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The purpose of this experimental study is to evaluate the effects of particle species, surface charge, concentration, preparation
technique, and base fluid on thermal transport capability of nanoparticle suspensions (nanofluids). The surface charge was varied
by changing the pH value of the fluids. The alumina (Al,O3) and copper oxide (CuO) nanoparticles were dispersed in deionized
(DI) water and ethylene glycol (EG), respectively. The nanofluids were prepared using both bath-type and probe sonicator under
different power inputs. The experimental results were compared with the available experimental data as well as the predicted values
obtained from Maxwell effective medium theory. It was found that ethylene glycol is more suitable for nanofluids applications
than DI water in terms of thermal conductivity improvement and stability of nanofluids. Surface charge can effectively improve
the dispersion of nanoparticles by reducing the (aggregated) particle size in base fluids. A nanofluid with high surface charge (low
pH) has a higher thermal conductivity for a similar particle concentration. The sonication also has a significant impact on thermal
conductivity enhancement. All these results suggest that the key to the improvement of thermal conductivity of nanofluids is a

uniform and stable dispersion of nanoscale particles in a fluid.

1. Introduction

Due to the low thermal conductivities of most common
liquids used in heat exchangers, such as water and ethylene
glycol, it has become urgent to look into other advanced
alternatives. A new type of fluids called nanofluids (sus-
pensions of nanometer-sized particles in various fluids) has
been extensively investigated to enhance the heat carrying
capacity of fluids although the mechanism behind excep-
tionally enhanced thermal conductivity of nanofluids is still
not well understood. Different mechanisms have been put
forth to explain thermal transport enhancement such as
interfacial resistance, nanoparticle motion, liquid layering
at particle-liquid interface, and nanoparticle clustering [1].
Among them, nanoparticle motion (Brownian motion) [2—
9] and nanoparticle clustering [10-15] have attracted most
attention. The initial experiments show preferred thermal
properties of nanofluids [16-20], such as an order of

magnitude higher thermal conductivity than that predicted
by conventional theory on heterogeneous two-component
mixture. A very small concentration of copper nanoparticle
(less than 0.3% volume fraction of 10 nm nanoparticles)
can enhance the thermal conductivity of base fluid (ethylene
glycol) by up to 40% [21]. On the other hand, the Hamilton
and Crosser (HC) model predicts a less than 1.5% improve-
ment in thermal conductivity [22]. In another study [16]
where metallic multiwalled carbon nanotubes (MWCNTs)
were dispersed in synthetic oil (a-olefin), an astonishing
improvement of 160% in thermal conductivity was observed
with only a 1.0% volume fraction of MWNT. The authors
argue that the three-dimensional network formed by CNTs
is responsible for significant thermal conductivity improve-
ment. A recent study shows that the enhancement of thermal
conductivity of nanofluids heavily depends on fluid temper-
ature [9, 23] and particle sizes [24, 25]. Herein a two- to
fourfold increase in thermal conductivity was observed when



the fluid temperature increased from 21°C to 51°C [23].
However, the hypothesis of thermal transport enhancement
due to Brownian motion is being challenged [26-28]. The
recent experimental and theoretical investigation strongly
suggests that the nanoparticle aggregation (clusters) plays
a significant role in the thermal transport in nanofluids.
A light scattering method shows that the cluster size (due
to aggregation) in a Fe-ethylene glycol nanofluids increases
from 1 micron to 2.4 microns during a 50-minute waiting
time after sonication [11]. The thermal conductivity can be
enhanced due to percolation effect in the aggregates/clusters,
especially for highly conducting particles. But sedimentation
will increasingly take place when the size of aggregates
exceeds a threshold value. The small particle size and
short distance between particles increase the probability of
aggregation. On the other hand, a low pH value actually
means a high surface potential, and in turns a high repulsive
energy and less aggregation [14, 29].

This research is focused on a systematic investigation
of key parameters that affect the thermal conductivity
of nanofluids. These parameters include surface charge,
nanoparticle composition and concentration, base fluids,
and preparation techniques. The paper starts with nanofluid
preparation and the measurement system, followed with
comparisons of the obtained results with those published in
open literature and predicted by theory, and then the effects
of key parameters are discussed and summarized in detail in
the end of the paper.

2. Nanofluids Preparation and
Experimental Apparatus

2.1. Nanofluid Preparation. Preparation of nanofluids
through which nanoparticles should be uniformly dispersed
in base fluids is the first step for improvement in thermal
conductivity, but its importance is often ignored. The
nanofluid does not simply refer to a liquid-solid mixture.
Some special requirements are necessary, such as uniform,
stable, and durable suspension, low or no aggregation of
particles, and no chemical reaction. There are three primary
methods being used to prepare nanofluids [29]: (i) direct
dispersion of powder form nanoparticles in the base fluids;
(ii) nanoparticle synthesized by chemical precipitation
and then dispersed in base fluids; (iii) direct nanoparticle
synthesis in the base fluid by organic reduction. Stability of
the dispersion is ensured by controlling the surface charge
of the nanoparticles through the control of the pH value of
fluids. This is very effective for oxide nanoparticles such as
alumina and copper oxide used in this research.

The nanofluids under current investigation can be
divided into two groups based on the base fluids including
DI water and ethylene glycol (EG). Both alumina (Al,O3)
powder (nominal particle size provided by the manufacturer:
40-50nm) and copper oxide (nominal particle size: 23—
37 nm) were purchased from Alfa Aesar for this experiment.
These nanoparticles were dispersed in DI water and/or EG
(99%, source: Alfa Aesar) using three sonication methods.
They are (1) sonication of nanofluids with a probe sonicator
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(Branson Digital Sonifier 450) at 80% magnitude (maximum
power: 450 W) for 2 minutes; (2) another probe sonicator
(Omni-Ruptor 250) at 80% magnitude (maximum power:
150 W) for 2 minutes, and (3) a bath sonicator (Model: 75D
VWR) for 4.5 hours at maximum power setting (maximum
power: 75W). The alumina and copper oxide nanoparticles
were imaged under a Philips EM400 transmission electron
microscope (TEM) to obtain information about nanopar-
ticle size and shape (Figure 1). As can be seen in Figure 1,
the alumina nanoparticles are roughly spherical in shape
but copper oxide nanoparticles show some deviations from
spherical shapes. The size of alumna nanoparticles spans a
wide range (from a few nm to 55nm) but copper oxide
nanoparticles do not have very small size particles.

The smaller sized alumina particles (nominal size:
10nm) from a different source (NanoAmor Inc.) were also
considered. But it was found that the dispersion of these
alumina nanoparticles in DI water is very difficult even
after adding various surfactants such as sodium dodecyl
sulfate (SDS), cetyltrimethyl ammonium bromide (CTAB),
Pluronic P105 and applying long time ultra sonication. No
thermal conductivity measurement was conducted for these
alumina nanoparticle solutions.

Temperature rise is minimized by utilizing multiple
short sonications (instead of a long sonication) and the
evaporation of base fluids is avoided by sealing the container
with caps during sonication. The power and time settings
of the ultra sonicators were chosen in such a way that
a better dispersion is achieved with minimum increase
in nanofluids temperature. For example, the DI water-
based nanofluids reach 50°C after two-minute sonication.
The nanofluids temperature returns back to room tem-
perature (24°C) after around 1.5hours waiting period.
Before each measurement, both the pH and temperature
of nanofluids are obtained by a pH probe (Mettler Toledo
S-47). The temperature of nanofluids is maintained at
room temperature during the measurement. Hydrochloric
acid (HCI) (36%, VWR Scientific) or sodium hydroxide
(NaOH) (99.99%, ACROS Organics)) is used to adjust
the pH value of the nanofluids. An in-house equipment
(Zetasizer Nano, Malvern Instruments Ltd) was used for
zeta potential and size measurements of nanoparticles after
dispersion.

2.2. Thermal Conductivity Measurement Apparatus. Tran-
sient hot wire method (THW) was adapted by many
researchers to determine the thermal conductivity of the
nanofluid suspensions [21, 30-35]. The THW method is
a simple but effective transient method for measuring
thermal conductivity of materials. This method determines
the thermal conductivity by observing the rate at which the
temperature of a very thin wire increases with time after
an abrupt electrical pulse. It can eliminate the error from
natural convection since the measurement is completed in a
very short time (less than one second). Figure 2 presents the
temperature rise of the wire during the thermal conductivity
measurement for DI water.

In this research, an isonel coated platinum (source: A-
M systems) with 25um in diameter and 15cm in length
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FiGure 1: TEM images of alumina (a) and copper oxide (b) nanoparticles.
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FiGure 2: Temperature rise of the hotwire in DI water versus time
(with time plotted on log scale).

was immersed horizontally in a plexiglass cell (17 x 2 x
2.5cm) containing nanofluid (see Figure 3(b)). During the
experiment, the wire serves as a heat source, a thermome-
ter, as well as one of the legs of a Wheatstone bridge
(Figure 3(a)). The temperature rise of the wire is calculated
from the change in the resistance of the platinum wire with
time, obtained by measuring the voltage offset using a data
acquisition system (DAQ) (NI SCXI-1303). The R;, R,, and
Rs represent temperature compensated precision resistors
(40kQ) in Figure 3(a). Ry and Rp denote the hot wire
and the variable resistor to balance the Wheatstone bridge
circuit, respectively. Before connecting platinum wire in the
experimental system, the platinum wire was calibrated in a
constant temperature bath and the measured temperature
coefficient of resistance was 0.0033524 Q/QK. The derivation

of Fourier’s equation for an infinite line heat source in an
infinite heat medium gives us the following equation:

q (In(®)

k_47tL(AT )’ W
where k is the thermal conductivity of the fluid, g is the heat
dissipation rate. L is the length of the wire and ¢ the time
(from start of heating), and AT is the temperature rise of the
wire. Therefore, the temperature rise (AT) versus natural log
of time (t) data were plotted and the slope was then used
to calculate the thermal conductivity (Figure 2) and a linear
relationship implies that conduction is the primary mode of
heat transfer during the measurement [32]. The experiment
lasts for around 5 seconds. The slope of the straight line in
the curve (In(t)/AT) between 0.1 and 1 second was used for
the calculation of thermal conductivity (Figure 2).

The calibration of the apparatus was performed by com-
paring the measured thermal conductivities of DI water and
EG with those from literature values at room temperature
[36]. Deviation for DI water and EG is 0.66% and 2.36%,
respectively. The uncertainty analysis of measured thermal
conductivity was attached in the appendix. Each thermal
conductivity value was obtained from an average of 20
measurements with an estimated accuracy of + 0.0015 and
+ 0.0013, respectively [37]. These results demonstrate that
the experimental setup used in the present work can produce
a reliable thermal-conductivity data. Additional details of the
apparatus and technique are available elsewhere [32].

3. Results and Discussion

3.1. Comparison with Published Literature. The thermal
conductivities of alumina/DI water, alumina/EG, and copper
oxide/EG are compared with available published results [38—
42]. The nanofluids were dispersed using the bath sonicator
and the results are presented in Figures 4, 5, and 6. The
experimental results are consistent with other published
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FIGURE 3: (a) Schematic of transient hot wire (THW) system and (b) test cell containing platinum wire and nanofluids.
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FiGUre 4: Comparison of experimental data of DI water-based
alumina nanofluids with literature data [39, 40, 42].

results within the experimental uncertainty. The thermal
conductivity increases with the increase of volumetric frac-
tion of nanofluids. Apparent density values for alumina
(4.0g/cm®) and copper oxide (6.4g/cm?) were used for
volume fraction calculations.
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Ficure 5: Comparison of experimental data of EG-based alumina
nanofluids with literature data [38, 40, 42].

3.2. Effect of pH Value on Thermal Conductivity. Surface
charge is critical for the stabilization of colloidal solutions.
The effect of pH value on thermal conductivity of DI water-
based alumina nanofluids was examined in this work. The
pH values of alumina/DI water were changed from 7.0 to



Advances in Mechanical Engineering

o —a—

112

K, ¢/Ky (effective thermal conductivity)

j b |

0 0.02 0.04 0.06

Volume concentration

® Wang et al. [41]
® Leeetal [38]
¢ Present work

Figure 6: Comparison of experimental data for EG-based copper
oxide nanofluids with literature data [38, 41].

2.0 by adding HCI solution into the nanofluids. By adding
NaOH solutions, the values of 7.0 to 11.0 were obtained.
The nanoparticles were dispersed using bath sonicator with
parameters mentioned above. The corresponding thermal
conductivities were measured using THW apparatus and
plotted in Figure 7(a). As a comparison, the prediction from
effective medium theory (EMT) is also plotted (solid line)
[42]. The EMT gives a relationship between particle vol-
ume fraction and thermal conductivity improvement solely
based on particle volume concentration (¢) as described
below

Kor 1430 )
F

The EMT theory is conventionally employed when
(1) the particles are assumed to be static; (2) thermal
conductivity of the particles is much higher than that of
base fluid; (3) the volume fraction of particles is small; (4)
the shape of particles is spherical. Compared with abnormal
improvement in thermal conductivity reported by published
results, overall the present thermal conductivity results of
alumina nanofluids are lower than the values from the
prediction from EMT theory. Our finding is consistent with
published results by Timofeeva et al. [42]. The conclusion
was made that the low thermal conductivity is mainly
caused by aggregation of nanoparticles. One consequence
of the aggregation is the reduction of particle numbers in
solution and size increase (clustered structures) of particles.
The impact of these mechanisms on thermal conductivity
enhancement is complicated depending on the primary
mechanism for heat transport. On one hand, the size
increase of particles in nanofluids forms fractal/clustered
structures in fluids which will shorten the heat conduction
path in medium, so the thermal conductivity should be
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Figure 7: Effect of pH value on (a) thermal conductivity of DI
water-based alumina nanofluids and (b) particle size.

increased. On the other hand, the size increase of particles
reduces the particle motions which have been proposed to
entrain the motion of the fluid for promoting more heat
transfer. As a result, the enhancement in thermal conduc-
tivity will be reduced. The competition between these two
heat transfer mechanisms decides the thermal conductivity
enhancement.

To prove this hypothesis, the particle sizes in nanofluids
were measured by a Zetasizer machine (Malvern Instruments
Ltd), which is based on dynamic light scattering (DLS)
technique. In DLS, particles are illuminated with a laser.
The intensity of the scattered light fluctuates at a rate
that is dependent upon the size of the particles as smaller
particles are moved further by the solvent molecules and
move more rapidly. Analysis of these intensity fluctuations
yields the velocity of the Brownian motion and the particles
hydrodynamic size is calculated using the Stokes-Einstein
relationship. The results indicate that the average size of
particles in the fluids is reduced from 207 nm to around



160 nm when the pH value changes from 7 to 2 (Figure 7(b)).
It is also worth noting that the average particle size increases
up to 1500 nm when the zeta potential of particle is around
zero (pH = 11). It is apparent that a large aggregation occurs
when the interparticle repulsion force between particles is
small or the surface charge of nanoparticles is small. As
the nanofluids become more acidic (lower pH value), more
charges are accumulated on the particle surface. Less aggre-
gation occurs and the dispersion is improved. As the result,
the effective thermal conductivity increases. For instance, at
volumetric fraction of 5%, the thermal conductivity ratio
(nanofluids to base fluid) increases from 1.06 to 1.14 (within
the error limit). The value of 1.14 is consistent with effective
medium theory (EMT) prediction. But the EMT theory fails
in taking into consideration the effect of nanoparticle size
increase (due to aggregates/clusters formation) on thermal
conductivity.

3.3. Effect of Base Fluids on Thermal Conductivity. To study
the effect of base fluid property on thermal conductivity
in nanofluids, DI water and EG-based alumina nanofluids
were measured after they were dispersed using probe type
sonicator. Figure 8 shows the trend of thermal conductivity
of alumina nanoparticles in different base fluids at different
volume concentrations. Apparently, the effective thermal
conductivity (ratio of thermal conductivity of nanofluids
to that of base fluid) of EG-based alumina nanofluids is
higher than that of the DI water-based alumina nanofluids
at same concentrations. Unlike DI water-based nanofluids,
the thermal conductivity of EG-based alumina nanofluids
accurately follows the trend predicted by EMT. One possi-
bility is that in a colloidal system (nanofluids) consisting of
a large number of small particles, particles will collide with
each other in the course of their Brownian motion. In such
a collision, the particles may be so attracted to one another
that they stick together to form aggregates. The aggregation
rate depends on both the viscosity of base fluid and surface
charge of the nanoparticles [43]. A further study on the
effect of base fluids on nanofluids thermal conductivity is
underway.

3.4. Effect of Nanoparticle Species on Thermal Conductivity.
To evaluate the effect of nanoparticle species on thermal
conductivity, alumina, copper oxide, and a 1 : 1 mixture
of alumina and copper oxide nanoparticles are dispersed in
ethylene glycol. The thermal conductivities were measured
and presented in Figure 9. The thermal conductivities of
alumina (polycrystalline) and copper oxide are reported to
be 18 W/m K and 20 W/m K, respectively [36]. The results
clearly show that the thermal conductivity of copper oxide
nanofluids is higher than that of alumina, which has lower
thermal conductivity. But this seems to be not enough to
explain the significant difference of thermal conductivities
of two nanofluids. In addition, the thermal conductivity
of 1 1 mixture of alumina and copper Oxide in EG
lies in between these two nanofluids (alumina nanofluids
and copper oxide nanofluids) at higher concentrations. We
hypothesize that a lower interfacial thermal resistance of
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Figure 8: Effect of base fluids (DI water and EG) on thermal
conductivity of alumina nanofluids.
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FiGure 9: Effect of particle species on thermal conductivities of EG-
based alumina, copper oxide, and 1 : 1 mixture of alumina and
copper oxide nanofluids.

copper oxide-EG results in a higher thermal conductivity
enhancement compared to alumina-EG fluids. This pro-
posed explanation needs a direct measurement of interfacial
thermal resistance at the liquid-solid interface, which cannot
be conducted in our lab at the current time. The EMT theory,
which only takes into account volumetric fraction effect,
actually fails in predicting the effects of particle thermal
conductivity and interfacial thermal resistance on thermal
conductivity.
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3.5. Effect of Sonication Methods on Thermal Conductivity.
Another important parameter to determine thermal conduc-
tivity of nanofluids is preparation method. Three sonication
methods are used to study the effect of sonication techniques
on effective thermal conductivity of nanofluids. All nanopar-
ticles (alumina and copper oxide) are dispersed in EG.
The three sonication techniques include: (1) sonication of
nanofluids with a probe sonicator (Branson Digital Sonifier
450) at 80% magnitude (maximum power: 450 W) for
2 minutes; (2) another probe sonicator (Omni-Ruptor 250)
at 80% magnitude (maximum power: 150 W) for 2 minutes,
and (3) a bath sonicator (Model: 75D VWR) for 4.5 hours
at maximum power setting (maxium power: 90 W). The
measured thermal conductivities are plotted in Figure 10. For
both alumina and copper oxide nanofluids, the 450 W probe
sonication gave the highest effective thermal conductivity
enhancement, followed by bath sonication, and lastly, 150 W
probe sonication. Even at lower concentrations (<2%) the
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0.5% Al,O3-DI
0.1% Al O3-EG

FiGure 11: Effect of sonication power on (agglomerated) alumina
particle size of DI water and EG-based nanofluids.

trend is still the same but EG-based alumina nanofluids
have better effective thermal conductivities compared to EG-
based copper oxide nanofluids. The sizes of particles in fluids
versus the sonication methods are presented in Figure 11.
As we expected, the 450 W probe sonication produces the
smallest size (140 nm) of (agglomerated) particles in both
DI water and EG-based nanofluids, and the 150 W probe
yields larger particle size. Another important observation is
that the particle size reduces from 175 nm to 140 nm for EG-
based nanofluids compared to a reduction from 155 nm to
140 nm for DI water-based nanofluids. Therefore, sonication
technique is more effective for EG-based nanofluids than DI
water-based nanofluids. The effective thermal conductivity
of nanofluids is directly linked to ultra-sonication power
which influences the particle dispersion and average size in
the nanofluids. An accurate theory which can incorporate
sonication/dispersion criteria is needed to predict thermal
conductivities of nanofluids.

4. Conclusions

The effect of surface charge (pH value), base fluid, particle
species, and dispersion method on thermal conductivity of
alumina and copper oxide nanofluids are addressed in a
systematic way. The high surface charge (low pH value) of
nanofluids improves dispersion of nanoparticles in base flu-
ids. The viscosity of base fluid reduces the Brownian velocity
of nanoparticles so that the sedimentation/agglomeration of
particles in nanofluids is decreased. All these lead to a higher
thermal conductivity. Therefore, the thermal conductivity of
nanofluids can be effectively improved by changing pH of
fluids and by using more viscous fluids. Another important
parameter is dispersion technique. The results demonstrate
that high power sonication can significantly improve thermal
conductivity of nanofluids and also stability of nanofluids.
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Appendix Ryerr = £0.001 QO (DMM multimeter),
Uncertainty analysis is given as follows: d(AR,) 4R,, [1 N 2AV ]
a(AV)  (Vin—2AV) (Vin —2AV) I
_ 91 (L”(t)) A(AV) = +0.0018 V (National Instruments SCXI-1303),
4nL\ AT )’ (A.1)
k= FlaLt.AT) AAR,)  4R,AV
B Vi (Vin — 2AV)%’
Best estimate for the uncertainty [37] is given as follows: AVip = £0.01% Re ading
+3mV, (National Instruments SCXI-1303),
ak \ o (ok ) .
Ak = —Aq| + (—AL) AV, = £0.0038V.
0q oL A3
(A.2) (A.3)
ok N> [ ok 2
+<§At> + (mA(AT)> ] , (2) For ((9k/L)AL),we have
ok g (Ln(t)>
oL 4nl?>\ AT )’
(1) For ((dk/9q)Aq),we have (A.4)
AL = +£0.001 m (ruler or scale).
% _ L (Lnio)
dq  4nl\ AT (3) For ((9k/dt)At),we have
9q L (% ’ %k _ L(L)
Aq = [(anAVi“) " (@ W) ot 4nL\AT)’
" At = +0.001 sec (National Instruments SCXI-1303).
+< % AR ))2 (A.5)
d(AR,,) v ’
1= "R, + AR,
94 _ 2Vin(Ry + AR,) _ok__ _L(L”(f))
oVi. (2R, +AR,)? "’ o(AT) 4nL\ AT? )’
2 2 2 2
99 _ V2 - 4Vin(RW+AR,3v)’ A(AT) = [<a(AT)me) (8(AT) M)
oR, (2R, +AR,) (2R, + AR,,) dR,, o(a)
oq V2 2VZ(R, + AR,) 10
d(AR,) ~ (2R, +AR,)’ (2R, +AR,)’ +< o(AT) A(AR ))
d(AR,,) " ’
4R, AV
AR, = ————, _ AR,
Vin — 2AV AT = aR,’
3(AR,) 2 (3(AR,) ’ olaT) _ 1
A(AR,) = [( R, me> + FIING A(AV) o(AR,) aR,’
(AR, 212 J(AT) _ _AR,
+< (aVin )AVin> ] , o) a?R,,’
d(AR,,) 4NV J(AT) _ ARy

oR, Vi —2AV’ oR,, aR2’
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AR
- &
o 2 o 27
Ale) = [(a(dR)A(dR)) * (a(dT)A(dT)> } ’
o _L
3dR) 4T’

A(dR) = Ryerr = =0.001 Q@ (DMM multimeter),

da _ dR
adT)  (dT)*’

A(dT) = +£0.2°C (Thermometer).

(A.6)

Nomenclature

Kpg: The Boltzmann constant

kyr: Thermal conductivity of the nanoparticle
suspension (nanofluids)

kg: Thermal conductivity of the base fluid

L:  Length of the platinum wire

q:  Heat generated in the platinum wire

R,,: Resistance of platinum wire at room
temperature

t:  Time

T: Temperature

Vin: Voltage applied to the Wheatstone bridge of
the transient hot wire apparatus

a:  Temperature coefficient of resistance of the
platinum wire

¢:  Volume fraction of the nanoparticle
suspension (nanofluids)

p: The base fluid dynamic viscosity.
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