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The work is focused on the estimation of convective heat transfer and friction factor of
vacuum pump oil/FesOs magnetic nanofluids flow in a tube under laminar flow at high
Prandtl numbers experimentally. The thermophysical properties also studied
experimentally at different particle concentrations and temperatures. The Fe3Os
nanoparticles were synthesized using the chemical reaction method and characterized using
X-ray powder diffraction (XRD) and vibrating sample magnetometer (VSM) techniques.
The experiments were conducted at mass flow rate from 0.04 kg/s to 0.208 kg/s, volume
concentration from 0.05% to 0.5%, Prandtl numbers from 440 to 2534 and Graetz numbers
from 500 to 3000. The results reveal that, the thermal conductivity and viscosity
enhancements are 9% and 1.75-times for 0.5 vol. % of nanofluid at a temperature of 60°C,
respectively, compared with base fluid data. The heat transfer enhancement is 13.1% and
17.8%, the Nusselt number enhancement is 8.95% and 13.48% for 0.5 vol. % of nanofluid
at mass flow rates of 0.0416 kg/s and 0.208 kg/s, respectively, compared with base fluid
data with a friction factor penalty of 1.21-times. The correlations of Nusselt number and

friction factor were proposed based on the experimental data at high Prandtl numbers.

1. INTRODUCTION

The research work related to the suspension of particles in a
base fluid has been started back in 1975. Ahuja [1, 2] obtained
dispersions of 50 u — and 100 u — diameter polystyrene
spheres in aqueous sodium chloride or glycerin and conducted
thermal conductivity and pressure drop measurements in
laminar flow. However, the uniform dispersion of micro-
suspensions in the base fluids is doubtful. Later on, in 1995,
Choi [3] and his team developed nano-meter size particles
(called “nanoparticles”) and prepared fluids by dispersing
nanoparticles in the base fluid, called as — nanofluids. They
conducted thermal conductivity experiments with nanofluids
and obtained marked enhancement as compared to base fluid
data. After the invention of nanofluids, many researchers have
prepared various kinds of nanofluids, but among them, in
recent years, magnetic nanofluids are receiving considerable
interest due to their many applications. The magnetic
nanofluids are prepared by dispersing magnetic nanoparticles
in the base fluid. Commonly used magnetic nanoparticles are
Fe,O3 (hematite) [4], FesOs (magnetite) [5], Co203 (cobalt
oxide) [6] and Ni (nickel) [7]. Among those, magnetite (Fe3O4)
nanoparticles are having good magnetic properties, when
compared with other magnetic nanoparticles. These Fe;O.
based magnetic nanofluids are generally used in biomedical
applications such as magnetic cell separation, drug delivery,
hyperthermia, and contrast enhancement in magnetic
resonance imaging [8-11] and also used in electronic
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applications, such as audio voice coil-damping, inertia-
damping apparatuses and stepped motors, and in mechanical
applications, such as bearings, vacuum seals and lubrication
[12].

In general, magnetic nanofluids are prepared either in polar
based fluids or non-polar based fluids. The polar based fluids
are those, which mix with water (e.g., ethylene glycol and
propylene glycol). The non-polar based fluids are those, which
do not mix water (e.g., kerosene, engine oil and transformer
oil). The thermal transport properties and heat transfer of polar
based or non-polar based nanofluids are essential, before they
used in a particular thermal application. The thermal properties
such as, thermal conductivity and viscosity, of polar based
magnetic nanofluids are presented as follows. Gavali et al. [13]
tested polar (water) based Fe3Os4 magnetic nanofluid and
observed thermal conductivity enhancement of 200% at 5%
volume concentration. Altan et al. [14] used polar (water and
heptane) based Fes;O. magnetic nanofluids and observed
thermal conductivity enhancement of 5.2% with weight
concentration below of 2% in the presence of external
magnetic fields of 0.2 tesla. Abareshi et al. [15] obtained
magnetic FesOs4 nanoparticles using the co-precipitation
method for different pH values and prepared polar (water)
based Fe3Os4 nanofluids using tetra methyl ammonium
hydroxide as a dispersant. They observed thermal conductivity
enhancement of 11.5% for the nanofluid with 3% volume
concentration at 40°C. Li et al. [16] prepared two types of polar
based magnetic nanofluids: FesOs—water magnetic fluid and
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Fe-water magnetic fluid. They conducted viscosity and
thermal conductivity experiments for volume concentrations
of 1.0% to 5.0% and they noted that viscosity varies from 6.14
mPa.s to 9.25 mPa.s when the volume fraction of nanoparticles
increases from 2% to 4% for Fe-water nanofluid. The thermal
conductivity enhancement is 14.9% for the 5% volume
fraction of Fe-water nanofluid as compared to that of the base
fluid (water). Sundar et al. [17] prepared a polar (ethylene
glycol-water mixture) based FesOs nanofluid for 20:80%,
40:60% and 60:40% by weight ratio of ethylene glycol-water
mixture. They observed thermal conductivity enhancement of
46% at 2.0 volume concentration of nanoparticles at a
temperature of 60°C. Sundar et al. [18] studied for this
nanofluid [17] the effect of volume concentration and
temperature on viscosity. The volume concentration was
varied between 0% to 1% and the temperature between 0°C
and 50°C. They observed maximum viscosity increase of 2.94-
times for the 60:40% ethylene glycol-water mixture based
nanofluid at 1% volume concentration.

The thermal properties such as, thermal conductivity and
viscosity, of non-polar based magnetic nanofluids are
presented as follows. Philip et al. [19] prepared non-polar
(kerosene) based FesO4 magnetic nanofluids and observed
thermal conductivity enhancement of 300% at 6.3% volume
concentration. Segal et al. [20] developed a new kind of non-
polar (transformer oil) based magnetic nanofluids and they
used them for high-voltage insulation. They observed that the
use of magnetic nanofluids increases the lightning impulse
withstand voltage and it decreases the discharge propagation
velocity. Yu et al. [21] obtained FesO4 nanoparticles using the
phase-transfer method and they prepared non-polar (kerosene)
based FesOs magnetic nanofluids using oleic acid as a
surfactant. They found thermal conductivity enhancement of
34% with 1% volume concentration. Parekh and Lee [22]
prepared non-polar (kerosene) based FesOs magnetic
nanofluid and they observed thermal conductivity
enhancement of 30% for 4.7% volume concentration under
transverse magnetic field. Wang et al. [23] conducted
experiments with non-polar (heat transfer oils) based Fe3Os
magnetic nanofluids and they obtained thermal conductivity
enhancement of 26.4% at a mass fraction of 4%. Sundar et al.
[24] studied the thermal conductivity and viscosity for the non-
polar (vacuum pump oil) based Fe;O, nanofluid for the
volume concentration range of 0% to 1.0%. Pop et al. [25] used
7.2 vol. % magnetite in synthetic ester and 7.2 vol. %
magnetite in petroleum (non-polar) ferrofluids to study the
effect of a magnetic field strength on the viscosity. They
indicated that the change of viscosity can be explained as an
effect of a chain-like structure formation in ferrofluids,
whereas its magnitude depends on the particle—particle
interaction.

The heat transfer and friction factor of polar and non-polar
based magnetic fluids are presented as follows. Lajvardi et al.
[26] prepared polar (water) based FesO, nanofluids and
studied the convective heat transfer in the laminar regime in
the presence of magnetic field. They observed heat transfer
enhancement with the increase of particle volume
concentration and of applied magnetic field strength. Xuan and
Li [27] used polar (water) based Fes04 nanofluids to study heat
transfer of nanofluids flowing over a fine wire under the
influence of an external uniform magnetic field. They report
that the magnetic field has a major influence on the convective
heat transfer performance of the magnetic fluids. Sundar et al.
[28] conducted heat transfer experiments with polar (water)
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based nanofluids in the Reynolds number range from 3000
from 22000 and the volume concentration range from 0 to
0.6% and they report for a Reynolds number 22000 and a 0.6%
volume concentration, Nusselt number enhancement of
30.96% with a friction factor penalty of 10.01% as compared
to water data. The earlier works dealing with heat transfer and
friction factor of polar (water) based magnetic nanofluids.
However, the thermal properties, heat transfer and friction
factor of non-polar based magnetic nanofluids are not
available. In this regards, the present work deals with the
estimation of heat transfer and friction factor of non-polar
(vacuum pump oil) based magnetic nanofluids flow in a tube
under laminar flow at high Prandtl numbers. The motivation
for considering vacuum pump oil as a base fluid in this study
is its widely use in compressors and vacuum pumps to reduce
the friction between the rotating parts by acting as a lubricant.
The experiments were conducted under laminar flow (Re <
2300), and particle volume concentrations from 0.05% to 0.5%.
The obtained data is compared with the other nanofluids data
in the laminar region. Nusselt number and friction factor
correlations were proposed based on the experimental data.

2. PREPARATION OF NANOPARTICLES

The magnetic nanofluids were prepared by dispersing FesOa
nanoparticles in the base fluid (vacuum pump oil). The
nanoparticles were prepared based on the chemical reduction
method by using ferric chloride (FeCls.6H-0), ferrous chloride
(FeCl,.4H,0) and sodium hydroxide (NaOH). These
chemicals were purchased from Sigma-Aldrich Chemicals,
USA and were used without purification. The vacuum pump
oil was purchased from Molykote L-0610, Belgium. The
Molykote L-0610 vacuum pump oil is generally used in,
among others, centrifugal and piston compressors, vacuum
pumps, rotary and reciprocating equipment, and blowers to
reduce the friction in the components.

The chemical reduction method contains the flowing steps:
(i) dispersion of ferric and ferrous chloride salts in 1 liter of
distilled water in the molar ratio of 2:1, (ii) after the dispersion
is completed, the solution takes an orange color, (iii) then it is
added to it, drop-by-drop, a NaOH-water solution, while
maintaining a pH of 12, (iv) it can be noted that the color of
the solution turns to black with the formation of a black color
precipitate, (v) the precipitate was washed several times with
water and acetone and then dried in an oven at a temperature
of 80°C for 24 hours. This procedure was repeated several
times for the preparation of bulk quantity of nanoparticles.

The phase characterization of the synthesized nanoparticles
was performed by XRD (X-ray diffraction: Siemens, D-500,
45 kV and 40 mA) and the diffraction pattern was shown in
Figure 1a. The XRD pattern indicates that the nanoparticles
consist of magnetite (Fes0.), and the diffraction peaks are
broadened due to the very small size of the crystallites. The
observed XRD diffraction peaks are indexed by the cubic
structure of Fe304 (JCPDS no. 19-629) revealing high phase
purity for the magnetite. The magnetite is formed according to
the following reaction:

Fef + 2Fe} + 8(OH) - Fe;0, + 4H, (1)

The characteristic peaks occur at (220), (311), (400), (422),
(511), (440) and (533), as determined from the XRD patterns,
over the 26 range from 10° to 90° at rate of 2.5%min, using a



wavelength (1) of 0.15418 nm. The average core size of the
particles can be evaluated from Scherrer equation, namely:

0.941
- B(20)cosf (2)

where, d is equivalent to the average core diameter of the
particles, A is the wavelength of the incident X-ray, B(20)
denotes the full width in radian subtended by the half
maximum intensity width of the powder peak and 6
corresponds to the angle at that maximum peak. For the
maximum peak in the XRD pattern the observed values of 26
and B(26) are 35.502%and 1.3359%respectively. For a given
wavelength (1) of 0.15148 nm, the particle size (d) was
estimated from Eq. (2) and obtained as 11.42 nm. Temizel et
al. [29] also used the same method of chemical reduction
method for the preparation of FesOs4 nanoparticles and
observed particle size (d) of 11nm.

The magnetic property was analyzed by using the vibrating
sample magnetometer (Cryogenics, UK) and the hysteresis is
presented in Figure 1b. From the, measurements, the saturation
magnetization (Ms) of Fe3O4 nanoparticles is 45 emu/g, which
is considerably lower than the theoretical value of saturation
magnetization (Ms) for bulk magnetite (92 emu/g). The lower
value of saturation magnetization (Ms) indicates, the
synthesized nanoparticles are small in size, which leads to
structural distortions that can cause spin canting and existence
of non-magnetic surface layer [30]. Under the similar
synthesis conditions, the present saturation magnetization
value well matches with lida et al. [31] data.

3. PREPARATION OF NANOFLUIDS

The magnetic nanofluids were prepared by dispersing
nanoparticles in the base fluid (vacuum pump oil) without

adding any surfactant. The physical properties of magnetite
(Fe304) and base fluid (VPO) was listed in Table 1. The
nanofluids were prepared in the volume concentrations (¢) of
0.05%, 0.2% and 0.5%, in the base fluid of 15 kg. The known
quantity of particles volume concentrations, required quantity
of nanoparticles used was calculated from Eq. (3).

Volume concentration (%),

WFe30,

PFe304 (3)
Wre304 , Wypo
PFe304 PVPO

¢ x 100 =

where, density of base fluid (pypo) is 870 kg/m3, density of
Fe30s (Pre,0,) is 5810 kg/m?, weight of base fluid (Wypo) is
15 kg and weight of FesO4 (W, 0, ) is calculated.

Table 1. Physical properties of Fe304 and vacuum pump oil

(VPO) at 30°C
Physical properties
Substance P, K, u, Cp, (J/kg K)
(kg/m®)  (W/mK) (mPa.sec)
FesOs 5810 80 670
VPO 870 0.13 93.1 2320

The sample nanofluids were shown in Figure 1c. The
present synthesized nanoparticles are showing magnetic
behavior even though they dispersed in vacuum pump oil
(Figure 1d). The prepared non-polar based magnetic nanofluid
of 0.5% volume concentration does not mix with water, even
though they dispersed in water (Figure 1d). The nanofluid
volume concentrations of 0.05%, 0.2% and 0.5% were
prepared in 15 kg of base fluid by dispersing 43.5g, 173.9¢,
and 436.2g of nanoparticles, respectively. Each nanofluid
concentration was stirred with mechanical stirrer at low speed
for 2 hours.
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Figure 1. Synthesized Fe;O4 nanoparticles: (a) XRD patterns, (b) M-H hysteresis, (¢) VPO/Fe3O4 nanofluids samples, (d)
nanoparticles showing its magnetic behavior even when they are dispersed in the base fluid, (¢) magnetic nanofluid floating on
water, indicating the magnetic nanofluid has non-polar behavior
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4. THERMOPHYSCAL PROPERTIES OF

NANOFLUIDS

The physical properties, density, specific heat, thermal
conductivity and viscosity, were determined experimentally
and compared with available literature values.

4.1 Thermal conductivity of nanofluids

0.148 T T T T T T

VPOIFe,0, NANOFLUIDS @
B 6=0.0% v
T 0144 @ ¢=005% 4
£ A $=02%
H v 0=05%
> v
E o140l 1
>
= [ ]
9 v A
=] [ ]
g 0136 A 4
3 X d
I
E [ ] ]
w 0.132 m 1
£ =
=]
0.128 . . . . . . .
25 30 35 40 45 50 55 60 65
TEMPERATURE (°C)
17 r T T T T T T
PAREKH AND LEE [22]: (b)
— 1.6 [ KEROSENE/Fe O, NANOFLUIDS E
= o $=1.7% YU etal. [21]:
X q5p @ 9=346% KEROSENE/Fe O, NANOFLUIDS ]
o A p=47% e
E @ 6=1.0%
g 14t E
[ ¢ © O ¢ o o
= 13f £
5 VPOIFe 0, NANOFLUIDS
2
3 12pW9=00% A A A A A4
o] —@-4=005% o
o A 4=02% e o o o ©
24 11F &
= -¥-4=05% @O o m]
g ===t
g 10f —H—O0—m R
£
0.9 . . . . . . .
0 10 20 30 40 50 60 70 80

TEMPERATURE (°C)

Figure 2. (a) k,, for different values of volume
concentrations and temperatures, (b) comparison of thermal
conductivity ratio (k,,/kyr) between the present study and

the data of Yu et al. [21] and Parekh and Lee [22] for
kerosene/Fe3z04 nanofluids

The thermal conductivity of nanofluids was measured using
KD 2 Pro thermal properties analyzer (Decagon Devices Inc.,
USA). It consists of a KS-1 sensor needle with diameter and
length of 60 mm and 1.3 mm, respectively, which is made of
stainless steel. The accuracy of the instrument is #3%. The
instrument was calibrated with known thermal conductivity
fluid of glycerol. The experimental thermal conductivity was
shown in Figure 2a along with base fluid data. It is noticed
that, the thermal conductivity of nanofluids is increases with
increase of particle volume concentrations from 0.05% to
0.5% and temperatures from 30°C to 60°C. The thermal
conductivity enhancement, when compared to the base fluid,
for 0.05% volume concentration is 2.3% and 3.56% at the
temperature of 30°C and 60°C, respectively. Similarly, the
thermal conductivity enhancement for 0.5% volume
concentration is 3.8% and 9% at the temperature of 30°C and
60°C, respectively. The thermal conductivity enhancement is
caused due to micro-convection and Brownian motion of the
nanoparticles in the base fluid. Similar trend of enhanced
thermal conductivity with the increase of particle volume
concentrations and temperatures were observed by Sundar et
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al. [17] and Gavali et al. [13].

The relative thermal conductivity (k,r/k;,f) between the
thermal conductivity of nanofluids (k) and base fluid (k)
is presented in Figure 2b along with the data of Yu et al. [21]
and Parekh and Lee [22], who used non-polar (kerosene) based
magnetic nanofluids. They report that the relative thermal
conductivity increases quasi-linearly with increasing volume
concentrations and temperatures. In the present study also, the
similar trend was observed, where the thermal conductivity
presents a quasi-linear enhancement with increasing particle
volume concentrations and temperatures. When compared
with the data of Yu et al. [21] and Parekh and Lee [22], the
present study data showing lower values of relative thermal
conductivity, because in the present study, nanofluids were
prepared at low percentage of volume concentration.

4.2 Viscosity of nanofluids
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Figure 3. (a) u, for different values of volume
concentrations and temperatures, (b) comparison of viscosity
ratio (i, /Hps) between the present study and the data of
Prasher et al. [32] and Sundar et al. [33]

The viscosity of nanofluids was measured using Vibro-
viscometer (A&D Vibro-viscometer, SV-10, Japan) with an
accuracy of #2.5%. It consists of fluid filling-cup, two-gold
coated plates and PT-100 sensor of an accuracy of #0.1°C. The
temperature of the fluid filling-cup is controlled by the Julabo
temperature controller bath, Germany. The fluid filling-cup
was filled with 20 ml of the nanofluid of was filled and then
placed on the stand. The height of the stand was adjusted up to
the mark given on the vibrating plates. The experiments were
conducted in the temperature range of 20°C to 60°C and in the
particle volume concentration range of 0.02% to 0.5%. The
experiment for each sample was repeated five times, and their
average is recorded as the final value.



The experimental viscosity data at different volume
concentrations of nanofluids is reported in Figure 3a at
different temperatures. The viscosity of nanofluids increases
with increase of particle volume concentrations and decreases
with increase of temperatures. The viscosity increases for 0.05
vol. % of nanofluid is 1.052-times and 1.18-times when
compared to the base fluid data at temperatures of 30°C and
60°C, respectively. For 0.5 vol. %, the viscosity increase is
1.58-times and 1.75-times at temperatures of 30°C and 60°C,
respectively, in comparison to the base fluid data. The
viscosity increase is caused by collision of the particles against
themselves and the additional between the magnetic particles
and the base fluid. Similar trend of viscosity increase due to
the particles was observed by Sundar et al. [18] for Fe3O4
nanoparticles.

The relative viscosity (u,r/ups) between the viscosity of
nanofluid (u, ;) and the viscosity of base fluid (u,;) obtained
in the present study is presented in Figure 3b along with the
data of Prasher et al. [32] for propylene glycol/Al,Os
nanofluids and Sundar et al. [33] for FesO4/water data. Prasher
et al. [32] and Sundar et al. [33] report that the relative
viscosity increases with increase of volume concentrations and
temperatures. The same trend of increased viscosity with
increase particle volume concentrations and temperatures
were observed.

4.3 Density of nanofluids

The density of nanofluids was determined using
Archimedes’ principle, where the volume is measured by the
buoyancy in a fluid with known density. The weight and
buoyancy measurements were performed with an
electromagnetic balance (LA203S, Sartorius, Germany) and
the accuracy of the instrument is #0.5%. Pak and Cho [34]
proposed the density equation based on the law of mixtures,
which is given as:

pnr = (1 = P)pypo + PPre,0, (4)
where, p,,f is density of the nanofluid, pyp, is the density of
base fluid (870 kg/m®) and Pres0, 1S the density of
nanoparticles (5810 kg/m3), respectively.

The experimental density values were reported in Figure 4a
along with the values of Eq. (4) of Pak and Cho [34]. The

experimental density values are in good agreement with the Eq.

(4) values of Pak and Cho [34]. The density of nanofluids
increases with increase of particle volume concentrations and
it decreases with the increase of temperatures. At, 0.5 vol. %
of nanofluid, the density increase is 2.84% and 3% at
temperatures of 30°C and 60°C, respectively.

4.4 Specific heat of nanofluids

There are two models to estimate the specific heat of
nanofluids.

Model I: The ideal gas mixture principle is used to estimate
the specific heat of nanofluids as presented by Smith and Van
Ness [35], namely:

Cp,nf = (1 - ¢)Cp,VPO + ¢Cp,Fe304 %)
where, C, s is specific heat of the nanofluid, C,, v, specific
heat of the base fluid (2320 J/kg K) and C, .0, specific heat
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of the nanoparticles (670 J/kg K), respectively.

Model I1: This model is based on the statistical mechanism
presented by Avsec and Oblak [36]. Assuming that, base fluid
and nanoparticles are in thermal equilibrium, the nanofluid
specific heat (Cy) is predicted by the following equation.

P(PCp)pey0, T A=D)(PCp)ypg

PPFe;04+(1-P)pvPo

Cong =

(6)

The specific heat of nanofluids was measured using a
modulated differential scanning calorimeter (DSC 2920
modulated, TA Instruments) with an accuracy of £2%. The
measurements were carried out in the temperature range from
30°C to 60°C with a heating rate of 5 K/min. Before using the
nanofluids, the DSC was calibrated with a standard sapphire
sample of known specific heat.
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Figure 4. Comparison of (a) density and (b) specific heat of
the present study nanofluids at different values of volume
concentration and temperature with the predictions of Smith
and Van Ness [35] equations

The model | and model Il give the same predictions;
therefore, in the present study, as reported in Figure 4b, values
of specific heat of nanofluids are compared with the values
given by Eq. (5) that describes ideal gas mixture principle. It
can be observed that the experimental specific heat values are
in good agreement with those obtained with Eq. (5). The
specific heat of nanofluids increases with increase of
temperatures, but it decreases with increase of particle volume
concentrations. At, 0.5 vol. % of nanofluid, the specific heat
decrease is 0.33% and 0.39% at temperatures of 30°C and
60°C, respectively. Zhou and Ni [37] also observed similar
trend of specific heat as a function of temperature and particle



volume concentration for Al,Os/water nanofluids.

The specific heat of nanofluids was measured using a
modulated differential scanning calorimeter (DSC 2920
modulated, TA Instruments) with an accuracy of #2%. The
measurements were carried out in the temperature range from
30°C to 60°C with a heating rate of 5 K/min. Before using the
nanofluids, the DSC was calibrated with a standard sapphire
sample of known specific heat.

4.5 Prandtl number

As mentioned above, heat transfer and friction factor values
were determined at high Prandtl numbers. The Prandtl number
(Pr) is calculated based on the dynamic viscosity (u), specific
heat (C,) and thermal conductivity (k), according to the
following relation.

UxCp
k

Pr = @)

The Prandtl number values calculated from Eq. (7) is listed
in Table 2. It can be noted that the Prandtl number of base
fluids is 1661 and 440 at the temperature of 30°C and 60°C,
respectively. The Prandtl number of 0.5 vol. % of nanofluids
is 2534.4 and 704.3 at temperatures of 30°C and 60°C,
respectively. The Prandtl number is 1.52-times and 1.6-times
higher than that of base fluid data at temperatures of 30°C and
60°C. With the increase of temperature from 30°C to 60°C, the
Prandtl number values are decreases.

Table 2. Thermophysical properties of VPO and VPO/Fe304

nanofluids
T, Physical properties
¢ C) ~ p kK  n C, Pr
¢ =0% 30 870 0.13 931 2320 1661.5
40 864 0.131 56.1 2343 1003.4
50 859  0.132 349 2367 625.8
60 852  0.133 245 2389 440.1
¢ =0.05% 30 87247 0.133 98 2319.17 1708.9
40 86647 0135 61 234216 1058.3
50 861.45 0.137 40 2366.15  690.8
60 85443 0.139 29 2388.14 498.2
¢d=0.2% 30 879.88 0.134 112 2316.70 1936.3
40 873.89 0.136 73 2339.65 1255.8
50 868.90 0.138 47.8 2363.60 818.7
60 86191 0.142 35 2385.56  588.0
¢ =0.5% 30 89473 0.135 148 231175 25344
40 888.73 0.138 93.6 2334.63 15835
50 883.75 0.141 604 235851 1010.3
60 876.79 0.145 429 238040 704.3

5. EXPERIMENTAL SETUP AND PROCEDURE
5.1 Experimental fabrication

The experimental setup schematic diagram is depicted in
Figure 5. The components of the experimental setup are: (i)
test tube, (ii) heating element, (iii) variable pump, (iv) flow
meter, (v) chiller and (vi) U-tube manometer. A brief
description of the components is given as follows: (i) The test
tube consists of copper material with an inner diameter of 10
mm and outer diameter of 12 mm with a length of 1750 mm;
(i) The test tube is wound with nichrome heater of 20 mm
gauge, 53.3 ©/m and capacity of 2000 W to provide uniform
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heat flux boundary condition. The heating element is
connected to control panel, which contains voltage regulating
dimmerstat, voltmeter (V), and ammeter (I). The test tube with
the wounded heating element is placed in a straight horizontal
square duct. The gap between the outer surface of the heating
element and the square duct is filled with rock wool insulation
to minimize the heat loss from the test tube to atmosphere. The
outer surface of the square duct is covered with ashestos rope
insulation to avoid any further heat loss from the test tube. To
record the surface temperature of the test tube, five resistance
temperature detector (RTD) PT-100 type thermocouples
(General instruments, Mumbai, India) were brazed on the
outer surface of the tube at locations of 187.5(T1), 375(T>),
750(T3), 1125(T4) and 1312(Ts) mm, respectively, away from
the flow meter. Two additional PT-100 type thermocouples
were placed at the inlet (T;) and outlet (T,) of the test tube to
record the inlet and outlet temperatures of the working fluid.
Before inserting the thermocouples in the test tube, each
thermocouple was calibrated with a cold-bath and hot-bath and
the observed maximum deviation was #0.1°C; (iii) One end of
the test tube is connected to a variable pump through an oil
flow-meter and the other end of the test tube is connected to a

chiller; (iv) The flow rate of the base fluid (VPO) or nanofluids,

which enter into the test tube was measured with an oil flow-
meter K-05 (Belanto water meters, Jalandhar, India) with an
accuracy of #).2%. One end of the variable pump is connected
to a receiving tank of 30 kg capacity and the other end of the
variable pump is connected to the oil flow meter. The speed of
the pump is controlled by connecting the pump with voltage
regulating dimmer start. (v) The chiller is used to bring back
the outlet temperature of the base fluid or nanofluids to the
atmospheric temperature; (vi) The friction factor of the base
fluid and nanofluids were calculated based on the pressure
drop. The pressure drop between the inlet and outlet of the test
tube was measured by connecting the U-tube manometer
between them. One end of the U-tube manometer is connected
to a flexible tube at the inlet and outlet of the tube by using 4
mm holes drilled in the test tube. The mercury (Hg) is used as
the manometric fluid and the height of the mercury is
converted into equivalent VPO column height for the pressure
drop calculations. The friction factor experiments were
conducted with no heating applied to the test tube.
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Figure 5. Schematic representation of experimental setup
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5.2 Procedure

The main steps of the procedure are described in what
follows. First, the receiving tank is filled with 15 kg of VPO;
then, the variable-pump is switched-on and tests are conducted
for the volumetric flow rates of 2.5, 5, 7.5, 10 and 12.5 LPM
into the test tube to obtain Reynolds number values of 52, 104,
156, 208, and 260, respectively. After achieving the required
flow rate in the test tube, the nichrome heater is switched-on
and the voltage and ammeter readings are recorded. The
temperature readings of the thermocouples are checked every
10 minutes to verify if the steady-state is reached. The steady-
state condition is accepted when three sequential sets of
temperature readings have differences within the expected
accuracy of the thermocouples. After the steady-state
condition occurs, the readings of the eight thermocouples are
recorded and used for the heat transfer calculations. It takes
approximately 2 hours for the system to reach steady state. The
same procedure was followed for the other volumetric flow
rates of the base fluid or nanofluids. The thermophysical
properties used for heat transfer calculations of the base fluid
and the nanofluids were calculated at mean temperature. The
Newton’s law of cooling equation was used for the heat
transfer calculations of the base fluid and nanofluids.

5.3 Data reduction

5.3.1 Experimental Nusselt number

The test section is calibrated with the base fluid before using
the nanofluids. The heat supplied (Qn) to the test section is
estimated with Eq. (8) using the voltage (V) and the current
intensity (1) and the heat absorbed (Q,) by the base fluid and
nanofluids is determined with Eq. (9) using the mass flow rate
(m ). Comparison between the heat supplied and the heat
absorbed presents a maximum deviation of + 2.5%. The
relations for Qnand @Q,, are given as follows:

Heat supplied to the test tube,

Q=VxI ®)
Heat absorbed by base fluid and nanofluids,
Qu=m X Cp X (Tout - Tin) )

The Newton’s law of cooling equation is used to estimate
the heat transfer coefficient, as follows:
Heat transfer coefficient,

—_  Qag
A(Twau-Thuik)

hExp (10)
where, Qg4 is the average value between Qnand Qg, Quvg =
(Q, + Q2)/2; Ais the heat transfer area, A = nDL, D and L
are the diameter and the length of the tube, respectively; T, qu
is the wall temperature, Twan =
(Ty+ T, + T3+ T, +Ts)/5; and Ty is the bulk fluid
temperature, Ty = (Toue + Tin)/ 2.

The Nusselt number of the base fluid and nanofluids is
calculated by substituting the heat transfer coefficient values
from Eq. (10), thermal conductivity of the fluid (k) and
diameter of the tube (D), as follows:

Nusselt number,

RexpXD
k

(11

NuExp =
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5.3.2 Experimental friction factor

The friction factor of the base fluid and nanofluids is
calculated based on the pressure difference (AP) between the
inlet and outlet of the tube and the square of the averaged
velocity flowing through the tube (v?), as follows:

Friction factor,

6%

5.4 Available Nusselt number correlations

fexp = (12)

There are various Nusselt number correlations are available
in the fully developed laminar flow, some of them are
presented below. Incropera and Dewitt [38] reported the
Hausen correlation, which is applicable for inlet uniform
velocity and Pr > 1, when the thermal boundary layer is
developing in the presence of fully developed laminar flow in
a tube.

Hausen correlation:

0.0668 (RePrD/L)

Nu = 3.657 + 170,04 (RePrD/LY2/3

(13)

For fully developed hydrodynamically and thermally
developing flows, the condition of
(RePr D/L)Y3(up/1,,)° ' > 2 [38] is satisfied, then the
Nusselt number is calculated based on the Sieder—Tate [39]
equation, which is given below.

Nu = 1.86 (RePr %)1/3 (l’j—v’;)o'm (14)

Re < 2300; 0.48 < Pr < 16700;
0.0044 < (up/w,) < 9.75

For the condition of (RePr D /L)Y/3(up,/ 1) * < 2 [38],
the Nusselt number is constant and equal to 3.66. The
combined entry length and thermal entry length is
characterized based on the Graetz number (Gz) which is
defined as Gz = RePr D /L. If the value of Gz is less than 100,
the Hausen correlation is used. If the value of Gz is greater
than 100, Sieder-Tate [39] correlation is used.

Shah [40] proposed correlations, which are applicable for
thermally developing, hydrodynamically developed laminar
flow (Re < 2300) for constant wall temperature and constant
heat flux.

Shah [40] equation for constant wall temperature.

_{ 1.953(RePrD/L)Y3  for (RePrD/L) = 33.3 15
~ 14.364 4+ 0.0722 (RePrD/L)  for (RePrD/L) < 33.3 (15)
Shah [40] equation for constant wall heat flux.
0.19 (RePr D/L)%8
Nu = 3.657 + (16)

1+ 0.117 (RePr D /L)0467
5.5 Available friction factor correlations

The Thome [41], reported the Hagen-Poiseuille and Shah
and London relations for laminar flow (Reynolds number,
Re < 2100) for the estimation of friction factor of single-
phase fluids. In these correlations, the friction factor is linearly
dependent on the Reynolds number, and they are given as
below.



Hagen-Poiseuille law:
Friction factor,

f = 64/Re (17)
Shah and London equation
Friction factor,
K 3.44
344 Bt~ %
fRe = + —T30000212 (18)
VX —

where, X =L/D;K =12+ %; Poiseuille number (P,) = 16
for circular tubes.

6. RESULTS AND DISCUSSION
6.1 Nusselt number

The selection of proper Nusselt number correlations is
important, to validate the experimental data. In the present
study, the experiments are conducted in the thermally
developing and the hydrodynamically developed laminar flow
at constant heat flux conditions, hence, the Eq. (16) of Shah
[40] is suitable to compare the present experimental data. The
Eqns. (11) and (12) are used to calculate the heat transfer
coefficient and the Nusselt number of base fluids, respectively.
Figure 6 reports the experimental Nusselt number of VPO at
different Reynolds numbers and the values from Eq. (16) of
Shah [40]. It can be observed that the maximum deviation
between the experimental values and the Eq. (16) values is +
3.0%. This deviation is relatively low; hence the test section is
adequate to use with the experiments of nanofluids.
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Figure 6. Relation between Nusselt number and Reynolds
number for the base fluid (VPO) in laminar flow and
comparison with Shah [40] equation data

The same Eqns. (11) and (12) are used to calculate the heat
transfer coefficient and the Nusselt number of nanofluids,
respectively. Figure 7 reports the Nusselt number of
nanofluids for different Reynolds numbers along with VPO
data. The Nusselt number of base fluids is 15.88 and 27.14 at
Reynolds numbers of 63.3 and 316.5, respectively, while the
Nusselt number of 0.05 vol. % of nanofluid is 16.5 and 28.7 at
same Reynolds numbers. For 0.5 vol. % of nanofluid, the
Nusselt number is 17.3 and 30.8 at Reynolds numbers 39.5 and
197.5, respectively. It should be noted that the heat transfer
experiments for the VPO and nanofluids were conducted at
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same mass flow rates. The Reynolds number values of varies,
because of the presence of nanofluid viscosity in the
calculation of the Reynolds number. It can be noted in Figure
7 that the Nusselt number of nanofluids increases with increase
of particle volume concentrations.

Figure 8 shows the Nusselt number of nanofluids at
different mass flow rates. The mass flow rates of VPO and
nanofluids used in the test section is 0.0416, 0.083, 0.12, 0.166
and 0.2 kg/s. It is observed from the Figure, the Nusselt
number of nanofluids increases with increase of particle
volume concentrations and mass flow rates. The Nusselt
number enhancement for 0.05 vol. % of nanofluid is 3.9% and
5.74% at mass flow rates of 0.0416 kg/s and 0.208 kg/s,
respectively, when compared to the VPO data, similarly, at 0.5
vol. % of nanofluid, the Nusselt number enhancement is
8.94% and 13.48%, respectively.
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Figure 7. Relation between Nusselt number and Reynolds
number for the nanofluids in laminar flow
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Figure 8. Relation between Nusselt number and mass flow
rate for the nanofluids in laminar flow with different values
of particle volume concentration

Figure 9 presents the Nusselt number of VPO and
nanofluids at different Graetz numbers (Gz = RePr D/L).
The calculated values of Reynolds numbers and Prandtl
numbers are listed in Table 2 and the ratio of D/L is 0.0057.
From the Figure, it is observed that the Nusselt number of
nanofluids increases with increase of particle volume
concentrations and Graetz numbers. The Nusselt number of
VPO increases from 15.88 to 27.14 with the increase of Graetz
number from 537.24 to 2908.12, respectively. Similarly, the
Nusselt number of 0.05 vol. % of nanofluids is increases from
16.5 to 28.7 with the increase of Graetz numbers from 526.96
to 2878.56, respectively. The Nusselt number of 0.5 vol. % of



nanofluids increases from 17.3 to 30.8 with the increase of
Graetz numbers from 520.54 to 2788.48, respectively.

The experimental heat transfer coefficient at different
volume concentrations of nanofluid is presented in Figure 10
along with VPO data. The heat transfer coefficient
enhancement for 0.05 vol. % of nanofluid is 6.29% and 8.78%
at mass flow rates of 0.0416 kg/s and 0.208 kg/s, respectively,
compared with VPO data. Similarly, the heat transfer
coefficient enhancement of 0.5 vol. % of nanofluid is 13.1%
and 17.8% at mass flow rates of 0.0416 kg/s and 0.208 kg/s,
respectively, compared with VPO data.
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Figure 9. Relation between Nusselt number and Graetz
number for the nanofluids in laminar flow
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Figure 10. Relation between heat transfer coefficient and
mass flow rate for the nanofluids at different values of
particle volume concentration in laminar flow

Considering that no reports were found in the open literature
related to the Nusselt number of non-polar based magnetic
nanofluids, the present data is compared with results of other
nanofluids under laminar flow conditions. Yu et al. [42]
prepared polar based Al,O3 nanofluids by considering 45:55%,
in volume, of ethylene glycol and water as a base fluid and
conducted heat transfer experiments by considering 0.01% and
0.02% volume fractions under laminar flow. The present heat
transfer coefficient data is reported in Figure 11 along with the
data of Yu et al. [42]. In the present study, the experiments
were conducted up to a Reynolds number of 330, whereas Yu
et al. [42] conducted the experiments up to the Reynolds
number close to 2000. The inset in Figure 9 shows the
comparison of the present experimental data with Yu et al. [42]
data up to the measured Reynolds number range. The present
data is lower by 7.8% with 0.01% volume fraction and by
15.31% with 0.02% volume fraction than Yu et al. [42] data
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for the Reynolds number of 200. In this respect, the Al,O3
based ethylene glycol/water mixture nanofluids of Yu et al.
[42] outperform the Fe304 based vacuum pump oil nanofluids
of the present study.

The present experimental heat transfer coefficient is
reported in Figure 12 along with the data of Yang et al. [43]
for the comparison purpose. Yang et al. [43] conducted heat
transfer experiments in the Reynolds number range of 7 to 52
using automatic transmission fluid (ATF)/graphite (non-polar)
nanofluids. They observed heat transfer enhancement of 5.5%
and 23% with 2.0 wt. % and 2.5 wt. % nanofluid, respectively,
at a Reynolds number of 52, when compared with the base
fluid (ATF). For the same Reynolds number of 52, in the
present study, the heat transfer enhancement is 6.3% and 9.2%
for 0.05% and 0.5% volume concentration nanofluid,
respectively, when compared with the base fluid (VPO). For
the Reynolds number of 52, Yang et al. [43] data shows that
their ATF/graphite nanofluids outperform in terms of heat
transfer enhancement by 54.17% the VPO/Fe3;04 nanofluids
used in the present study.
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Figure 11. Relation between heat transfer coefficient and
Reynolds number for the nanofluids at different values of
particle volume concentration in laminar flow and its
comparison with the Yu et al. [42] data for 45:55% EG/W-
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Figure 12. Relation between heat transfer coefficient and
Reynolds number for the nanofluids at different values of
particle volume concentration in laminar flow and its
comparison with Yang et al. [43] data for ATF/Graphite
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The Nusselt number data of the present study is correlated
(Nuyeg) using a relation similar to that of Shah [40]. Its
average deviation and standard deviation are 1.673% and



1.907%, respectively. The correlation is given as:
Nu,.4 = 2.015 (RePr D/L)03306 (1 4 ¢)0-2524 (19)

50 < Re < 320; 1489 < Pr <2477, 0 < ¢
<0.5%

The proposed correlation, Eq. (19), and the experimental
data are presented in Figure 13. It can be noticed that the
experimental data is well fitted by Eq. (19) with a maximum
deviation of £2%.
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Figure 13. Proposed regression equation of Nusselt number
and its comparison with the experimental data

6.2 Friction factor

The tests were conducted to determine the friction factor of
VPO under laminar flow and the Eq. (19) was used to calculate
the friction factor. The friction factor determined by Hagen-
Poiseuille law (Eq. 17) and by Shah and London equation (Eq.
20) lead practically to the same values. Hence, the present
friction factor of VPO is verified with the Hagen-Poiseuille
law (f = 64/Re) and the data is reported in Figure 14. A
maximum of +2% deviation was observed between the
experimental and Hagen-Poiseuille values. The experiments
were repeated with VPO/Fe3;04 nanofluids, and Eq. (19) is
used to calculate the friction factor. Figure 15 reports the
friction factor of nanofluids at different values of Reynolds
number and volume concentrations, and the friction factor of
VPO. The friction factor for 0.05 vol. % of nanofluid is 1.1

and 0.221 with Reynolds number of 59.8 and 299, respectively.

Similarly, the friction factor of 0.5 vol. % of nanofluid is 1.23
and 0.24 at Reynolds number of 39.5 and 197.5, respectively,
whereas, the VPO friction factor is 1.01 and 0.20 at Reynolds
number of 63.3 and 316.5, respectively.

The friction factor of nanofluids and VPO were reported in
Figure 16 at different mass flow rates. The mass flow rate of
VPO and nanofluids were kept constant throughout the
experiments. The friction factor penalty of 1.09-times and
1.075-times was observed for 0.05 vol. % of nanofluid at mass
flow rates of 0.041 kg/s and 0.2 kg/s, respectively, when
compared to VPO data. Similarly, the friction factor penalty of
1.21-times and 1.182-times was observed for 0.5 vol. % of
nanofluid at mass flow rate of 0.041 kg/s and 0.2 kg/s,
respectively, compared to VPO data.

As stated above, Ahuja [1] conducted the friction factor
experiments with dispersion of 50u — and 100u — diameter
polystyrene spheres in aqueous sodium chloride or glycerin

fluids in 20 wt. % under laminar flow conditions and observed
friction factor reduction f = 64/Re (Hagen-Poiseuille) to
f =59/Re.
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Figure 14. Verification of the friction factor data for vacuum
pump oil in the laminar flow regime using the Hagen-
Poiseuille law (f = 64/Re)
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Figure 15. Relation between friction factor and Reynolds
number for the nanofluids in laminar flow
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Figure 16. Relation between friction factor and Reynolds
number for the nanofluids in laminar flow

The friction factor data of present study is correlated under
the similar lines of Ahuja [1] and developed equation is

presented below.

f = aRe® (20)



The constants a and b of Eq. (20) are obtained by linear
regression at different values of particle volume
concentrations.

¢ =0% = f = 64Re™ 9% (R? = 0.995)
¢ =0.05% = f = 61.6 Re™ %99 (R? = 0.993)
¢ =0.2% = f = 56Re~ 1016 (R?=0.987)
¢ =0.5% = f = 51.42Re" 1019 (R? = 0.982)

If the Hagen-Poiseuille law (f = 64/Re) is used to
calculate the friction factor it would overpredict, as compared
to Eq. (20) values, by 3.25%, 12.5% and 19.65% for 0.05%,
0.2% and 0.5% volume concentration nanofluids, respectively.

The values obtained with Eq. (20) are presented in Figure 17
along with the experimental friction factor data.
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Figure 17. Proposed regression equation and experimental
data for the friction factor

7. CONCLUSION

The heat transfer and friction factor of high Prandtl number
based Fe;O4 nanofluids flow in a tube under laminar flow
conditions were analyzed experimentally. The thermal
properties were also measured experimentally. The following
conclusions were draw from the analysis.

(@) The thermal conductivity of 0.5% nanofluid is
enhanced by 9%, and viscosity of 0.5% nanofluid is
enhanced by 1.75-times at a temperature of 60°C,
compared to base fluid.

(b) The Nusselt number of 0.5% nanofluid is enhanced
by 8.94% and 13.48% at mass flow rates of 0.0416
kg/s and 0.208 kg/s, compared to base fluid.

(c) The heat transfer coefficient of 0.5% nanofluid is
enhanced by 13.1% and 17.8% at mass flow rates of
0.0416 kg/s and 0.208 kg/s, compared to base fluid.

(d) The maximum friction factor penalty of 0.5%
nanofluid is 1.21-times compared to base fluid at
mass flow rate of 0.208 kg/s.

The new Nussle number and friction factor correlations
were proposed for fully developed laminar flow. So, the
vacuum pump oil based nanofluids are having higher heat
transfer rates and those are more beneficial fluids in the
vacuum pumps for absorbing more heat from the rotating
components.
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