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Abstract
In this research, water–Fe3O4 nanofluid flow and heat transfer factors are optimized in a helically coiled pipe using Taguchi

method. Numerical simulations using the ANSYS Fluent 18.2 are obtained first to provide the input data for the Taguchi

method. Experiments are also performed to validate the results of the simulations. An experimental setup is constructed and

initial experiments with water and water–Fe3O4 nanofluid are executed using various mass flow rates. A single-phase

approach is employed as the numerical simulation model. The Taguchi method is selected as a test design method. Three

different control factors (mass flow rate, coil curvature ratio and fluid type) with four levels are selected with the Taguchi

method. An effective parameter, g, is defined to investigate the influence of different control parameters on heat transfer

and fluid flow characteristics. Results show that mass flow rate is the most effective factor on g. Fluid type and the coil

curvature ratio are next effective parameters, respectively. Through the course of this study, it is found that the best

conditions to achieve the maximum g value are: mass flow rate value of 6.98 g s-1, 1% vol. nanofluid as fluid type and coil

curvature ratio of 0.048.

Keywords Helically coiled pipe � Nanofluid � Taguchi method

List of symbols
A Area

Cp Specific heat

d, R Pipe diameter, pipe radius

Dc; a Coil diameter, coil radius

f Friction factor
�h Average heat transfer coefficient

k Conductivity

_m Mass flow rate

Nu Nusselt number

p Coil pitch

qs Heat transfer rate

Re Reynolds number

r Radial position

T Temperature

V~ Velocity vector

l Dynamic viscosity

t Kinematic viscosity

q Density

u Nanoparticles volume fraction in the base fluid

DTlm Logarithmic temperature difference

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 Distilled water

c Coil

ave Average
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Introduction

Many today’s industries use various energy saving methods

as much as possible in their facilities due to the high prices of

energy. Efforts have been made to enhance the heat transfer

in heat exchangers, decrease the heat transfer duration and

increase the energy utilization efficiency [1]. In general, two

methods are available for heat transfer augmentation. Active

methods are effective but could be extensively 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. However,

they can be performed without further cost. Changing the

geometry of the setup, modifying fluid property and altering

flow regime from laminar to turbulent are the applicable

examples of passive methods [1, 2].

One technique to increase the heat transfer rate is by

changing the system geometry. It has been shown [3–5] that

helical pipes employed in many industrial applications

enhance the heat transfer due to the secondary flow induced

by the centrifugal force. Hminic et al. [6] investigated heat

transfer characteristics in double-tube helical heat

exchangers by using nanofluids. They studied the effect of

curvature and torsion ratio in helical pipes on the heat

transfer. Manlapaz and Churchill [7] investigated the effect

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

coil pitch was lower than the coil radius, they found the

effect of torsion ratio to be negligible. Cioncolini and Santini

[8] measured pressure drop for both laminar and turbulent

flow regimes in different helical pipes. While the effect of

curvature ratio was considerable, the effect of torsion ratio

could be ignored.

Adding solid nanoparticles to a fluid modifies its thermo-

physical properties [3, 9–12]. Numerous studies have been

performed in the literature to investigate the heat transfer

increment by using nanofluids in other geometries [13, 14].

Akbaridoust et al. [15] experimentally and numerically

investigated the convective heat transfer of nanofluid in

helically coiled pipes at a constant wall temperature.

Increasing the curvature ratio of the coiled pipe increased both

the heat transfer coefficient and pressure drop. Moreover, they

showed nearly 18 percent enhancement of the convective heat

transfer coefficient in case of using water–CuO 0.2%,

experimentally. Safari et al. [16] numerically studied turbu-

lent forced convection flow of water and water–silver nano-

fluid in helical pipes using four-equation model. They

reported that for higher Reynolds numbers the four-equation

model shows a better agreement with experimental data in

comparison with that of the homogenous model. The four-

equation model, however, is more complex.

There are certain approaches to decrease the costs of

experiments for which several investigations used the

Taguchi method. Kotcioglu et al. [17] experimentally

investigated the optimization of design parameters in a

rectangular duct with plate-fins heat exchanger. In order to

maximize the heat transfer and minimize the pressure drop

in the heat exchanger, they determined optimal parameters.

Hosseinzadeh et al. [18] optimized a nanofluid-based

photovoltaic thermal system. They obtained the optimum

operating conditions of their system based on the Taguchi

analysis as: absorbed solar irradiation 1000 W m-2, wind

speed 1 m s-1, ambient temperature 40 �C, coolant inlet

temperature 20 �C, coolant mass flow rate 70 kg h-1 and

ZnO nanoparticles mass fraction 12 mass%. Etghani et al.

[19] numerically investigated and optimized heat transfer

and exergy loss in a shell-and-helical tube heat exchanger.

Their results indicate that the tube diameter and cold fluid

flow rate have the most significant effect on heat transfer

and exergy loss, respectively.

As mentioned before, heat transfer and fluid flow in

helical coils are important in industrial applications. On the

other hand, ferrofluid as a new generated fluid could affect

the flow and heat transfer characteristics. But, studies on

the factors that affect Fe3O4 nanofluid flow and heat

transfer in helical coiled pipes at a constant wall temper-

ature are rare in the literature. In this research, therefore,

the effect of various working fluids, curvature ratio and the

flow rate in a helical pipe is optimized using the Taguchi

method. Furthermore, the effect of each parameter on each

other and percentage effect for parameters are also mea-

sured. The optimization is performed to maximize the heat

transfer rate and minimize the friction factor. Firstly, the

experimental and numerical results are validated, and then

the Taguchi tests are performed numerically.

Experimental and measurements

Experimental setup

Figure 1 displays the experimental apparatus from the

previous experiment [20]. The cubic chamber that holds the

coiled pipe is 250 9 350 9 300 mm and is well insulated

on the outside. The chamber is equipped with a tempera-

ture controlling system by which any desired uniform

temperature from ambient up to nearly 70 �C for the wall

of the helical pipe could be achieved. The circular straight

copper pipes with a 2 m length, 6.5 mm inner diameter and

0.7 mm thickness are used to fabricate the helically coiled

pipes. Due to the high thermal conductivity of copper and

small thickness of the pipe, the thermal resistance of the

pipe wall could be ignored. Table 1 provides various coiled

pipes with different curvature ratios used in this research.

The pipe diameter is constant in all cases.
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Two high-precision pressure transmitters (BT 214

Pressure Transmitter, ATEK) are used to measure pressure

drop between the inlet and outlet. The value of pressure is

read by the transducer digital indicator. In order to measure

the inlet and outlet temperatures, two calibrated RTD PT

100-type thermocouples with a precision of 0.1 �C are

utilized. Each thermocouple is linked to a TC4Y indicator.

The temperature controlling system is a kind of PID con-

troller which is made of two heaters of 500 W, a TC4Y

indicator, a RTD PT 100 thermocouple and a SSR (solid-

state relay). In this research, the controller is set at a

temperature of 40 �C. If the temperature is less than the

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

signal to the SSR to control the electric current such that

the temperature remains constant at 40 �C.

A centrifugal pump drives the nanofluid from a reservoir

tank through a calibrated flowmeter. The flowmeter sets the

volumetric flow rate in the range of 10–60 L h-1 (LZB-10

glass tube rotameter). The heated nanofluid exiting the coiled

pipe enters a cooling section equipped with a concentric

counter flow heat exchanger. The whole experimental

apparatus is displayed in Fig. 2.

Nanofluid preparation

In this research, all chemicals are used as received without

any further treatment and are of analytical grade (chemical

grade). In the experiments, twice-distilled water is selected

as the base fluid and citric acid (CA) from Merck (Ger-

many) as the surfactant. Fe3O4 nanoparticles are prepared

from the US Research Nanomaterials, Inc., USA, with a

purity of 98%, and their size is nearly 20–30 nm. To pre-

pare nanofluid, a two-step method is used (a two-step

preparation process is accomplished through mixing base

fluid with the obtained nanoparticles) [21].

Figure 3 shows the production steps of the nanofluid. To

prevent or decrease the agglomeration of Fe3O4 nanopar-

ticles, they are grinded first by a mortar. Figures 4 and 5

show the TEM (transmission electron microscopy) images

and DLS (dynamic light scattering) distribution of prepared

nanoparticles, respectively. According to the DLS distri-

bution, the mean diameter size of the nanoparticles is

21.22 nm. Next, Fe3O4 nanoparticles are added to the

distilled water by one percent mass fraction and the mix-

ture is stirred manually for at least 5 min [21].

Fig. 1 A photograph of the experiment setup used in this study

Table 1 Characteristics of

helically coiled pipes
Coil number Coil diameter (mm) Total length (cm) Coil pitch (mm) d

D L p

Coil 1 95 200 30 0.068

Coil 2 135 200 30 0.048

Coil 3 170 200 30 0.038

Coil 4 220 200 30 0.030
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The prepared mixture is placed in the ultrasonic bath

(Elma, Elmasonic, S60H, Germany) for an hour under a

sonication with a frequency of 37 kHz, power of 400 watts

and a temperature of 50 �C. The pH of the nanofluid is set

at 11. Subsequently, the citric acid of 2 M is added to the

mixture and stirred manually. The prepared mixture is

incubated in a hot plate heater stirrer (Corning PC-420D,

USA) with a speed of 600 rpm for 60 min which raises the

suspension temperature up to 80 �C. Then, the mixture is

washed several times with iridium magnets and distilled

T P P T

Heat
exchanger

Coil with
constant wall
temperature

Cooling water
inlet

Cooling water
outlet

Flowmeter

Pump

Nanofluid
tank

Fig. 2 A schematic of experimental setup [19]

Fig. 3 A schematic of steps used for preparing nanofluids
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Fig. 4 A DLS report (particle size distribution) of nanoparticles [19]

Fig. 5 A TEM image of Fe3O4 [19]
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water. The last step is to put the suspension in the ultra-

sonic bath for 20 min with a temperature set at 50 �C [21].

The zeta potential is used to investigate the final sus-

pension (nanofluid) stability. The zeta potential is defined

as the potential difference between the surface of

nanoparticles immersed in a conducting liquid (here, water)

and the bulk of the liquid. The magnitude of zeta potential

is defined between 40 and 60 mV for a well-stabilized

nanofluid [22]. As shown in Fig. 6, the zeta potential of the

prepared nanofluid is 45.6.

Properties of nanofluid

With an assumption that the nanoparticles are uniformly

dispersed within the base fluid, the effective physical

properties of the nanofluid are evaluated using various

relations available in the literature. Four main properties

are conductivity, viscosity, density and heat capacity.

Sundar et al. [23] presented the following relations for the

properties of Fe3O4–water nanofluid:

knf ¼ kbfð1 þ 0:5uÞ0:1051 ð1Þ

lnf ¼ lbf 1 þ u
12:5

� �6:356

ð2Þ

qnf ¼ ð1 � uÞqW þ uqFe3O4
: ð3Þ

And for heat capacity the following relation is used [24]:

Cpnf
¼

uqFe3O4
CpFe3O4

þ ð1 � uÞqbfCpbf

qnf

: ð4Þ

Measurements

First, the amount of heat that the working fluid achieved

from hot tube must be calculated in order to measure the

average convective heat transfer coefficient:

qs ¼ _mCpnf
ðTb;o � Tb;iÞ; ð5Þ

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

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

inlet and outlet of the constant wall temperature pipe,

respectively.

To calculate the average convective heat transfer coef-

ficient, qs (amount of heat that working fluid achieves)

must be substituted in the following relation:

qs ¼ �hADTlm ð6Þ
�h ¼ qs=ADTlm ð7Þ
DTlm ¼ ðDT2 � DT1Þ= lnðDT2=DT1Þ; ð8Þ

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 lateral sur-

face area of the pipe inside. Finally, the average Nusselt

number and Reynolds number are calculated from:

Nu ¼
�hd

k
ð9Þ

Re ¼ 4 _m

pdl
; ð10Þ

where k is conductivity of the fluid. _m is mass flow rate, d

is the pipe inner diameter, and l is dynamic viscosity of the

fluid.

Equation 11 computes the friction factor of a fluid inside

a pipe:

f ¼ DP
l
d

� � qV2

2

� � ; ð11Þ

where DP is pressure difference between inlet and outlet of

coil, l is the length of pipe, d is the pipe diameter, q is the

density of the nanofluid, and V is the velocity of the

nanofluid in pipe.
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Fig. 6 A zeta potential report

[20]
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The curvature (d) is presented by Cioncolini et al. [8]:

d ¼ p2dD

p2 þ p2D2
: ð12Þ

In order to compare the performance of different coils with

respect to both heat transfer and pressure drop, a dimen-

sionless parameter usually used in the literature [3, 25] is

defined as:

g ¼
�h=�hcoil4

DP=DPcoil4

: ð13Þ

Numerical simulation

Governing equations

In this study, the steady-state forced convection heat

transfer through a helically coiled pipe using nanofluid is

considered. The helical coil is assumed to remain at a

constant temperature of Ts, and the fluid flow is assumed

laminar.

Single- and two-phase are two general models for sim-

ulation of nanofluid flow and heat transfer. In single-phase

models, the governing equations are solved only for the

liquid phase. Homogenous, thermal dispersion and Buon-

giorno models are three categories of single-phase

approaches. In the two-phase approaches, the based fluid

and solid nanoparticles are modeled as two individual

phases, with different velocity and temperature distribu-

tions. This method is divided into two general groups,

Eulerian–Eulerian and Eulerian–Lagrangian models.

Descriptions, assumptions, advantages and disadvantages

of single- and two-phase models of nanofluid flow and heat

transfer are presented in Table 2 [26].

In order to consider the interactions between the

nanoparticles and the base fluid in simulation, two-phase

model should be used. In this study, however, a single-

phase model is employed. Since a large number of meshes

need to be used in simulations, considering the nanoparti-

cles/fluid interactions will lead to an increase in compu-

tational time and costs. Moreover, as the fluid flow is

laminar (no complexity of turbulent flow), the use of a

single-phase model is preferred in this study.

The governing equations for the conservation of mass,

momentum and energy are solved in a Cartesian coordinate

system:

r~:V~ ¼ 0 ð14Þ

ðV~:r~ÞV~ ¼ �r~P

q
þ tr2V~ ð15Þ

qCpðV~:r~TÞ ¼ kr2T ; ð16Þ

where V is the velocity vector, P is the pressure, and T is

the temperature.

The ANSYS�FLUENT (version R18.2) is used in this

research. The SIMPLE algorithm is employed to couple

pressure and momentum, and the second-order upwind

scheme is utilized for the spatial discretization in all

equations. The dependent variables (pressure, velocities

and temperature) are under-relaxed by the factors of 0.3,

0.7 and 0.5 for P, V and T, respectively.

For boundary conditions, a constant mass flow rate with

uniform temperature Tin is specified as the inlet boundary

Table 2 Single- and two-phase models descriptions, assumptions, advantages and disadvantages

Model Descriptions, assumptions Advantages and disadvantages

Single-phase

model

Homogenous

Thermal

dispersion

Buongiorno

The slip between the based fluid and particle is

negligible

Uniform dispersion of the solid particles in the based

fluid

Thermal and hydrodynamic equilibrium between the

solid and liquid phase (Homo.)

Raising the energy exchange rate in the nanofluid by

the random motion of nanoparticles (Therm. dis.)

Developing nonhomogeneous equilibrium model for

transport equations in nanofluids (Buongiorno)

Low computational costs

Low accuracy comparing to experiments results

Using novel models for thermophysical properties can reduce errors

The heat transfer rate in geometrically simple problems can be

estimated easily just by using accurate models for the nanofluid

thermophysical properties

Two-phase

model

Eulerian–

Eulerian

Eulerian–

Lagrangian

Considering two individual phases for solid

nanoparticles and liquid based fluid

Continuum interacting for based fluid and

nanoparticles (Eulerian–Eulerian)

Continuum environment for based fluid and discrete

phase for nanoparticles (Eulerian–Lagrangian)

Longer simulation time and higher costs

More complex model

More accurate results than the single-phase model
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condition for the helically coiled pipe. The coil wall is

assumed to be at a constant temperature Ts. The outlet

boundary condition for the pipe is assumed to be the

ambient.

A mesh refinement study is performed in this research

where the size of the computational mesh is progressively

increased until no significant changes in the simulation

results are observed. Mesh in cross section of helically

coiled pipe is presented in Fig. 7. Figure 8 shows the

results of the mesh independency test for the average

Nusselt number for a complex case with a maximum flow

rate and a high volume concentration. As the figure indi-

cates, the relative error of the average Nusselt number

using a grid number of 700,000 (or greater) is less than

Fig. 7 Mesh in cross section of helically coiled pipe
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Fig. 8 Mesh independency test:

the effect of mesh size on

average Nusselt number
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Fig. 9 Compression of this study velocity profile with Patankar et al.

[27]
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Fig. 10 Experimental and numerical results for variation of average

Nusselt number versus different Reynolds numbers in Coil 2 (for

distilled water and nanofluid 1 mass%)
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0.14% compared to the case with a grid number of

1,500,000.

Validation of numerical results

Validation of the present study with Patankar et al. [27] is

presented in Fig. 9 for Dean number of 372. As it clear in

this figure, the result shows a good agreement with the

previous study. Numerical results are also validated using a

single-phase homogenous approach. Figure 10 shows a

comparison between the experimental results of the

designed apparatus and the numerical results for pure water

and nanofluid in Coil 2. The figure shows that using a

single-phase fluid model, the numerical results well predict

the experimental measurements with an error of nearly

14%. This is an indication of the validity of the single-

phase model for the system under consideration.

Taguchi method theory

To reduce the cost of experiments, several approaches are

presented. Lui et al. [28] investigated parameter study of

the injection configuration in a zero boil-off hydrogen

storage tank using orthogonal test design. They optimize

the structural parameter of the interior injection configu-

ration to analyze the fluid flow and heat transfer inside the

storage tank and improve the performance. Taguchi

method is one of the powerful design and optimization

methods, which is employed to determine the values of

control factors discretely to reach the optimal value of

objectives [29]. This method is also employed in this paper,

which is developed by Taguchi to improve the process or

product quality by statistical concepts and so is called the

Taguchi method. Due to its wide range of applications, this

method has been used extensively in engineering analyses.

It has been proved that the method can be very effective,

provided that proper considerations are taken into account

[30]. The Taguchi is an experimental optimization method

that uses the standard orthogonal arrays that form the

matrix of experiments. It helps to get a maximum value of

information from a minimum number of tests and, subse-

quently, to find the best level of each factor [31]. This

method is an optimal parametric design of experimental

tool, which first chooses several effective parameters of

relative characteristics and puts them into an appropriate

plan table with several levels for each factor [32]. Some of

Table 3 Control factors and

their corresponding levels
Factor Level

1 2 3 4

Working fluid Water Nanofluid 0.2% vol. Nanofluid 0.6% vol. Nanofluid 1% vol.

Curvature ratio 0.068 0.048 0.038 0.030

Mass flow rate/g s-1 2.79 4.19 5.59 6.98

Table 4 Tests plan of L16 (43) orthogonal array for the system

Test number Mass flow rate Curvature ratio Fluid type

1 1 1 1

2 1 2 2

3 1 3 3

4 1 4 4

5 2 1 2

6 2 2 1

7 2 3 4

8 2 4 3

9 3 1 3

10 3 2 4

11 3 3 1

12 3 4 2

13 4 1 4

14 4 2 3

15 4 3 2

16 4 4 1

3.53e-01
3.35e-01
3.18e-01
3.00e-01
2.82e-01
2.65e-01
2.47e-01
2.29e-01
2.12e-01
1.94e-01
1.76e-01
1.59e-01
1.41e-01
1.24e-01
1.06e-01
8.82e-02
7.06e-02
5.29e-02
3.53e-02
1.76e-02
0.00e+00

Fig. 11 Velocity distribution in a coil cross section area (Coil 2)
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advantages of the Taguchi method over the other conven-

tional experimental methods are: reducing the experimental

cost, minimizing the variability around the target when

bringing the performance value to the target value and

reproducing optimum working conditions determined from

the laboratory study in real applications [17].

In this method, according to the existing system, the

number of factors and levels is identified. First, the

appropriate orthogonal array (OA) is selected based on the

number of control factors and levels. Next, the optimum

number of experiments is determined. The minimum

number of experiments needed in the Taguchi optimization

technique can be determined as:

NTaguchi ¼ 1 þ NVðJ � 1Þ; ð17Þ

where NTaguchi, J and NV are the number of experiments,

the level and given number of the control factors, respec-

tively [17].

To calculate the responses in data analyzing, signal-to-

noise (SN) ratios are used. Three types of performance

characteristics are applied in the analysis: larger-is-better,

smaller-is-better and nominal-is-better [17]. The signal-to-

noise analysis by two performances of larger-is-better and

smaller-is-better is defined as follows:

3.33e+02

3.31e+02

3.30e+02

3.28e+02

3.26e+02

3.24e+02

3.23e+02

3.21e+02

3.19e+02

3.17e+02

3.16e+02

3.14e+02

3.12e+02

3.10e+02

3.09e+02

3.07e+02

3.03e+02

3.05e+02

3.02e+02

3.00e+02

2.98e+02

(a) (c)(b)

(d) (f)(e)

Fig. 12 Temperature

distribution for six different

cross sections (Coil 2)
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Fig. 13 Ghobadi correlation
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An optimization of heat transfer of nanofluid flow in a helically coiled pipe using Taguchi… 1787

123

Author's personal copy



SN ¼ �10 log10

1

n

Xn
i¼1

1

y2
i

 !
ð18Þ

SN ¼ �10 log10

1

n

Xn
i¼1

y2
i

 !
; ð19Þ

where yi is a quality measurement and n is the total number

of the experiments.

After performing the experiments, by using the signal-

to-noise ratio, the results are analyzed. To obtain the con-

tribution of individual factor in the test, the ANOVA (an-

alyze of variance) is applied.

Selection of the effective factors on g parameter

This study considers three design parameters as control

factors. These factors are mass flow rate, coil curvature

ratio and working fluid type. The levels of each factor are

depicted in Table 3 where four levels are selected for each

control factor. It is argued that the Taguchi method opti-

mizes the average Nusselt number and friction factor by

choosing the optimal control factors discretely.

Design of experiments

In this paper, design of experiments is accomplished by the

Taguchi method. As mentioned in Table 3, there are three

factors with four levels (mass flow rate, coil curvature ratio

and working fluid type). Using the Minitab software and

choosing the Taguchi as the experimental designing method,

16 experiments are designed as given in Table 4. The result

of each test is evaluated based on the value of g parameter.

Obviously, for a higher g value, the coil will have a better

performance; therefore, the criterion of ‘‘larger-is-better’’ is

selected. The Taguchi tests are performed numerically.

Results and discussion

Initial results

The experiments are performed in a laminar flow with four

different Reynolds numbers (600\Re\ 2000). Coils

configurations are given in Table 1. Then, the temperature

distribution at six different distances from inlet for coil

with curvature ratio of 0.048 and mass flow rate of

5.59 kg s-1 is investigated. The secondary flow due to

centrifugal force has significantly affected the temperature

and velocity distribution in each cross section area of the

coil. The velocity distribution for an arbitrary cross section

is shown in Fig. 11. Raising the velocity of the fluid leads

to decrease in temperature in each computational cell. This

happened because when the velocity increases, convective

heat transfer enhances, so the fluid temperature decreases.

This phenomenon is investigated in Fig. 12. The fig-

ure shows the variation of the temperature in six different

cross sections with the distance of pD/2 between each two

continuous cross sections. D is the coil diameter.

In Fig. 13, the experimental results for Coil 3 in six

different Dean numbers are compared with the presented

correlation by Ghobadi and Muzychka [33]. They studied

fully developed heat transfer in mini-scale coiled tubing for

constant wall temperature.

Nu ¼ 0:91375
ffiffiffiffiffiffi
De

p
Pr�0:1: ð20Þ

The results showed that the present study is performed

well.
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Fig. 14 Variation of the

convective heat transfer versus

mass flow rate for nanofluid

(experimental)
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In the present work, the important factors that affect heat

transfer rate and pressure drop in laminar, incompressible,

steady-state viscous flow in the helically coiled pipes at a

constant wall temperature are optimized by the Taguchi

method. The variation of the convective heat transfer vs.

mass flow rate for the nanofluid is shown in Fig. 14. Dif-

ferent particle volume concentrations are considered inside

different helical pipes.

Optimization results (Taguchi)

The effect of each factor is indicated in Fig. 15. The g
parameter is increased by increasing the mass flow rate as

shown in Fig. 15a. Moreover, the curve slope in this fig-

ure is decreased which means that the influence of flow rate

increment is reduced for higher mass flow rates.

The heat transfer coefficient is enhanced by decreasing

the coil curvature ratio. This is because a smaller curvature

ratio increases the centrifugal force. But increasing the

curvature ratio also increases the pressure drop that is not

desirable. Based on the Taguchi tests, using the coil cur-

vature ratio the g value cannot be determined. As shown in

this figure, for Coil 2 the value of g is maximum.

The last factor is the working fluid type. Adding

nanoparticle enhances the average Nusselt number but

increases the friction factor at the same time. Thus, the g
value in each case must be examined because similar to the

curvature ratio, the variation of eta does not follow a

special trend. As shown in Fig. 15b, the forth fluid (1% vol.

nanofluid) has the largest g value. Next, water has a larger

eta in comparison with nanofluid 0.2% and 0.6% vol. This

means that adding nanoparticles to the base fluid is not

always a good way to have an optimum coil. Hence, for an

optimum coil (with maximum heat transfer rate and min-

imum pressure drop) the operating conditions are:

6.98 g s-1 mass flow rate, curvature ratio of d = 0.048

(Coil 2) and nanofluid 1% vol. as the working fluid.

Analysis of the factors effects

The effect of each factor on g parameter is an important

point which must be determined. In order to achieve this

purpose, the Taguchi uses an analysis of variance

(ANOVA). Table 5 shows the results of ANOVA of the

test factors. This table indicates that the contribution of the

working fluid type, the coil curvature ratio and the mass

flow rate on g value is 31.4, 31.1 and 37.4, respectively.

According to the standards presented by Taguchi [34], if

the amount of error measured from ANOVA is less than 15

percent, the results are reliable and valid; otherwise, the

tests must be performed again with a higher accuracy. As

given in Table 6, the measured error from ANOVA is
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Fig. 15 Effects of different control factors on g parameter

Table 5 Mean effects of the factors in each level

Factors Level 1 Level 2 Level 3 Level 4

Working fluid 1.25 1.06 1.16 1.44

Curvature ratio 1.20 1.36 1.11 1.24

Mass flow rate/g s-1 0.37 1.13 1.53 1.87
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small and, therefore, the results are reliable. The percent-

age effect of the factors is also presented in Fig. 16 where

it is seen that the mass flow rate is the most effective factor

on g value.

Conclusions

According to the experimental and numerical investiga-

tions performed in this study, the following results are

concluded:

• For a nanofluid (Fe3O4–water 1 mass%) in laminar

flow, a single-phase model in the simulations results in

a good comparison with the measurements and with

nearly 15% error.

• The effective factors in the Taguchi method optimiza-

tion are considered to be working fluid type, coil

curvature ratio and mass flow rate. For each factor, four

levels were considered in this study. The Taguchi

method resulted in an optimized case with these values

for the effective factors: 6.98 g s-1 mass flow rate,

0.048 curvature ratio (Coil 2) and nanofluid 1% vol.

• In order to determine how the factors affect g, an

analysis of variance (ANOVA) is performed. The

results indicate that the percentage effect of the factors

is 31.4, 31.1 and 37.4, respectively.

Appendix: Uncertainty analysis

In order to investigate the reliability of the measurements,

an uncertainty analysis is performed for the experimental

data [35]. The values of uncertainties estimated with dif-

ferent instruments are given in Table 7. The maximum

possible error for the parameters involved in the analysis

are estimated and summarized. For example, for calculat-

ing the absolute uncertainty of Nusselt number, the fol-

lowing relation is employed [36]:

Table 6 Variance and the

percentage effect of each factor
Factors Variance Squares summation Percentage effect

Working fluid 0.381 6.102 31.41

Curvature ratio 0.244 6.054 31.16

Mass flow rate/g s-1 1.500 7.272 37.43

Error 0.002 0.007 –
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Fig. 16 Percentage effect of each factor

Table 7 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 Flowmeter 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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dNu ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oNu

oh
dh

� �2

þ oNu

oD
dD

� �2

þ oNu

oK
dK

� �2
s

; ð21Þ

and for the relative uncertainty:

dNu
Nu

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dh
h

� �2

þ dD
D

� �2

þ dK
K

� �2
s

: ð22Þ

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

ð23Þ

dh
h

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dqs

qs

� �2

þ dDTlm

DTlm

� �2

þ dA
A

� �2
s

ð24Þ

dRe
Re

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dt
t

� �2

þ dd
d

� �2

þ dv
v

� �2
s

: ð25Þ

Table 8 presents the relative uncertainty of various

parameters used in this research.
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