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• Thermal and hydraulic characteristics
of TST are studied.

• Water and Al2O3/water nanofluid are
considered as working fluid.

• Impacts of geometrical parameters
and nanoparticle volume fraction are
tested.

• Correlations are proposed for Nu
number, f factor, and η factor predic-
tions.
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A B S T R A C T

Laminar flow and heat transfer of Al2O3/water nanofluid in the twisted-serpentine tube (TST) are investigated
numerically. The numerical results are validated with data obtained from the empirical part of the study. The
influences of three specific design factors, including serpentine pitch (sp=0.01, 0.02, and 0.03m), straight
length (sl=0.05, 0.010, and 0.15m), and twisted pitch (tp=0.025, 0.050, and 0.075m), are tested and dis-
cussed. The obtained results show that the straight length has the highest impacts on the performance of TST,
followed by the twisted pitch and the serpentine pitch. It is also found that the Nusselt number of TST enhances
as the volume fraction of Al2O3 nanoparticles increases. However, the effect of volume fraction on the friction
factor is not noticeable. The overall analysis shows when a twisted-straight tube is bended and changed to the
TST, its hydrothermal performance factor enhances by a factor between 1.74 and 2.77. It is detected that the
performance factor can be enhanced up to 3.73 when the Al2O3/water nanofluid is applied as working fluid.
Finally, correlations are developed for the TST, which fit the obtained results with the mean absolute error of
2.3% for the Nusselt number and 1.9% for the friction factor.
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1. Introduction

Curved tubes have been applied in different industrial processes like
solar collectors due to their simple geometry and good efficiency.
Generally, there are three configurations of curved tubes, namely he-
lical, spiral, and serpentine. Complex fluid dynamics because of vortex
flows happening in curved tubes becomes a topic of research by several
researchers in recent years [1].

Twisted tube, which is generated from twisting noncircular tubes
[2], can be classified as the other configuration of curved tubes. En-
gineering applications are in tubular heat exchangers of chemical and
food industries. However, little studies have been conducted on hy-
drothermal performance of the twisted tubes.

Yang et al. [3] studied water flow in the twisted tube with different
aspect ratios and twist pitches. Higher values of heat transfer coefficient
and friction factor were recorded for geometries with larger aspect ratio
and smaller twist pitch at lower Reynolds numbers. Similar results were
reported by Tan et al. [4]. They explained that secondary flows gen-
erated in the twisted tube can change total velocity and temperature
distributions compared with a smooth tube. A research for the steam
condensation was performed on the horizontal twisted tube with dif-
ferent geometrical parameters by Zhang et al. [5]. It was concluded that
the average enhancement factor provided by the twisted tube was in the
range from 0.87 to 1.34. It disclosed that not all twisted tubes had
better condensation performance than the smooth tube. In other works
by Tan et al. [6,7], both tube side and shell side performances of the
twisted tube were studied simultaneously. The obtained results de-
picted that the twisted tube worked more effective at low tube side flow
rate and high shell side flow rate. Pozrikidis [8] studied Stokes flow
through a twisted tube with the square cross-section. Bhadouriya et al.
[9] examined air flow inside the twisted tube for the laminar flow to the
turbulent flow regimes. Considerable enhancements were found in both
the laminar and the turbulent flow regimes till the Reynolds number of
9500. In the other work [10], they studied the performance of the
twisted tube as inner part of an annulus for the Reynolds number range

of 400–60,000. Effects of the annulus parameter on heat transfer and
pressure drop were studied by varying the outer pipe diameter, which is
a circular tube. Tang et al. [11] studied heat transfer and fluid flow
characteristics of the twisted tube with novel cross-sections as twisted
tri-lobed tube. Considerable variations were discovered compared to
the twisted oval tube. Also, Khoshvaght-Aliabadi et al. [12,13] ex-
amined the effect of various cross-section geometries, including elliptic,
half circular, square, rectangular, and triangular, on the performance of
the twisted tube with different ratios of twist pitch to channel length. It
was found that for air flow the twisted tube with the half circular cross-
section had the highest values of considered performance factor, while
for liquid flows (i.e. water, engine oil, ethylene glycol, and nanofluid)
the highest values of performance factor were obtained for the twisted
tube with the square cross-section. In the other study [14], variations of
the twist pitch were proposed and tested. It was found that at the stu-
died ranges, the twisted tube with low to high configuration of the twist
pitch had the best performance. Cheng et al. [15] studied the effects of
flattening and twist pitch ratios in the twisted tube at low Reynolds
number regime. The maximum performance factor of 1.7 is obtained at
flattening of 2.0, twist pitch of 0.33, and Reynolds number of 350.
Recently, Yan et al. [16] worked on the heat transfer performance of
epoxy resin (a kind of high-viscosity fluid) in the twisted tube. The
influences of short-long-diameter ratios and twist ratios were examined
at different Reynolds numbers. It was concluded that the twisted tube
can be a good selection for heat transfer enhancement in high-viscosity
fluids. Sun et al. [17] studied the performance of different nanofluids in
built-in twisted belt external thread tubes. An enhancement about 50%
was reported for built-in twisted belt external thread tubes compared to
the horizontal tube. Also, multi-twisted-tubes for the application in a
transcritical CO2 heat pump as gas coolers were investigated by Yang
et al. [18]. It was reported that the thermal performance of gas cooler
with four inner tubes was better than that with three inner tubes.

For further heat transfer enhancement, Eiamsa-ard et al. [19] ex-
amined the combination of twisted-tube with the twisted-tape. It was
concluded that the use of twisted-tube together with twisted-tape gave

Nomenclature

a cross-section side, m
ap particle acceleration, m/s2

Ck mass fraction for any phase
cp specific heat capacity, J/kg·K
Dh hydraulic diameter, m
dp particles diameter, m
fdrag drag function
g gravitational acceleration, m/s2

h heat transfer coefficient, W/m2·K
l TST length, m
p pressure, Pa
sl straight length, m
sp serpentine pitch, m
T temperature, K
t TST thickness, m
tp twisted pitch, m
u velocity, m/s
x, y, z coordinates

Greek symbols

η performance factor
κ thermal conductivity, W/m·K
μ dynamic viscosity, kg/m·s
ε relaxation time, s/m
ρ density, kg/m3

φ nanoparticle volume fraction, %

Subscripts

bf base fluid
dr drift
f fluid
k summation index
in inlet
m mixture
n number of phases
nf nanofluid
np nanoparticle
p secondary phase or nanoparticle
q primary phase or base fluid
s solid
wall wall

Dimensionless groups

f friction factor
Nu Nusselt number
Re Reynolds number

Acronyms

TST twisted-serpentine tube
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better thermal performance. However, it is perceived that compared to
the frequent studies on the twisted-tapes [20–22], only few investiga-
tions were reported on the twisted-tube. Likewise, none of them focused
on the twisted-serpentine tube (TST) as a novel design of curved tubes,
particularly in the presence of nanofluid. This is the main motivation
behind the current investigation. Vortex flows generated by twisted
direction is likely to provide better mixing of fluid resulting in thermal
improvement through the serpentine tube. Hence, the objective of the
current work is to improve the thermal performance of serpentine tube
by using twisted direction. This may also led to higher pressure drop
values. To obtain the optimal condition, different geometrical para-
meters and nanofluid concentrations are considered. Then, correlations
are proposed for predicting the Nusselt number and friction factor in
the TST as new combined curved tubes.

2. Problem statement

A numerical modeling is carried out for the twisted-serpentine tube
(TST) that are generated by twisting and bending square channels. In
order to provide an appropriate design of the TST, comparable geo-
metrical parameters, equal operating conditions, and similar working
fluids are considered. In this section, details of these constraints are
presented.

2.1. Geometrical parameters

Our comparative studies [12,13] depicted that the twisted tube with
the square cross-section presented the best performance for liquid
flows. Hence, the geometrical constraint yields to an equal cross-section
(a× a), length (l), and thickness (t) for all TSTs. In addition to these
general parameters, the TSTs are introduced by the three other design
parameters, including serpentine pitch (sp), straight length (sl), and
twisted pitch (tp). These geometrical parameters along with their values
are shown in Fig. 1 and Table 1. As depicted in Fig. 1, the computa-
tional domain is composed of three zones, namely inlet zone, test zone,
and outlet zone. The length of inlet and outlet zones is 50 times of the
side of cross-section. As shown, the computational domain is described
in a coordinate system of x, y, and z in which the streamwise direction
is x, the normal direction is y, and spanwise direction is z.
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Fig. 1. Geometrical parameters of TST.

Table 1
Considered values of geometrical parameters.

Parameter Terminology Value (m)

Cross-section side a 0.005
TST length l 1.2
TST thickness t 0.001
Serpentine pitch sp 0.01, 0.02, and 0.03
Straight length sl 0.05, 0.10, and 0.15
Twisted pitch tp 0.025, 0.050, and 0.075
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2.2. Operating conditions

The operating constraint yields to a similar Reynolds number, inlet
temperature, and wall temperature. The range of Reynolds number is
from 600 to 1800, the inlet temperature of working fluid is 298.15 K
(25 °C), and the temperature of wall is 323.15 K (50 °C). The proper
boundaries encompass these operating conditions are defined in
Table 2.

2.3. Working fluids

In the present work, the authors focus on determining of hydro-
thermal performance of alumina nanofluid (Al2O3/water) as working
fluid in TSTs. The desired volume fractions of 0.3% vol., 0.6% vol., and
0.9% vol. are considered for Al2O3 nanoparticles which have the dia-
meter size of 38 nm. Eqs. (1)-(4) are applied to compute the thermo-
physical properties of alumina nanofluid [23–26].

• Density [27]

= + −ρ φρ φ ρ(1 )nf np bf (1)

• Specific heat [28]

= + −ρc φ ρc φ ρc( ) ( ) (1 )( )p nf p np p bf (2)

• Dynamic viscosity [29]

= + +μ μ φ φ(123 7.3 1)nf bf
2

(3)

• Thermal conductivity [30]

= + +κ κ φ φ(4.97 2.72 1)nf bf
2 (4)

In Table 3, the thermo-physical properties of the considered
working fluids are expressed in term of Al2O3 nanoparticle concentra-
tion.

3. Mathematical scheme

3.1. Grid independency

The independence study on structure and size of grids is an im-
portant part in numerical simulations to ensure the accuracy and time
of computations. In the current work, six sets of structured grids with
different numbers are adopted for the test of grid independency at the
highest Reynolds number, i.e. 1800. They have numbers of 604,800 as
very coarse set, 1,200,825 as coarse set, 1,805,925 as intermediate set,
2,412,000 as fine set, 3,003,975 as very fine set, and 3,601,500 as
extremely fine set. The results of Nusselt number and friction factor for
different grid sets corresponding to the TST with sp=0.02m,
sl=0.1m, and tp=0.05m are presented in Table 4. It can be seen that
the number of grids has considerable effects on predicted thermal and
hydraulic results. However, there is no sensible difference in the results
between the very fine and the extremely fine sets. As a result, by con-
sidering the computational time, the very fine set of grids is selected for
all simulations. It should be noted that in order to accurately capture
the flow and heat transfer characteristics of working fluid, the density
of grids is intensified near the STS walls with the refinement ratio of
1.2.

3.2. Governing equations

Both single-phase and two-phase approaches have been applied in
numerical simulations of nanofluid problems. In the single-phase ap-
proach, only a figurative fluid with different thermo-physical properties

is considered, while a two-phase approach includes the interaction
between nanoparticles and base fluid phases [31]. Likewise, in the two-
phase approach, there are two methods for simulating: Lagrangian-
Eulerian and Eulerian-Eulerian. Up to now, comparative studies
[32–35] clarified that the two-phase Eulerian-Eulerian approach with a
mixture point of view is revealed to have better predictions of nanofluid
flow. It can simulate the effect of nanoparticle in the base fluid and also
determine the hydrothermal performance of nanofluid. In this ap-
proach, it is assumed that the coupling between phases is strong, and
particles closely follow the flow. Hence, the continuity, momentum,
and energy equations are solved for the mixture, while each phase has
its own velocity field. Also, algebraic expressions are used for relative
velocities, and the volume fraction equation is solved for the secondary
phase [36].Continuity equation:

∇ =ρ u·( ) 0m m (5)

Momentum equation:

∑∇ = −∇ + ∇ ∇ + ∇ ⎛

⎝
⎜

⎞

⎠
⎟

=

ρ u u p μ u φ ρ u u·( ) ·( ) ·m m m m m
k

n

k k dr k dr k
1

, ,
(6)

Energy equation:

∑∇ = ∇ ∇
=

ρ c φ u T κ T· ( ) ·( )
k

n

k pk k k m
1 (7)

Volume fraction equation:

∇ = −∇φ ρ u φ ρ u·( ) ·( )p p m p p dr p, (8)

The mixture density, viscosity, thermal conductivity, mass average
velocity along with the drift velocity of nanoparticles are defined as the
following,

∑=
=

ρ φ ρm
k

n

k k
1 (9)

∑=
=

μ φ μm
k

n

k k
1 (10)

∑=
=

κ φ κm
k

n

k k
1 (11)

∑=
=

u
φ ρ u

ρm
k

n
k k k

m1 (12)

= −u u udr k k m, (13)

The relative velocity (also referred to as the slip velocity) is defined
as the velocity of secondary phase (nanoparticles, p) relative to the
velocity of primary phase (base fluid, q),

= −u u upq p q (14)

The drift velocity and relative velocity are connected by the fol-
lowing expression,

Table 2
Boundary conditions.

Surface in
Fig. 1

Boundary name Mathematical definition

Blue Inlet = = = = = =u u const u u T T const, 0,x in y z in

Yellow Outlet = = = =∂
∂

∂
∂

∂
∂

∂
∂

0, 0ux
x

uy
x

uz
x

T
x

Red External walls of
TST

= = = =u u u T T0,x y z wall

Orange Internal walls of
TST

= = = = − = −
∂

∂
∂
∂

u u u T T κ κ0, ,x y z f s f
Tf
n s

Ts
n

Gray Inlet (or outlet)
zone walls

= = = = = =∂
∂

∂
∂

∂
∂

u u u 0, 0x y z
T
x

T
y

T
z
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∑= −
=

u u C udr p pq
k

n

k qk,
1 (15)

where Ck is the mass fraction for any phase (k),

=C
φ ρ

ρk
k k

m (16)

In mixture model makes use of an algebraic slip formulation. The
basic assumption of the algebraic slip mixture model is that to prescribe
an algebraic relation for the relative velocity, a local equilibrium be-
tween the phases should be reached over short spatial length scale. The
form of relative velocity is given by [37]:

=
−

u
ε

f
ρ ρ

ρ
a

( )
pq

p

drag

p m

p
p

(17)

where εp is the particle relaxation time,

=ε
ρ d

μ18p
p p

q

2

(18)

where d is the diameter of the particles of secondary phase (nano-
particles, p) and ap is the secondary phase particle’s acceleration. The
function fdrag is taken from Schiller and Naumann [38].

= ⎧
⎨⎩

+ <
>

f
Re Re

Re Re
1 0.15 1000
0.0183 1000drag

p

p

0.687

(19)

where the acceleration is defined as,

= − ∇a g u u( · )p m m (20)

where g is the gravitational acceleration due to gravity, which is applied
in y direction, see Fig. 1.

3.3. Solution methods

In order to discretize and solve the coupled differential Eqs. (5)-(20)
with respect to the boundary conditions defined in Table 2, the finite
volume method as well as the semi implicit method for pressure linked
equation are employed. The second-order upwind differencing scheme
is used for the convective terms. The converged solutions are con-
sidered when the residuals resulting from the iterative process are
lower than 10−4 for continuity equation, 10−5 for momentum equa-
tions, and 10−8 for energy equation. These values are obtained by
taking different convergence criteria and checking the difference. De-
tails of this analysis are presented in Table 5 for the TST with
sp=0.02m, sl=0.01m, and tp=0.050m at the maximum Reynolds
number by obtaining the temperature and pressure differences between

the inlet and the outlet. Most numerical models satisfy these criteria by
taking the flow to be laminar [39]. Also, the under relaxation factors for
pressure, density, body force, momentum, slip velocity, volume frac-
tion, and energy are set to be 0.3, 1, 1, 0.7, 0.1, 0.2, and 1, respectively.

4. Empirical testing

In order to validate the numerical simulation, an empirical attempt
is made. The test apparatus, presented in Fig. 2, is the closed loop setup
applied in Ref. [40]. It consists of (a) transmission fluid state: (b)
measuring instruments (c) monitoring system (d) constant temperature
bath system (e) cooling unit. Details of test setup, adopted procedure,
and data reduction were previously commissioned in previous studies
[41–45], so they are not presented here to avoid the duplication and
save the space. The considered geometry for the validation is a twisted-
straight tube with the same overall dimensions of TSTs in the numerical
simulation part. It is fabricated from a square copper tube with cross-
section of 2.5× 10−5 m2, length of 1.2m, and thickness of 0.001m.
Also, water flow is tested as working fluid at the Reynolds number
range of 600–1800. The experiments are done in a constant wall tem-
perature condition. It is a commonly encountered condition in experi-
mental thermal studies associated with curved tubes [46,47].

5. Results and discussion

5.1. Validation

Primary tests are performed to acquire Nusselt number and friction
factor of water flow through the twisted-straight tube as base line for
the comparison. For the validation of numerical simulations, the ob-
tained numerical results are compared with the empirical data. The
comparison between the empirical data and the numerical results along
with their absolute deviations are summarized in Table 6. The table
shows that the deviations fall in acceptable ranges within the maximum
value of 10% for both the Nusselt number and the friction factor.

5.2. Effects of geometrical parameters

The results of thermal and hydraulic characteristics of the TSTs at
different geometrical parameters (i.e. sp, sl, and tp) are presented and
discussed. It is known to all that an improvement in thermal perfor-
mance always comes together with an additional friction for working
fluid. Hence, the efficiency of the TSTs is appraised by calculating the
significance of thermal improvement compared to friction augmenta-
tion. The performance factor of Webb [48] defined as ratio of heat
transfer coefficient of TSTs to that of twisted-straight tube at a constant

Table 3
Thermo-physical properties of working fluids.

Working fluid Density (ρ) [kg/m3] Specific Heat (cp) [J/kg·K] Dynamic viscosity (μ) [kg/m·s] Thermal conductivity (κ) [W/m·K] Prandtl number (Pr = μcp/κ)

Base fluid 998.2 4182 9.98× 10−4 0.597 6.991
0.3% vol. nanofluid 1006.84 4142.59 1.02× 10−3 0.602 7.026
0.6% vol. nanofluid 1015.49 4103.85 1.05× 10−3 0.607 7.074
0.9% vol. nanofluid 1024.14 4065.76 1.07× 10−3 0.612 7.133

Table 4
Test of grid independency.

Type and number of grids Predicted Nu number Absolute difference percentage of Nu number Predicted f factor Absolute difference percentage of f number

Very coarse (604,800) 31.52 – 0.11589 –
Coarse (1,200,825 33.33 5.72% 0.11748 1.37%
Intermediate (1,805,925) 33.77 1.33% 0.11877 1.09%
Fine (2,412,000) 33.67 0.30% 0.11837 0.33%
Very fine (3,003,975) 33.94 0.82% 0.11883 0.38%
Extremely fine (3,601,500) 34.01 0.19% 0.11897 0.11%
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Table 5
Effect of convergence criteria on numerical results.

Set No. Convergence criteria values ΔT = Toutlet− Tinlet Absolute deviation between ΔTi+1 and ΔTi Δp = Pinlet− poutlet Absolute deviation between Δpi+1 and Δpi

1 10−2 for continuity
10−3 for momentum
10−5 for energy

23.1928 K – 1898.57 Pa –

2 10−3 for continuity
10−4 for momentum
10−6 for energy

23.1424 K 0.217% 1905.67 Pa 0.374%

3 10−4 for continuity
10−5 for momentum
10−8 for energy

23.1507 K 0.036% 1904.22 Pa 0.076%

4 10−5 for continuity
10−6 for momentum
10−8 for energy

23.1509 K 0.0008% 1904.14 Pa 0.004%

5 10−6 for continuity
10−6 for momentum
10−8 for energy

23.1510 K 0.0004% 1904.09 Pa 0.002%

16

T5 T4 T3 T2 T1

(1)
(2)

(3)

(4)

(5)

(6)(6)

(7)(7)

(8)

(9)

)9()9(

)01()01(

(11)

(12) (13)

(14)

(15)

(17)

(18)

(19)

(2
0)

To (1)

Working fluid

Coolant fluid

Items
(1): Tank of working fluid
(2): Centrifugal pump of working fluid
(3): By-pass and valves 
(4): Relief valve
(5): Ultrasonic flow rate
(6): T-type temperature sensors 
(7): Pressure sensors 
(8): K-type temperature sensors 
(9): Pressure indicators 
(10): Temperature indicators 
(11): Data logger 
(12): Two-phase chamber 
(13): Level meter 
(14): Electrical heater  
(15): Pressure safety valve 
(16): Test section (Twisted-straight tube) 
(17): Plate heat exchanger 
(18): Tank of coolant fluid 
(19): Centrifugal pump of coolant fluid 
(20): Rotameter  

Fig. 2. Empirical test apparatus and considered geometry for validation.
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pumping power is applied. It can be calculated using the following
equation,

= =
−

−

−
η h

h
Nu Nu
f f

( / )
( / )

TST

twisted straight tube Const pumping power

TST twisted straight tube

TST twisted straight tube.
1/3

(21)

where

=Nu hD
κ

h
(22)

=f
pD

ρu l
2Δ h

m
2 (23)

The variations of Nusselt number, friction factor, and performance
factor versus the Reynolds number with changes of sp, sl, and tp are
presented in Fig. 3(a–c), Fig. 4(a–c), and Fig. 5(a–c), respectively. The
trend of overall variations with the increase of Reynolds number can be
explained as follows: for all TST, the Nusselt number increases while the
friction factor and the performance factor decrease.

At constant sl and tp for a particular Reynolds number the Nusselt
number increases and the friction factor decreases as sp goes up in the
TST, see Fig. 3(a) and (b). For instance at the Reynolds number of 600,
when sp is enhanced from 0.01m to 0.03m, the Nusselt number in-
creases about 9.1% and the friction factor decreases about 2.5%. With
the increase of Reynolds number from 600 to 1800, these differences
are about 3.8% and 9.9%. It can be discussed that as water passes
through a bend in the TST, the main direction of flow is changed and
both the transverse and the normal velocities are intensified leading to
a better fluid mixing in this section, see Fig. 6(a). Fig. 6(b) shows a part
of velocity and temperature contours for water flow at the middle
Reynolds number, i.e. 1200, in the first bend of the TST with different
values of sp. Both the velocity and the temperature contours in the
bends are apparently different from each other. The contours at the
section A (i.e. before the bend) are almost uniform, so the fluid near
walls remains in the thermal layer regime and accumulates the heat. As
the flow enters the bend, it twists by centrifugal forces and high tem-
perature fluid parts no stay in the thermal layer regime and move to the
core region of fluid (see the section B, i.e. center of the bend). This
mixing by vortex flows disturbs and reduces the thermal boundary layer
in the TST. It is clear that the length of bend increases as sp in the TST
goes up. Hence, the temperature of fluid at the section of C (i.e. after the
bend) is more uniform for the TST with higher sp. It could be re-
sponsible for greater Nusselt number in the TST with higher sp.

Furthermore, from the increment of sp, an enhancement is observed
on the performance factor. It is found that sp=0.03m is the optimum
value to achieve the maximum performance factor. The maximum
performance factor is reached up to 2.46 as shown in Fig. 3(c). How-
ever, the results clarify that the effect of this geometrical parameter (sp)
on thermal and hydraulic characteristics of the TST is not significant
compared to the other studied geometrical parameters (i.e. sl and tp).

From Fig. 4(a–c) it is clear that sl has the uppermost effects on
thermal and hydraulic characteristics of the TST. As presented in
Fig. 4(a), it can be seen that decreasing sl can improve the thermal

performance. For example, at the Reynolds number of 600, the differ-
ence of Nusselt number between sl=0.05m and sl=0.15m is 42.6%,
while at the Reynolds number of 1800, it is 39.1%. This illustrate that
the influence of sl is more than that of sp. This is coincident with results
obtained for the straight-serpentine tube in Ref. [1]. At the constant
length of the TST, as sl decreases, the number of bends increases. It
means higher variations in the flow direction through the TST. As
discussed in Fig. 6(a), generated transverse and normal vortex flows
generated in bends augment the fluid mixing. On the other hand, as
depicted in Fig. 7, for the TST with lower sl the straight length is not
sufficient to reach a uniform velocity and temperature condition, and
the effect of fluid mixing generated in a bend remains until the next
bend. By referring to Fig. 4(b), a similar discussion can be made for the
friction factor. At the studied range, the maximum values of Nusselt
number and friction factor are recorded for the TST with sl=0.05m.
However, the performance factor results depicted in Fig. 4(c) disclose
that the overall performance of the TST with sl=0.05m diminishes as

Table 6
Comparison between empirical data and numerical results for twisted-straight
tube.

Reynolds
number

Empirical data Numerical results Absolute deviation

Nu f Nu f Nu f

600 5.8 0.131 5.82 0.144 0.41% 9.26%
900 7.45 0.098 7.76 0.099 4.17% 1.04%
1200 9.61 0.079 9.67 0.076 0.65% 3.49%
1500 11.63 0.069 11.53 0.062 0.79% 10.10%
1800 13.2 0.058 13.37 0.053 1.28% 8.28%

(a) 

(b) 

10

15

20

25

30

35

40

45

500 700 900 1100 1300 1500 1700 1900

N
us

se
lt 

nu
m

be
r,

 N
u

[-
]

Reynolds number, Re [-]

Constant sl and tp

sp=0.01 m

sp=0.02 m

sp=0.03 m

0.1

0.15

0.2

0.25

0.3

500 700 900 1100 1300 1500 1700 1900

Fr
ic
tio

n 
fa

ct
or

, f
 [-

]

Reynolds number, Re [-]

Constant sl and tp

sp=0.01 m

sp=0.02 m

sp=0.03 m

(c) 

1

1.5

2

2.5

3

500 700 900 1100 1300 1500 1700 1900

Pe
rf

or
m

an
ce

 fa
ct

or
, 

[-
]

Reynolds number, Re [-]

Constant sl and tp

sp=0.01 m

sp=0.02 m

sp=0.03 m

Fig. 3. Effects of serpentine pitch (sp) on thermal and hydraulic characteristics
of TSTs. (a) Nusselt number – Reynolds number. (b) Friction factor – Reynolds
number. (c) Performance factor – Reynolds number.

A. Feizabadi et al. Applied Thermal Engineering 137 (2018) 296–309

302



the Reynolds number goes up. For instance, at the lowest Reynolds
number, the performance factor of sl=0.05m is 14.9% and 33.1%
higher than that of sl=0.10 and sl=0.15, respectively, whereas at the
highest Reynolds number, these deviations are 8.1% and 24.9%. For
water flow in this study, the maximum performance factor of 2.77 is
recorded for the TST with sl=0.05m at the lowest Reynolds number.

Depicted in Fig. 5(a) and (b) as tp decreases, both the Nusselt
number and the friction factor augment in the TST. The highest values
are obtained for the TST with tp=0.025m, and the TSTs with
tp=0.050m and tp=0.075m come in the second and third, respec-
tively. It is known that the TST with lower tp means a geometry with
more intensified twisted direction, so its effect on thermal and hy-
draulic characteristics of the TST is more drastic. However, the con-
sidered values for the geometrical parameters in this study explore that
the effect of tp is lower than that of sl.

It can be seen that as the Reynolds number increases, the TST with
tp=0.025m gives higher and higher values of the Nusselt number
compared to the TST with tp=0.075m. For example, the difference of
Nusselt number between tp=0.025m and tp=0.075m at the
minimum Reynolds number is 15.5%, while it is 25.4% at the maximum
Reynolds number. In other words, increasing the Reynolds number has
a stronger effect on the thermal performance of the TST with lower tp. A
possible mechanism is due to increasing the number and size of vortex
flows in the TST with lower tp, because the strength of such promoted
flows depends on the Reynolds number. In order to show, the effects of
the Reynolds number on velocity and temperature contours of water
flow through the TST with sp=0.02m, sl=0.10m, and tp=0.050m
are displayed in Fig. 8. These contours are presented on the certain
normal y–z planes with 0°, 90°, 180°, 270°, 360°, 450°, and 540° twist
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pitches. It can be seen that due to vortex flows generated in the bend,
the temperature gradients increase at the beginning of straight section
(i.e. plane 0°) for all Reynolds numbers. Also, the increment of the
Reynolds number increases the temperature gradient near the walls and
makes a non-uniform velocity and temperature gradients at the end of
straight section, i.e. plane 540°. Furthermore, it can be seen in Fig. 5(c)
that the TMT with lower tp proposes a better performance factor in the

studied range of Reynolds number.

5.3. Effects of nanofluids

Evidently, the nanofluid can be used to improve the performance of
a system by adding nanoparticles in the working fluid. In this section,
thermal and hydraulic characteristics of the TST with Al2O3/water

Fig. 6. (a) Transvers and normal streamlines in a bent of TST. (b) Velocity and temperature contours in TST with different values of sp for water flow at Reynold
number of 1200.
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Fig. 7. A part of velocity and temperature contours in TST with different values of sl for water flow at Reynold number of 1200.

Fig. 8. A part of velocity and temperature contours in TST with sp=0.02m, sl=0.10m, and tp=0.050m for water flow at different Reynold numbers.
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nanofluid are investigated and discussed. The results are presented in
terms of Nusselt number, friction factor, and performance factor as a
function of the Reynolds number and nanoparticle volume fraction. For
example, they are plotted for the TST with the middle values of geo-
metrical parameters (sp=0.02m, sl=0.01m, and tp=0.050m) in
Fig. 9. As shown in the figure, similar to the base fluid (i.e. water) by
increasing the Reynolds number of the nanofluid the Nusselt number
enhances and the friction factor diminishes. There are three obvious
issues: (1) all nanofluids possess higher values of the Nusselt number
compared to the base fluid, (2) increasing nanoparticle volume fraction
has no noticeable influence on the friction factor, and (3) all nanofluids
represent better hydrothermal performance factor compared to the base
fluid.

As a working fluid moves through the TST, its velocity plays an
important role in the thermal performance. At the same Reynolds
number, the nanofluids have higher average velocities compared to the
base fluid, because they have higher kinematic viscosity (i.e. ratio of
dynamic viscosity to density). However, the main reasons for thermal
improvement is nanoparticles participation thereby modification in the
effective thermal conductivity. Likewise, it is expected that adding
nanoparticles in the base fluid would augment the pressure drop, but
considerable thermal improvement might balance the pressure drop
penalty to give better hydrothermal performance factor. Comparing the
tested working fluids, the 0.9% vol. nanofluid has the best performance
factor, followed by 0.6% vol. nanofluid, 0.3% vol. nanofluid, and finally
water. Based on the performance factor definition, due to the minor
change in the friction factor, it is expected that the nanofluid with
higher Nusselt number values provides a better performance factor.
However, it is clear that this parameter across the range of Reynolds
number decreases for all nanofluids.

Fig. 10 shows a part of velocity and temperature contours for dif-
ferent working fluids at the Reynolds number of 1200 in the TST with
sp=0.02m, sl=0.01m, and tp=0.050m. The contours disclose that
the nanoparticle volume fraction has a clear effect on both the velocity
and the temperature distributions. At the same Reynolds number, since
the velocity increases for the nanofluid with higher nanoparticle vo-
lume fraction, vortex flows begin growing in the bend and the flow is
disturbed along the straight section of the TST. Looking at the right
normal plane of temperature contours, it is discovered that the nano-
fluids intensity the mixing of the cold fluid from the core with the hot
fluid near the walls.

In order to save the space, the plots corresponding to other TSTs are
not presented, and the percentage of variations in their thermal and
hydraulic characteristics with nanofluids compared to the base fluid is
tabulated in Table 7. It is found that the Nusselt number and friction
factor increase by about 33.3% and 4.5% for the TST with sp=0.03m,
sl=0.10m, and tp=0.050m. Ultimately, the performance factor in-
creases by 35% when the 0.9% vol. nanofluid is replaced with water.
Thus, the Al2O3/water nanofluid can be seriously considered as alter-
native working fluid for application in the TST.

5.4. Correlations

As mentioned previously, the current work is the first parametric
study on the TST particularly in the presence of nanofluid. Hence, it
seems that proposing correlations for thermal and hydraulic char-
acteristics of the TST can be useful for other researchers in this area as
well as heat exchanger designers. Based on the obtained results, the
correlations of the Nusselt number and friction factor for the TST as a
function of the Reynolds number, Prandtl number, geometrical para-
meters, and nanoparticle volume friction are deduced by using the least
squares method. These correlations take the following forms,
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The predictive accuracy of the proposed correlations is evaluated by
mean absolute error, which is defined as,
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=

Mean absolute error
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Fig. 11 compares prediction data by the proposed correlations with
the present simulated results. It can be found an excellent agreement
between the predicted data and the simulated results with the mean
absolute error of 2.3% for the Nusselt number and 1.9% for the friction
factor.
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6. Conclusion

In the first part of the current study, the adopted numerical ap-
proach is verified by the recorded empirical data. The values of Nusselt
number and friction factor have the mean deviation between the nu-
merical results and empirical data within 1.5% and 6.4%, respectively.
This good agreement will be ensured the reliability of results being
collecting using the adopted numerical approach. In the second part,
benefits of twisting the serpentine tube working with water are

investigated, and effects of different geometrical parameters are ex-
plored and discussed. The results show that the geometrical parameters
have considerable effects of thermal and hydraulic characteristics of the
TST. The Nusselt number enhances as sp is increased while sl and tp are
decreased. However, the friction factor decrements as all parameters
are increased. It is detected that sl has the highest effects and tp comes in
the second. The employed performance factor discloses that the TST has
better hydrothermal performance compared to the primary twisted-
straight tube. It is due to the presence of considerable bends thereby

Fig. 10. Effect of nanoparticle volume fraction on velocity and temperature contours of TST with sp=0.02m, sl=0.01m, and tp=0.050m at Reynolds number of
1200.
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vortex flows inside the TST. The maximum performance factor of 2.77
is recorded for water flow through the TST with sp=0.02m,
sl=0.05m, and tp=0.05m at the minimum Reynolds number. In the
third part, Al2O3/water nanofluid with different nanoparticle volume
fractions is tested as working fluid. By changing the type of working
fluid, the results show that the 0.9% vol. nanofluid gives the highest
values of the Nusselt number, friction factor, and performance factor,
followed by the 0.6% vol. nanofluid and the 0.3% vol. nanofluid, while
water gives the lowest values. The maximum performance factor of
3.73 is recorded for the 0.9% vol. nanofluid. In the fourth part, three
sets of correlations evaluating average thermal and hydraulic char-
acteristics of the TST are proposed. The proposed correlations have
considerably good agreement with the numerical results, and they can
be applied for the next designs of the TST. Collectively, this study
proves that the design of the TST offers a very interesting geometry for
tubular heat exchangers in various industries, such as solar systems,
food industries, chemical processes, etc. If manufacturing complexity is
also considered, then the TST can be an effective and practical solution
to improve the hydrothermal performance of these heat exchangers.
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