Journal of Nanofluids
Vol. 6, pp. 390-394, 2017
(www.aspbs.com/jon)

Copyright © 2017 by American Scientific Publishers
All rights reserved.
Printed in the United States of America

AMERICAN
SCIENTIFIC
PUBLISHERS

Design and Fabrication of a Simple and
Inexpensive Measurement Probe for the
Evaluation of Thermal Conductivity of Nanofluids

Durgesh Tamhane’ and M. R. Anantharaman*

Magnetics Laboratory, Department of Physics, Cochin University of Science and Technology, Cochin 682022, Kerala, India

Commercially available tools for thermal conductivity measurement are often costly. Such tools neither allow
customization in accordance with the experiment nor permit thorough analysis of the data obtained. Custom
made solutions described in the literature are often complex in their design or vague about their fabrication
details. Here we report the design and fabrication of a simple and cost-effective thermal conductivity mea-
surement probe based on transient hotwire method which accommodates features like ease of maintenance,
durability, portability and the ability to vary the sample size. The instrumentation is automated externally so
as to reduce the complexity of the probe further. Accuracy of the probe is tested by measuring the thermal
conductivities of standard liquids (deionized water, glycerol and kerosene). The thermal conductivity values of

synthesized Fe;0O, ferrofluids and TiO, nanofluids is measured.
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1. INTRODUCTION

Thermal conductivity of a material is an indispensable and
important parameter to characterize while focusing on the
performance of heat transfer fluids, particularly nanoflu-
ids. To measure the thermal conductivity of a material the
following techniques are commonly used: the temperature
oscillation method,! 3-w method? and the transient hotwire
method.? The choice of the technique depends on the type
of material to be analyzed, its thermal properties, and the
temperature range in which the thermal conductivity is to
be measured. Among these, the transient hot-wire method
has been in vogue and is now widely accepted as being
the most reliable.*

The transient hot wire method is the measurement of the
temperature change with time of a thin wire (preferably
of a metal) immersed in the medium of interest, on the
application of an electric voltage across it. This technique
which was first used to measure the thermal conductivities
of solids and gases, is today well established to measure
the absolute thermal conductivities of nanofluids for which
the uncertainties in measurement reported are below 2%.

Nanofluids®” are a class of heat transfer fluids which
are synthesized by dispersing nanoparticles in conventional

*Author to whom correspondence should be addressed.

Email: mraiyer@gmail.com

"Present address: Department of Electrical Engineering, IIT Bombay,
400076, Mumbai, India.

Received: 14 July 2016

Accepted: 14 November 2016

fluids. Such fluids have garnered interest because of their
enhanced thermal conductivities as compared to other heat
transfer fluids. The enhancements in thermal conductiv-
ity of base fluids on addition of nanoparticles have been
reported.®'2* Industries involved in design and manu-
facturing of heat removal systems for automobiles, high
vacuum systems, microelectronic devices, are looking into
nanofluids as potential replacement for conventional heat
transfer fluids.

Recent interest in nanofluids necessitates the design
and development of the thermal conductivity measurement
apparatus based on the transient hotwire method. Though
the transient hotwire method in itself is easy to imple-
ment, the apparatus described in literature'®2! is often
complicated or is oversimplified in its schematics, with no
description given about its fabrication. We have applied
several design modifications to the hotwire instruments
mentioned by Choi et al.,’> Alvarado et al.'® and Assael
et al.!'” to design and fabricate a simple probe. We have
incorporated modifications like the use of copper rods as
support cum conducting wires, use of a teflon block with
screws for sample size adjustment and a jotter pen’s spring
to maintain tension on the heating/sensing element (coated
platinum wire). These modifications enables cost reduction
and simplifies the overall fabrication. Such a custom made
probe could benefit laboratories which are looking to initi-
ate research in the domain of nanofluids. Thus, in our work
we have designed, fabricated and automated an inexpen-
sive and a simplified thermal conductivity measurement
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probe based on the transient hotwire method. The perfor-
mance of this instrument is demonstrated by evaluating
the thermal conductivity of a few samples of nanofluids
synthesized in the author’s laboratory.

2. EXPERIMENTAL DETAILS

2.1. Transient Hotwire Method

The transient hotwire method is one of the most com-
monly used experimental technique for measuring the ther-
mal conductivity of fluids. A hot wire—usually a wire
of platinum, is placed in the fluid of which the thermal
conductivity is to be measured. The wire serves both as
a heating element and a thermometer. The mathematical
model is based on the assumption that the wire is infinitely
long (suspended in an infinite medium) and is a thin con-
tinuous source of heat. The governing equation is based on
Fourier’s law and its solution subjected to specific bound-
ary conditions.

The relationship thus obtained!>'* can be approxi-
mated as:
d(AT) ¢ )
d(n7) _ dmk

where g is the heat flux per unit length, k is the ther-
mal conductivity of the medium, AT is the temperature
change, and ¢ is the time taken for the temperature change
to occur. In the experiment, the wire is heated by a con-
stant voltage source and the rise in the temperature over
a period of time, of the platinum wire is determined from
the change in its resistance. The thermal conductivity can
thus be determined from the slope of the AT versus In(¢)
curve and the heating power.

2.2. Design and Fabrication

The present design of the thermal conductivity measure-
ment unit is a modified form of those already mentioned
in the literature.'>!%?2 As in all the systems, a platinum
wire is used as a hot wire which also acts as a tempera-
ture sensing element. Some of the systems mentioned in
the literature,”® have made use of a copper tube as a con-
tainer, but we have preferred a common laboratory glass
test-tube so as to visually inspect the nanofluid sample for
coagulation during measurement. Instead of steel rods as
support and copper connectors as electrodes we have used
copper rods (average diameter 1.2 mm) to function both
as electrodes and support, which saves space and materi-
als, and simplifies the design further. A “spring and slide”
arrangement is coupled with the platinum wire (diameter
0.05 mm, length 10 cm) to maintain a desired strain across
it. Spring commonly found in jotter ball pens is used for
this purpose. Tension on this spring and on the platinum
wire is adjusted with a steel block fitted with a screw. The
sliding arrangement makes it possible to vary the sample
size from 7 ml to 22 ml. The copper rods are flattened and
pierced with minute holes at locations where the platinum
wire is to be attached. The copper rods with the platinum
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Fig. 1. Schematics of the thermal conductivity measurement probe and
the necessary design modifications adapted: 1. Spring and slide arrange-
ment. 2. Flattened hook-shaped rod with a hole. 3. Flattened U-shaped
rod with a hole.

wire is mounted on a teflon block with screw adjustments.
These modifications are summarized in Figure 1. The 2D
sketch with design details along with the actual picture of
the probe is shown in the Figure 2.

Any measurement equipment dealing with nanofluids
requires frequent cleaning. The simplicity of the design of
our thermal conductivity probe makes it easy to maintain
and thus ensuring a long shelf life.

2.3. Procedure

The temperature coefficient of resistance (TCR) of the
platinum wire is calibrated by measuring its resistance as
the temperature of the surrounding medium is varied. The
wire resistance versus the temperature is plotted in the
Figure 3. The TCR of the platinum wire thus obtained for
our probe is 0.00322 (Q/QK).

The setup necessary to measure the thermal conductivity
of nanofluids mainly consists of the aforementioned probe
connected in a three wire configuration with a wheat-
stone bridge—made of two 1.2 k£ 1% () resistors and
a 100£5% Q Trimmer (Pot), a high precision nanovolt-
meter (Fluke 8846A)—which is also used as a data logger
and a DC voltage supply (Agilent, USO02A) adjusted at
2 Volts (Fig 4).

The wheatstone bridge is manually balanced by apply-
ing a small voltage (0.1 V) across it. The source voltage is
kept at a desired value, and the voltage across the bridge
is measured at regular intervals (4 ms) as the current flows
through the circuit. The temperature change of the wire is
calculated from the voltage offset data using the following
equation (obtained for a Wheatstone bridge) to find the
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Fig. 2. 2D sketch of the unit’s design and picture of the actual probe in a laboratory test-tube (right).

resistance of the wire Ry,

VsRp(R, +R;) _
ViR, +V(1)(R, + R,)

where R, is the resistance of the trimmer (pot), R; and
R, are the resistances of the corresponding fixed resistors,
Vs is the voltage supplied to the bridge, and V(7) is the
voltage across the bridge.

Ry (1) = R, (2)

Ry (1) — Ry (0)

AT == Ry 0)

3)
where « is the temperature coefficient of resistivity of
platinum. The measurement time is about 8 seconds and
slope of the linear region of AT versus In(time) curve is
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Fig. 3. Calibration of the platinum wire for TCR, with linear fitting:
R =0.02574T +7.303.
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Fig. 4. The thermal conductivity setup.

measured.® The thermal conductivity of the liquid is then
calculated from Eq. (1).

After every reading, the platinum wire is allowed to cool
for 20-30 minutes. The data thus collected at a sampling
rate of 4 ms (0.2 PLC, 50 Hz) is then retrieved and anal-
ysed using a graphing and analysis software-QtiPlot.

3. RESULTS AND DISCUSSION

The apparatus is calibrated by comparing the experimen-
tally obtained thermal conductivities of deionized (DI)
water and glycerol with those from the literature? values,
at room temperature. The repeatibility of measurements
over 10 sets of readings shows a standard deviation of
40.03 for both glycerol and DI water.

The Fe;O, ferrofluid was synthesized by controlled
chemical co-precipitation method.?*?” In this method,
anhydrous ferric chloride and ferrous sulphate heptahy-
drate are added in the molar ratio of 2:1. 25% of aqueous

I =CHNICAL NOTE

392

J. Nanofluids, 6, 390-394, 2017



Tamhane and Anantharaman Design and Fabrication of a Simple and Inexpensive Measurement Probe for the Evaluation

(@) (o) 180
400+ 160 4 (110)
R 140+
3 3 1] (101) (211)
© ©
~ 300 ~
> (440) 100 o
= (311) z
[}
[ c 804
g ]
€ =
- 200 E 60 -
40 4
20 4
o 10 20 8 40 50 e 70 8 g0 100 0 y y : J y j y
20 30 40 50 60 70 80
26 26
Fig. 5. XRD spectra of (a) Fe;O, and (b) TiO, nanoparticles.
ammonia is added dropwise for the oxide to precipitate. where D is the grain size of the crystallite, A is the

The colloidal suspension thus prepared is mixed with oleic wavelength of the X-rays used, B is the broadening of
acid so as to coat the Fe;O, nanoparticles. This slurry diffraction line measured at the half of its maximum
is washed with acetone and dispersed in household grade  intensity in radians and 6 is the angle of diffraction.
kerosene using a bath sonicator.

TiO, nanofluid was synthesized by a similar co-
precipitation route.”® TiCl; solution is added to NH,OH (a) Iron Oxide + Kerosene
(100 mM) aqueous solution in 1:6 volume ratio. The pH of
the solution is increased to 2. The precipitate is separated
by centrifugation and then washed in iso-propyl alcohol
and dried at 30 °C. The white precipitate thus obtained is 15
dispersed in kerosene using a bath sonicator.

X-ray Diffraction spectra of the dried Iron Oxide and
Titanium dioxide samples is recorded using a X-ray
diffractormeter (Rigaku D max) at Cu Ka (A = 1.54 A) as
shown in Figure 5. The major crystallographic planes are
identified using the JCPDS tables. The average grain sizes 0.5
of the Fe;O, and that of TiO, nanoparticles are calculated
using the Debye Scherrer’s formula:

AT°C
T T T T T T T T T T T T T

TS L M| .

D= 09/\ (4) 55 403 2,981

~ Bcosh In(time)

(b) Titanium Dioxide + Kerosene

1.5 / 15

0.5 0.5

403 2,981 403 2,981
In(time) n(time)
Fig. 6. Temperature change of the platinum wire in kerosene, versus Fig. 7. AT versus In(r) plot for (a) Fe,O, + kerosene, (b) TiO, +
time. kerosene nanofluids.
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Table I. Comparison of thermal conductivity values (of standard liquids
and kerosene based nanofluids) from literature with that obtained by the
probe.

Literature? %’ Experiment (with probe)
(W m~'K™") (W m~'K™)
Glycerol 0.28 0.294+0.03
Water 0.6 0.55+0.03
Kerosene 0.15 0.16 £0.02
Kerosene + Fe,; O, 0.21 0.22+£0.03
Kerosene + TiO} - 0.214+0.02

Note: *No value was found in literature.

This gives the average grain size of the synthesized Fe;O,
and that of TiO, nanoparticles to be 11.9 nm and 9.8 nm
respectively.

The temperature change versus time profiles of
kerosene, and kerosene dispersed with Fe;O, and TiO,
are measured and shown in Figures 6 and 7. The ther-
mal conductivity of Fe;O, nanofluid is measured to be
0.22 (40.03) W m~'K~! which shows an enhancement of
39% over the base fluid-kerosene, comparable to that mea-
sured by Yu, et al.* The thermal conductivity of freshly
dispersed TiO, nanofluid gives a 30% enhancement over
kerosene.

4. CONCLUSION

A probe based on transient hot wire method has been
developed, designed and fabricated to measure the ther-
mal conductivity of water, glycerol, kerosene and kerosene
based nanofluids. The objective was to reduce the cost
and complexity of the thermal conductivity measurement
probes found commercially and in the literature so as to
make the probe easy to fabricate, customize and main-
tain. In achieving this objective, several design factors to
accommodate varying sample size (7 ml to 22 ml), adjust-
ment of tension on the platinum wire are included as mod-
ifications over the apparatus mentioned in the literature.
The design and fabrication details of the thermal conduc-
tivity probe are described systematically.

The thermal conductivity probe is calibrated with stan-
dard liquids (deionized water, glycerol and kerosene) and
the thermal conductivity values of kerosene based nanoflu-
ids are measured. Enhancement of 39% and 30% of ther-
mal conductivity values over the base fluid (kerosene) is
measured for Fe;O, and TiO, nanofluids respectively.

The simplicity of design and inexpensive fabrication of
this thermal conductivity probe makes it accessible to high
school laboratories.
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