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ABSTRACT

The method for increasing the rate of heat transfer is presented in this experimental study
using the suspensions of magnetic particles which are composed of Y-Fe,O; magnetic
particles (gamma-typed iron oxides) ranging in average diameter size 10-20 nm dispersed
in distilled water. At different volume concentrations of 0.50%, 0.75%, 1% and 1.25%,
the experiments were conducted in a vertical, internally finned pipe. To increase the heat
transfer rate, three different intensities of external magnetic field 800 Gauss (G), 1,600 G, and
2,400 G were applied during the pipe flow experiments. All tests were performed within the
Reynolds number (Re ~ 2,900-9,800). The outside surface area of the copper pipe was
directly applied by the uniform surface heat flux during heat transfer experiments. As the
volume concentration of the magnetic particles and the external magnetic field intensity
increased, the average heat transfer coefficients increased. The maximum increase in heat
transfer rate can be gained at particle volume concentration of 1.25% and the strength of
external magnetic field of 2,400 G as compared to the base case with no application of the
external magnetic field (0 G). The pulsating flow with high frequency is another factor which
can increase the heat transfer rate in the pipe flow. At the frequency of 15 Hz, considerable
amount of heat transfer rate can be attained.

KEYWORDS: gamma-typed iron oxides, surface heat flux, magnetic field, pulsating flow,

heat transfer rate, average heat transfer coefficients
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1. Introduction

Traditional heat transfer fluids such as oil and water with low thermal conductivity have
limitations to improve the efficiency of many engineering equipment. To improve the
performance of several engineering equipment that involve the heat transfer such as heat
exchangers and electronic devices, heat transfer fluids with high thermal conductivity have
been used. The use of very small magnetic particles as the dispersed phase to increase the
thermal conductivity of the fluids is one of many innovative attempts. The average size of
magnetic particles must be under 30 nm to be able to uniformly be suspended in a liquid.
The solid volume concentration has a major effect on the magnetic particle suspensions’
energy transport. The dramatic improvements in effective thermal conductivity have been
indicated in many recent experiments [1, 2]. The ratio of magnetic particle suspensions’
thermal conductivity with respect to pure water can be increased by increasing the magnitude
of the applied magnetic field [3]. The magnetic particle suspensions’ thermal conductivity can
be increased exponentially with the particle volume concentration and the suspensions’
temperature as reported by another researcher [4]. The heat transfer performance of
magnetic particle suspensions in the vertical pipe flow has been reported by a few
publications. For practical heat transfer processes in pipe flow, more studies are needed for
using the magnetic particles as the dispersed phase.

The magnetic particle suspensions comprise of ferromagnetic particles as a dispersed
phase and a nonmagnetic, continuous fluid [5]. Typically, the magnetic particles are very
small in the range between 10 nm and 30 nm in diameter, which are coated with layers of
surfactants to keep the particles uniformly and stably suspended in the carrier fluid [6]. The
dipole-dipole interactions may cause the aggregation of some magnetic particles [7]. Without
the externally applied magnetic field, the suspensions do not have any net magnetization
and the magnetic particles are oriented randomly. When the suspensions are imposed by
the external magnetic field, the magnetic particles in the suspensions align to form chain-
like structural shapes in the same direction as the magnetic field [8]. The magnetic particle
suspensions can be a major role for many heat transfer applications because the
suspensions can be manually controlled by the temperature variation and magnitude of the
externally applied magnetic field. The viscosity of magnetic particle suspensions was
investigated to be used for applications in heating and cooling systems [9]. To improve high

stability of the suspensions for increasing heat transfer performance, some dispersants such
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as gum acaria and cetyl trimethyl ammonium chloride were investigated to be used in the
suspensions [10]. Another experiment was done to determine the frequency of the oscillating
applied field has effects on the variations of the local heat transfer coefficients [11]. Another
interesting report was to determine the forced convection heat transfer in a pipe partially
filled with the porous medium was affected by the magnetic field induced by a finite length
solenoid [12]. A higher mixing intensity and breaking of the thermal boundary layer were
results of the combined effects caused by the magnetic field and the porous medium. This
in turn can optimize the enhancement of the local heat transfer coefficients and local Nusselt
number values. The heat transfer characteristics were determined numerically by some
investigators. A zigzag-shaped microchannels and a channel with sinusoidal walls were used
as the models [13]. As shown in the studies, heat transfer can be increased in the sinusoidal
microchannel without the use of any magnetic particles in the carrier fluid. Decreasing the
wavelengths of sinusoidal and zigzag-shaped microchannels can cause the increasing in the
local heat transfer coefficients. Some applications such as electronic cooling was
investigated in two-phase closed thermosiphon filled with nanofluids [14].

In this study, the heat transfer performance by using the magnetic particle suspensions
was investigated in the vertical, internally finned pipe. The fins’ helix angle is 15° as
compared to the other studies which were done with the helix angle more than 18°. The
important parameters such as the particle volume concentrations, the magnitude of the
external applied magnetic fields and the frequency of the pulsating flow were the main

objectives of this study in order to find the right choices for heat transfer enhancement.

2. Objectives
The objective of this study is to identify the important parameters such as the particle
volume concentrations, the magnitudes of the external magnetic field, the frequency of the

pulsating flow and internally finned pipe with have a major effect on heat transfer

enhancement in the pipe flow.
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3. Materials and methods
3.1 Apparatus

Figure 1 shows schematically an experimental apparatus for experiments in the vertical,
internally finned pipe flow. The test system consists of a flow loop, a heated test section, a
heat exchanger, solenoid coils, measuring and controlling units. Two types of pumps were
used for testing. A Longer peristaltic pump which comprises of three rollers, silicone tube,
inverter, and 0.75-hp AC motor was used for pulsating flow. A centrifugal pump was used
for continuous flow. The surface of the copper, internally finned pipe was connected by ten
thermocouples to measure the wall temperature at different locations. The cooling effect was
done by using the heat exchanger to maintain a constant temperature of the magnetic particle
suspensions at the inlet of the test section. Three pairs of solenoid coils were placed at
the left and right side of the test section to generate the external magnetic field. A maximum
current of 50 Amp from the DC power supply and maximum voltage of 150 V were used
to produce the magnetic field. The external magnetic field was directed perpendicularly
to the axial flow direction of the magnetic particle suspensions. Figure 2 shows the schematic
diagram of the internally finned pipe. The details of internally finned pipe are shown in
Table 1.

The test section included a straight, internally finned, copper pipe with 850 mm length,
9.2 mm inner diameter and 10.1 mm outer diameter. The uniform surface heat flux was
imposed by wrapping the Nichrome wire around the test pipe. The Nichrome wire was then
connected to a DC power supply with maximum power of 500 W. An aluminum foil and
rubber were used as the insulation of the test pipe to prevent the heat transfer loss. The
thermocouples number 1 to 10 were placed at these distances: 45 mm, 180 mm, 230 mm,
315 mm, 400 mm, 450 mm, 535 mm, 620 mm, 670 mm and 750 mm with respect to the

tube inlet.
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Figure 1 Schematic diagram of the experimental apparatus

Figure 2 Schematic diagram of the internally finned pipe
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Table 1 Specifications of the internally finned pipe

Parameters Values

Inside diameter, D; (mm) 9.2

Outside diameter, D, (mm) 101

Tube thickness, T; (mm) 0.45

Fin spacing, S (mm) 0.26
Fin height, H; (mm) 0.125

Apex angle, & 55°

Number of fins 65

Tube length (mm) 850

3.2 Materials and preparation

In this study, the mixture of magnetic particles in the form of gamma-typed iron oxides
Fe,O; and distilled water were used as the magnetic particle suspensions. The important
characteristics of the Fe,O; iron oxides are known for their cubic cell structures and the
moments of the individual atoms are aligned in the same direction [15]. The magnetic
permeability constants of the particles are in the range between 0.5 to 35.5 and average

size of 10-20 nm in diameters [15].

3.3 Data analysis
The total heat transfer rate for the entire pipe can be calculated by the following equation
[16]
Geonv = MCp (Trn,exit — Trminiet) (1)

where g, is the total heat transfer rate, m is the mass flow rate of the suspensions and C,
is the specific heat.
The local heat transfer coefficient (h(y)) can be calculated from Newton’s law of cooling

as [16]

h(y) = (Qave / A) / [Ts (¥) = T (¥)] (2)
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where Q... / A is the uniform surface heat flux, T, is the surface temperature along the
copper pipe and T, is the average temperature of the magnetic particle suspensions. The
coordinate y is used as the vertical distance starting from y = 0 at the copper pipe inlet. Q..
is the average heat transfer rate which can be calculated from

Qave = [IV + me (Tm,exit - Tm,inlet)] /2 (3)

where | is the measured current and V is the supplied voltage. From Equation (2), A, is the

inside heat transfer surface area of the internally finned pipe which can be calculated from

Ag = (Z; + Z, + S) x Number of fins x Tube length (4)

The rate of change between the axial distance along the tube and the suspensions’

average temperature can be expressed as the following equation [16]
dTm / dy =0Qs h (Ts - Tm) / (mAst) (5)

The average temperature of the suspensions can be obtained by integrating the above

expression from y = 0 at the tube inlet as following equation
Tm (Y) = Tm,inlet + qs y / meL (6)
where L is the total pipe length. Finally, the average values of convective heat transfer

coefficients are calculated by integrating the local values of h(y) for the entire pipe length (y

=0 to y = L) and dividing by the total pipe length

e =| [0y |11 %)

The Nusselt number, Nu is the dimensionless number used to describe the ratio of the

average heat transfer coefficient to the thermal conductivity of the magnetic particle
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suspensions. It can be written as Nu = h,,4 D / k where D is the equivalent inside diameter

of the tube. Nu was used to determine the performance in heat transfer rate the entire pipe.

3.4 Uncertainty analysis

The uncertainty (O') can occur from the errors of the experimental data. The heat flux,
the surface temperature along the copper tube, the supplied voltage, the electric current and
the distance between the thermocouples are among the collected data causing errors. The

uncertainty of the local heat transfer coefficient is calculated as follows

6h 2 Gh 2 2
=+ (Lo )2 (L Sl 8
o \/(aqgaqg Hapon) Higen) (8)

From Equations (3) and (6), the uncertainties of the average temperatures of the

suspensions and the uniform surface heat flux are calculated as follows

oT T,
or, =iJ( aT; or,,)’ (Way)z (9)
—+\/<a“5 aqs % (10)

Table 2 summarizes the uncertainties of the measurements in this study.

Table 2  Uncertainty of the measurements

Quantity Uncertainty
AL (m) 1x107°
Al (Amp) 0.1

AV (Volt) 0.1

AT, (°C) 0.2
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The relative uncertainty of the local heat transfer coefficient is calculated as follows

Gh oh 2 oh
U, = == . — 11
=2 \/hz[‘ R R (11)

The relative uncertainty of the surface heat flux is calculated as follows

qu=(;‘lf— J G+ G ) (12)

For all the measured cases, the uncertainty values have been calculated. The

percentage uncertainty of the local heat transfer coefficient was calculated to be +2.85%.

4. Results
The effects of different intensities (0 — 2,400 G) of the external applied magnetic field
on the suspensions’ temperature profile for the pulsating flow with frequency of 10 Hz and

15 Hz at the volume concentration of 0.5% and 1.0% are shown in Figures 3-6, respectively.
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Figure 3 Effect of magnetic field on the suspensions’ temperature at frequency of 10

Hz and 0.5% vol.

Faculty of Engineering, Kasem Bundit University Research Article




3A2NsSsuaAlsInuUUruia Un 13 alun 3 NUYIYU-SUIIAU 2566 ﬂg

w
[o)]

48 ----- m---- I Bl T-—--- r-——--- === 1—- == A= 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
______ P DD [P SO S R PP |
44 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
40 F----- 1——--- A== T-——-- r-—-—-- - 1= =~ 0 -~ 1
1 1 1 1 1 1
1 1 1 1
______ U | ——re_ __l_ g PR |
1 1
1
1
1
1
1

Temperature (°C)
N w
o] N

N
N

i —a— B =1600 G
_______________________________ soofllee B=2400G I
1

N
o

=
)]

0 100 200 300 400 500 600 700 800
Axial distance (mm)

Figure 4 Effect of magnetic field on the suspensions’ temperature at frequency of 10

Hz and 1.0% vol.

Figures 3 and 4 show the increase in temperature of the magnetic particle suspensions
as the axial distance increases at different intensities of the external magnetic field. The

pulsating flow was set at the frequency of 10 Hz.

48 (----- r----- T----- 9------ -——=-- r-—---- r-—--- T----- 2]

1 1 1 1 1 1 1 1

aa o . T T . e Lo Lo H

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1
¥ i HE— T A T T =¥ T
o 1 1 1 1 1 1
w 36 [----- ity 1o + — T a——a
3 : . ' :
'§ 32 p----- =7 = T — 4 g ome — —— — - - =ik meico @
@ | ' - ! | |
Q £, 1 ] 1 |
28 |----- f B NCER J

£ s : | | | |
Y R S S . L] —e—B=800G |-
| | | | | —a—B=1600G |

20 b---oobo - [ L2

: : : ! "l eeme- B=2400G |

16 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800

Axial distance (mm)

Figure 5 Effect of magnetic field on the suspensions’ temperature at frequency of 15

Hz and 0.5% vol.
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Figure 6 Effect of magnetic field on the suspensions’ temperature at frequency of 15

Hz and 1.0% vol.

Figures 5 and 6 show the increase in temperature of the magnetic particle suspensions
as the axial distance increases at different intensities of the external magnetic field. The
pulsating flow was set at the frequency of 15 Hz.

By using the Nichrome wire to apply the constant surface heat flux over the copper,
internally finned pipe, the suspensions’ temperature had been remarkably decreased when
the external magnetic field was applied to the flow of the suspensions. The suspensions’
temperature decreased when the particle volume concentrations increased. Comparing the
case with no application of the external magnetic field, the decrease in temperature of 9.5°C
could be obtained for the external magnetic field with an intensity of 2,400 G, the particle
volume concentration of 1.0% and at the frequency of 15 Hz in pulsating flow. Figures 7 and
8 present the local heat transfer coefficients as a function of relative axial distance starting

from the pipe inlet at volume concentration of 1.0% in pulsating flow at frequency of 10 Hz

and 15 Hz, respectively.
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Figure 7 Profile of the local heat transfer coefficients at frequency of 10 Hz and 1.0% vol.
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Figure 8 Profile of the local heat transfer coefficients at frequency of 15 Hz and 1.0% vol.

Figures 7 and 8 show the decreasing of the local heat transfer coefficients with the
increasing in the axial distance of the pipe. The heat transfer enhancement could not perform
well for the magnetic particle suspensions without applying an external magnetic field to the
flow, hence low numbers for the local heat transfer coefficients. With the increasing axial
distance starting from the entrance to the exit of the copper pipe, values of the local heat
transfer coefficient, h(y) decreased. The local heat transfer coefficients increased as the

particle volume concentrations increased. As expected, an intensive performance of heat
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transfer could be acquired by applying a stronger magnetic field. Figures 9 and 10 show that
the average values of convective heat transfer coefficient increase as the volume
concentration of magnetic particles and Reynolds number increase. Four different volume
concentration of 0.50%, 0.75%, 1.00% and 1.25% are shown with two different frequencies

(10 Hz and 15 Hz) of pulsating flow.
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Figure 9 Average heat transfer coefficient as a function of the Reynolds number at 10 Hz
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Figure 10 Average heat transfer coefficient as a function of the Reynolds number at 15 Hz
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The relationship between the Nusselt number and the Reynolds number is shown in
Figure 11 for the continuous flow and the pulsating flow with the frequencies of 10 Hz and
15 Hz. The volume concentration of magnetic particles is 1.0% and the intensity of external

magnetic field of 2,400 G.
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Figure 11 Profile of Nusselt number and Reynolds number at magnetic field of 2,400 G

and volume concentration of 1.0%

Figure 11 shows the increase in the Nusselt number, hence, the increase in heat
transfer as the flow frequency increases. The Nusselt number with higher frequency pulsating
flow show higher than lower ones. The frequency pulsating flow has major effect on the
Brownian motion of suspending magnetic particles in the base fluid which results in higher
disturbance in the main suspensions flow. Therefore, the suspensions with higher pulsating
frequency are likely to enhance more heat transfer than the continuous flow. The other
interesting explanations of the performance in heat transfer from this experiment. The
decreasing of the local heat transfer coefficients with the increasing of the axial distance is
caused by the growth of the thermal boundary layer. However, the magnetic particle
suspensions can be used to increase the average heat transfer coefficients. The convective
heat transfer can be improved by increasing the volume concentration of magnetic particles.
Without application of the external magnetic field, the magnetic moments within the magnetic
particles are oriented randomly. The magnetic particles are affected mainly by the Brownian

motion in which the thermal energy is greater than the magnetic dipolar energy [17]. The
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Brownian motion is the random motion of very small particles suspended in a carrier liquid.
When the external magnetic field is applied to the magnetic particle suspensions, the
magnetic dipolar energy becomes stronger and can overcome the thermal energy [18]. The
magnetic moments adjust magnetic particles to align themselves in direction of the external
magnetic field forming some agglomerates and many short chain-like structural shapes. The
formation of magnetic particles in chain-like structures increases as the strength of magnetic
field increases. The linear chain-like structures become longer when the volume
concentration of magnetic particles is increased, hence the heat transfer can perform
remarkably well. Also, increasing the thermal conductivity of the suspensions can enhance
the forced convective heat transfer. The main mechanism of suspensions’ thermal
conductivity is the magnetic torque that aligns the magnetic moments of the magnetic
particles in direction of the external magnetic field. Therefore, increasing the thermal
conductivity of the suspensions can be attained by increasing the strength of the external

magnetic field, hence, the heat transfer enhancement can be increased.

5. Conclusions

The performance in heat transfer of the magnetic particle suspensions of iron oxides
Fe,O; was investigated experimentally in a copper, internally finned pipe. The performance
in heat transfer was improved by imposing the external magnetic field to the magnetic particle
suspensions. The experiments showed that the average heat transfer coefficients increased
with the increasing the volume concentration of magnetic particles and the strength of the
external magnetic field. Also, the internally finned pipe can optimize the convective heat
transfer better than the ordinary round pipe. As compared with the continuous flow, the
pulsating flow can considerably affect the heat transfer enhancement. The high frequency

flow can be a major reinforcement to help increasing the heat transfer rate within pipe flow.
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