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Abstract

In this paper, the convective heat transfer enhancement of aqueous suspensions of multi-
walled carbon nanotubes flowing through a straight horizontal tube was investigated
experimentally for a Reynolds number range of 1 000 - 8 000, which included the transitional
flow regime. The tube was made out of copper with an internal diameter of 5.16 mm.
Experiments were conducted at a constant heat flux of 13 kW/m? with 0.33%, 0.75% and
1.0% volume concentrations of multi-walled carbon nanotubes. The nanotubes had an outside
diameter of 10 - 20 nm, an inside diameter of 3 - 5 nm and a length of 10 - 30 um.
Temperature and pressure drop measurements were taken, from which the heat transfer
coefficients and friction factors were determined as a function of Reynolds number. It was
found that heat transfer was enhanced when comparing the data on a Reynolds-Nusselt graph
but when comparing the data at the same velocity, it was shown that heat transfer was not
enhanced. Performance evaluation of the nanofluids showed that the increase in viscosity was
four times the increase in the thermal conductivity, which resulted in an inefficient nanofluid.
Keywords: Nanofluids, multi-walled carbon nanotubes, transition, convective heat transfer,

performance evaluation
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Nomenclature

As Surface area, m?

C Constant

Cp Specific heat at constant pressure, J/kg K
D Internal diameter of tube, m

EB Energy balance

AP Pressure drop across the tube, Pa

f Darcy-Weisbach friction factor

h Convective heat transfer coefficient, W/m? °C
h(x) Local convective heat transfer coefficient, W/m? °C
I Current, A

k Thermal conductivity, W/m °C

L Length of tube, m

m Mass flow rate, kg/s

n Number of temperature measuring points
P Perimeter of tube, m

Qin Heat input from heater, W

Qtf Heat transfer to the test fluid, W

q Heat flux, W/m?

R Thermal resistance, "C/W

T Temperature, °C

T(x) Local temperature, °C

\Y Velocity, m/s

Vv Voltage, V

X Axial distance, m



Greek Symbols

Ot Thermal boundary layer thickness, m
u Dynamic viscosity, kg/m s

1) Volume concentration

p Density, kg/m®

Non-dimensional Numbers

Gr Grashof number

Gz Graetz number

Nu Nusselt number

Pr Prandtl number

Ra Rayleigh number (Ra = Gr - Pr)
Re Reynolds number
Subscripts

avg Average

b Bulk

bf Base fluid

Cu Copper

e Exit

in Input

i Inlet

k Thermal conductivity
lam Laminar

m Mean

nf Nanofluid



p Particle

Si Inner surface

S0 Outer surface

tf Testing fluid
trans Transition

turb Turbulent

w Wall

X Local properties
M Viscosity

1. Introduction

There is an exponential growth in communication, electronics and computing technologies.
Together with a steady decrease in their size and an enhanced rate of operation and storage of
data, challenges arise in their thermal management. The conventional method is to increase
the cooling rate by increasing the heat transfer surface area, but this approach requires an
undesirable increase of the thermal management system [1]. On a large scale, such as power
generation, chemical production, air-conditioning and transportation, one requires more
efficient cooling systems with greater cooling capacities and a decreased size [2,3]. Research
is being done on microscale heat transfer; however, the conventional fin-and-microchannel
technology appears to be inadequate for next generation technologies [2].

The low heat transfer performance of conventional fluids such as water, engine oil
and ethylene glycol hinders the performance enhancement and the compactness of heat
exchangers [1,4,5]. The thermal conductivity of a fluid plays a vital role in the development

of energy-efficient heat transfer equipment but they have an order-of-magnitude smaller



thermal conductivity than metallic or non-metallic particulates. When comparing the thermal
conductivity of water (0.61 W/m°C) with that of multi-walled carbon nanotubes (MWCNT),
the thermal conductivity of the carbon nanotubes (3 000 W/m°C) is about 5 000 times larger
than that of water. By the introduction of nanometre sized solid particles, the thermal
conductivity of the fluid is improved thereby improving its capability of energy exchange.
These fluids are termed "nanofluids” and are deemed the next generation heat transfer fluid.

Pak and Cho [6] did experiments with y-Al,Os-water and TiO,-water nanofluids for
fully turbulent flow and got a 45% enhancement in the heat transfer coefficient with the
y-Al,O5-water nanofluid at a volume concentration of 1.34% and for the TiO,-water
nanofluid, a 75% enhancement in the heat transfer coefficient at a volume concentration of
2.78%. But at the same concentration, the heat transfer enhancement for the TiO,-water
nanofluid was less than that of the y-Al,O3-water nanofluid.

Li and Xuan [7] used a Cu-water nanofluid in their experiments and tested in the
laminar and turbulent flow regimes. Compared with water, the convective heat transfer
coefficient of the nanofluid was increased by about 60% for a volume concentration of 2%
for the same Reynolds number.

Wen and Ding [8] performed experiments at the entrance region under laminar flow
condition using y-Al,Os-water nanofluids. For a volume concentration of 1.6%, the local heat
transfer coefficient was around 45% higher than that of water only. This enhancement
decreased to around 14% further away from the entrance.

Yang et al. [9] did experiments with graphite-water nanofluids under laminar flow
conditions. For a 2.5 wt% they experienced an increase in heat transfer of 22% over the base
fluid at a temperature of 50°C and 15% at a temperature of 70°C.

Ding et al. [3] tested MWCNT-water nanofluids in the entrance region of laminar

flow. They experienced a maximum enhancement in heat transfer of over 350% at a



Reynolds number of 800 and an axial distance of approximately 110 times the tube diameter
for 0.5 wt% of MWCNTSs.

Heris et al. [10] tested Al,Os-water nanofluids under laminar flow range conditions.
They had heat transfer enhancement and found that as the particle volume concentration
increases so does the enhancement. They tested volume concentrations of 0.2 vol% up to
2.5 vol%.

Murshed et al. [11] did experiments with TiO,-water nanofluids under laminar flow
conditions. They found for a volume concentration of 0.8 vol% and at position x/D = 25 that
the local heat transfer coefficient of the nanofluid was about 12% and 14% higher than
deionised water at a Reynolds number of 1 100 and 1 700 respectively.

Garg et al. [12] also tested MWCNT-water nanofluids. Their experiment was
concerned about the preparation and the enhancement in the laminar flow range using
MWCNT-water nanofluids. They had a maximum heat transfer enhancement of 32% at a
Reynolds number of 600.

Kim et al. [13] used two different nanofluids in their experiments. They tested in the
laminar and turbulent flow range. The two nanofluids they used were y-Al,Os-water and
amorphous carbonic water. In laminar flow the y-Al,Oz-water nanofluids had a heat transfer
enhancement of around 14% whereas the amorphous carbonic nanofluid showed
enhancement of around 7%. In turbulent flow, the y-Al,Os-water nanofluids had an increase
of around 20% and the amorphous carbonic water nanofluid showed no enhancement.

Anoop et al. [14] did experiments with y-Al,Os-water nanofluids with different
particle sizes in the laminar flow range. They showed that there is larger heat transfer
enhancement with a smaller particle size than a larger one. At a Reynolds number of 1 550
for the 45 nm particle size, the enhancement was around 25% whereas for a 150 nm particle

size the enhancement was 11%.



Amrollahi et al. [15] did experiments with functionalized MWCNT-water in laminar
and turbulent flow at the entrance region. Under laminar flow the heat transfer coefficient is
increased by 25% for a concentration of 0.12 wt% at 20°C. In the turbulent flow regime the
heat transfer enhancement increases between 5-25% for different temperatures and particle
concentrations.

Liu and Liao [16] tested CNT’s suspended in an aqueous drag-reducing fluid for the
turbulent flow range. At high temperatures the heat transfer enhancement for 1.0 wt%
increases by about 40% compared to that of water.

Duangthongsuk and Wongwises [17] tested TiO,-water nanofluids for the turbulent
flow range. At a volume concentration of 1%, the heat transfer enhancement was
approximately 26% whereas at a volume concentration of 2%, the heat transfer enhancement
was reduced by 14%.

Ferrouillat et al. [18] tested SiO,-water nanofluids for the entire flow range but only
considered results for the turbulent flow range. At a volume concentration of 18.9%, the heat
transfer enhancement was approximately 50% for a Reynolds number greater than 1 000.

Table 1 summarises the previous work found in literature. It shows which flow range
was tested in, what type of nanofluid was used and the percentage enhancement in heat
transfer over that of the base fluid water.

Evaluating the literature shows that there are few works [6,7,8,9,10,11,13,14,17,18]
that have reported on convective heat transfer characteristics of nanofluids, especially CNT
nanofluids [3,12,15,16]. All of the studies considered in literature either test in the laminar
[3,7,8,9,10,11,12,13,14,15] or high turbulent flow range [6,7,13,15,16,17] and very few
tested in the transitional flow range [19].

It is normally advised when designing heat transfer equipment to remain outside the

transitional flow regime due to the uncertainty and flow instability of this region. Large



pressure variations are also encountered in this region since the pressure gradient required to
pump the fluid in laminar and turbulent flow could vary by an order of magnitude. As more
and more sophisticated heat transfer enhancement techniques are being used in heat
exchangers, the mass flow rates have slowly decreased over the years for a specific heat
transfer rate and these days a lot of heat transfer equipment has started operating close to or
in the transitional flow range. Thus there is a need for more design information in transitional
flow. In the recent works of Meyer and Olivier [20,21,22], the heat transfer coefficients and
pressure drops were measured for transitional flow in smooth and enhanced tubes with
different types of inlets. They showed that the heat transfer and pressure drop characteristics
are stable and that there is a smooth transition from laminar to turbulent flow. They also
showed that if heat transfer occurs, the type of inlet has no influence on the heat transfer
coefficients, friction factors and on the critical Reynolds number.

No work has thus far been conducted to investigate the influence of MWCNTSs on
single-phase heat transfer and pressure drop characteristics in the transitional flow regime of
smooth tubes. Therefore, the purpose of this study is to experimentally measure, for a few
low concentrations of MWCNTSs suspended in water, the heat transfer and pressure drop
characteristics of nanofluids in the laminar, transitional and turbulent flow regime in a
horizontal smooth tube.

Hence the separate objectives of this study will, firstly, be to obtain heat transfer
coefficient and friction factor data for Reynolds numbers between 1 000 and 8 000 (this is
done to include the transition point where the flow changes from laminar to turbulent), for
smooth tubes using water and three different concentrations of MWCNT-water nanofluids as
the working fluid. The second objective will be to evaluate the performance of MWCNT-

water nanofluids as a heat transfer enhancement fluid.



2. Experimental set-up and validation
2.1. Nanofluid preparation

Three different volume concentrations, measured according to the volume of the base fluid,
of MWCNT-water nanofluids were prepared. The MWCNTSs have an outside diameter of 10 -
20 nm, an inside diameter of 3 - 5 nm and a length of 10 - 30 um. The three different volume
concentrations were 0.33%, 0.75% and 1.0%, which were dispersed into 10 litres of distilled
water. In order to stabilise the three different mixtures, gum arabic (GA) powder was
dissolved and added into the distilled water first. Garg et al. [12] used 0.25 wt% GA with
1 wt% MWCNT, or a 1:4 ratio. A similar approach was used here. Garg et al. [12] sonicated
various nanofluid samples for different time lengths. They found that the optimum sonication
time for a 1 wt% MWCNT and 0.25 wt% GA mixture was 40 min using a 130 W, 20 kHz
ultrasonicator. In the current study, the nanofluids were sonicated using an ultrasonicator that
had an operating frequency of 24 kHz and a maximum power output of 200 W. The
sonication times for the current nanofluids were adjusted to match the optimum sonication
time of Garg et al. [12]. Hence the sonication times for the volume concentrations of 0.33%,
0.75% and 1.0% were 30 min, 80 min and 120 min respectively.

For a stable nanoparticle-dispersion, the pH is a key parameter, which is related to the
electrostatic charge on the particles’ surface and is known as the zeta potential. At the iso-
electric point, which is the point where the nanoparticle carries no net electrical charge, the
nanoparticles will form agglomerations since there are no sufficient repulsive forces between
the nanoparticles. As the pH changes from the iso-electric point, the absolute value of the
zeta potential of the nanoparticle surface increases so that agglomeration and collisions
between nanoparticles caused by Brownian motion are prevented [23]. Shown in Figure 1 is
the measured pH of the distilled water compared with that of the MWCNT-water nanofluid

and GA-water mixture. The pH of the distilled water is 7.1 and that of the GA-water mixture
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for volume concentrations of 0.33%, 0.75% and 1.0% is 6.6, 6.4 and 7.4 respectively. The
MWCNT-water nanofluids follow a similar trend as that of the GA-water mixture except at a
concentration of 1.0 vol%, the suspension is not acidic. At volume concentration of 0.33%,
0.75% and 1.0% the pH is 8.0, 7.7 and 7.1 respectively. Xie et al. [24] found that the iso-
electric point of their MWCNT suspension was at a pH of 7.3. The 0.33 vol% and 0.75 vol%
nanofluid concentrations remained stable for 3 days whereas the 1.0 vol% only remaind
stable for around 24 hours due to the large possibility of its nanoparticles forming

agglomerations and settling out of the suspension.

2.2. Effective thermal conductivity of the MWCNT-water nanofluid

The thermal conductivity was measured using a KD2 thermal property meter (Decagon
Devices), which is based on the transient line heat source method. The KD2 thermal property
meter had a measurement uncertainty of £5% and was calibrated by using distilled water
before any set of measurements were taken. The results fall to within 5% of the predicted
theory by Popiel and Wojtkowiak [25].

Shown in Figure 2 is the measured thermal conductivity ratio of the 0.33 vol%,
0.75 vol% and 1.0 vol% MWCNT-water nanofluids for a temperature range of 20°C - 40°C.
The effective thermal conductivity increases with increasing temperature and MWCNT
concentration. For volume concentrations of 0.33%, 0.75% and 1.0%, the thermal
conductivities of the MWCNT-water nanofluids were 2%, 3.3% and 8% respectively greater
than that of the distilled water. The results show that the increase in thermal conductivity falls
to within the measurement uncertainty of the device. The reason is that the thermal
conductivity meter is very sensitive to natural convection. At 20°C the data follows almost a
straight line. This is due to that fact that natural convection in the sample is low. The scatter

in the data increases with increasing temperature.
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Xie et al. [24] reported a 7% increase in thermal conductivity for MWCNT suspended
in water at a volume concentration of 1.0%, which compares very well with the measured
8%. Prasher et al. [26] showed that the thermal conductivity can increase due to
agglomeration of the nanoparticles when compared with a well-dispersed system, which is a
possible reason for the large increase in the thermal conductivity of the 1.0 vol% MWCNT-
water nanofluid. Keblinski et al. [27] also showed that particle clustering, due to Brownian
motion, could enhance the thermal conductivity since the particles are much closer together
and thus enhance the constant phonon heat transfer.

Prasher et al. [28] showed that the thermal conductivity can be written as follows:

k
Lf:1+ck.¢ (1)
kpr

where Cy is a constant depending on the experimental data. In this case, Cx = 7 and is shown
in Figure 2 as the dotted black line. On average, Equation 1 predicts the thermal conductivity

to within 1.8% for all three volume concentrations.

2.3. Effective viscosity of the MWCNT-water nanofluid

When plotting the results on a viscosity vs. temperature graph the viscosity of nanofluids
increases with increasing MWCNT concentration and decreasing temperature. Figure 3
shows the measured viscosity ratios as a function of the volume concentrations of the
MWCNT-water nanofluids. When plotting the results in this fashion the different temperature
data points collapse onto one point and the viscosity-ratio is then only dependent on the

volume concentration.
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The viscosities were measured with a double concentric cylinder viscosity meter.
There is a linear increase from a volume concentration of 0% up to 0.75% and then suddenly
a steep increase to 1.0%. A possible reason for the large increase in viscosity is that the
nanoparticles have agglomerated due to the pH of the solution being too close to the iso-
electric point [23].

Einstein, in 1906, developed a correlation for the viscosity of dilute suspensions

(< 5 vol%) for small and rigid spherical particles [29]:

M 14259 (2)

Upf

Equation 2 is shown as the blue line on Figure 3. Equation 2 under predicts the data for the
0.33 vol% MWCNT-water nanofluid concentration by 15.9%, for the 0.75 vol% MWCNT-
water nanofluid concentration by 29.7% and for the 1.0 vol% MWCNT-water nanofluid
concentration by 77.7%. The reason for the large under prediction by Equation 2 is that the
correlation was developed for spherical particles. Equation 2 can be extended to include

ellipsoidal particles [18,28]:

M=1+Cu-¢ (3)
Upf

where C,, depends on the ratio of the revolution ellipsoid axes and is equal to 2.5 for spherical
particles and not tubes with an aspect ratio of 1 333. In this case, C, equal to 60 correlates the
volume concentrations of 0.33% and 0.75% well. At a volume concentration of 0.33%,
Equation 3 over predicts the viscosity by 0.24%, at a volume concentration of 0.75%, the
viscosity is under predicted by 0.17% and at a volume concentration of 1.0%, the viscosity is

under predicted by 65.1%.
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2.4. Experimental set-up

Shown in Figure 4 was the experimental set-up used. An electronically controlled magnetic
gear pump (Item 1) was used to pump the working fluid at a stable flow rate. A bypass loop,
which was controlled via a gate valve (Item 11), was added to control the flow rate. In order
to protect the equipment, a pressure relief valve (Item 2), which was rated at 350 kPa, and a
non-return valve (Item 3) were incorporated into the system. The inlet and exit thermocouples
(Item Ti and Te respectively) were attached to the system to measure the inlet and outlet
temperatures, rather than the test section, since this will avoid any influence that the test
section has on the readings. The test section (Item 5) is connected to the system via rubber
hosing, so as to prevent axial conduction. The flow rate through the test section was
measured via a Coriolis flow meter (Item 6), which was placed after the test section. After the
flow meter, the fluid is cooled back to the inlet temperature (= 20°C) via the cooling loop,
which consists of a simple tube-in-tube heat exchanger (Item 7), chiller (Item 8) and a
centrifugal pump (Item 9), before it is pumped back to the 22 litre storage tank (Item 10). Just
after and before the storage there are three ball valves (Item 4) which allow the system to be
flushed and cleaned easily. The system and storage tank were kept small to ensure that the
volume MWCNT (which is very expensive) used was kept to a minimum.

Shown in Figure 5 is the test section used in the current study. The test section
consisted of a 500 mm hydrodynamic entry section, a heat transfer test section and a mixer,
and all three sections were separated from each other by acetyl bushes. The acetyl bushes
were used to thermally insulate the mixer and inlet sections from the heat transfer test section.
The heat transfer test section consisted of a straight copper tube of length 1 m. It had an
internal diameter of 5.16 mm and an external diameter of 6.44 mm. The test section was
insulated with 60 mm thick insulation. The heat transfer test section was heated via a

Constantine wire at 212 W (13 000 W/m?) with a DC power supply at 200 V and a current of
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1.06 A. To measure the wall temperatures, 13 T-type thermocouples were spaced evenly
along the test section wall. This was done by drilling a small pilot hole into the test section
and securing the thermocouple with a drop of solder. Two T-type thermocouples were
inserted into the fluid, before the developing length and after the mixer, in order to measure
the inlet and outlet temperatures. The thermocouples were calibrated to an accuracy of 0.1°C.
The pressure drops were measured with a pressure transducer with an accuracy of 0.08% at
full scale, which was 17 kPa. The pressure range of the experiments was from 155 Pa to
8.2 kPa. The pressure transducer was connected to the pressure taps shown in Figure 5. The
pressure tap diameter was 4 mm, which is less than 10% of the tube diameter. The reason for
the small diameter is so that the overall flow is not disturbed since a large hole could lead to a
localised eddy forming which results in an error in pressure readings [20,21]. The flow rate

was measured using a Coriolis flow meter, which had an accuracy of 0.05% at full scale.

2.5. Data reduction

The local convective heat transfer coefficient, h(x), was calculated as:

_ éIin
h(x) B Tsi(x) - Tm(x) ( ) )

The heat flux, g;,,, was determined from the electrical energy input, Q;,, = V - I, and the inner
surface area, A =m-D-L. The electrical energy input remained constant at 212 W
throughout the measurements thus resulting in a constant heat flux (= 13 kW/m?).

The inner local surface temperature, T;(x), was determined from the measurements
of the outside wall temperature, T,, and the heat transfer and resistance through the tube

wall:
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Tsi(x) =Ts (x) - Qin Ry, ( 5 )
where

_ ln(Dso/Dsi) 6
Rw_Z-n-kCu-L (&)

The thermal conductivity of the copper was obtained from Abu-Eishah [30] and is given by

kCu =a- Té’u . eC’TCu+d/TCu ( 7 )

where the constants a = 82.56648, b = 0.262301, ¢ = -4.06701-10* and d = 59.72934. T, is
the mean temperature of the copper tube in Kelvins.
The local heat transfer coefficient was determined from the local mean temperature.

The local mean temperature was determined by [31]:
Jin"x"P ( 8)

Tm(x) = Ti +
“Cp

To obtain the average heat transfer coefficient, Equation 4 was averaged along the length of
the tube at different measuring points, n. This was done by taking the mean of all the local

heat transfer coefficients.

h(x1) + -+ h(xy,)
havg =

(9)

n

The average Nusselt number can then be calculated as follows:
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havg " D
k

Nuavg = ( 10

where k is the thermal conductivity of the working fluid, determined at the bulk fluid
temperature, T, = (T; + T,) /2, For water the thermal conductivity was determined from the

equations developed by Popiel and Wojtkowaik [25].

The testing fluids average Reynolds number and Prandtl number,

( 12

were calculated based on the viscosity, thermal conductivity and specific heat determined at
the bulk fluid temperature, T}, using the equations developed by Popiel and Wojtkowaik [25]
for water and for the MWCNT nanofluid the measured values of its properties were used.

The pressure loss equation is used to calculate the friction factor:

_AP-D-2

- ( 13
L-p- Vavg
which was then simplified to:
. -m2. D5
ol m D7 ( 14

8-L-m?

The pressure drop was determined from the pressure drop measurements of the transducer

and the mass flow rate was determined from the readings of the Coriolis mass flow meter.
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The measured heat transfer of the testing fluid was compared with that of the
electrical input energy, Q;,,, which was supplied by the Constantine heating wire, by means of

an energy balance:

B = M 100 ( 15
(Qin + Q¢r)/2

where Q;,, = 212 W and the heat transfer to the testing fluid, Q., is

Qup =m-cp- (T, = Ty) ( 16

Although energy balances of around 3% were obtained, the input energy was used for the

calculations since it was the most accurate of the two.

2.6. Uncertainty

All uncertainties were calculated within the 95% confidence level using the method of Moffat
[32]. Table 2 lists the instruments used in the study with their uncertainties. The uncertainty
of the heat transfer coefficient is between 1.4% for the low Reynolds number (= 1 000) and
up to 2.5% for the highest Reynolds number (= 8 000) tested. The friction factor has an
uncertainty of 18% for the lowest Reynolds number and goes down to 2% for the highest.
The lowest pressure drop recorded is 155 Pa hence the uncertainty of 18% at the low
Reynolds number. The uncertainties of the measurements are shown in Table 3 for the low

Reynolds number and highest Reynolds number.
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2.7. Experimental procedure

After the start-up of the system, it was necessary to let the system settle for at least two hours
in order to reach steady-state conditions. This was due to the thermal inertia of the system
being relatively slow before it got to steady-state temperatures and mass flow rates. Once the
system was steady, small changes were made in the flow rates in order to achieve the desired
mass flow rates for data capturing.

Steady-state conditions were monitored visually, in that there were no observable
changes in the temperatures, pressure drops, mass flow rates and energy balances. In the
transition region, steady-state conditions were difficult to achieve due to the continuous
fluctuations of temperatures, pressure drops and energy balances. But once the fluctuations
repeated themselves periodically, measurements were taken. After the change in the mass
flow rate from a high flow rate to low flow rate, it took approximately 5 - 10 min for steady-
state conditions to be met. The reason for decreasing the flow rate was to ensure that very
little residual heat was stored in the insulation, which has an effect on the next reading. On
average, an energy balance of 3% was achieved before the data was captured. For each data
point, 200 readings at a rate of 20 Hz were captured with a data acquisition system and then

averaged for data reduction.

2.8. Validation

The heat transfer coefficients and friction factors were validated by taking measurements in
the laminar and turbulent flow regimes and comparing these with published data. Adiabatic
friction factors were used to validate the experiments since they disregard any influence of
heat transfer on the properties. Diabatic friction factors were also measured and compared
with published data. Only water was used to validate the experimental set-up as no other data

exist for MWCNT-water nanofluids in a similar experimental set-up.
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2.8.1. Adiabatic friction factors

The friction factor data consisted of 82 data points spanning a Reynolds number range of
1 000 - 8 000. Measurements were taken without any heat transfer to eliminate any varying
density and viscosity effects. Figure 6 shows the adiabatic friction factor data as compared
with Poiseuille flow (f = 64/Re) and the Blasius equation (f = 0.3164 - Re~%25),

Comparing the laminar results with Poiseuille flow, the data is under predicted on
average by 3.3% with a maximum deviation of 2.8%. For the turbulent data, the Blasius
correlation under predicts the data, on average, by 0.2% with a maximum deviation of 0.5%.
Generally, the friction factors in the laminar and turbulent flow regimes compare well with
the Poiseuille and Blasius equations.

When considering the transitional flow regime, transition to turbulent flow appears to
start at a Reynolds number of approximately 3 100 rather than the conventional value of
2 300 and the transitional flow range is also very short, around 100 Reynolds number long.
The delayed transition and the sharp transition is the result of inlet effects as was shown by

Olivier and Meyer [20] and by Meyer and Olivier [21].

2.8.2. Diabatic friction factors

Figure 7 shows the experimental data for the diabatic friction factor as a function of the
Reynolds number compared with the laminar Poiseuille equation, the Blasius equation and
corrected Blasius equation as suggested by Allen and Eckert [33]. Transition starts at a
Reynolds number of approximately 2 900 and ends at a Reynolds number of approximately
3 600. The diabatic friction factors are lower than the adiabatic friction factors in laminar and
turbulent flow. Allen and Eckert [33] proposed a viscosity correction factor, (p\pw) *%, to be
multiplied with the Blasius equation. The turbulent results correlate fairly well with the

corrected Blasius equation (on average, the data is under predicted by 0.5% with a maximum
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deviation of 1.9%). It should be noted that the correction factor is very close to unity (on
average, it is 0.96) and the experimental data correlates with the Blasius equation, on average,
by 1.9% with a maximum deviation of 2.1%.

In the laminar flow regime, the same phenomenon is observed as in the turbulent flow
regime. Here the experimental data is under predicted by an average of 8.5% (however, it is
within the uncertainties of 18% at low Reynolds numbers) with a maximum deviation of
2.2%. According to Shome and Jensen [34] and Tam and Ghajar [35], secondary flow effects
increase the friction factor, especially in tubes with uniform heat flux boundary conditions.
Tam and Ghajar [35] discovered that by increasing the overall heat flux, the laminar friction
factors increased. The reason for this is that the wall-to-bulk temperature difference exists
throughout the length of the tube [34].

Metais and Eckert [36] recommend the use of a flow map to distinguish between
mixed and forced convection regimes. The map is based on the Reynolds number being a
function of the Rayleigh number. Their flow map is for a constant wall boundary condition
and hence cannot be used to compare the current data. Ghajar and Tam [37] developed a new
flow map for a constant heat flux boundary condition. They used the data for three different
inlets to produce a new boundary between laminar, transition and turbulent for both forced
and mixed convection. Figure 8 shows the flow map developed by Ghajar and Tam [37] with
the current data plotted. From the map, it can be concluded that experimental laminar values
for this study are well within the laminar forced convection boundary and secondary flow
effects are not present. Hence the reason for the drop in friction factor is the result of the
reduction of liquid viscosity in the near-wall region due to heating [34], which seems to be

the dominating effect.
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2.8.3. Nusselt number

Heat transfer results were compared to the correlations developed by Ghajar and Tam [38] for

laminar and turbulent flow, which are shown below:

0.14
Nuygm = 1.24 - [Gz + 0.025 - (Gr - Pr)%75]Y/3 . (.“_b) 1
HUw
L —0.0054 0.14
Nuturb = 0.023- Reo-8 . PT0'385 . (_) ) (M_b) ( "
D oy

For the transitional flow regime, the correlation developed by Ghajar and Tam [38] was
modified to account for a developing length inlet condition. The modified correlation is

shown below:

Niterans = N + e 56 + Nugh 3™ o (19
The results are shown in Figure 9. In the laminar flow regime, the results are under predicted
on average, by 5.2%, in the turbulent flow regime, on average, by 2.4% and in the transitional
flow regime, on average, by 5.3%. Hence there was a good agreement between the equations
by Ghajar and Tam [38] and the measurements over the Reynolds number range.

In general, the friction factors and Nusselt numbers in the laminar and turbulent flow
regimes compare well with literature. This adds confidence in the measurement technique

and further validates the experimental set-up and data reduction methodology.

2.9. Repeatability of results and stability of nanofluids

The results in Section 2.8 and in Section 3 were very repeatable. Many experiments were

conducted over a few days and were repeated a few days later without any measureable
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changes in results. The MWCNT-water nanofluid with volume concentrations of 0.33% and
0.75% remained stable for 3 days whereas the 1.0% nanofluid only remained stable for
around 24 hours. However, after standing for more than 24 hours, the nanofluids were
sonicated again before experiments were conducted.

Agglomeration of the nanoparticles was checked via a scanning electron microscope, but
according to [29] it does not give a clear indication whether the particles have clustered
together or not since during the drying process the particles cluster together. However, it was
observed the particles had a fairly even distribution in the water. It was also observed that
there was some entanglement of the particles especially for the 0.75 vol% and 1 vol%

nanofluid but this could have been due to the preparation of the samples.

3. Results

3.1  Convective heat transfer of MWCNT-water nanofluids

MWCNT-water nanofluid concentrations of 0.33 vol%, 0.75 vol% and 1.0 vol% were tested
for a Reynolds number range of 1 000 — 8 000. The results are shown in Figure 10 compared
with the results of distilled water.

For fully turbulent flow, at a Reynolds number of typically 5 000, the heat transfer is
enhanced by 9.7% when using the 0.33 vol% MWCNT-water nanofluid, by 23.5% when
using the 0.75 vol% MWCNT-water nanofluid and by 33.2% when using the 1.0 vol%
MWCNT-water nanofluid.

A possible reason for the increase in heat transfer is that the nanoparticles presented in
the base liquid increase the thermal conductivity, delay and disturb the thermal boundary
layer and accelerate the energy exchange process in the fluid due to the chaotic movement of
the nanoparticles [13,17,39]. The increase in the thermal conductivity leads to an increase in

heat transfer performance whereas the increase in viscosity leads to an increase in boundary
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layer thickness, which results in a decrease in heat transfer performance [40]. Hence
comparing heat transfer of a nanofluid to that of its base fluid at constant Reynolds number is
generally not the best basis since the viscosity of the nanofluid is larger than that of its base
fluid [6].

It was proposed by Pak and Cho [6] that a velocity comparison gives a more accurate
representation of the heat transfer. Such a comparison is made in Figure 11. The results show
that, at constant velocity, the heat transfer coefficient of the 0.33 vol% MWCNT-water
nanofluid is 3.3% lower, at 0.75 vol%, it is 6.6% lower and at 1.0 vol%, it is 12.6% lower
than that of distilled water. This trend of lower heat transfer coefficients in nanofluids
compared with water was also experienced by Pak and Cho [6], Williams et al. [41] and Yu
et al. [40]. However, at very high velocities, the heat transfer coefficients of the 0.33 vol%
MWCNT-water nanofluid equal that of the distilled water. This could be due to the fact that
nanofluids exhibit shear thinning behaviour at high shear rates [3,12,42], which decreases the
viscosity and the nanofluid then enhances the heat transfer.

For transitional flow, the MWCNT-water nanofluid transition is delayed
(see Figure 11) which is in agreement with the work by Liu and Yu [19]. This happens due to
the particle-fluid interaction, which damps the instability and reduces the turbulence intensity
and Reynolds stress in the flow.

The reason for the early transition when comparing the Nusselt number with the
Reynolds number (see Figure 10) is that the viscosities of the MWCNT-water nanofluids are
larger compared with those of distilled water, hence the results shift from the position shown
in Figure 11 to the position shown in Figure 10 and due to the shift, the MWCNT-water

nanofluids show enhancement in Nusselt numbers
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For laminar flow, at a Reynolds number of 2 000, the heat transfer is reduced by 1.6%
when using the 0.33 vol% MWCNT-water nanofluid, enhanced by 2.2% and 2.3% when
using the 0.75 vol% and 1.0 vol% MWCNT-water nanofluid respectively.

A possible reason for the increase in the heat transfer coefficient for the MWCNT-
water nanofluid at volume concentrations of 0.75% and 1.0%, and reduction in heat transfer
coefficient for the MWCNT-water nanofluid at volume concentrations of 0.33%, can be
explained by Figure 12. Shown in Figure 12 is the local heat transfer coefficient at various
axial distances for MWCNT-water nanofluids, compared with distilled water at a Reynolds
number of 2 000. Figure 12 shows that the MWCNT-water nanofluids, for volume
concentrations of 0.75% and 1.0%, enhance the heat transfer up to an axial distance of
approximately 120 tube diameters while the flow was developing. At 10 tube diameters, the
0.33 vol% MWCNT-water nanofluid heat transfer coefficient is less than that of the distilled
water but between 25 and 90 tube diameters, the heat transfer coefficient is greater than that
of the distilled water, after which it becomes less again than that of the distilled water. The
heat transfer coefficient is directly proportional to k/6;. At the entrance, the thermal boundary
layer thickness is zero and hence the heat transfer coefficient approaches infinity. The
boundary layer thickness increases with axial distance until both the heat transfer coefficient
and boundary layer thickness are constant. Hence an increase in the heat transfer coefficient
results from either an increase in thermal conductivity or a decrease in the thermal boundary
layer or both.

From Figure 12, it follows that the boundary layer thicknesses for the MWCNT-water
nanofluids for volume concentrations of 0.75% and 1.0% are maximum at an axial distance
of approximately 150 tube diameters. For the 0.33 vol% MWCNT-water nanofluid and
distilled water, the maximum is at approximately 105 tube diameters. This results in a larger

heat transfer coefficient for the 0.75 vol% and 1.0 vol% MWCNT-water nanofluids. After
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105 tube diameters, both the distilled water and the 0.33 vol% MWCNT-water nanofluid heat
transfer coefficients increase slightly, a 10% and 6% increase respectively. The possible
reason for the dip in the local heat transfer coefficient could be due to an imposed bellmouth
inlet. In such cases, the boundary layer along the tube wall is at first laminar and then
changes through a transition region to the turbulent condition, causing a dip in the h-x/D
curve. The length of the dip decreases with the increase of the turbulent Reynolds number
[43]. At low particle concentrations, the dip is still present but it seems to reduce with an
increase in the particle concentration, indicating that the presence of particles suppresses the

effect of the bellmouth inlet.

3.2 Comparison of results with existing heat transfer correlations

Due to the increase in viscosity the MWCNT-water nanofluid results shifted to lower
Reynolds numbers (see Figure 10), therefore the results were compared to correlations
developed for water by substituting the nanofluid properties for the water properties.
Comparing nanofluid results with developed correlations for water was also done by Yu et al.
[40], Williams et al. [41] and Liu and Liao [16]. The properties of the nanofluids, such as the
thermal conductivity and viscosity were determined from Equation 2 and 3. The density was

determined from [6]:

pnf =@ pp+ (1 =) pys ( 20

The specific heat was determined from [19]:

¢'(P'Cp)p+(1_¢)'(p’cp)bf ( 21
pnf

(Cp)nf =
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The correlation by Ghajar and Tam [38] was used for comparison purposes in the laminar and
turbulent flow regime and Equation 19 was used for comparison purposes in the transitional
flow regime. Figure 13 to Figure 15 show how the adjusted water correlations predict the

MWCNT-water nanofluid results.

3.2.1 Heat transfer in the laminar flow regime

Shown in Figure 13 is the ratio of the predicted (Equation 17) to measured Nusselt numbers
as a function of the laminar Reynolds numbers. The results for all three volume
concentrations of MWCNT-water nanofluids are predicted to within 10%. For the 0.33 vol%
MWCNT-water nanofluid, the data is over predicted by 1.8% with a maximum deviation of
4%, the 0.75 vol% MWCNT-water nanofluid is over predicted by 3.5% with a maximum
deviation of 1.8% and the 1.0 vol% MWCNT-water nanofluid is over predicted by 8.6% with

a maximum deviation of 2.4%.

3.2.2 Heat transfer in the turbulent flow regime

Shown in Figure 14 is the ratio of the predicted (Equation 18) to measured Nusselt numbers
as a function of the turbulent Reynolds numbers. The results for all three volume
concentrations of MWCNT-water nanofluids are predicted to within 10%. For the 0.33 vol%
MWCNT-water nanofluid, the data is under predicted by 3.8% with a maximum deviation of
1.9%, the 0.75 vol% MWCNT-water nanofluid is under predicted by 5.8% with a maximum
deviation of 2.2% and the 1.0 vol% MWCNT-water nanofluid is over predicted by 5.5% with

a maximum deviation of 4.4%.
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3.2.3 Heat transfer in the transitional flow regime

Shown in Figure 15 is the ratio of the predicted (Equation 19) to measured Nusselt numbers
as a function of the transitional Reynolds numbers. The results for all three volume
concentrations for the MWCNT-water nanofluids are largely outside the 10% boundary. For
the 0.33 vol% MWCNT-water nanofluid, the data is over predicted by 15.6% with a
maximum deviation of 84.4%, the 0.75 vol% MWCNT-water nanofluid is over predicted by
9.2% with a maximum deviation of 90.7% and the 1.0 vol% MWCNT-water nanofluid is

over predicted by 12.1% with a maximum deviation of 88%.

3.3 Friction factor and pressure drop results

Shown in Figure 16 are the friction factors for the 0.33 vol%, 0.75 vol% MWCNT-water
nanofluids and distilled water for the entire flow range. The results are compared with the
Poiseuille equation for laminar flow and the correlation by Allen and Eckert [33] for
turbulent flow.

The reason for not showing the results of the 1.0 vol% MWCNT-water nanofluid is
that the pressure ports continuously became blocked and pressure readings could not be
taken. This was due to the high nanoparticle concentration in the distilled water and with the
pH of the solution being too close to the iso-electric point (see Figure 1), the nanoparticles
agglomerated.

In the turbulent flow regime at a Reynolds number of 5 000, the friction factor for the
0.33 vol% MWCNT-water nanofluid is 0.8% higher and for the 0.75 vol% MWCNT-water
nanofluid it is 2.5% lower than that of distilled water. In the laminar flow regime at a
Reynolds number of 2 000, the friction factor for the 0.33 vol% MWCNT-water nanofluid is
0.7% lower and for the 0.75 vol% MWCNT-water nanofluid it is 19.7% lower than that of

distilled water. The friction factors of the 0.33 vol% MWCNT-water nanofluid are very
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similar to that of the water; this is most likely due to the low concentration of nanoparticles in
the base fluid. As in the case of heat transfer results, the experimental friction factor data
shifts to lower Reynolds numbers, this is due to the higher viscosity of the MWCNT-water
nanofluids. Since MWCNT-water nanofluids exhibit a higher viscosity than water, the
pressure drop of the MWCNT-water nanofluids is compared with distilled water as a function
of average velocity.

Shown in Figure 17 are the measured pressure drops across the test section for the
0.33 vol%, 0.75 vol% MWCNT-water nanofluid and for distilled water for the entire flow
range. The pressure drop increases with increasing average velocity. There is a slight increase
in pressure drop for an increasing nanoparticle concentration. In the turbulent flow regime,
AP | APy = 1.03 for both MWCNT-water nanofluids and in the laminar flow regime,
APl APy = 1.1 for the 0.33 vol% MWCNT-water nanofluid and APqs / APy = 1.2 for the

0.75 vol% MWCNT-water nanofluid.

3.4 Performance evaluation of the MWCNT-water nanofluid

Prasher et al. [28] challenged the idea whether there is any benefit using nanofluids as heat
transfer fluids. They considered the conservative case where hy=hp; and developed the

design equation for nanofluids, given below

APuy _ <“Lf> . <@>4 . <Nunf>4 (22
APpr \tpr) \kps Nuys

If AP/ APy > 1 then the nanofluid is worse as a heat transfer fluid than the base fluid,
however, if it is APni/ APy < 1, then it is a better heat transfer fluid. In the previous section

where APy | APy was investigated, it was shown that in the turbulent flow regime

APnel APy = 1 and in the laminar flow regime, 4Pq¢/ APy > 1. Hence this indicates that in the
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current study, nanofluids are better suited for the turbulent flow regime due to the shear
thinning behaviour that they exhibit. In the laminar flow regime, they are worse heat transfer
fluids than the base fluid, which was also indicated by the heat transfer reduction in
Section 3.1. Equation 22 shows that 4P is more sensitive to changes in thermal conductivity
and Nusselt number when compared with viscosity.

For the conservative case of Nu,s = Nuys and desiring that APy not exceed APy, and
substituting Equation 2 and Equation 3 into Equation 22, which then reduces to the following

form

C,=4Cy ( 2

This shows that in order to have a beneficial heat transfer fluid, the increase in viscosity may
not be more than four times the increase in thermal conductivity. In the current case, Cy

equals 60 (which is more than four times Cy), which equals 7.

4. Conclusion

Three different MWCNT-water nanofluid volume concentrations were tested for the late
laminar, transition and early turbulent flow regimes. Heat transfer and pressure drop
measurements were taken from a Reynolds number of 1 000 to 8 000 and compared with
those of distilled water.

All three nanofluids showed enhancement when comparing the data on a Re-Nu
graph. When comparing the data with each other at the same fluid velocity, the nanofluids
showed a decrease in heat transfer coefficient when compared with water. This was due to the
fact that MWCNT-water nanofluids have a larger viscosity than water and the data shifted to

lower Reynolds numbers, therefore it was considered to compare the data with correlations
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developed for water, which are found in literature. The correlations were modified for
nanofluids and it was found that the modified correlations predicted the results to within
+10%.

Pressure drop results indicated that with increasing volume concentration, the
pressure drop increases, which can be attributed to the increase in viscosity. A performance
evaluation on the MWCNT-water nanofluids was done and results indicate that the increase
in viscosity exceeds four times the amount of increase in thermal conductivity of the
nanofluids, which is the conservative case where the heat transfer of the nanofluids equals
that of the base fluid. Hence it can be concluded that the tested carbon nanofluids are not an

ideal fluid for heat transfer enhancement.
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Table 1: Comparison of previous work in terms of flow range, type of nanofluid and

enhancement
Author Flow Range | Nanofluid Result
Pak and Cho [6] Turbulent v-Al,O3-water 45% enhancement
TiO,-water 75% enhancement
Li and Xuan [7] Laminar and | Cu-water 60% enhancement
turbulent
Wen and Ding [8] Laminar v-Al,Oz-water 45% enhancement for developing
flow
Yang et al. [9] Laminar Graphite-water 22% enhancement at 50°C
15% enhancement at 70°C
Ding et al. [3] Laminar MWCNT-water 350% enhancement at the entrance
region
Murshed et al. [11] Laminar TiO,-water 12% and 14% enhancement at the
entrance region
Garg et al. [12] Laminar MWCNT-water 32% enhancement
Kim et al. [13] Laminarand | y-Al,Oz-water 14% enhancement, laminar
turbulent A/C-water 7% enhancement, laminar
Anoop et al. [14] Laminar v-Al,O3-water 25% enhancement for 45 nm
11% enhancement for 150 nm
Amrollahi et al. [15] Laminar and | Functionalized MWCNT- | 25% enhancement in laminar flow
turbulent water and 5-25% enhancement in
turbulent flow
Liu and Liao [16] Turbulent aqueous drag-reducing 40% enhancement
fluid with CNT
Duangthongsuk  and | Turbulent TiO,-water 26% enhancement for 1 vol%
Wongwises [17] -14% enhancement for 2 vol%
Ferrouillat et al. [18] Turbulent SiO,-water 50% enhancement for 18.9 vol%
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Table 2: Ranges and accuracies of instruments

Instrument Range Uncertainty
Thermocouple
Inlet/Outlet -200 to 350 °C 0.1°C
Station -200 to 350 °C 0.1°C
Coriolis flow meter 0-0.07 kg/s 0.1%
Pressure transducer 0-—17 kPa 0.16 %
Power supply 0-320V 0.33V
0-125A 0.04 A
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Table 3: Uncertainties of experimental parameters

Property | Low Re High Re
m 1.99 % 0.2%
T 0.11°C 0.1°C
Jin 3.49 % 3.49 %
h 1.35% 1.35%
Nu 2.45 % 3.19%
Re 2.26 % 1.09 %
AP 17.5% 0.3%

f 18 % 2.0%




