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Abstract
This paper experimentally investigates the effects of constant magnetic field on the average Nusselt number variation when

the water-based ferrofluid with 1 mass% Fe3O4 nanoparticles flows through a helically coiled pipe with constant wall

temperature in various Reynolds numbers. The two-step method has been utilized for ferrofluid preparation. In order to

increase the heat transfer coefficient of the system, both active and passive methods are employed simultaneously.

Changing the pipe shape to a helical configuration and adding magnetic nanoparticles in the fluid flow are two passive

methods, while the active method is the exertion of a magnetic field. The convective heat transfer coefficient and pressure

drop are two basic criteria in the evaluation of the results, and the main geometrical parameters are curvature and torsion

ratios. The effects of fluid flow rate and the strength of the magnetic fields are also investigated. Applying a 600 G constant

magnetic field, the results show the average Nusselt number augmentation of nearly 7%. In constant Reynolds number, the

stronger magnetic field of 900 G yields a higher average Nusselt number.
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List of symbols
A Area

Cp Specific heat
�h Average heat transfer coefficient

qs Heat transfer rate

DTlm Logarithmic temperature difference

_m Mass flow rate

k Conductivity

l Viscosity

q Density

u Nanoparticles mass fraction in the base fluid

Nu Nusselt number

Re Reynolds number

f Friction factor

T Temperature

p Coil pitch

d Pipe diameter

Dc Coil diameter

DP Pressure drop

g Dimensionless parameter for optimization

d Uncertainty

Subscripts
bf Base fluid

nf Nanofluid

b; o Bulk, outlet

b; i Bulk, inlet

w Deionized water

c Coil

ave Average

Introduction

Nowadays, most industries employ various energy saving

methods as much as possible duo to the increasing energy

costs. Efforts have been made to enhance the heat transfer

in heat exchangers, reduce the heat transfer duration, and

consequently, improve the energy efficiency. Since heat

exchangers are existed in many engineering applications

such as power production, chemical industry, environment

engineering, food industry, waste heat recovery,
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refrigeration and air conditioning, heat transfer enhance-

ment in these devices has drawn the attention of

researchers [1].

In general, heat transfer enhancement is categorized into

active and passive methods. Active methods are more

effective, but they could be considerably expensive.

Mechanical mixing, rotation, vibration, electrostatic field

and magnetic field are classified as active methods. On the

other hand, passive methods are not as effective as active

techniques; however, they can be performed without fur-

ther cost. Changing fluid properties, altering flow regime

from laminar to turbulent and modifying the geometry of

the setup, are the most applicable examples of passive

methods [1, 2].

One of the passive methods that is very effective to

enhance heat transfer rate can be the modification of the

system geometry [3]. It has been shown that helical pipes

used in many industrial applications increase the heat

transfer due to the secondary flow induced by the cen-

trifugal force [4, 5]. Several experimental studies investi-

gated the effects of curvature and torsion ratios in helical

pipes on heat transfer. Manlapaz and Churchill [6] studied

the effect of torsion ratio in laminar flows in helical pipes.

They found that when the coil pitch is lower than the coil

radius, the effect of torsion ratio is negligible. Cioncolini

and Santini [7] measured pressure drop for both laminar

and turbulent flow regimes in different helical pipes. They

concluded that as long as the effect of curvature ratio is

considerable, the torsion ratio effect can be ignored.

Huminic et al. [8] studied heat transfer characteristics of

double-tube helical heat exchangers using nanofluids. They

showed that increasing Dean number causes a major

increment in convective heat transfer coefficient.

One of the other passive methods to improve heat

transfer coefficient is adding solid nanoparticles to a fluid

and altering its thermo-physical properties [9–11]. In the

past decade, numerous studies have been conducted to

investigate the heat transfer enhancement by using

nanofluids in various geometries [3]. Akbaridoust et al.

[12] experimentally and numerically studied the convective

heat transfer of nanofluid in helically coiled pipes at con-

stant wall temperature. They reported that increasing the

curvature ratio of the coiled pipe increases both the heat

transfer coefficient and pressure drop. Furthermore, they

experimentally showed around 18 percent increase in the

convective heat transfer coefficient in case of using CuO/

water with a mass fraction of 0.1%. Moghadam et al. [13]

studied the effects of CuO/water nanofluid on the effi-

ciency of a flat-plate solar collector. They demonstrate that

using 0.4% CuO/water nanofluid instead of water causes

16.7% improvement in solar collector efficiency. Dalvand

and Moghadam [14] experimentally investigated a water/-

nanofluid jacket performance in stack heat recovery. They

showed that in case of using nanofluid with larger values of

nanoparticle concentration, higher convective heat transfer

in jacket is achieved.

Besides what previously mentioned, heat transfer char-

acteristics can be enhanced by applying constant or alter-

nating magnetic field to certain fluid flows. It is accepted

that the thermo-physical properties of the ferrofluid change

under the magnetic field. Gavili et al. [15] showed that the

thermal conductivity of a ferrofluid under a constant

magnetic field can be increased up to 200% at maximum

value. Sundar et al. [16] had an experimental research on

forced convection heat transfer and friction factor in a

straight circular tube with Fe3O4 magnetic nanofluid.

Motozawa et al. [17] studied the effect of magnetic field on

heat transfer in rectangular duct laminar flow of a magnetic

fluid. They achieved nearly 20% heat transfer enhancement

by applying magnetic field. Zonouzi et al. [18] experi-

mentally studied the effects of applying a magnetic quad-

rupole field on the convective heat transfer behavior and

pressure drop of a water-based ferrofluid. They observed

maximum enhancements of 23.4, 37.9 and 48.9% in the

local heat transfer coefficient for the magnetic nanofluid in

the presence of constant magnetic field. Ghofrani et al. [19]

experimentally investigated the laminar forced convection

heat transfer of ferrofluids under an alternating magnetic

field. They reported an enhancement of convective heat

transfer in the presence of the magnetic field. Azizian et al.

[20] studied the effects of magnetic field on laminar con-

vective heat transfer of magnetite nanofluids. They

observed that when a magnetic field is applied, the local

heat transfer coefficient of nanofluid is augmented up to

300%. Goharkhah et al. [21] experimentally studied con-

vective heat transfer and hydrodynamic characteristics of a

ferrofluid under an alternating magnetic field in a straight

pipe. Based on their study, at a constant Reynolds number,

a stronger magnetic field resulted in a larger heat transfer.

Moreover, the influence of magnetic field is more pro-

nounced in the thermally developing region. Bizhaem et al.

[22] numerically studied the heat transfer of developing

laminar nanofluid flow in helical tube. They reported that

in comparison with the base fluid, using nanofluid shows

better thermal performance at smaller Reynolds numbers in

fully developed region. Ghadiri et al. [23] experimentally

investigated a PVT system performance using nanofer-

rofluids. They indicated that in comparison with the value

obtained for the same conditions with no magnetic field, an

enhancement of about 4–5% in the overall efficiency

occurs using an alternating magnetic field with 50 Hz

frequency for 3 mass% ferrofluid,

As it is clear from the above literature review, studies on

heat transfer enhancement in a pipe through the simulta-

neous use of active and passive methods are rare in the

literature. In this study, therefore, both active and passive
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methods are concurrently applied on a system to increase

the heat transfer characteristics. Two passive methods are

used, namely changing the shape of the pipe to a helical

configuration and employing magnetic nanoparticles in the

fluid flow. A magnetic field as an active method of heat

transfer enhancement is also applied on the system. The

investigation of the above three methods is performed

using extensive experiments. Specifically, an experimental

study on the use of Fe3O4 nanofluid in helically coiled

pipes with different curvature and torsion ratios at a con-

stant wall temperature in the presence of a magnetic field is

the main contribution of this research. The convective heat

transfer coefficient and pressure drop are two basic criteria

in the evaluation of the results. Furthermore, the effects of

fluid flow rate and the strength of the magnetic fields are

investigated.

Experimental

Experimental setup

A schematic of the experimental apparatus is displayed in

Fig. 1. The coiled pipe is put in a cubic chamber with

dimension of 25 9 35 9 30 cm and is well insulated on

the outside. The chamber is equipped with a temperature

controlling system by which any desired uniform

temperature, at the wall of the helical pipe, from ambient

up to nearly 70 �C could be achieved. The helically coiled

pipes are fabricated from circular straight copper pipes

with a 2 m length, 6.5 mm inner diameter, 0.7 mm thick-

ness and thermal conductivity of 385 W mK-1. The ther-

mal resistance of the pipe thickness is negligible. Table 1

provides various coiled pipes with different curvature and

torsion ratios used in this study. The pipe diameter is

constant in all cases. A photograph of the experiment setup

used in this study is shown in Fig. 2.

To measure pressure drop between the inlet and outlet,

two high precision pressure transmitters (BT 214 Pressure

Transmitter, ATEK) are used. The value of pressure is read

by the transmitter digital indicator. Two calibrated RTD PT

100 type thermocouples with an accuracy of 0.1 �C are

utilized in order to measure the inlet and outlet bulk tem-

peratures. The thermocouple sensor is put in the fluid flow.

Each thermocouple is linked to a TC4Y indicator. The

temperature controlling system is made of two heaters of

500 W, a TC4Y indicator, an RTD PT 100 thermocouple,

and a SSR (solid-state relay). In this study, the controller is

set at a temperature of 40 �C. The chamber temperature is

shown by its indicator. If the temperature decreases from

the desired temperature (40 �C), the TC4Y indicator sends

a signal to the SSR to control the electric current so that the

temperature remains constant at 40 �C. This controlling

system is a PID controller.

TPPT

Cooling water 
outlet

Cooling water 
inlet

Heat 
exchanger

Pump

Nanofluid 
tank

Flowmeter

Coil with 
constant wall 
temperature

Fig. 1 A schematic of experimental setup
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The ferrofluid is driven from a reservoir tank through a

calibrated flowmeter by a centrifugal pump. The volu-

metric flow rate is set by the flowmeter in the range of 10 to

60 L h-1 (LZB-10 glass tube rotameter). The heated fer-

rofluid exiting the coiled pipe enters a cooling section

equipped with a concentric counter flow heat exchanger.

The cold water is provided from another large tank with

constant temperature.

A constant magnetic field is generated by four perma-

nent neodymium magnets which are located at the top and

bottom of the coil (as shown in Fig. 3). This orientation of

the magnets provides a perpendicular magnetic field rela-

tive to local fluid flow direction. Each magnet has a size of

40 9 20 9 10 mm and a maximum strength of 900 Gauss

measured by a Gauss meter (Lutron AC/DC Magnetic

Meter (MG-3003SD) with Data Logging). The magnetic

field is exerted to eight sections of the coil as shown in

Fig. 3.

Nanofluid preparation

In this research, all chemicals are of the analytical grade

(chemical grade) and used as-received without further

treatment. All solutions are prepared with twice-distilled

water. Citric acid (Merck, Germany) is selected as the

surfactant. Fe3O4 nanoparticles are prepared from US

Research Nanomaterials, Inc., USA. The purity of these

nanoparticles is 98%, and their average diameter size is

almost 20–30 nm. Generally, there are two methods for

nanofluid preparation: one-step and two-step methods. In

one-step method, the nanoparticles are synthesized in the

base fluid and nanofluid is prepared. A two-step prepara-

tion process is accomplished through mixing base fluid

with the obtained nanoparticles. Then, ultrasonic agitation,

vigorous stirring, homogenizing, etc., are used to disperse

the nanoparticles into the base fluid. The two-step method

is the most extensively used one to prepare nanofluids and

is more economical than the one-step method [24].

As shown in Fig. 4, Fe3O4 nanoparticles are grinded by

a mortar to prevent or reduce agglomeration. Figures 5 and

6 show the TEM (transmission electron microscopy) image

and DLS (dynamic light scattering) distribution of prepared

nanoparticles, respectively. Based on the DLS distribution,

Fig. 2 A photograph of the

experiment setup used in this

study

Fig. 3 A schematic of magnets positions

Table 1 Characteristics of

helically coiled pipes
Coil number Coil diameter D/mm Total length L/cm Coil pitch p/mm d s

Coil 1 95 200 30 0.068 0.100

Coil 2 135 200 30 0.048 0.070

Coil 3 170 200 30 0.038 0.056

Coil 4 220 200 30 0.030 0.043

Coil 5 135 200 20 0.048 0.047

Coil 6 135 200 40 0.048 0.093
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the mean diameter of the nanoparticles is 21.22 nm. Fe3O4

nanoparticles are added to the deionized water by one

percent mass fraction, and the mixture is stirred manually

for at least 5 min.

The prepared mixture is placed in the ultrasonic bath

(Elma, Elmasonic, S60H, Germany) under sonication for

an hour, with a frequency of 37 kHz, a power of 400 watts,

under 100 percent amplitude and a temperature of 50 �C.
The pH of the nanofluid is set at 11. Subsequently, the 2 M

citric acid is added to the mixture and stirred manually. The

prepared suspension is incubated in a hot plate heater

stirrer (Corning PC-420D, USA) with a speed of 600 rpm

for 60 min at 80 �C. Since the final suspension contains

excess citric acid, the nanoparticles must be washed several

times [25, 26]. Iridium magnets and deionized water have

been used to accomplish the mentioned process. Finally,

the suspension is put under sonication in the ultrasonic bath

for 20 min with a temperature set at 50 �C.
There are several methods to investigate the final sus-

pension (nanofluid) quality, such as the Zeta potential and

magnetism tests, which are two methods utilized in this

study. The Zeta potential is defined as the potential dif-

ference between the surface of nanoparticles immersed in a

conducting liquid (water) and the bulk of the liquid. Zeta

potential magnitude between 40 and 60 mV shows a well-

stabilized nanofluid, while the greater magnitude shows

better stabilization [24]. In the experiments performed in

this study, the Zeta potential of the prepared nanofluid is

45.6 which is shown in Fig. 7.

The magnetism characteristic is another important cri-

terion for a prepared ferrofluid [27]. A vibrating sample

magnetometer (VSM) is used at room temperature in order

to determine the magnetic characteristics of the prepared

ferrofluid [26]. Figure 8 shows magnetic behavior of the

prepared ferrofluid under magnetic field measured by

VSM. As shown in this figure, Fe3O4 nanoparticles react to

the change of the strength of magnetic field. As the mag-

netic field intensity approaches zero, the magnetism of the

sample becomes zero, too. This means that by applying a

magnetic field, Fe3O4 never becomes a magnet, and its

Nanoparticle
   Grinding PH adjusting

       First 
ultrasonication

Add nanoparticle
to the base fluid 

Add surfactant

Incubating and
     stirring

    Second
ultrasonication

   Washing
nanoparticles

Fig. 4 A schematic of steps

used for preparing nanofluids

Fig. 5 A TEM image of Fe3O4
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magnetism residue is zero. This is very important that the

nanoparticles never become magnets; otherwise, their

deposition in the base occurs due to the aggregation.

Physical properties

Four main properties are density, viscosity, conductivity

and heat capacity. Conductivity and heat capacity of fer-

rofluid samples are measured by KD2 Pro thermal prop-

erties analyzer (Decagon, USA, accuracy of 0.1%) and by

the use of transient line heat source method. Ferrofluid

density is measured by Densito 30PX portable specific

density meter (Mettler Toledo, Switzerland, accuracy of

0.001 g cm-3), and the viscosity of samples is measured

by DVE viscometer (Brookfield, USA, accuracy of 1%).

These properties for Fe3O4–water ferrofluid are measured

and indicated in Table 2.

Measurements

To obtain average convective heat transfer coefficient, the

amount of heat absorbed by the working fluid from the pipe

with constant wall temperature is calculated as follows:

qs ¼ _mCpnf ðTb;o � Tb;iÞ; ð1Þ

where _m is the mass flow rate, Cpnf is the heat capacity of

nanofluid, and Tb;i and Tb;o are the bulk temperatures at the

inlet and outlet of the constant wall temperature pipe,

respectively.

Having calculated qs (amount of heat that the working

fluid achieves), the average convective heat transfer coef-

ficient is obtained as:

�h ¼ qs=ADTlm ð2Þ

which,

DTlm ¼ ðDT2 � DT1Þ= lnðDT2=DT1Þ; ð3Þ

where DTlm is the logarithmic mean temperature differ-

ence, �h is the average convective heat transfer coefficient,

DT1 ¼ Tb;i � Ts, DT2 ¼ Tb;o � Ts, and A is the inner lateral

surface area of the pipe. Finally, the average Nusselt

number and Reynolds number are calculated as:
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Fig. 8 A VSM report of the ferrofluid
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Nuave ¼
�hd

k
ð4Þ

Re ¼ 4 _m

pdl
; ð5Þ

where k is the conductivity of the fluid. _m is the mass flow

rate, d is the pipe inner diameter, and l is the dynamic

viscosity of the fluid.

As it is shown, Eq. 6 computes the friction factor of a

fluid inside a pipe.

f ¼ DP
l
d

� � qV2

2

� � ; ð6Þ

where DP is the pressure difference between inlet and

outlet of the coil, l is the length of the pipe, d is the pipe

diameter, q is the density of the nanofluid, and V is the

nanofluid velocity in the pipe.

Uncertainty analysis

An error analysis is made to estimate the errors associated

in the experimental results like Reynolds number and

Nusselt number. The values of uncertainties estimated with

different instruments are given in Table 3. For calculating

the absolute uncertainty of Nusselt number, the following

relation is employed [17].

dN ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oNu

oh
dh

� �2

þ oNu

oD
dD

� �2

þ oNu

oK
dK

� �2
s

ð7Þ

and for the relative uncertainty:

dNu
Nu

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dh
h

� �2

þ dD
D

� �2

þ dK
K

� �2
s

: ð8Þ

Similarly, for other parameters, we have:

dDTlm
DTlm

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dTb;i
Tb;i

� �2

þ dTb;o
Tb;o

� �2

þ dTs
Ts

� �2
s

ð9Þ

dh
h

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dqs
qs

� �2

þ dDTlm
DTlm

� �2

þ dA
A

� �2
s

ð10Þ

dRe
Re

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dt
t

� �2

þ dd
d

� �2

þ dv
v

� �2
s

: ð11Þ

The maximum possible errors for the parameters

involved in the analysis in this research are estimated and

summarized in Table 4.

Results and discussion

Effect of coil diameter

Initially, the experiments are performed in a laminar flow

with six different Reynolds numbers (600\Re\ 2200).

First four coils configurations are given in Table 1. Fig-

ure 9 plots the average Nusselt number for the four coils

versus the Reynolds numbers for deionized water as the

working fluid. As seen from the figure, by increasing the

Reynolds number and/or decreasing the coil diameter, the

Table 2 Measured thermo-physical properties

Fluid Thermal conductivity/W m-1 K-1 Viscosity/N s m-2 Density/kg m-3 Heat capacity/J kg-1 K-1

Ferrofluid (1 mass%) 0.6867 0.00071 1005.62 4179

Pure water 0.6285 0.000654 993 4180

Table 3 Measurement devices, their information and uncertainty

Number Instrument Range Measured parameter Accuracy Min and max measurable

value

Relative

uncertainty

1 PTD PT 100

thermocouple

0–200 C Inlet and outlet temperature 0.1 24.5–41 0.244

2 Pressure transducer 0–100 mbar Inlet and outlet pressure 0.1 1.5–42 0.238

3 Flow meter 0–70 L h-1 Fluid flow rate 1 10–60 1.667

4 Geometry

dimensions

1–20 mm Pipe diameter and thickness 0.1 1–20 0.5

5 Physical properties – Conductivity, density, heat capacity,

viscosity

– – 0.1
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average Nusselt number is enhanced. Decreasing coil

diameter causes a higher centrifugal force applied to the

fluid flowing through the coil. Higher centrifugal force

makes the fluid to get more heat from the hot coil wall. In

addition, because of higher density of nanoparticles com-

pared to the base fluid, metallic oxide nanoparticles are

more affected under centrifugal force, and therefore, these

particles approach the wall and as a result, the less the coil

diameter (D) is, the larger the average Nusselt number will

be.

The curvature (d) and torsion (s) ratio are presented by

Cioncolini et al. [7]

d ¼ p2dDc

p2 þ p2D2
c

ð12Þ

s ¼ pdp
p2 þ p2D2

c

: ð13Þ

Figure 10 displays the friction factor for different coil

diameters and Reynolds numbers measured using Eq. 6 by

flowing water as the working fluid. Increasing the Reynolds

number and the coil diameter decreases the friction factor.

As seen in Figs. 9 and 10, increasing mass flow rate leads

to increment in the heat transfer rate and also pressure

drop. Furthermore, since the variations are not linear, a

dimensionless parameter (g) is usually used in the

literature, to compare the performance of different coils

with respect to both heat transfer and pressure drop [3, 28].

g ¼
�h=�hcoil4

DP=DPcoil4

: ð14Þ

From Eq. 14, it could be easily understood that a coil

with higher convective heat transfer coefficient and lower

pressure drop have a better performance.

Figure 11 shows the value of g for all flow rates and

coils when the working fluid is deionized water. The results

for Coil 4, selected as the reference coil, are given in

Table 5. As observed in Fig. 11, Coil 2 (2 m length,

6.5 mm inner diameter, 0.7 mm thickness, coil pitch of

30 mm, coil diameter of 135 mm, thermal conductivity of

6

7
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9
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13

14

15

500 700 900 1100 1300 1500 1700 1900 2100 2300

N
u av

e

Re

Coil 1

Coil 2

Coil 3

Coil 4

Fig. 9 Variation of the average Nusselt number versus the Reynolds

number for the four coils with deionized water

0.75
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1.35

1.55

1.75

1.95

2.15

500 1000 1500 2000 2500

f

Re

Coil 1

Coil 2

Coil 3

Coil 4

Fig. 10 Variation of the friction factor versus the Reynolds number

for the four coils with deionized water

Table 4 Uncertainty of different parameters

Parameter Relative uncertainty

DTlm 0.422

h 1.676

Re 1.670

Nu 1.708

qs 1.796

0.96

0.97

0.98

0.99

1.00

1.01

1.02

1.03

650 1000 1300 1600 1900 2200
Re

Coil 1

Coil 2

Coil 3

Coil 4

η

Fig. 11 g parameter for the four coils with deionized water in

different Reynolds numbers

Table 5 Average Nusselt number and friction factor for Coil 4

Re 650 1000 1300 1600 1900 2200

Nu 6.97 8.41 9.77 11.01 12.09 12.74

f 1.83 1.40 1.15 1.00 0.90 0.83
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385 W mK-1 and g value of 1.02 at maximum state) has

the highest g value for almost all flow rates in comparison

with other three coils. As a result, the rest of the experi-

ments are carried out with Coil 2.

The influence of the pipe torsion ratio is also investi-

gated in this research. The pitch for Coil 2 is varied from

2 cm to 4 cm; the corresponding results for the average

Nusselt number (Fig. 12) reveal that the effect of torsion

ratio in the range studied in this research is not

considerable.

Effect of using nanofluid and constant magnetic
field

Due to the suspension of magnetic nanoparticles in the base

fluid, the ferrofluid has a better heat transfer capability

compared to that of deionized water [29]. Therefore, the

ferrofluid flowing through the helically coiled pipe leads to

a higher average Nusselt number.

Figure 13 presents the enhancement of average Nusselt

number when using 1 mass% Fe3O4 ferrofluid in compar-

ison with that of deionized water. Higher thermal

conductivity of nanofluid in comparison with that of the

base fluid along with Brownian and thermophoresis effects

are some reasons for enhancement of average Nusselt

number. This heat transfer augmentation is observed for all

flow rates in the selected Coil 2. The friction factor of

Fe3O4 ferrofluid and deionized water is also illustrated in

Fig. 14. Obviously, the friction factor for both deionized

water and ferrofluid is reduced by increasing the Reynolds

number. The difference between the friction factor of

deionized water and ferrofluid decreases with increasing

the Reynolds numbers.

The enhancement of average Nusselt number for Coil 2

compared to that of the reference coil (Coil 4) is depicted

in Fig. 15. The results show that higher Reynolds numbers

cause more enhancement of the average Nusselt number in

a laminar flow.

The effect of applying two constant magnetic fields in

Coil 2 for ferrofluid is displayed in Fig. 16. As seen from

the figure, by applying a constant magnetic field of 600 G,

the average Nusselt number increases by nearly 7%. Fur-

thermore, at a constant Reynolds number, exerting a
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Fig. 12 Effect of coil pitch on

average Nusselt number in Coil

2, Coil 5 and Coil 6 with

deionized water
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stronger magnetic field (900 G) yields a higher average

Nusselt number.

Table 6 provides the heat transfer enhancement by using

600 G and 900 G magnetic fields compared to the case with

no magnetic field. The existence of magnetic field has a

positive effect on heat transfer and can improve the average

Nusselt number up to almost 10% in the range studied in

this research.

Having a major effect on local concentration of

nanoparticles dispersed in the base fluid, a magnetic field

forces the nanoparticles move to the wall, which changes

the fluid flow behavior. Therefore, magnetic field helps

nanofluid to have a better heat transfer behavior due to

Brownian and thermophoresis mechanisms.

Conclusions

This paper involves experimental investigation of the

effects of applying ferrofluid as working fluid and also

constant magnetic field on the average Nusselt number

behavior of the water-based ferrofluid with 1 mass% Fe3O4

flowing through a helically coiled pipe with constant wall

temperature in different Reynolds numbers. Fe3O4

nanoparticles are added to the deionized water, and quality

of prepared ferrofluid is checked with Zeta potential and

magnetism criteria.

The effect of curvature on the heat transfer is studied by

examining the heat transfer in curved pipes with a constant

length and different radii of curvature. It is shown that

curved pipes are capable of enhancing the heat transfer

with more augmentation for those with smaller radius of

curvature. Investigating the influence of the pipe torsion

ratio, it is concluded that the effect of torsion ratio in the

range studied in this research is not considerable.

In order to study the effect of magnetic field on heat

transfer, two constant magnetic fields of 600 and 900 G

were applied to the flow. The results show that by applying

the magnetic field of 600 G, the average Nusselt number

increases by nearly 7%. Furthermore, at constant Reynolds

number, exerting the stronger magnetic field (900 G) yields

a higher average Nusselt number. As a conclusion, the

existence of magnetic field has a positive effect on heat

transfer and can improve the average Nusselt number up to

almost 10% in the range studied in this research.
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Fig. 15 Effect of the Reynolds

number on the Nusselt number

enhancement of ferrofluid in

Coil 2 in comparison with that

of the reference coil (Coil 4)
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Table 6 Effect of a constant magnetic field on the average Nusselt

number enhancement at different Reynolds numbers

Re 650 1000 1300 1600 1900 2200

600 G 3.6 4.9 5.8 6.0 5.4 6.2

900 G 9.2 9.8 9.3 8.1 8.6 9.7
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