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A B S T R A C T

In this experimental study, hydrothermal characteristics of a U-tube equipped with twisted-tape inserts are
investigated experimentally. The twisting effects of side wall are also investigated for the U-tube as compared to
the smooth case. Two twist ratios of 2 and 6 are considered for the twisted-tape and tested in both the smooth
and the twisted U-tube at the turbulent flow regime (3843 < Re < 11,436). In order to provide a condition
close to uniform wall temperature, the test sections are immersed in the isothermal external fluid. The obtained
results show an ascending trend for both the Nusselt number and the friction factor as the twist ratio is de-
creased. It is found that decreasing the twist ratio decreases the entropy generated by heat transfer and increases
the entropy generated by friction loss. In the twisted U-tube fitted with the twisted-tape, the highest augmen-
tations of 122.4% and 78.4% are recorded for Nusselt number and friction factor as compared to the smooth U-
tube. The non-dimensional entropy generated by heat transfer governs the magnitude order of the non-di-
mensional total entropy generation. The entropy generation values of the enhanced models range between 0.63
and 1.09.

1. Introduction

Over the last decade, energy-saving concerns have gained mo-
mentum partly in response to the alarming increase in global demand
for energy, the high costs associated with the production and dis-
tribution of energy, and the limited energy sources available, thus
triggering an increase in the number of studies on effective methods to
improve the performance of thermal systems. Heat transfer processes
can be enhanced through active and passive approaches, both being
widely implemented to increase the heat transfer coefficient in all areas
of engineering and industries including refrigeration, air conditioning,
heat recovery, solar heating, chemical reactors, electronic cooling, and
the like [1]. Passive approaches are generally based on surface treat-
ment, generating swirl flow with fluid turbulators (such as the curved
tube, twisted-tape inserts, and twisted tube), and the employment of
additives in working fluid [2].

In all of the currently used enhancers, the incorporation of twisted-
tape inserts is one of the most favorable techniques used to enhance
heat transfer in heat exchangers, which has attracted great attention
compared to other passive methods partly due to the ease associated

with its generation and installation, the low costs involved, and other
apparent benefits [3]. Comprehensively, the mechanism analysis con-
cerning the heat transfer enhancement of tube with inserts have been
studied based on the physical quantity synergy analysis [4–6]. In fact,
such enhancers make the thermal/hydrodynamic layer smaller along
the flow path, hence with higher heat transfer coefficient [7].

Experimental evaluation of thermal performance inside a tube using
cross hollow twisted tape inserts was conducted by He et al. [8]. It was
revealed that the cross hollow twisted tape inserts have better efficiency
under laminar flow relative to turbulent flow. Eiamsa-ard et al. [9]
experimentally analyzed the effect of twin twisted tapes on hydro-
thermal characteristics for turbulent regime. They pointed out that the
twin counter twisted tapes showed better thermal performance relative
to the twin co-twisted tapes. Abolarin et al. [10] examined the effect of
alternating clockwise and counter clockwise twisted tape and connec-
tion angle on the hydrothermal characteristics and discovered that heat
transfer improved as the connection angle was increased. Eiamsa-ard
and Kiatkittipong [11] experimentally and numerically worked on
different arrangement of multiple twisted tape inserts and found that
the effect of multiple twisted tape inserts compared to plain tube and
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single twisted tape insert on heat transfer were significant. Guo et al.
[12] introduced the new design of short-width and center-cleared
twisted-tapes. They reported that by decreasing the gap between the
edge of tape and inner diameter, the heat transfer rate decreased, while
the heat transfer was strengthen with a suitable central clearance ratio.
Zhang et al. [13] performed a numerical analysis to evaluate the in-
fluence of triple and quadruple twisted tapes on hydrothermal char-
acteristics. They pointed out that the Nusselt number of tube with triple
and quadruple twisted tapes possessed the maximum increment of
171% and 182%, respectively. The effect of the perforation diameter
ratio on flow characteristics and heat transfer inside a tube using per-
forated twisted tapes experimentally evaluated by Thianpong et al.
[14]. It was found that the thermal performance and frictional re-
sistance increased as the hole diameter ratio was decreased. Qi et al.
[15] analyzed the intensification of heat transfer in nanofluid flow
through different structure of twisted tapes in a tube with a triangular
cross section. It was found that heat transfer coefficient increased up to
around 52.5% and 34.7% in laminar and turbulent regime, respectively.
Meyer and Abolarin [16] made an experimental investigation to eval-
uate the effects of different twist ratios and heat flux in transitional
flow. They reported that at a given heat flux, the transition began
earlier with the increment in the twist ratio. The effect of spiky twisted
tapes and nanofluid on flow resistance and heat transfer in a U-tube
heat exchanger was studied by Khoshvaght-Aliabadi et al. [17]. The
experimental results indicated that using spiky twisted tapes enhanced
the heat transfer about 11–67%. Turbulent flow and heat transfer inside
a double pipe U-bend fitted with twisted tape inserts in presence of
Fe3O4 nanofluid experimentally was examined by Kumar et al. [18]. It
was revealed that installation of twisted tapes led to the heat transfer
rate increased about 38.75%.

It seems that the thermal performance of an enhancer can be im-
proved through implementation of twisted tube along with twisted-tape
inserts. In the 1980s, twisted tubes were generated by the forming of
noncircular tubes [19]. There have been, however, a dearth of research
studies on the hydrothermal performance of twisted tubes [20–26].
However, some researchers attempted to conduct investigations on
hydrothermal characteristics through the enhanced tubes using twisted-
tape [27–30]. The effect of change in the ratio of width of triple-
channel twisted tape to hydraulic diameter of three-start spirally
twisted tube on thermal performance was numerically examined by
Eiamsa-ard et al. [27]. They discovered that the overall thermal per-
formance increased as this parameter was increased. Hong et al. [28]
experimentally analyzed the behavior of heat transfer inside a spiral
grooved tube using twin twisted tapes. The results showed that the
combination of spiral grooved tube and twisted tapes improved the
overall performance at low Reynolds number. Hemmat Esfe et al. [29]
evaluated the influence of pitch ratio on the hydrothermal character-
istics of a tri-lobed tube in turbulent flow. It was found that heat
transfer rate and frictional resistance enhanced as pitch ratio was in-
creased. Hong et al. [30] made numerical analysis to examine the
multiple twisted tapes effect in thermal performance of sinusoidal rib
tube (SRT) heat exchangers. Their results indicated that the SRT using
multiple twisted tapes possessed heat transfer rate of 1.43–1.87 times
higher in comparison with SRT without twisted tape.

Moreover, the evaluation of heat transfer enhancement methods
through the second law of thermodynamics are receiving more atten-
tion. Bejan discussed this analysis in more detail [31,32].

Zheng et al. [33] analyzed the effect of inclined grooves on entropy
generation and reported that the entropy generation rate decreased
with a reduction in the groove pitch ratio, and with a rise in the number
of circumferential grooves. Kotcioglu et al. [34] evaluated the influence
of a new winglet-type vortex generator in a pipe with respect to the
entropy generation minimization method. The impacts of alternation
made in design factors of coiled wire turbulators in a circular tube on
entropy generation analyzed experimentally by Keklikcioglu and Oz-
ceyhan [35]. They pointed out that coiled wire turbulators were

efficient up to about 10000 Reynolds number in terms of entropy
generation. The twisted tape insert effect in three start spirally corru-
gated tubes on entropy generation were analyzed experimentally by
Zimparov [36]. Sheikholeslami et al. [37] analyzed the behavior of
nanofluid turbulent flow in a circular duct using modified turbulators
from the second law of thermodynamics and exergy loss viewpoint. It
was concluded that exergy loss enhanced by decreasing the Reynolds
number and revolution angle. Rashidi et al. [38] made a numerical
analysis on the impacts of eccentricity on entropy generation and hy-
drothermal characteristics in a tube using helical screw tape insert.
They explained that the entropy generation increased with the incre-
ment in the eccentricity, especially in the region next to the tube wall.
In another investigation, Sheikholeslami et al. [39] numerically simu-
lated the behavior of nanofluid flow in a pipe using twisted-tape tur-
bulators in terms of entropy generation. The potential influence of
varying values of pitch ratio and Reynolds number was examined. It
was found that Bejan number enhanced by increasing the pitch ratio,
while this parameter showed a decreasing trend when Reynolds number
was increased. Li et al. [40] also reported similar results in their re-
search work on entropy generation of a heat exchanger using helically
twisted tape. Mwesigye et al. [41] made a numerical analysis of the
wall-detached twisted-tape effect on hydrothermal characteristics and
entropy generation in a parabolic trough receiver. It was shown that for
each twist ratio and width ratio, being a Reynolds number that the
entropy generation rate is reduced to the least possible value. Also, it
was detected that with reduction in width ratios and the increment of
twist ratio was associated with the optimal Reynolds number increased.
Hong et al. [42] experimentally evaluated the impact of overlapped
multiple twisted-tape inserts on entropy generation and hydrothermal
characteristics. The observation revealed that both reducing overlapped
twist ratio and increasing tape number led to thermal irreversibility
decreased while increased the frictional irreversibility. Bahiraei et al.
[43] numerically examined the behavior of hybrid nanofluid flow in a
pipe using double twisted-tape in terms of entropy generation. It was
detected that counter twisted tapes relative to co-twisted tapes pro-
vided lower entropy generation rate.

The review of the literature shows that several passive techniques
and the combination of them have been utilized so far to assess the
hydrothermal performance and entropy generation rate, but there is no
available study dealing with twisted-tape insert applications inside
twisted U-tube. In this study, firstly, the potential of twisted-tapes on
hydrothermal characteristics of twisted U-tube is investigated, then, to
identify the best model and condition, the entropy generation mini-
mization method is utilized.

2. Details of experimental system

2.1. Setup

Experiments are conducted in a fabricated setup, which is schema-
tically shown in Fig. 1. It comprises two closed units: unit No. 1 and unit
No. 2. The unit No. 1 is the main section in the present experiments, and
the cooling process is performed by unit No. 2.

In the first part of the unit No. 1, the process of working fluid
transmission is carried out. Water as working fluid is continuously
transmitted from a reservoir (stainless steel) to principal pipe by a
centrifugal pump (PKm60, Pedrollo), and the flow rate is regulated
through a needle valve (LMC, ASC.15). In the second part, the process
of measuring some important characteristics, including volumetric flow
rate, temperature, and pressure is performed. The flow rate is gauged
by a sensitive ultrasonic flow meter (Flownetix® 100 series™) with an
accuracy of± 0.8.5e−07m3/s. Two calming sections with 1mm length
are supplied before and after the test chamber, and two transmitters
(PSCH0.5BCIA, Sensys) and two thermocouples (T-type) are located at
these sections to measure the inlet/outlet pressures and temperatures.
These instruments are accurate to± 10 Pa and± 0.1 K. It should be
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noted that there is not any valves or elbows between the calming sec-
tions and the U-tube.

The cooling process of the output hot water from the test chamber is
carried out by the unit No. 2 containing a polycarbonate coolant fluid
tank, a centrifugal pump (PKm60, Pedrollo), a rotameter (LZT- 1005G,
MBLD), a plate heat exchanger (B3-014C-12-3.0-H, Danfuss), and a
refrigerator system. The cooling fluid (ethylene-glycol) is derived to the
plate heat exchanger by the centrifugal pump, and the rate of coolant
fluid is regulated by the rotameter. In the plate heat exchanger, the
coolant fluid absorbs heat from the working fluid (water), leading to
restore the temperature of water to the inlet condition (298.15 K). More
details about the experimental setup are avoided due to space limitation
concerns here but are provided in Refs. [44,45].

2.2. Test chamber and twisted-tape characteristics

In this section, a brief description of the test chamber along with the
characteristics of U-tubes and twisted-tapes is presented. As shown in
Fig. 1, it can be observed that the test chamber is an agitated heat
exchanger containing a cylindrical vessel (stainless steel), an electric
stirrer (RZR 2021, Heidolph), four electrical heaters (U-shape, 1000W),
a U-tube as a flow passage of water, a temperature controller system to
adjust the temperature of the vessel liquid, and ten surface thermo-
couples (K-type), which are attached at five points on the wall surface
of the U-tube with a 0.09m uniform space to measure the surface
temperatures. This is done by drilling a very small pilot hole into the
tube and securing the thermocouple with a drop of solder. EPDM and
glass wool are used for insulating the cylindrical vessel to avoid the
dissipation of energy. In the current study, two configurations, i.e.
smooth and twisted, are considered for the U-tube immersed in shell
side liquid. Firstly, the hydrothermal characteristics of the heat ex-
changer are investigated for both configurations without inserts. Then,
the experiment is repeated, with the twisted-tapes inserted inside them
to augment the heat transfer. The U-tubes are fabricated of straight

copper tubes with inner diameter, thickness, and length of 15.2 mm,
1mm, and 1000mm, respectively. The twisted-tapes are fabricated of
stainless-steel sheets with width and thickness of 15mm and 1mm,
respectively. The clearance between the width of tapes and the inner
diameter of tubes is 0.1mm, which creates the required space for ad-
justing the twisted-tapes in the U-tubes. Full details of geometrical
parameters are summarized in Table 1.

The twist ratio is expressed as the proportion of the length that is
rotated 180° to the width of tube or tape. In the current study, the twist
ratio of the twisted tube is considered constant (0.65), while two values
are considered for the twisted-tapes (2 and 6). The photograph and six
different layouts of twisted-tapes and U-tubes for convenient view are
shown in Figs. 2 and 3.

2.3. Procedure

The following experimental procedure is executed:

Fig. 1. A schematic representation of the experimental facilities.

Table 1
The details about geometrical parameters.

Test section
Inner tube diameter, D 15.2mm
Outer tube diameter 17.2mm
Tube thickness, t 1mm
Pitch of U-bend 50mm
Tube length, L 1000mm
Twist length, y 10mm
Twist ratio, y/D 0.65
Test tube material Copper

Twisted tape
Twist length, y 30 and 90mm
Tape width, w 15mm
Tape thick, δ 1mm
Twist ratio, y/w 2 and 6
Tape material Aluminum
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1. The reservoirs of U-tube side and shell side are filled with particular
volumes of water.

2. The stirrer is switched on and regulated at the desired speed.
3. The centrifugal pump is turned on, and the rate of flow is arranged

at the desired value and fluid is allowed to flow for few minutes.
4. The temperature of the shell side is controlled using the temperature

controller system.
5. The outlet temperature of the water is restituted using the cooling

unit to reach the initial value.
6. The changes in ten temperature sensors mounded on surface are

monitored until constant value is achieved for approximately
30–40min at each operation.

7. After the steady-state condition, the required data are logged.
8. The water flow rate is raised; afterward, the steps (5) and (7) are

repeated.
9. Step (8) is repeated until the greatest value of the flow rate is

achieved.

3. Data reduction

3.1. Hydrothermal characteristics

During the tests, the temperature controller system maintains the
temperature of the vessel liquid at the constant value (Te=308.15 k).
The U-tube as a flow passage of water absorbs heat through the vessel
liquid. The heat transferred from the shell side liquid is described by,

=Q VC T T( )conv p b out b in, , (1)

The internal heat transfer coefficient is predicted by Newton's law,

=h Q
A T T( )

conv

conv w b LMTD (2)

where

=T T
T T

Ln T T
( )

( / )w b LMTD
w b in w b out

w b in w b out

, ,

, , (3)

The following relation is used to compute the mean wall tempera-
ture along the tube side,

=
=

T T1
10w

i
wi

1

10

(4)

where Twi is the temperature measured by a surface thermocouple at a
particular point along the tube side length.

The internal Nusselt number over tube is expressed as follows,

=Nu hDh
(5)

where the tube hydraulic diameter is,

=D A
P

4
h

c

w (6)

For both the smooth and the twisted U-tubes without twisted-tape,

=A D
4c

2

(7)

For both the smooth and the twisted U-tubes with twisted-tape,

=A D w
4c

2

(8)

Also, The Reynolds number is written by,

= uD
µ

Re h

(9)

The pressure drop can be measured from the values observed at the
upstream and downstream of the calming sections, and is determined
by using the following relation,

=p p pin out (10)

The pressure drop values are used for evaluation of friction factor as
below [46],

=f D p
l u

2 h
2 (11)

To investigate the efficacy of two passive techniques implemented
in the present study, the comparison between the overall performance
of the tested twisted U-tube with twisted-tapes and the primary model
is obligatory. The overall performance evaluation criterion or the sur-
face goodness factor is defined as [47],

=JF Nu Nu
f f

( / )
( / )

Enh ST

Enh ST
1/3 (12)

3.2. Entropy generation analysis

Here, the theoretical formula of entropy generated in circular duct
drowned in shell side with an isothermal liquid is discussed. Based on
the assumption that the shell side liquid is at the uniform and constant
temperature (Te), the methodology applied by Anand [48] is adopted in
this study. Anand [49] proposed the total entropy generation (Sgen) is

Fig. 2. Fabricated twisted-tube and twisted-tapes.
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estimated through Eq. (13). This formulation comprises entropy gen-
erated due to temperature difference and friction loss,

= + +S mC e e f Ec
St

e1 ln 1
1

ln 1
1

1
8

ln
1gen p

St L St L St L4 4 4

(13)

= +S S Sgen gen th gen f, , (14)

In which, the Stanton number is computed by,

=St h
uCp (15)

Here, Eq. (16) calculates the overall heat transfer coefficient [43],

=h Q
A T T( )

conv

conv e b LMTD (16)

Eckert number, Ec is needed for the calculation of Sgen as provided in
Eq. (13), which is calculated as follows,

=Ec u
C T T( )p e i

2

(17)

= Nu
Nu

1 (18)

In the above relation, like Nusselt number, Nu is computed. The
length of the circular tube is non-dimensionalized as below,

= x
D (19)

Also, τ is the dimensionless external fluid and tube side fluid tem-
perature difference, expressed as follows,

= T T
T

e i

e (20)

In the literature, the entropy generation is defined in a non-di-
mensional entropy form. The best condition for thermal systems is at-
tained when this parameter is minimized. In other words, entropy
generation can help engineers to find the sources of irreversibilites for
the reduction in value of irreversibilites in a thermal system by re-de-
signing of geometrical parameters or operating conditions, written as
follows,

=
S
mC

gen

p (21)

In order to characterize the contribution of each irreversibility to
the total entropy generation rate, an alternative irreversibility dis-
tribution parameter, called the Bejan number Be, which was defined by
Paoletti et al. [50] as,

=Be thermal entropy generation
total entropy generation (22)

The Bejan number varies between 0 and 1, with the entropy gen-
erated by heat transfer being dominant if Bejan number equal to 1. By
contrast, when Bejan number equal to 0, the entropy generated by
friction loss dominates.

The ratio of entropy generation observed with the use of augmen-
tation techniques to the entropy generated in the primary model is
called entropy generation number [51]. This relation is expressed as,

=N
S
Ss

gen a

gen s

,

, (23)

Heat transfer augmentation techniques with a value of Ns lower
than 1 are thermodynamically desirable.

As mentioned earlier, water is used in the present study as a
working fluid. During data reduction processing, all of the thermo-
physical properties of water are dependence on temperature. Hence,
they can be calculated at Tb given by Ref. [52],

= × + ×
× +

T T
T

1000 1 [ 68.12963] [ 3.9863]
508929.2 [ 68.12963]w

2

(24)

= + × + × +K T T0.3838 0.005253 [ 273] 0.000006369 [ 273]w
2

(25)

= + ×
+

+ ×
+

×

µ
T T

exp 2.10 4.45 273
273

6.55 273
273

(0.00179)

w

2

(26)

Fig. 3. (a) Layouts of twisted-tapes and U-tubes (b) Steps to install surface
thermocouples.
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=
× × × +

+ × × + ×
× + + × × +

×C
T

T
T T

R
7.25575005 10 6.62445402 10 ( 273)

2.56198746 10 ( 273) 4.36591923 10
( 273) 2.78178981 10 ( 273)

pw

1 1

3 2 6

3 9 4

(27)

In which, the average water temperature (T) is expressed in degree
Celsius while R is known as the universal gas constant.

In this study, the error analysis is performed for the experimental
results obtained, using Kline and McClintock [53] work. The un-
certainties related to the experimental data are predicted based on the
accuracy of each instrument and the following equation,

=
=

R
R R

R
X

X1

j

M

j
j

1

2 0.5

(28)

In which, ΔR, δXj are the uncertainties associated with the depen-
dent, R, and independent, Xj, variables, respectively. The details con-
cerning the greatest uncertainty values for different instruments and
essential experimental parameters are given in Tables 2 and 3, re-
spectively. For instance, the uncertainty of Nusselt number, i.e. Eq. (5)
is estimated as below,

= +

= +

{ }
{ }

{ }
{ }

h DNu
Nu Nu

Nu
h

Nu
D h

h
h

D
D

1 2 2 0.5

2 2 0.5
h

h
h (29)

4. Results and discussion

4.1. Experimental setup validation

To demonstrate the reliability and correctness of the experimental
setup and to avoid any irregularities in data reduction methodology, the
researchers initially evaluate the Nusselt number and the friction factor
through performing tests on the smooth U-tube without any twisted-
tape inserts (ST). Subsequently, the data obtained in the experiments
are compared against the well-known empirical correlations developed
by Dittus-Boelter [54] and Gnelinski [55] for Nusselt number and
Petukhov [56] and Blasius [57] for friction factor.

The comparison of empirical data and experimental results for the
Nu and f with respect to Re are presented in Fig. 4. According to Fig. 5,
for the different ranges of Reynolds numbers, the results of the ex-
perimental investigation are congruent with the data obtained by the
above correlations. The deviations percentage of the present results for
the heat transfer in the smooth U-tube (Nu) and friction factor (f) from
the equations are below±10%. Hence, the credibility of the experi-
mental system and data reduction methodology can be confirmed.

4.2. Fluid flow and heat transfer

The influences of the twisting and twisted-tapes on the Nusselt
number of the U-tube are disclosed in Fig. 6. According to Fig. 6, it is
detected that the Nusselt number augments averagely by about of
22.7%–101.2% in the enhanced models relative to the ST depending on
twist ratio and twisted walls. As expected, comparing between TT and

ST models reveals that twisting the tube walls causes an increase in the
heat transfer rate. This behavior results from the swirl flows generated
in a twisted tube which facilitates the disturbance of the fluid flow and
intensifies the turbulence close to the wall. In the current study, the
Nusselt number in the TT model compared to ST model possesses higher
value of about 38.1% in average.

As the other point, Fig. 6 has shown that the using twisted-tapes
through smooth and twisted U-tube (ST and TT) results in a superior
heat transfer rate. For instance, at Reynolds number of 3853, the
Nusselt number of the ST-TT1 model is found to be higher about 31.2%
than that in ST model. This behavior is a consequence of the working
fluid in the flow passage is revolved by the twisted-tapes and produce
longitudinal/vertical vortexes which leads fluid can flow from the core
region to the tube wall. Consequently, it results in the decrease in
temperature gradient, improving heat transfer performance. In addi-
tion, from comparison of TT-TT1 model and ST-TT1 model, it is also
found that with the installation of the same twisted-tapes, the TT model
yields higher thermal performance relative to the ST model due to
twisted-tapes intensify the swirl flows generated by twisted walls. In the
studied range of Reynolds number, the Nusselt number in ST-TT1
model and TT-TT1 model is found to be higher about 22.7% and 27.9%
than that compared to their original U-tube without inserts (ST model
and TT model), respectively.

In addition, at a given Reynolds number, with the decrease in the
twist ratio, the longer flow path and better mixing are attained, re-
sulting in an increase in the heat transfer rate. The obtained results
indicate that the heat transfer rate in the ST-TT2 model when compared
to the ST-TT1 model yields higher value about 30.4% in average. As the
other point, the Nusselt number of all cases increases by increasing
Reynolds number. This can be explained that an increase in the velocity
is responsible for the higher disturbance of the fluid flow which brings
about an augmentation in the heat transfer rate. For instance, for the
range of Reynolds number from 3844 to 11,436, the heat transfer rate
of the TT-TT2 model is found to be higher approximately 122.4–84.7%
than that in the ST model.

The plot of Fig. 7 has presented the distribution of pressure drop in
term of friction factor against Reynolds number for all configurations.
As depicted in Fig. 7, the enhanced models provide a larger resistance
relative to the ST model. This behavior results from the obstructions
caused by the insertion of twisted-tapes and twisted walls along to flow
path and having more contact surface area with fluid. For instance, the
friction factor in the TT and TT-TT1 models augments averagely by
about of 27.8% and 53% in comparison with the ST model, respec-
tively. It can be seen that as twist ratio decreases, a larger pressure drop
is gained. It is a consequence of increasing the number of twists. In the
studied range of Reynolds number, the friction factor in the TT-TT2

Table 2
The values of error for experimental instruments.

Name of instrument Range of instrument Accuracy Min. and max. values measured in experiments Uncertainty %

Ultrasonic flow meter Volumetric flow rate ± 8.5*10−7m3/s 0.28–0.85m s−1 0.525
T-type thermocouples Inlet and outlet bulk temperatures 0.1 K 289.15–291.6 K 0.323
K-type thermocouples Surface temperature 0.1 K 292.9–296.45 K 0.249
Pressure transmitters Inlet and outlet bulk pressures 10 Pa 282-11,504 Pa 0.676

Table 3
The values of error for experimental parameters.

Parameters Maximum uncertainty (%)

1. Nu 2.67
2. f 3.41
3. Re 1.72
4. Sgen 4.89
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model when compared to the TT-TT1 model yields higher value about
13.6% in average. In addition, the pressure drop has descending trend
when the Reynolds number goes up. In fact, as velocity increases, the
turbulent intensity enhances and thus results in higher pressure drop
values. The friction factor of the TT-TT2 model is found to be larger
about 60.9–78.4% than that of the ST model for the range of Reynolds
number from 3871 to 11,436.

To further investigate the hydrothermal characteristics, the

comparison between the overall performance of the tested twisted tube
with twisted-tapes and the primary model is obligatory. Figs. 8–10 give
the distribution of the Nusselt number ratio, friction factor ratio, and
surface goodness factor respectively indexed by Nu Nu/enh ST , f f/enh ST ,
and JF .

According to Fig. 8, it is observed that the Nusselt number ratio
decreases when the Reynolds number increases. Compared to the ST
model, the enhanced models provide 1.31–1.12, 1.44–1.25, 1.78–1.45,

Fig. 4. Validation of experimental data obtained for the hydrothermal characteristics with correlations for ST model.

Fig. 5. Percentage deviation between current results and correlations.
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1.93–1.57 and 2.22–1.85 times higher of Nusselt number for ST-TT1,
TT, ST-TT2, TT-TT1, and TT-TT2, respectively.

As illustrated in Fig. 9, the friction factor ratio of all enhanced
models decreases with slight slope. In other words, the variation of this
ratio versus Reynolds number remains somewhat constant. The friction
factor in ST-TT1, TT, ST-TT2, TT-TT1, and TT-TT2 possess averagely

1.14, 1.23, 1.29, 1.42, and 1.59 times higher than the ST model, re-
spectively.

It can be seen from Fig. 10 that the trends of the Nusselt number
ratio and friction factor ratio contribute to the enhanced tubes improve
the overall thermal performance especially at lower Reynolds number.
Furthermore, it is obvious that the surface goodness factor for all cases

Fig. 6. The variation of the Nusselt number against Reynolds number in the range of turbulent for the simple tube and different kinds of enhanced tubes.

Fig. 7. The variation of the Friction factor against Reynolds number in the range of turbulent for the simple tube and different kinds of enhanced tubes.
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is higher than unity, which means that the heat transfer augmentation
by the passive technologies dominates the frictional resistance. The
surface goodness factor for the enhanced model reaches the highest
value for the TT-TT2 model, which is about 1.89 at Reynolds number of

3871. This results from the use of twisted-tapes strengthen the sec-
ondary flows generated by twisting walls, which causes a better mixing.

A comparison between the studied models in the current work and
other enhanced tubes, i.e. three-start spirally twisted tube [22], spiral

Fig. 8. Nu Nu/enh ST against Reynolds number in the range of turbulent for different kinds of enhanced tubes.

Fig. 9. f f/enh ST against Reynolds number in the range of turbulent for different kinds of enhanced tubes.
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Fig. 10. Surface goodness factor against Reynolds number in the range of turbulent for different kinds of enhanced tubes.

Fig. 11. Comparison surface goodness factor between present work and previous studies.
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grooved tube [23], tri-lobed tube [24], and sinusoidal rib tube [25],
using twisted tapes in terms of surface goodness factor (JF) under tur-
bulent flow is presented in Fig. 11. Also, the photograph and operating
condition of theses enhanced tubes are tabulated in Table 4. It can be
seen from the figure that for all cases, JF shows descending trend with
the increment in Reynolds number. From comparing three-start spirally
twisted tube, spiral grooved tube, sinusoidal rib tube and current study,
it is revealed that the PEC values given by the studied twisted with
lower twist ratio are higher than those of Eiamsa-ard et al. [22] and
Hong et al. [23,25]. As presented in Table 4, this behavior comes from
lower penalty in pressure drop of this study in comparison with other
cases. In other words, although the Nusselt number ratio of all case
comparatively vary in a same range, other enhanced tubes relative to
current study generate higher frictional resistance caused by larger
surface area and blockages along tubes, resulting in the current work
shows better overall hydrothermal performance. Tri-lobed tube with
twisted tape have better efficiency, compared to current study. It can be
attributed that the structure of this tube generates stronger swirl flow
and leads to better mixture of cold fluid in core region and hot fluid in
neighbor of walls.

4.3. Entropy generation analyses

Entropy generation analysis is employed to show the best para-
meters and operating conditions of the thermal systems by minimizing
the entropy generation caused by temperature differences and friction
loss. In this section, entropy generation analyses employed for various
configurations are presented.

The variations of non-dimensional entropy generation through
temperature differences (ψth), friction loss (ψf) and non-dimensional
total entropy generation (ψt) against Re in all configurations are pre-
sented respectively in Fig. 12(a–c). From Fig. 12(a), it is found that
rising Reynolds number is associated with a decrease in ψth for all cases.
The main reason of this behavior is on account of the reduction in
temperature gradient which brings about ψth reduces.

Evidently, the use of twisted-tapes leads a lower ψth. For instance, at

Reynolds number of 3853, the non-dimensional entropy generation of
the ST-TT1 model reduces about 23.5% in relative to the ST model. As
before stated, this is due to the formation of swirl flows, providing a
better fluid mixing. Moreover, from the comparison of TT-TT1 and ST-
TT1, the TT model shows lower ψth as compared to the ST model, which
comes from higher thermal performance and lower temperature gra-
dient. As aforementioned, the swirl flows induced by the twisted tubes
amplify turbulence near the twisted walls, improving the heat transfer
rate. In the studied range of Reynolds number, the TT-TT1 and ST-TT1
models possess lower non-dimensional entropy generation about 16.9%
and 23.5% than that compared to their original U-tube without inserts
(ST and TT), respectively.

In addition, the lower twist ratio offers less non-dimensional
thermal entropy generation. This occurs since the enhanced tube en-
dures a more intense path flow leading stronger mixing which di-
minishes ψth. For instance, the non-dimensional thermal entropy gen-
eration of the TT model equipped with twisted-tapes shows about 7.9%
decrement by decreasing the twist ratio from 6 to 2 at Reynolds number
of 3870.

As shown in Fig. 12(b), the enhanced tubes provide a higher ψf

compared to the ST model. It can be explained that by the augmenta-
tion of the velocity gradient in response to more contact surface area
with fluid. Among the enhanced tubes, the TT-TT2 and ST-TT1 models
show the highest and lowest values of ψf, respectively. The values of ψf

show an increasing trend as twist ratio value diminishes. This emanates
from the increment in the number of twists which increases the velocity
gradient. For instance, the non-dimensional frictional entropy genera-
tion of the TT-TT2 improve by about 17% in comparison with the TT-
TT1 model.

The first observation from Fig. 12(c) is that ψt has a descending
trend which can be explained by the fact that the decrease in ψth is
larger than that of ψf. As can be observed in Fig. 12(a) and (b), the
magnitude order of entropy generation is prominent. The frictional ir-
reversibility is much smaller compared to the thermal irreversibility.
On the other hand, Fig. 13 shows the proportion of thermal entropy
generation to the total entropy generation, and the plots illustrating

Table 4
Details of other enhanced tubes with twisted tapes.

Geometrical structure of enhanced tubes Nu Nu/enh ST f f/enh ST Re Authors

1.95–2.05 4.3–4.7 5000–15,000 Eiamsa-ard et al. [27]

2.31–2.77 16.9–19.5 8000–22,000 Hong et al. [28]

1.47–2.11 2.5–4 5000–20,000 Hemmat Esfe et al. [29]

2.54–2.66 2.2–4.3 5000–10,000 Hong et al. [30]
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that the Bejan number values (Be) are close to unity. In other words, the
thermal entropy generation is very delicate, confirming that the ten-
dency of ψt is dominated by ψth as depicted in Fig. 12(c). In addition, the
least value of ψt is achieved by TT-TT2 at Reynolds number of 11,436.

According to Fig. 13, Be in all configurations decreases with in-
creasing Re. This trend reveals that gradually friction plays a more
active role at high Reynolds number, while heat transfer intensity is
weakened due to the decrement of temperature gradients inside the
fluid.

The variation of entropy generation number (Ns) for different kinds
of the enhanced tubes against Reynolds number is summarized in
Fig. 14. This figure illustrates that Ns increases with an increase in
Reynolds number. So, increasing volumetric flow rate is thermo-
dynamically disadvantageous. Also, Ns decreases with the reduction in
twist ratio. As mentioned earlier, heat transfer systems will be efficient
from standpoint of entropy generation, if Ns is less than unity. The
range of Ns against Reynolds number changes from 0.63 to 0.91, 0.66 to
0.94, 0.69 to 1.01, 0.77 to 1.05 and 0.84 to 1.09, for TT-TT2, TT-TT1,
ST-TT2, ST-TT1, and TT, respectively. As depicted in Fig. 14, the use of
twisted-tapes in U-tube is beneficial from viewpoint of entropy gen-
eration for Reynolds number lower than about 8950. Based on the data
of present investigation, the twisted U-tube with twisted-tapes is ther-
modynamically helpful for all Reynolds numbers and is recommended
because illustrates the lower irreversibility relative to the other en-
hanced tubes.

5. Conclusion

Here, hydrothermal characteristics and entropy generation rate are
examined for fully developed turbulent flows inside the twisted U-tube
using twisted-tape inserts. The investigation is performed under iso-
thermal external fluid conditions for Reynolds numbers ranging from
3843 to 11,436. The influences of different twisted-tapes and tube sides
are explored. The main results of the present experimental study are
revealed as follow:

• The use of the ST and TT with twisted-tapes yields higher friction
factor and Nusselt number values than using the tubes without the
twisted-tapes.
• In the case of twisted tube with twisted-tape, the Nusselt number
and friction factor of TT-TT2 possesses 2.03 and 1.59 higher times
than the ST model.
• For all cases, the surface goodness factor (JF) decreases as Reynolds
number is increases, which means that the enhanced tubes have
better hydrothermal performance at lower Reynolds number.
• The highest value of surface goodness factor is recorded about 1.89
for the TT-TT2 model at Re=3871
• The use of twisted-tapes with lower ratio is strongly recommended
because the decrement in twist ratio decreases thermal entropy
generation, while frictional entropy generation increases. Owing to
the superiority of thermal entropy generation, the total entropy
generation reduces.

Fig. 12. The distribution of the non-dimensional entropy generation against Reynolds number in the range of turbulent for the simple tube and different kinds of
enhanced tubes. (a) Thermal (ψth). (b) Friction (ψf). (c) Total (ψt).
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• The non-dimensional thermal entropy generation of TT model with
twisted tapes indicates 7.9% reduction as the twist ratio is decreased
from 6 to 2 at Reynolds number of 3870.
• Entropy generation rate is reduced considerably at low Reynolds

numbers. Also, entropy generation analysis revealed that ST-TT1
and ST-TT2 are thermodynamically advantageous for Reynolds
numbers up to 8950 while TT-TT1 and TT-TT2 are advantageous for
all studied Reynolds number.

Fig. 13. Bejan number against Reynolds number for the simple tube and different kinds of enhanced tubes.

Fig. 14. The variation of entropy generation number against Reynolds number for the simple tube and different kinds of enhanced tubes.
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Nomenclature

A Area of tube side, m2

Ac Axial flow cross-sectional area, m2

Cp Specific heat capacity, J kg−1 K−1

D Inner diameter, m
Dh Hydraulic diameter, m
h Internal heat transfer coefficient, W m−2 K−1

h Overall heat transfer coefficient, W m−2 K−1

JF Surface goodness factor (−)
l U-tube length, m
p Pressure, Pa
Pw Wetted perimeter, m
Q Heat transfer rate, W
T Temperature, K
S Entropy generation rate, W K−1

u Velocity, m s−1

V Volumetric flow rate, m3 s−1

Greek symbols

α non-dimensional parameter
τ non-dimensional temperature difference
λ non-dimensional tube side length
λL non-dimensional tube side length at x= L
Ψ non-dimensional entropy generation rate

p Pressure drop, Pa
Thermal conductivity, W m−1 K−1

µ Dynamic viscosity, kg m−1 s−1

Density, kg m−3

Subscripts

b Bulk
conv Convection
e External
f Fluid
in Inlet
out Outlet
w Wall
wi Local
Dimensionless groups

Ec Eckert number
f Friction factor
Ns Entropy generation number
Nu Internal Nusselt number
Nu Overall Nusselt number
Re Reynolds number
St Stanton number
Acronyms

ST straight U-tube without twisted-tapes
ST-TT1 straight U-tube with twisted-tapes with higher ratio
ST-TT2 straight U-tube with twisted-tapes with lower ratio
TT twisted U-tube without twisted-tapes
TT-TT1 twisted U-tube with twisted-tapes with higher ratio
TT-TT2 twisted U-tube with twisted-tapes with lower ratio
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