanofluids

» Influence of surfactant, aspect ratio and base flui

* Comparison of nanofluids thermal performance umhal@inar regime
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Figure Captions

Figure 1. Experimental set up of coaxial heat ergka (a) — View of the thermocouples location
along the inner tube (b).

Figure 2. Comparison of the experimental Nussethler of distilled water with the result of Eq.
(9) in function of Reynolds number.

Figure 3. Apparent viscosity of nanofluids and bisels as a function of shear rate at operating
temperature of 45°C.

Figure 4. Wall temperature distribution along tixehdistance of heat exchanger for the different
nanofluids at Re=950.

Figure 5. Average convective heat transfer coefficiof nanofluids and base fluids versus
Reynolds number.

Figure 6. Evolution of the relative convective hgansfer coefficient versus Reynolds number for
the studied nanofluids.

Table Captions
Table 1. Nanotubes and nanofluids properties
Table 2. Relative thermal conductivity of nanoflsiid

Table 3. Accuracy or relative accuracy of the maagunstruments
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Figure 1. Experimental set up of coaxial heat ergea (a) — View of the thermocouples location
along the inner tube (b).
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Figure 2. Comparison of the experimental Nussethler of distilled water with the result of Eq.
(9) in function of Reynolds number.
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Figure 4. Wall temperature distribution along tixéahdistance of heat exchanger for the different
nanofluids at Re=950.
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Table 1. Nanotubes and nanofluids properties

N1 N> N3 N4

Nanotube average 9.2 9.2 9.2 11.4
diameter (nm)
Nanotube average 1.5 1.5 1.5 ~1
length (um)
Average aspect r~160 ~160 ~160 ~90
ratio
Purity (wt.%) 90 90 90 90
Base fluid Distilled Distilled water  Ethylene Glycol (50%) Distilled water

water (W) (W) + Distilled water (50%) (W)

(W+EG)
Surfactant Lignin Sodium Lignin Sodium
polycarboxylate polycarboxylate
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Table 2. Relative thermal conductivity of nanoflsiid

bf ﬂ‘bf
N 11.3
N, 11
N 15.4
N, 9.6
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Table 3. Accuracy or relative accuracy of the maagunstruments

Description Model Accuracy/relative
accuracy
Inlet/outlet RTD PT100 +0.1°C
flow rate platinum
probe
Wall Type K, +0.1°C
temperature thermocouple
Thermal KD2 Pro +3.5%
conductivity
Fluid flow rate - +2%
Dynamic Rheometer, +4%
viscosity Malvern
Kinexus Pro
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