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ABSTRACT
In this study, heat transfer, flow characteristics, and entropy generation of turbulent TiO2/
water nanofluid flow in the spiral coil tube were analytically investigated considering the
nanoparticle volume fraction, curvature ratio, flow rate and inlet temperature between
0.01–0.05 percent, 0.03–0.06, 1.3–3.3 l/min, and 15–27 �C, respectively. Results showed that
the augmentation of the nanoparticle volume fraction increased the Nusselt number and
friction factor up to 11.9% and 1.1%, respectively, while it reduced the entropy generation
number up to 10.9%. Reducing the curvature ratio led to a maximum of 11.1% increase in
the Nusselt number, while it resulted in a 5.6% increase in the entropy generation number.
A decline in the inlet temperature from 21 �C to 15 �C proceeded a 28.4% and 7.1% increase
in the heat transfer and pressure drop, respectively. The total entropy generation reduced
with increasing nanoparticle volume fraction. For a low Reynolds number, a decrease in the
curvature ratio led to a reduction in the total entropy generation, while reducing the curva-
ture ratio was detrimental for a high Reynolds number. Analytical relations for optimum
curvature ratio and optimum Reynolds number were derived. For the range of parameters
studied in this paper, a range of optimum Reynolds number from 9000 to 12,000
was proposed.

Introduction

Curved pipes have received an extensive application in
industries due to their excellent heat transfer character-
istics and high heat transfer coefficient in a compact
structure [1, 2]. Spiral coil tube is one of the well-
known types of curved tubes used widely in engineer-
ing applications, such as heat recovery processes,
chemical reactors, food processing, dairy industries,
refrigeration, air conditioning systems, and process
industries [1–4]. The formation of secondary flow
caused by the centrifugal force, cross-sectional mixing
and boundary layer decoration are primary reasons for
heat transfer enhancement in the curved tubes [1–3, 5].

A great deal of research interests has been devoted
to nanofluids preparation, characteristics, properties,
and application [6–8]. A preponderance of the heat
transfer studies has used nanofluids as a working fluid
[9–15]. Employing nanofluid as a working fluid
improves the thermal performance of the coiled tube
[1, 16, 17]. The impact of the nanofluids on the heat

transfer enhancement in the curve tubes can be more
effective than that of in the straight tube [18]. The
increased thermal performance using nanofluids in
the curved tube leads to a pressure drop penalty
[3, 19–23]. Therefore, the optimization of convection
heat transfer should be taken into account in the
design of spiral coil tube heat exchangers. Heat
transfer along a finite temperature gap and viscous
effect are primary contributions of irreversibility and
entropy generation in convection heat transfer
[24–26]. The entropy generation analysis provides a
complete identification of the source of irreversibility
in the system [27–29]. As a design tool for global
thermodynamic optimization, the Entropy Generation
Minimization (EGM) can be employed for optimiza-
tion of all kinds of heat exchangers [30].

Huminic and Huminic [1] reviewed the heat trans-
fer and flow characteristics of conventional fluid and
nanofluids in curved tubes. They reported that most
of the studies in this field have devoted to the helical
coil tube while the spiral coil tube has received
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insufficient attention. Sasmito et al. [31] numerically
studied the heat transfer performance of laminar
Al2O3/water and CuO/water nanofluid flow in squared
cross-section tubes with straight, spiral, conical spiral,
and helical configuration. The in-plain spiral coil tube
showed better thermal performance compared to the
other configurations. Jamal-Abad et al. [32] experi-
mentally recorded heat transfer and flow characteris-
tics of laminar Al2O3/water and CuO/water nanofluid
flow in a spiral coil tube with constant wall tempera-
ture. They showed an increase in the Nusselt number
and a marginal rise in the pressure drop using nano-
fluid compared to that of the base fluid. They also
reported that heat transfer enhancement caused by the
spiral coil tube (the effect of curvature) is more than
that of the addition of nanoparticle into the base fluid.
Doshmanziari et al. [19, 33] conducted an experimen-
tal and numerical study to investigate the fluid flow
and heat transfer characteristics of turbulent Al2O3/
water nanofluid flow in a spiral coil tube. They
reported a 60% enhancement in the convective heat
transfer coefficient of the nanofluid compared to that
of the base fluid. They also showed a further 14%
increase in the overall performance of the spiral coil
tube heat exchanger by introducing pulsation into the

nanofluid flow. Naphon [34] and Naphon et al. [35]
studied heat transfer and pressure drop of TiO2/water
nanofluid in a spiral coil tube under the turbulent
flow condition. They showed that a decrease in the
curvature ratio and an increase in the nanoparticle
volume fraction leads to heat transfer enhancement
and pressure drop penalty. Naphon et al. [5, 36]
obtained further heat transfer enhancement in TiO2/
water nanofluid flow inside the spiral coil tube by
introducing the magnetic field and pulsating flow.

Depending on the nanoparticle volume fraction,
channel size, and flow regime (i.e. laminar or turbu-
lent), a decrease in the entropy generation by adding
nanoparticles was reported in a review by Mahian
et al. [37]. Bianco et al. [38] studied the entropy gen-
eration of turbulent Al2O3/Water nanofluid flow in a
tube with a squared cross-section considering constant
heat flux on the wall. They found that the optimum
Reynolds number reduces with increased nanoparticle
volume fraction. Moghaddam et al. [39,40] investi-
gated the entropy generation of Al2O3/water and
Al2O3/EG nanofluids flow in a circular tube subjected
to a constant heat flux under both laminar and turbu-
lent flow regime. They reported that, for a given
Reynolds number in laminar flow, the entropy

Nomenclature

As inside heat transfer area of the tube, m2

B0 heat and fluid flow “duty” parameter, q0 _m q

kTð Þ1=2l5=2
Be bejan number
Cp specific heat capacity, J/kg K
Cr curvature ratio
d diameter, m
E enthalpy, J/kg
EGM entropy generation minimization
De Dean number, Re

ffiffiffiffiffi
Cr

p
f Darcy friction factor
h heat transfer coefficient, W/m2K
k thermal conductivity, W/m K
Kb Boltzmann’s constant (1:38066� 10�23Þ , J/K
M molecular weight, kg/mol
_m mass flow rate, kg/s
N Avogadro’s number (6:022� 1023 ), 1/mol
Ns total entropy generation number,

_S
'
gen

q0ð Þ2=kT2

Nsð ÞT contribution of the entropy generation number due to
heat transfer

Nsð ÞP contribution of the entropy generation number due to
viscous effect

Nu Nusselt number, hdt=k
p pressure, Pa
Pr Prandtl number, lCp=qk
q' heat transfer rate per unit length, W/m
Q heat transfer rate, W
R coil radius, m
R2 correlation coefficient
Re Reynolds number, qVdt=l
_S
0

gen entropy generation rate per unit length, W/m K

s specific entropy, W/kg K
T temperature, K
V velocity, m/s
x axis in the direction of flow, m

Greek symbols
q density, kg/m3

u nanofluid volume fraction, %
s temperature difference number, DT=T
l dynamic viscosity, Pa.s

Subscripts
b bulk fluid
c coil
LMTD logarithmic mean temperature difference
p nanoparticle
f base fluid
f0 base fluid at the temperature of 293 K
fr freezing point
h hot water
i initial
in inlet
min minimum
max maximum
nf nanofluid
opt Optimum
out outlet
t tube
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generation continually decreases with increasing the
nanoparticle volume fraction. However, there is an
optimum Reynolds number associated with turbulent
flow, which decreases with increased nanoparticle vol-
ume fraction. They also found that the contribution of
entropy generation due to heat transfer augments with
increased Reynolds number and nanoparticle volume
fraction. Leong et al. [41] estimated the entropy gen-
eration of Al2O3/water and TiO2/water nanofluids in a
circular tube with constant wall temperature for both
laminar and turbulent flows. They demonstrated the
superiority of using TiO2 nanoparticle compared to
Al2O3. Moreover, they indicated that increasing nano-
particle volume fraction reduces entropy generation in
both laminar and turbulent nanofluid flow.

Apart from nanoparticle concentration and
Reynolds number, the geometry of curved tubes influ-
ences the entropy generation [42]. Ahadi and Abbassi
[43] studied entropy generation and convective heat
transfer of laminar Al2O3/water nanofluid flow in a
helical coil tube with constant wall heat flux on the
tube wall. They showed that increasing the Reynolds
number of the base fluid, curvature ratio, and nano-
particle volume fraction decrease the entropy gener-
ation contribution due to heat transfer and increase
the entropy generation contribution caused by the vis-
cous effect. Zamzamian [44] and Falahat [45] analyzed
the entropy generation of laminar Al2O3/EG nanofluid
flow in a helical coil tube. They showed that adding
nanoparticles into the base fluid decreased the irrever-
sibility, as long as the entropy generation caused by
the viscous effect does not exceed that of due to heat
transfer. Huminic and Huminic [46, 47] studied heat
transfer and entropy generation of CuO/water and
TiO2/water nanofluids in helical coil tube-in-tube heat
exchangers under laminar flow regime. They reported
that heat transfer and entropy generation in helical
coil tube-in-tube heat exchangers are dominated by
nanoparticle volume fraction and nanofluid flow rate.
More recently, Khosravi-Bizhaem and Abbassi [48]
investigated the impact of curvature ratio on convec-
tion heat transfer and entropy generation of Al2O3/
water nanofluid in helical coil tubes under the laminar
flow regime. They reported that a low Reynolds num-
ber flow of nanofluid with a high nanoparticle volume
fraction in a helical coil tube with a large curvature
ratio could supply a favorable thermo-hydrodynamic
performance.

According to the above literature review, nanofluid
volume fraction, Reynolds number, and geometry of
the curved tubes influence heat transfer, fluid flow,
and entropy generation of nanofluid flow in the coiled

tubes. Therefore, optimizing these parameters enhan-
ces the overall performance of coiled tube heat
exchangers. A few studies have dedicated to the
entropy generation of nanofluid in helical coil tubes.
In contrast, the entropy generation in the spiral coil
tube has received no attention so far, to the best of
authors’ knowledge. In a review by Yang and Du [49],
the enhanced thermodynamic and heat transfer per-
formance of TiO2/water nanofluid, as well as good
stability (with proper dispersion technique) was
reported. Therefore, this study targeted the analysis of
convective heat transfer and entropy generation of the
TiO2/water nanofluid in spiral coil tubes. In the
upcoming sections, the impact of the curvature ratio,
Reynolds number, nanofluid inlet temperature, and
nanoparticle volume fraction on heat transfer, fluid
flow, and entropy generation of the turbulent TiO2/
water nanofluid flow in spiral coil tubes were studied.

This paper studies the effect of contributing param-
eters on heat transfer and pressure drop of turbulent
nanofluid flow in spiral coil tubes. To find the source
of the irreversibility in the heat exchanger, the entropy
generation analysis is then incorporated into the
study. The EGM method is also employed to optimize
the convective heat transfer of the nanofluid flow in
spiral coil tubes.

Analysis

Irreversibility due to heat transfer in a finite tempera-
ture gap and the viscous effect are primary sources of
entropy generation in convection heat transfer [24, 25,
50]. Consider the thermodynamic system shown in
Figure 1. This system is an infinitesimal passage of
the coiled heat exchanger with length dx and diameter
dt in which nanofluid with a mass flow rate of _m
flows. The temperature gap DT between the tube wall
and nanofluid baulk temperature, T, initiates heat
transfer between the tube wall and nanofluid flow.
Considering the following assumptions: the tempera-
ture gap DT is constant across the tube, the axial

Figure 1. Schematic of the thermodynamic system.
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conduction heat transfer is negligible, and nanofluid is
regarded as a pure substance.

For the thermodynamic system shown in Figure 1,
the first and second law of thermodynamics can be
expressed as [30, 51]

_m dE ¼ q0dx (1)

_S
0

gen ¼ _m
dE
dx

� q0

T þ DT
(2)

where _S
0

gen and q0 are the entropy generation rate and
the heat transfer rate per unit length, respectively,
while E is the fluid enthalpy.

Employing the thermodynamic relation

Tds ¼ dE� 1
q
dp (3)

where p and q are the pressure and the nanofluid
density, respectively, and s is the fluid specific
entropy, therefore, Eq. (2) can be written as

_S
0

gen ¼
_m
qT

� dp
dx

� �
þ DT

T2

q0

1þ DT
T

(4)

The first and second terms on the right-hand side
of the Eq. (4) are the contribution of entropy gener-
ation caused by the viscous effect (pressure drop) and
the contribution of entropy generation due to the heat
transfer, respectively. Note that the temperature differ-
ence number s ¼ DT=T is much smaller than unity;
therefore, it can be eliminated from Eq. (4) [52].

_S
0

gen ¼
_m
qT

� dp
dx

� �
þ q0DT

T2
(5)

Pressure gradient in Eq. (5) can be substituted by
the Darcy-Weisbach equation

� dp
dx

¼ 2fqV2

dt
(6)

where f , V , and dt are the Darcy friction factor, the flow
velocity, and the tube diameter, respectively. By considering
_m ¼ qVpdt

2=4, the pressure gradient can be written as

� dp
dx

¼ 32 _m2f

qp2dt
5 (7)

According to the definition of the convective heat trans-
fer coefficient, h ¼ q0=pdtDT, and Nusselt number, Nu ¼
hdt=k, the temperature gap, DT, can be obtained by

DT ¼ q0

pkNu
(8)

By substituting Eqs. (7) and (8) into Eq. (5), the
total entropy generation rate per unit length, _S

0

gen,
can be achieved by

_S
0

gen ¼
q0
� �2

T2pkNu
þ 32 _m3f

q2p2dt
5T

(9)

The entropy generation rate can be non-dimension-
alised by q0

� �2
=kT2 which the result is known as total

entropy generation number, Ns [24].

Ns ¼
_S
0

gen

q0ð Þ2=kT2
¼ 1

pNu
þ 32 _m3kTf

q2p2dt
5 q0ð Þ2 (10)

Using the definition of the Reynolds number
(Re ¼ 4 _m=pdtl), Eq. (10) reduces to

Ns ¼ 1
pNu

þ p3l5kTRe5f

32q2 _m2 q0ð Þ2 (11)

Bejan [24, 26] defined heat and fluid flow “duty”
parameter, B0, which is an interpretation of the heat
exchanger constrains ( _m, q') and fixed by the heat
exchanger design.

B0 ¼ q0 _m
q

kTð Þ1=2l5=2
(12)

Therefore, the total entropy generation number for-
mulation reduces to

Ns ¼ 1
p
Nu�1 þ p3

32
Re5fB0

�2 (13)

Equation (13) shows that the irreversibility of con-
vective heat transfer in a heat exchanger depends on
two dimensionless groups (Nu, f ) as well as Reynolds
number and the duty parameter.

Since the heat transfer rate, q0, mass flow rate, _m,
and the working fluid are specified, the objective of
the entropy generation minimization is to minimize
the Ns with respect to the design parameters while
B0 is constant [24].

Bejan [24] demonstrated that the optimum
Reynolds number for a laminar flow in a straight duct
is zero. This suggests that the diameter of the tube
must be large enough to mitigate the contribution of
irreversibility due to the viscous effect. For turbulent
flow, however, the Ns has a unique minimum, which
can be determined by minimizing the entropy gener-
ation number. Zamzamian [44] showed that, for lam-
inar flow in a helical coil tube, increasing the
Reynolds number decreases the entropy generation up
to a certain Dean number. Dean number is obtained
by modifying the Reynolds number with the tube
curvature to consider the effect of centrifugal force
caused by tube curvature. Dean number is defined as
De ¼ Re

ffiffiffiffiffi
Cr

p
where Cr is the tube curvature ratio.

Zamzamian [44] showed that after that certain Dean
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number, a further increase in the Reynolds number
increases the entropy generation. This suggests that
there is an optimum Reynolds number for flow in
curved tubes under both laminar and turbulent flow
conditions. Apart from the Reynolds number, the
geometry of the coiled tube can influence the entropy
generation which can be minimized [34, 35, 44, 46].

Figure 2 illustrates the geometrical features of a spi-
ral coil tube. The tube diameter and curvature ratio
can characterize the geometry of a spiral coil tube.
The curvature ratio is defined as the ratio of the
tube’s inner radius to the coil’s average radius, Cr ¼
dt=ðRmin þ RmaxÞ, where Rmin and Rmax are the inner-
most and outermost radii the spiral coil tube,
respectively.

Naphon [34] experimentally studied convection
heat transfer of turbulent TiO2/water nanofluid flow
in spiral coil tubes (with a circular cross-section).
The spiral coil was horizontally immersed in a hot
water storage tank with a constant bath tempera-
ture. In this study, the correlations of the Nusselt
number and friction factor developed by Naphon
[34] were employed

Nu ¼ 2:117 Re0:308Pr�0:077Cr�0:115u0:068 (14)

and

f ¼ 0:268 Re�0:736Cr�1:042u0:009 (15)

where 4000 < Re < 9000, 4 < Pr < 7, 0.03 < Cr <

0.06, 0.01% < u < 0.05%. Naphon [34] reported that
the majority of the experimental data falls within
±7.5% of the predicted results by correlations (14)
and (15).

By substituting Eqs. (14) and (15) into Eq. (13), the
entropy generation number for convection heat trans-
fer of turbulent TiO2/water nanofluid flow in spiral
coil tubes reads as

Ns ¼ Nsð ÞT þ Nsð ÞP
¼ 0:150 Re�0:308Pr0:077Cr0:115u�0:068

� �
þ 0:260 Re4:264B0

�2Cr�1:042u0:009
� �

(16)

where Nsð ÞT and Nsð ÞP are the contributions of
entropy generation number due to heat transfer and
viscous effect, respectively. From engineering mathem-
atics, by using the chain rule and differentiating Eq.
(16) with respect to Cr, and Re, respectively, yields
the general formulation for the optimum design
parameters as

Cropt ¼ 10:774 Re3:952Pr�0:067u0:067B0
�1:729 (17)

and

Reopt ¼ 0:499 Pr0:017Cr0:253u�0:017B0
0:437 (18)

The Bejan number, Be, can be defined as the ratio of
the entropy generation contribution due to heat trans-
fer to the total entropy generation [53]

Be ¼ Nsð ÞT
Ns

(19)

The Bejan number varies between 0 and 1, where
Be ¼ 0 represents the irreversibility is dominated by
fluid friction while Be ¼ 1 denotes the domination of
heat transfer in the irreversibility.

Thermophysical properties of nanofluid

Employing a suitable model for the estimation of ther-
mophysical properties is a challenge in nanofluid
modeling. Mahian et al. [54] proved that applying
classical models rather than using experimental-based
correlations may lead to a misprediction of the heat
transfer coefficient.

Based on the physical principle of the mixture rule,
Pak and Cho [55] suggested following relations for
calculation of the density and heat capacity of the
nanofluid, written as:

qnf ¼ uqp þ 1� uð Þqf (20)

and

Cp, nf ¼
u qCpð Þp þ 1� uð Þ qCpð Þf

qnf
(21)

where the subscripts nf , p, and f indicate nanofluid,
nanoparticle, and base fluid (water), respectively.

Figure 2. Geometrical features of the spiral coil tube.
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Corcione [56] conducted a regression analysis
using the experimental data of the thermal conduct-
ivity and viscosity of various nanofluid reported in
the literature. The author established correlation
(22) for the estimation of the thermal conductivity
of nanofluids with a standard deviation error of
1.86%.

knf
kf

¼ 1þ 4:4 Rep
0:4Prf

0:66 T
Tfr

� �10 kp
kf

� �0:03

u0:66 (22)

where Tfr is the freezing point of the base liquid and
Rep is the nanoparticle Reynolds number which is cal-
culated by

Rep ¼ 2qfKbT
plf 2dp

(23)

where Kb and dp are Boltzmann’s constant
(1:38066� 10�23J=KÞ and the average diameter of
nanoparticles, respectively. Equation (22) is valid for a
nanoparticle size between 10 to 150 nm in diameter,
nanoparticle volume fraction between 0.2 to 9%, and
temperature between 294 and 324K.

Corcione [56] also developed the following empir-
ical correlation for the viscosity of nanofluid with a
standard deviation error of 1.84%.

lnf
lf

¼ 1

1� 34:87 dp=df
� ��0:3 u 1:03

(24)

where df is the equivalent diameter of a molecule of
the base fluid which is defined as

df ¼ 6M
Npqf0

� �1=3

¼ 6� 0:01801528
6:022� 1023 � p� 998:26

� �1=3

¼ 3:85� 10�10m

(25)

where M, N and qf0 are the molecular weight of the
base fluid, Avogadro’s number, and the density of the
base fluid at the temperature of 293K, respectively.
Equation (24) is valid for a nanoparticle size between
25 and 200 nm in diameter, nanoparticle volume frac-
tion between 0.01 to 7.1%, and temperature between
293 and 333K.

The following correlations proposed by Abbasian
Arani and Amani [57] were used for estimation of the
thermophysical properties of water,

The correlation for viscosity of water was proposed
with a maximum deviation error of 1.2%.

Ln
lf

0:001792

� �
¼ �1:24� 6:44

273:15
T

� �

þ 7:68
273:15

T

� �2

(26)

The correlation of thermal conductivity of water
was obtained by a curve-fitting on experimental data
with a correlation coefficient of R2 ¼ 99.99%.

kf ¼ �1:549404þ 0:01553952� T � 3:65967

� 10�5T2 þ 2:9401� 10�8T3 (27)

The correlation of density and specific heat cap-
acity of water were estimated with R2 ¼ 99.99% and
R2 ¼ 99.99%, respectively.

qf ¼ �764:475639þ 19:251515� T � 0:07714568

� T2 þ 1:364893� 10�4T3 � 9:339158� 10�8T4

(28)

and

Cp, f ¼ 198531:690492� 2894:853934� T

þ 17:2363068� T2 � 0:05126994� T3

þ 7:616133� 10�5T4 � 4:517821� 10�8T5

(29)

Relations (26) to (29) are valid over 273:15 � T �
373:15 and independent of pressure.

The thermophysical properties of TiO2 nanoparticle
are listed in Table 1 [58].

All thermophysical properties were evaluated at the
average bulk nanofluid temperature.

Results and discussion

Table 2 listed the range of parameters studied in this
paper, which were chosen based on the limitation
imposed by the correlations presented in the previ-
ous sections.

Based on Naphon’s [34] study, a spiral coil tube
with a tube diameter of 8.5mm and a coil pitch of
20.5mm was considered for this study, which was
immersed in a hot water storage tank with a constant
temperature. The innermost diameter of the spiral coil
was considered as 94.5mm while its outermost

Table 1. Thermophysical properties of TiO2 nanoparticle [58].
dp (nm) qp (Kg m�3) Cp, p (J Kg–1 K–1) kp (W m�1 K–1)

21 4170 711 11.8

Table 2. Range of the parameters.
Parameter Minimum Maximum

Nanoparticle volume fraction, u (%) 0.01 0.05
Curvature ratio, Cr 0.03 0.06
Nanofluid temperature, T (�C) 15 27
Reynolds number, Re 4000 9000
Prandtl number, Pr 4 7
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diameter varied with curvature ratio. The empirical
correlations proposed by Naphon [34] (Eqs. (14) and
(15)) were employed for the analysis of convection
heat transfer. Equations (16)–(19) were used for
entropy generation analysis.

The spiral coil tube immersed in the hot water
storage was considered as a heat exchanger. The tem-
perature of the hot water bath was assumed to be
40.21 �C while the nanofluid inlet temperature varied
between 15 �C to 27 �C. The thermophysical properties
of TiO2/water nanofluid were calculated using Eqs.
(20)–(25). Since thermal properties require to be eval-
uated at the average bulk temperature of the fluid, the
outlet temperature of the nanofluid flowing inside the

spiral coil tube needs to be calculated. Therefore, a
“trial and error” method explained in the Appendix
was used for calculation of the outlet temperature.
Figure 3 compares the calculated outlet temperature
of the nanofluid with the experimental data by
Naphon [34]. The accuracy of the Naphon’s data on
the temperature measurement was 0.1% [34]. Close
agreement between experimental data and calculated
results with an average deviation of 2.2% and a max-
imum deviation of 4.3%, was observed. The calcula-
tion procedure can be summarized as

1. Evaluation of the nanofluid outlet temperature,
Tout, nf , using the method explained in the Appendix.

2. Calculation of the average bulk nanofluid tem-
perature, Tb ¼ ðTin, nf þ Tout, nfÞ=2:

3. Estimation of the thermo-physical properties of
TiO2 nanofluid using Eqs. (20)–(25).

4. Heat transfer analysis using Eqs. (14) and (15).
5. Entropy generation analysis employing Eq. (16).
6. EGM analysis using Eqs. (17) and (18).

Convection heat transfer

The addition of nanoparticles into the base fluid can
enhance the heat transfer characteristics of the base
fluid. Induced micro-convection due to Brownian
motion of nanoparticles, nanoparticle migration, dis-
ruption of the thermal boundary layer, and change of
thermophysical properties of the base fluid enhance
transport properties of nanofluids compared to that of
the base fluid [59, 60]. Figure 4 indicates the influence
of nanoparticle volume fraction on the Nusselt num-
ber and friction factor of nanofluid flow in the spiral

Figure 3. Comparison of calculated outlet nanofluid tempera-
ture with experimental data of Naphon [34].

Figure 4. Variation of the (a) Nusselt number and (b) friction factor with flow rate for the different nanoparticle volume fraction.
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coil tube with a curvature ratio of 0.03. Increasing the
nanoparticle volume fraction intensifies heat transfer
in the spiral coil tube, as shown in Figure 4a. The
enhanced heat transfer of nanofluid flow in spiral coil
tubes can be attributed to the improved thermal prop-
erties of nanofluids and cross-sectional mixing due to
secondary flow caused by tube curvature, as reported
by Doshmanziari et al. [19, 33]. Figure 4b indicates
that increasing the nanoparticle volume fraction has a
marginal effect on the friction factor in the spiral coil
tube. For example, a three-fold increase in the nano-
particle volume fraction (from 0.01% to 0.03%) leads
to approximately 8% and only 0.6% growth in the
Nusselt number and friction factor, respectively.
Jamal-Abad et al. [32] reported similar findings for
the effect of the nanoparticle volume fraction on the
convective heat transfer of laminar nanofluid flow in
spiral coil tubes.

Figure 5 compares the impact of the curvature ratio
on the Nusselt number and friction factor of nano-
fluid flow with 0.03% nanoparticle volume fraction in
the spiral coil tube. Decreasing the curvature ratio of
spiral coil tubes (increasing the average diameter of
the coil) intensifies the secondary flow in coiled tubes,
which enhances heat transfer and increases the pres-
sure drop in spiral coil tubes [16, 34, 61, 62]. Figure 5
indicates that the impact of the curvature ratio on the
friction factor is more than that of the Nusselt num-
ber. For example, a reduction in the curvature ratio,
from 0.045 to 0.03, proceeded a 6% and 32.6%
increase in the Nusselt number and friction factor,
respectively.

Comparing Figures 4 and 5 indicates that the influ-
ence of the curvature ratio on the Nusselt number
and friction factor of turbulent flow is more

significant than that associated with the addition of
nanoparticles. Similar results were also reported by
Jamal-Abad et al. [32] for laminar nanofluid flow in
spiral coil tubes.

Figure 6 illustrates the impact of nanofluid inlet
temperature on the heat transfer rate and pressure
drop of turbulent nanofluid flow in the spiral coil
tube. Decreasing the inlet temperature increases the
temperature difference in the heat exchanger, which
leads to an enhancement in heat transfer. Reducing
the nanofluid inlet temperature proceeds an increase
in nanofluid density and viscosity [63], which leads to
a rise in the pressure drop. Comparing Figures 6a and
6b indicates that the effect of the inlet temperature
drop on the heat transfer rate is more than that of
pressure drop. For example, a temperature drop of
3 �C (from 21 �C to 18 �C at u ¼ 0:03%) led to a
14.5% and 3.3% increase in the heat transfer rate and
pressure drop, respectively. At a constant temperature,
increasing the nanoparticle volume fraction enhances
the transport properties of nanofluids [63] – leading
to an enhancement in the heat transfer rate as well as
pressure drop penalty, as shown in Figure 6.

Entropy generation in the coiled tubes

Figure 7 depicts the influence of the nanoparticle vol-
ume fraction on the contribution of the entropy gen-
eration due to heat transfer, Nsð ÞT, and the
contribution of the entropy generation caused by the
viscous effect, Nsð ÞP in spiral coil tubes. It can be
observed that Nsð ÞT decreases with increasing the
nanoparticle volume fraction. Moreover, as mentioned
in the previous section and indicated in Figure 4b, the
impact of nanoparticle volume fraction on the entropy

Figure 5. Variation of the (a) Nusselt number and (b) friction factor with flow rate for different curvature ratio.
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generation caused by the viscous effect is negligible
since the nanoparticle volume fraction marginally influ-
ences the friction factor. Therefore, increasing the nano-
particle volume fraction declines the total entropy
generation in the spiral coil heat exchanger, as indicated
in Figure 7. A similar result was reported in a review by
Mahian et al. [37] for nanofluid flow in different heat
exchangers. Increasing the flow rate enhances the con-
vection heat transfer coefficient which leads to a
decrease in Nsð ÞT, while an augmentation in Nsð Þp is
observed with increased flow rate, as shown in Figure 7.

Figure 8 illustrates the effect of the curvature ratio
on the contributions of the entropy generation

number. Decreasing curvature ratio intensifies second-
ary flow in the spiral coil tube, leading to heat transfer
enhancement and pressure drop penalty. Therefore,
reducing the curvature ratio mitigates the irreversibil-
ity caused by heat transfer and increases that of due
to the viscous effect, as demonstrated in Figure 8.

Figure 9 illustrates the effect of the nanofluid inlet
temperature on the contribution of the entropy gener-
ation number. Increasing the nanofluid inlet temperature
reduces the temperature gap and increases viscous fric-
tion (by increasing the viscosity of nanofluid) in the spi-
ral coil tube heat exchanger. Therefore, an increase in
the nanofluid inlet temperature reduces the contribution

Figure 7. Variation of contributions of the entropy gener-
ation number with flow rate for the different nanoparticle
volume fraction.

Figure 8. Variation of contributions of the entropy generation
number with flow rate for different curvature ratio.

Figure 6. Variation of (a) heat transfer rate and (b) pressure drop with nanofluid inlet temperature for different nanoparticle vol-
ume fractions.
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of entropy generation due to heat transfer, while it
increases the contribution of entropy generation caused
by the viscous effect, as indicated in Figure 9.

Figures 7–9 demonstrate that the contribution of
entropy generation due to heat transfer is more than
that of the viscous effect. Therefore, reduction of irre-
versibility caused by heat transfer should be the pri-
mary target in the design of spiral coil tubes. For this
reason, optimizing the flow parameters and geometry
of the spiral coil tube is of significant importance and
should be further investigated.

Decreasing the curvature ratio and increasing the
inlet temperature reduce the Bejan number, as shown

in Figures 10 and 11, respectively. Although increasing
the inlet temperature reduces the irreversibility (due
to the reduction of temperature gap) in the heat
exchange, it increases the entropy generation due to
viscous effect and reduces heat transfer. On the other
hand, reducing the curvature ratio intensifies the sec-
ondary flow in the spiral coil tube and enhances the
heat transfer coefficient (as shown in Figure 5a).
However, decreasing the curvature ratio leads to an
increase in the contribution of entropy generation due
to the viscous effect (as illustrated in Figure 8). Thus,
the curvature ratio of the spiral coil tube could be
considered as one of the design parameters for opti-
mization purposes. As shown in Figures 10 and 11,
the Bejan number significantly decreases with the flow
rate. Therefore, the flow rate (alternatively Reynolds
number) can be considered as another design param-
eter that should be optimized.

Figure 12 depicts the influence of nanofluid inlet
temperature, nanoparticle volume fraction, and curva-
ture ratio on the total entropy generation number for
different flow rates. At a given inlet temperature and
curvature ratio, the total entropy generation number
decreased with increasing nanoparticle volume frac-
tion. This means that increasing the nanoparticle vol-
ume fraction is always beneficial in the reduction of
irreversibility, which agrees with the finding of
Mahian et al. [37] and Bianco et al. [38]. For a given
flow rate as well as a fixed nanoparticle volume frac-
tion and inlet temperature, reducing the curvature
ratio decreased the entropy generation number in the
spiral coil tube. This reduction in the entropy gener-
ation number, however, diminishes with increasing

Figure 10. Variation of Bejan number with flow rate for differ-
ent curvature ratio.

Figure 11. Variation of Bejan number with flow rate for differ-
ent nanofluid inlet temperature.

Figure 9. Variation of contributions of the entropy generation
number with flow rate for different inlet temperatures.
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the flow rate. Figure 12 shows that for a flow rate of
more than 2.8 l/min, decreasing the curvature ratio
leads to an increase in the total entropy generation
number. For a given nanoparticle volume fraction and
fixed curvature ratio, decreasing the nanofluid inlet
temperature reduces the total entropy generation
number. The impact of inlet temperature reduction
on the reduction of the irreversibility at higher flow

rates is more than that of lower flow rates, as shown
in Figure 12. The total entropy generation number
decreases with an increased flow rate, for the range of
parameters studied in this paper.

Figure 12 demonstrates that the nanoparticle vol-
ume fraction, inlet temperature, curvature ratio, and
flow rate can significantly influence the total entropy
generation in spiral coil tubes. Increasing the nano-
particle volume fraction steadily reduces the total
entropy generation. However, an alteration in other
parameters can either negatively or positively influ-
ence the total entropy generation. The effect of the
flow rate, inlet temperature, and nanoparticle volume
fraction can be recast to the Reynolds number.
Therefore, the Reynolds number and the curvature
ratio were considered as design parameters for
entropy generation minimization.

Figure 13 illustrates the simultaneous influence of
curvature ratio and Reynolds number on the total
entropy generation. For a low Reynolds number,
decreasing the curvature ratio reduces the total
entropy generation. For a high Reynolds number, the
total entropy generation significantly increases with
decreasing the curvature ratio. However, the total
entropy generation shows a marginal sensitivity to the
variation of the curvature ratio for a moderate
Reynolds number. According to Figure 13, to have an
optimum turbulent convective heat transfer, a moder-
ate Reynolds number should be considered in the

Figure 13. Variation of total entropy generation number with Reynolds number and curvature ratio factor.

Figure 12. Variation of total entropy generation number with
flow rate for a different contributing factor.
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design of spiral coil tubes. This result agrees with the
finding of Doshmanziari et al. [19].

Thermodynamic optimization

Entropy generation minimization can be performed
with respect to either the curvature ratio (to optimize
the geometry of the spiral coil tube for a specific flow
condition) or the Reynolds number (to optimize the
fluid flow condition).

Optimum curvature ratio
For a given duty parameter (B0Þ and Prandtl number,
the optimum curvature ratio can be calculated from
Eq. (17). Figure 14 illustrates the simultaneous influ-
ence of the Reynolds number and nanoparticle vol-
ume fraction on the optimum curvature ratio of the
spiral coil tube. It can be observed that the optimum
curvature ratio significantly increases with increased
Reynolds number. Thus, to design a compact heat
exchanger (a large curvature ratio), a high Reynolds
number is favorable. For a low Reynolds number, the
nanoparticle volume fraction has a negligible effect on
the optimum curvature ratio. For a high Reynolds
number, the optimum curvature ratio slightly
increases with an augmentation in the nanoparticle
volume fraction.

Optimum Reynolds number. For a given duty param-
eter (B0Þ and Prandtl number, the optimum Reynolds
number can be calculated from Eq. (18). For the range
of curvature ratio and nanoparticle volume fraction
specified in Table 2, an optimum Reynolds number
between 9000 and 12000 is desired, as shown in
Figure 15. Since the optimum Reynolds number
increases with increasing the curvature ratio, a more
compact heat exchanger is achievable for higher
Reynolds numbers. Increasing the nanoparticle vol-
ume fraction leads to a small reduction in the opti-
mum Reynolds number, as shown in Figure 15.

Conclusions

The convection heat transfer and thermodynamic ana-
lysis of turbulent TiO2/water nanofluid flow in the
spiral coil tube were performed, and the optimum
design parameters were formulated. The following
conclusions can be summarized:

� The addition of nanoparticle and decreasing the
curvature ratio increased the Nusselt number and
pressure drop. However, the influence of the
curvature ratio on the Nusselt number and friction
factor was more than that associated with the add-
ition of nanoparticles.

Figure 14. Variation of optimum curvature ratio with Reynolds number and nanoparticle volume fraction (B0 ¼ 3� 1010, Pr ¼ 5Þ:
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� A reduction in the inlet temperature led to an
increase in the heat transfer rate and pressure
drop, while the influence of the inlet temperature
on the heat transfer rate was more than that of
pressure drop

� Increasing the nanoparticle volume fraction, flow
rate, and inlet temperature as well as reducing the
curvature ratio decreased the contribution of
entropy generation due to heat transfer. Moreover,
increasing the curvature ratio and reducing the
flow rate and nanofluid inlet temperature declined
the contribution of entropy generation caused by
the viscous effect. The variation of the nanoparticle
volume fraction had a negligible impact on the
contribution of entropy generation produced by
the viscous effect.

� The contribution of heat transfer to the entropy
generation was more than that of the vis-
cous effect.

� Increasing the nanoparticle volume fraction
reduced the total entropy generation. However,
reducing of curvature ratio was beneficial for a low
Reynolds number and detrimental for a high
Reynolds number.

� EGM results showed that an optimum design of
spiral coil tube heat exchanger with a high curva-
ture ratio requires a turbulent nanofluid flow with
a high Reynolds number. An optimum Reynolds
number between 9000 and 12000 was proposed for
the range of parameters studied in this paper.

� The impact of nanoparticle volume fraction on the
optimum curvature ratio and optimum Reynolds
number is marginal.

The findings of this study can be employed for the
design and optimization of the turbulent nanofluid
flow in the spiral coil tube heat exchangers. The
results indicated that higher nanofluid volume fraction
could be used for turbulent nanofluid flow in a spiral
coil tube with a high curvature ratio. Moreover, there
are optimum curvature ratio and Reynolds number
associate with the nanofluid flow in spiral coil tubes,
which can be evaluated by Eqs. (17) and (18). A high
Reynolds number is required in an effort to achieve a
compact spiral coil tube heat exchanger with optimum
thermal performance. The combination of the eco-
nomic analysis and the entropy generation minimiza-
tion method could be considered for future studies.

Figure 15. Variation of optimum Reynolds number with curvature ratio and nanoparticle volume fraction (B0 ¼ 3� 1010, Pr ¼ 5Þ:
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Appendix: “Trial and error” for calculating the
average bulk temperature of the nanofluid

At a given temperature of the hot water storage, Th, and
nanofluid inlet temperature, Tin, nf , with an initial guess
of nanofluid outlet temperature, Tout, nf, i, the logarithmic
mean temperature difference of the nanofluid can be cal-
culated by

DTLMTD ¼ Th � Tin, nfð Þ � ðTh � Tout, nf, iÞ
ln Th�Tin, nf

Th�Tout, nf, i

� � (A1)

Moreover, the thermophysical properties of nanofluid can
be calculated by the relations provided in this paper at the
average bulk nanofluid temperature of Tb ¼ ðTin, nf þ
Tout, nf , iÞ=2: By knowing the thermophysical properties, the
Nusselt number can be calculated by Eq. (14).
Consequently, the absorbed heat by nanofluid is calculated
by

Qnf ¼ Nu knf
D

As DTLMTD (A2)

where As is the inside heat transfer area of the spiral
coil. The outlet temperature of nanofluid is calculated by

Tout, nf ¼ Tin, nf þ Qnf

_mnfCpnf

(A3)

where _mnf is the nanofluid mass flow rate. The nanofluid
outlet temperature, Tout, nf , can be used as a next guess to
repeat the procedure until the criterion of Tout, nf �
Tout, nf , i < e reaches. In this study, e ¼ 0:00001
was considered.
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