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Abstract
This paper deals with the thermo-hydraulic behaviors of dimpled tubes mounted with twisted tape inserts using TiO2-water
nanofluids as the test fluids. The possible heat transfer mechanisms were discussed. Experiments were conducted using (1) the
dimpled tubes with dimple angles (θ) of 0, 15, 30 and 45°, (2) the tapes having twist ratios (y/W) of 3.0, 4.0 and 5.0, and (3) TiO2-
water nanofluids with ϕ = 0.05, 0.1 and 0.15 vol.%. The experimental results revealed that the dimpled tubes with twisted tapes
yielded higher heat transfer rates than the dimpled tube alone. The results also indicated the strong influence of dimple angle,
twist ratio and TiO2-water nanofluid concentration on the thermo-hydraulic performance. Among the tested dimpled tubes, the
one with a dimple angle of 45° yielded the highest heat transfer enhancement. Heat transfer (Nu) increased with decreasing twist
ratio (y/W) and increasing nanofluid concentration. Over the investigated range, the highest thermo-hydraulic performance of
1.258 was achieved by using the nanofluid withϕ = 0.15 vol.% in the dimple angled having the dimple angle of 45°, inserted with
twisted tape possessing the twist ratio of 3.0. In the present work, the Wilson plot method was employed to develop the Nusselt
number correlation for the flow of TiO2-water nanofluid through the dimpled tubes mounted with twisted tape inserts. The
predicted heat transfer rate, friction factor and thermo-hydraulic performance were found in good agreement with the experi-
mental results.

Nomenclature
A Constant / heat transfer surface area, m2

B Constant
C Constant

cp Specific heat capacity of fluid/nanofluid, J
kg−1 K−1

di Inside diameter, m
d Diameter, m
f Friction factor
h Heat transfer coefficient, W m−2 K−1

k Thermal conductivity of fluid/nanofluid, W
m−1 K−1

L Test section length, m
m Constant
ṁ: Mass flow rate of fluid/nanofluid, kg s−1

Nu Nusselt number
Q Heat transfer rate of fluid/nanofluid, W
Re Reynolds number
Rf Fouling resistance, m2K W−1

RTD Resistance temperature detector
T Temperature, K
ΔTLMTD Logarithmic mean temperature difference
U Overall heat transfer coefficient, W m−2 K−1

V Mean velocity inside the test section, m s−1

V̇ : Volume flow rate of fluid/nanofluid, m3 s−1

W Tape width, m
y Tape twist length, m
y/W Twist ratio
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ΔP Pressure drop, Pa
Greek symbols
ρ Density of the fluid/nanofluid, kg m−3

μ Dynamic viscosity of the fluid/nanofluid, Ns m−2

η Thermo-hydraulic performance
ϕ Concentration of nanofluid, % by volume
θ Dimple angle, °
Subscripts
ave Average
c Cold fluid
E Enhanced device
h Hot fluid
i Inner tube
in Inlet
nf Nanofluid
np Nanoparticle
o Outer tube
out Outlet
0 Smooth/plain tube
p Particle
w Water

1 Introduction

The need to achieve high thermo-hydraulic performance and
compact heat exchangers have pushed many industries to find
for new methods to promote heat transfer. Applying dimpled
surface is a unique passive technique for heat transfer en-
hancement (HTE). In this regard, the dimpled surface has
emerged as one way to increase thermo-hydraulic perfor-
mance and minimize the thermal boundary layer thickness
of the heat exchangers’ surfaces. The enhanced surfaces cre-
ates rotating and/or secondary flows that also increases the
effectiveness of heat transfer surface area. It interrupts thermal
and velocity boundary layer development with increasing de-
grees of turbulence near the rough tube wall. This, in turn,
increases the convective heat transfer coefficient (h) with a
consequent increase in the pressure drop along the tube. The
studies of heat transfer enhancement in dimpled tubes were
early reported by Kalinin et al. [1] and Giovannini et al. [2].
Several investigators have reported that dimpled tubes are
effective devices for augmenting the rate of heat transfer in
heat exchangers, especially for shell-tube and concentric-tube
heat exchangers [3–10]. Suresh et al. [10] studied the thermo-
hydraulic behavior in a dimpled tube with CuO-water
nanofluids having various concentrations of nanoparticles
(0.1, 0.2 and 0.3% by volume). It was concluded the use of
nanofluids together with the dimpled tube resulted in better
heat transfer as compared to the use of water as a testing fluid.
Chen et al. [11] investigated the thermo-hydraulic behavior in
a dimpled tube and found that the heat transfer rate with dim-
pled tubes increased by 25 to 137% over a plain tube. Wang

et al. [12] studied the thermo-hydraulic behaviors in the dim-
pled tubes for both staggered and aligned arrangements. They
reported that the dimpled tubes in aligned arrangement en-
hanced heat transfer rate and friction factor up to 22.7 and
25.9% as compared to those of a plain tube. Wang et al. [13]
also studied the thermo-hydraulic behavior in an ellipsoidal
dimpled tube. Their results indicated that ellipsoidal dimpled
tubes provided 175% higher heat transfer rate than a smooth
straight tube with the nearly 75% higher pressure loss. García
et al. [14] investigated the effect of dimpled tubes on the heat
transfer rates in in laminar and turbulent flow regimes. It was
also reported that corrugated and dimpled tubes provided su-
perior thermo-hydraulic performance to coiled wire which
was attributed the lower pressure drop for similar convective
heat transfer coefficients (h) encountered at Reynolds num-
bers higher than 2000. Kim [15] studied the influences of the
roughness geometries on thermo-hydraulic behavior to opti-
mize the dimpled tube configuration and found that dimpled
tubes gave better thermo-hydraulic performance than a tube
with diamond-shaped roughness. Li et al. [16] examined the
thermo-hydraulic performance of a dimpled tube in steady
state single phase (liquid-to-liquid) fluid flow for Reynolds
numbers ranging from 500 to 8000 and for a water/glycol
solution with Re ranging from 150 to 2000. It was reported
that dimples disturbed the boundary layers, generating sec-
ondary flows which increased turbulence. Li et al. [17] inves-
tigated the heat transfer rate and pressure drop in helically
dimpled tubes. Their results showed that the protrusion of
dimples changed the fluid flow pattern, which enhancing tur-
bulence through flow interaction and originated secondary
flow. The maximum and average heat transfer coefficients of
the helically dimpled tube were 2.48 and 1.74 times of the
plain tube, respectively. Sarmadian et al. [18] investigated
condensation heat transfer in a helically dimpled tube using
refrigerant R-600a as a working fluid. Their results showed
that the heat transfer rate was increased up to two times greater
than that of a smooth straight tube. Kumar et al. [19] carried
out analyses of the influence of a dimpled rib on the thermo-
hydraulic performance of a heat exchanger tube. The maxi-
mum thermo-hydraulic performance and heat transfer rate
were 2.87 times 3.18 times that of a plain tube, respectively.
Ganjbakhsh et al. [20] reported the effects of surface rough-
ness of semicircular curved horizontal dimple tubes on heat
transfer, friction coefficient and thermal performance. Their
results showed that the dimpled tube had better thermal per-
formance than that a smooth tube especially at the low
Reynolds number. Xie et al. [21] studied the heat transfer
and thermal performance of enhanced tube with cross ellip-
soidal dimples. They observed that the cross ellipsoidal dim-
ples induced the transverse and longitudinal dimples which
caused the reattachment and periodic impingement flows that
helped in improving thermal performance. Again, Xie et al.
[22, 23] examined the heat transfer and thermal enhancement
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performance of enhanced tube with dimples and protrusions
[22] and enhanced tube with teardrop dimples [23]. They re-
ported that the enhanced tube with dimples and protrusions
yielded thermal enhancement performance up to 1.65 while
the enhanced tube with teardrop dimples yielded performance
up to 2.06. Aroonrat and Wongwises [24] studied the effect of
dimpled depth on heat transfer enhancement, pressure loss and
overall performance of dimpled tubes. Their results showed
that the dimpled tube with the largest dimpled depth gave the
highest heat transfer enhancement and pressure loss up to 83
and 892% over those of the smooth tube.

Recently, nanofluids were applied in dimpled tubes for
further heat transfer enhancement. Kumar et al. [25] investi-
gated the thermo-hydraulic behaviors in a square passage with
rib shape protrusions using Al2O3-water, CuO-water, and
ZnO-water nanofluids as working fluids in turbulent flow re-
gime (4000 ≤ Re ≤ 18,000). The effects of nanofluid concen-
tration, stream wise distance, and protrusion height to cross-
section diameter ratio on thermo-hydrodynamic behaviors
were reported. It was observed that the thermal performance
increased with the concentration and decreased with nanopar-
ticle diameter. Akyürek et al. [26] studied thermo-hydraulic
behaviors in a concentric tube heat exchanger with Al2O3-
water nanofluids as the test fluids and used wire coil inserts
as a turbulence promoter. The effects of nanofluid concentra-
tion and the pitch ratio of the wire coils on the thermo-
hydraulic behavior were also studied. It was reported that
pressure loss and heat transfer rate increased with increasing
nanofluid concentration and decreasing pitch ratio of the wire
coils. Suresh et al. [27] investigated the convective heat trans-
fer characteristics of helically dimpled tubes using CuO-water
nanofluid as the testing fluid. It was found that the use of
nanofluids in a dimpled tube resulted in obvious enhancement
of heat transfer coefficient with an insignificant increase of
pressure loss. Recently, the combined effects of the nanofluids
and helical/tape inserts were examined [28–31] and their re-
sults showed that the compound technique could improve the
heat transfer rate and reduce exergy loss.

The above review shows that of the uses dimpled tubes,
twisted tapes and nanofluids are the promising methods for
thermal enhancement. The results of the dimpled tube,
nanofluid, twisted tape and combined heat transfer enhance-
ment techniques reported in literature motivates the current
study of heat transfer augmentation using dimpled tubes with
a nanofluid and twisted tape as a compound technique.
Dimpled surfaces were used to boost the blending of the fluids
via formation of secondary flow nearby the trough of the
dimpled surfaces, nanofluids were applied to improve the
thermo-fluid properties and twisted tapes were employed to
promote the swirling flow along the flow pass. Current study
was performed to evaluate the thermo-hydraulic performance
in a heat exchange with compound technique. The effects of
(1) dimpled tubes with four dimple angles of 0, 15, 30 and

45°, (2) twisted tapes with twist ratios of 3.0, 4.0 and 5.0, and
(3) TiO2-water nanofluids with volume concentrations of
0.05, 0.1 and 0.15 vol.%, on thermo-hydraulic performance
were investigated. The study encompassed Reynolds numbers
(Re) ranging from 5000 to 15,000. The heat transfer rate and
friction factor as well as empirical correlations for the Nusselt
number, friction factor and thermo-hydraulic performance
were also developed and reported.

2 Dimpled tube and twisted tape

In the present work, concentric double pipe heat exchanger
was employed. Inner tubes (dimpled tubes) were made of
copper with an inner diameter of 18 mm while the annulus
(smooth tube) was made of stainless steel with an inner diam-
eter of 52 mm as displayed in Fig. 1. The dimpled tubes were
fabricated with various dimple angles (θ) of 0, 15, 30 and 45°.
The concentric tube heat exchanger with a length of 1100 mm
was well insulated to minimize heat losses to environment. An
image of the dimpled tube alone and dimpled tube with twist-
ed tape inserted are shown in Figs. 1 and 2.

The dimpled surfaces were formed in a staggered
manner, with a constant dimple pitch (p) = 12 mm or
pitch ratio of p/D = 0.67. The diameter of an ellipsoidal
dimple and its depth (e) were constant at 6 × 3 mm2 and
1.5 mm, respectively. Twisted tapes were inserted into
dimpled tubes to generate swirls in the flow through
the whole test section. Each twisted tape was formed
from a stainless sheet with a thickness of 0.8 mm, length
(L) of 1100 mm and width (W) of 15 mm. The twisted
tapes used in the present study were fabricated with three
twist lengths (y) of 45, 60, and 75 mm, corresponding to
twist ratios (y/W) of 3.0, 4.0 and 5.0, respectively.

3 Experimental apparatus and methodology

A schematic diagram and photographs of the experimen-
tal setup for this heat transfer test are given in Figs. 3
and 4, respectively. The experimental apparatus consisted
of a concentric tube heat exchanger, a set of resistance
temperature detectors (RTDs) and T-type thermocouples,
cooling and heating water batches, a differential pressure
transducer, a mixer, centrifugal water pump, heater con-
troller, a data logger, a personal computer and two rota-
meters to measure the volumetric flow rates of water as
well as the nanofluids. The cold water flow was fed
through a 2.0 m calming section to form a fully devel-
oped flow prior to being directed through the test sec-
tion. A set of resistance temperature detectors (RTD) and
T-type thermocouple sensors were utilized to measure
bulk fluid and wall temperatures. Four RTDs were
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mounted to measure the inlet and outlet water tempera-
tures of the working fluids. During the experiments, a
differential pressure transducer was used to monitor pres-
sure loss (ΔP) of the fluids in the test section. The pres-
sure loss across the test section was monitored under
isothermal flow conditions (constant fluid temperature).
Titanium dioxide (TiO2) nanoparticles with an average
diameter of 50 nm were purchased from Nanostructured
and Amorphous Material, Inc., USA. Nanofluids were
prepared with the required volume concentrations, 0.05,
0.1 and 0.15%, by dispersing the TiO2 nanoparticles in
de-ionized water. Then, the mixture was sonicated for
5 h prior to use as the working fluid.

During experiments, hot fluids (water/nanofluids) flowed
through the dimpled tube while cold water as a cooling medi-
um flowed through the annulus of the counter-current flow
heat exchanger. The temperature of inlet cooling water was
kept constant at 25 °C and the flow rate of cold water was
maintained at 500 l/h. The hot fluids were fed with the inlet
temperature of 80 °C and Reynolds numbers ranging from
5000 to 15,000. All experimental data were recorded under
steady state conditions.

The uncertainties of non-dimensional/dimensional param-
eters [32, 33] of the present experimental results are described
in Table 1. The experimental results are within the reported
uncertainty range.

(a) twisted tape with various twist ratios (y/W = 3, 4 and 5) 

(b) dimpled tube inserted with twisted tape 

 (c) concentric tube heat exchanger 

Fig. 1 Images of a dimpled tube
and twisted tape inserts
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4 Data reduction

4.1 Thermophysical properties of nanofluids

Thermophysical properties of nanofluids were evaluated
using the widely used correlations which are mentioned be-
low. The density of TiO2-water nanofluid (ρnf) was deter-
mined using the standard formula for the mixture:

ρnf ¼ 1−ϕð Þρw þ ϕρnp ð1Þ

The specific heat (cp,nf) of the TiO2-water nanofluid was
determined by:

cp;nf ¼
ϕρnpcp;np þ 1−ϕð Þρwcp;w

ρnf
ð2Þ

The above equations were found to be appropriate for
TiO2-water nanofluid through equation below [34, 35]:

The thermal conductivity TiO2-water nanofluid (knf) was
determined using Eq. (3).

(a) plain tube and dimpled tubes 

(b) outside dimpled tube (c) inside dimpled  tube 

(d) forming of dimpled surface 

Fig. 2 Images of plain tube and
dimple tubes at various dimpled
attach angles (θ)
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Fig. 3 Details of the experimental facility: (1) outer tube with PVC,(2)
inner tube with plain copper tube or dimpled tube, (3–4) twisted tapes, (5)
hot water tank, (6) electrical heater, (7) heater controller, (8) hot water
pump, (9) rotameter for hot water, (10) resistance temperature detectors

(RTDs), (11) U-tube manometer or digital pressure gage, (12) data logger,
(13) personal computer, (14) water chiller for suppling cold water, (15)
cold water pump and (16) rotameter for cold water

Fig. 4 Procedure of TiO2-water
nanofluid preparation
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knf
kw

¼ knp þ 2kw þ 2ϕ knp−kw
� �

knp þ 2kw−ϕ knp−kw
� � ð3Þ

The viscosity of TiO2-water nanofluid (μnf) was evaluated
using Einstein’s formula expressed as:

μnf ¼ μw 1þ ηϕð Þ ð4Þ

4.2 Heat transfer, friction loss and thermo-hydraulic
performance

In the experiments, the cold water absorbed heat from hot
fluids flowing in the test section. The heat absorbed by the
cold water and supplied by hot fluids were calculated from

˙Q
:

c ¼ ˙m
:
ccpc Tc;out−Tc;in

� � ð5Þ
˙Q
:

h ¼ ˙m
:
hcph Th;out−Th;in

� � ð6Þ

where ṁ:
c ¼ ρcV̇

:
c and ṁ:

h ¼ ρhV̇
:
h.

The cold and hot fluid flow rates, temperatures and the
pressure losses in a dimpled tube were measured on both sides
of the concentric tube heat exchanger using calibrated rotame-
ters, resistance temperature detectors (RTD) and U-tube ma-
nometer or digital pressure gage. All the data were recorded
and displayed on a personal computer (PC).

The mean heat transfer rates were given by:

Qave ¼ Qc þ Qhð Þ=2 ð7Þ

For fluid flows in a double pipe heat exchanger, the overall
heat transfer coefficient (U) was determined from

Qave ¼ UAiΔTLMTD ð8Þ
where

Ai ¼ πdiL ð9Þ

In the present work, the Wilson plot method was employed
to develop the Nusselt number correlation for the flow of

TiO2-water nanofluid through the dimpled tubes mounted
with twisted tape inserts. The correlation development was
based on the separation of the overall thermal resistance into
the internal convective thermal resistance and the other ther-
mal resistances involving the heat transfer process. In the ex-
periments, the tube-wall temperature cannot be measured di-
rectly. Therefore, the tube-side convective heat transfer coef-
ficient (hi) was determined from the overall heat transfer co-
efficient (U) as found from Eqs. (8) and (9). The tube-side
convective heat transfer coefficient (hi) was evaluated as:

1=U ¼ 1=hi þ Ai ln do=dið Þ=2πkLþ Ai=Aoho þ Rf ð10Þ

Note that Rf is a fouling resistance [11]. When the last three
terms (Ailn(do/di)/2πkL, Ai/Aohoand Rf) on the right-hand side
of Eq. (10) were kept constant and set to B, then Eq. (10) can
be re-written as

1=U ¼ 1=hi þ B ð11Þ

For the turbulent flow, the tube-side convective heat trans-
fer coefficient (hi) is proportional to the Reynolds number (Re)
powered m that can be write in a function shown below [11]:

hi ¼ CRem ð12Þ
where C and m stand for constant and power index values.

Substituting Eq. (12) into Eq. (11) yields:

1=U ¼ 1=CRem þ B ¼ A Re−m þ B ð13Þ

Equation (13) implies that the plot between 1/U and Re-m is
a straight line with its slope of A and intercept at B in Y-axis
(1/U) [11]. Rearranging Eq. (13) yields

hi ¼ 1= 1=U−Bð Þ ð14Þ

The mean heat transfer rate (Nu) is then determined from

Nu ¼ hidH=k ð15Þ

The local thermal conductivity (k) of the fluid is determined
from the fluid properties at the local mean bulk fluid
temperature.

The Reynolds number (Re) is based on the flow rate at the
inlet of the test section. The Reynolds number at the entry of
the dimpled tube is

Re ¼ ρVdH=μ ð16Þ
where ρ and μ are the density and dynamic-viscosity of the
test fluid and dH is mean dimpled tube diameter.

The friction factor ( f ) in the dimpled tube can be calculated
from

f ¼ 2ΔPdH= ρLV2� � ð17Þ

Table 1 Uncertainties of experimental parameters

Experimental parameter Uncertainty

Inner tube diameter ±0.1 mm

Tube length ±0.1 mm

Temperature indicator (T, K) ±0.4%

Volumetric flow rate (V, m s−3) ±3.4%

Pressure (P, Pa) ±1.5%

Friction factor ( f ) ±3.3%

Nusselt number (Nu) ±3.8%

Reynolds number (Re) ±3.1%
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Finally, the thermo-hydraulic performance can be written
as [36, 37]:

η ¼ NuE
Nu0

� �
=

f E
f 0

� �1=3

ð18Þ

To evaluation the thermal performance the dimpled tube
with enhance devices (twisted tape and nanofluid), the perfor-
mance of the dimpled tube with enhance devices is evaluated
relatively to the plain/smooth tube at an identical pumping
power in the form of thermo-hydraulic performance (η).

5 Experimental results

The results of thermo-hydraulic behaviors showing the effects
of (1) dimpled tubes with four dimple angles of 0, 15, 30 and
45°, (2) twisted tapes with twist ratios of 3.0, 4.0 and 5.0, and
(3) TiO2-water nanofluids with concentrations of 0.05, 0.1 and
0.15 vol.% are reported.

5.1 Validation test of a dimpled tube

Calibrated experimental test set-up was tested by using a con-
ventional plain/smooth tube, for validation which is essential
test to ensure the accuracy of the experimental data. The av-
erage Nusselt number and friction factor values were com-
pared with the values calculated from the correlations devel-
oped by Dittus-Boelter and Gnielinski for Nusselt numbers
(Nu) and Blasius and Petukhov correlations [38] for friction
factors ( f ). The comparisons are presented in Fig. 5a–b. The
Nusselt numbers obtained from the Dittus-Boelter and
Gnielinski correlation were within ±6.7 to ±11.8% of experi-
mental values whereas the friction factors calculated from
Blasius and Petukhov correlation were between ±6.1 and ±
9.2% of experimental data. The comparisons showed that the
experimental data were within an acceptable range. Moreover,
the experimental Nusselt numbers and friction factors data of
the dimpled tube were also validated using published data [5,
13] as presented in Fig. 6a–b. The results of Thianpong et al.
[5] andWang et al. [13] results were comparable to the present
experimental data and deviations within ±3.6 and ± 10.5% for
Nusselt number and ± 50.6 and ± 48.5% for friction factor.

5.2 Effect of dimpled angle (θ)

The influence of the dimple angles (θ = 0, 15, 30 and
45°) on the heat transfer rate (Nu) of the dimpled tube
inserted with a twisted tape insert is demonstrated in
Fig. 7a. Evidently, heat transfer (Nu) increased signifi-
cantly with increasing dimple angle since the rougher
dimples cause stronger turbulence than the smoother
ones. At a given Reynolds number, the highest Nusselt

number (Nu) was obtained by using the dimpled tube
with the dimple angle of 45°. The heat transfer (Nu) of
the dimpled tube with a 45° dimple angle was greater
than that of tubes with dimple angles, 0, 15 and 30°,
by 2.3, 1.6 and 0.7%, respectively. Figure 7b shows the
Nusselt number enhancement ratio for dimple angles
ranging from 0 to 45°. Nusselt number enhancement ra-
tios ranged from 1.33 to 1.41 over the range of Reynolds
numbers.

Figure 8a–b shows the effect of dimple angle on friction
losses. It was found that friction loss and friction factor en-
hancement ratio increased with increasing dimple angle. At
dimple angle of 45°, friction factor enhancement ratios ranged
from 2.26 to 2.34, over the entire range of Re.

Figure 9 demonstrates the variation in the thermo-hydraulic
performance ratio with Reynolds number at various dimple
angles (0, 15 and 30°). Obviously, thermo-hydraulic perfor-
mance ratio increased with increasing dimple angle, resulting
from the better tradeoff between improved heat transfer and
increased friction loss penalty. At dimple angle of 45°,
thermo-hydraulic performance ratios ranged from 1.035 to
1.063, over the entire range of Re.

Re

4000 6000 8000 10000 12000 14000 16000

Nu

0

25

50

75

100

125

150

175

200 Gnielinski equation

Dittus and Boelter equation

Plain tube

(a) 

Re

4000 6000 8000 10000 12000 14000 16000

f

0.00

.01

.02

.03

.04

.05

.06

.07

.08

Petukhov equation

Blasius equation

Plain tube

(b) 

Fig. 5 Validation of the plain tube
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5.3 Effect of twist ratio

The variation in the heat transfer rate (Nu) with Re for the
dimpled tubes mounted with a twisted tape swirl generator
(TT) is demonstrated in Fig. 10a–b. The heat transfer (Nu) of
the plain tube is also reported for comparison. At comparable
operating conditions, the heat transfer rate (Nu) of the dimpled
tubes with TTswere consistently higher than those of the plain
or the dimpled tubes alone, attributed to the combined effects
of the turbulence/re-circulation flow induced by the dimpled
rough surfaces and the swirling flow induced by TTs.

Figure 10a–b also reveals that Nusselt number and heat
transfer enhancement ratio (NuE/Nu0) increased as increasing
dimpled angle of dimpled tubes and decreasing twist ratio of
twist tapes. The mean Nusselt number (Nu) of the dimpled tube
with twisted tape swirl generators having y/Wof 3.0, 4.0 and 5.0
were higher than those of the dimpled tubes alone by 46.5, 39.2
and 32.7%, respectively, and higher than that of the plain tube
alone by 106.9, 96.6 and 87.4%, respectively. In other words,
the heat transfer enhanced by TT insert having y/W of 3.0 was
higher than that promoted by TTswith y/Wof 4.0 and 5.0 by 5.3
and 10.4%, respectively. It can be explained by the fact that the

twisted tape with smaller y/W generates stronger swirl intensity
which is more efficient in promoting fluid mixing, breaking the
thermal boundary layer and thereby enhancing heat transfer.

The effect of the dimpled tubes combined with a TT insert
on the friction factor ( f ) is displayed in Fig. 11a–b. It can be
observed that friction factor ( f ) gradually increased with de-
creasing Reynolds numbers (Re). Under similar conditions,
the friction factor ( f ) of the dimpled tubes mounted with TT
insert caused higher friction factor ( f ) than the dimpled tubes
alone and the plain tube due to (1) the larger surface area the
dimple tube together with that of the twisted tapes and 2) the
additional dissipation caused by the compound device. The

Re

4000 6000 8000 10000 12000 14000 16000

uN

30

40

50

60

70

80

90

100

110

120

DT, 

DT, 

DT, 

DT, 

Plain tube

(a) Nu

Re

4000 6000 8000 10000 12000 14000 16000

uN
E/

uN
0

1.26

1.28

1.30

1.32

1.34

1.36

1.38

1.40

1.42

1.44

1.46

1.48

1.50

DT, 

DT, 

DT, 

DT, 

(b) NuE/Nu0

45°
30°
15°
0°

45°
30°
15°
0°

Fig. 7 Effect of dimple attach angle (θ) on the heat transfer rate
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4000 6000 8000 10000 12000 14000 16000
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DT, Wang et al. [13]

DT, Thianpong et al. [5]
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(a) 
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4000 6000 8000 10000 12000 14000 16000

f
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.30

DT, Wang et al. [13]

DT, Thianpong et al. [5]
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Fig. 6 Validation of the dimpled tube
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friction factors of the dimpled tubes with twisted tape swirl
generators were found to be1.73–2.03 times over those of the
dimpled tube alone and 3.96–4.69 times over those of the
plain tube alone.

In Fig. 11a, shows that the maximum friction factor was
caused by the compound device consisting of dimpled tube
having the dimple angle of 45° and twisted tape having y/Wof
3.0. The maximum friction factor was found to be higher than
those caused in the dimpled tube with TTs having twist ratios
of 4.0 and 5.0 by 7.8 and 16.0%, respectively. It was also
found that the effects of dimple angle and twist ratio on
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Fig. 8 Effect of dimple angle (θ) on the friction factor
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Fig. 10 Influence of twist ratio on heat transfer enhancement
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friction factor enhancement ratio are in similar manner with
those on friction factor (Fig. 11b).

Figure 12 shows the influence of the twist ratio (y/W) on
thermo-hydraulic performance. It was observed that the
thermo-hydraulic performance increased with decreasing
y/W. At Reynolds number of 5000, the highest thermo-
hydraulic performance provided by the dimpled tubes com-
bined with TT inserts having twist ratios of 3.0, 4.0 and 5.0
were 1.24, 1.20 and 1.18, respectively. In other words, the
dimpled tube with the TT insert possessing twist ratio of 3.0
gave higher thermo-hydraulic performance than the identical
tube with the TT inserts having twist ratios (y/W) of 4.0 and 5.0
by around 2.7 and 5.1%, respectively.

5.4 Effect of nanofluid concentration (ϕ)

Figures 13a–b, 14a–b and 15 show the effect of TiO2-water
nanofluid concentration on heat transfer (Nu), friction loss and
thermo-hydraulic performance of the dimpled tube with the

dimple angle of 45°. It was observed that heat transfer (Nu),
friction loss and thermo-hydraulic performance increased as the
TiO2-water nanofluid concentration increased. Over the inves-
tigated range, the highest thermo-hydraulic performance of
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Fig. 11 Influence of twist ratio on friction factor
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1.258 was achieved by using the nanofluid with ϕ = 0.15 vol.%
in the dimple angled having the dimple angle of 45°, inserted
with twisted tape possessing the twist ratio of 3.0.
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5.5 Empirical correlation

Experimentally obtained data were used to develop correla-
tions of Nu, f and thermo-hydraulic performance as function
of flow Re, twist ratio and dimple angle using regression anal-
ysis. TheNu, f and thermo-hydraulic performance correlations
for dimpled tube, dimpled tube with TT inserts and dimpled
tubes containing TT inserts using a TiO2-water nanofluid are
shown as follows:

Dimpled tube:

NuDT ¼ 0:024Re0:836Pr0:3 1þ tanθð Þ0:034 ð19Þ
f DT ¼ 1:317Re−0:31 1þ tanθð Þ0:044 ð20Þ
ηDT ¼ 1:281Re−0:023 1þ tanθð Þ0:018 ð21Þ

For 5000 ≤ Re ≤ 15,000 and 0° ≤ θ ≤ 45°.

Dimpled tube inserted with twisted tape:

NuDT−TT ¼ 0:057Re0:805Pr0:3 1þ tanθð Þ0:039 y=Wð Þ−0:189 ð22Þ
f DT−TT ¼ 3:269Re−0:3 1þ tanθð Þ0:054 y=Wð Þ−0:28 ð23Þ
ηDT−TT ¼ 2:224Re−0:059 1þ tanθð Þ0:02 y=Wð Þ−0:095 ð24Þ

For 5000 ≤ Re ≤ 15,000, 0° ≤ θ ≤ 45°, and 3.0 ≤ y/W ≤ 5.0.

Dimpled tube inserted with twisted tape and nanofluid:

NuDT−TT−NF ¼ 0:062Re0:8Pr0:3 y=Wð Þ−0:197 1þ ϕð Þ0:135 ð25Þ

f DT−TT−NF ¼ 3:463Re−0:301 y=Wð Þ−0:29 1þ ϕð Þ0:133 ð26Þ

ηDT−TT−NF ¼ 2:36Re−0:063 y=Wð Þ−0:1 1þ ϕð Þ0:09 ð27Þ

For 5000 ≤ Re ≤ 15,000, 0° ≤ θ ≤ 45°, 3.0 ≤ y/W < ≤ 5.0,
and 0.05 vol.% ≤ ϕ ≤ 0.15 vol.%.

Experimental data are plotted against predicted data as
demonstrated in Fig. 16a–c. It was found that the predicted
Nusselt number, friction factor and thermo-hydraulic perfor-
mance data agreed well with the experimental data. A sum-
mary of experimental results for Nu, f and thermo-hydraulic
performance are given in Tables 2, 3 and 4.

6 Conclusions

The experimental results of heat transfer enhancement, fric-
tion factor and thermo-hydraulic performance using TiO2-wa-
ter nanofluids under turbulent flow (4000 ≤ Re ≤ 18,000). in
dimpled tubes with a TT inserts are presented. The effect of
following parameters are reported: (1) the dimple angles of the
dimpled tubes, θ = 0, 15, 30 and 45°, (2) twist ratio of twisted
tapes, y/W = 3.0, 4.0 and 5.0, and (3) TiO2-water nanofluid
concentrations, ϕ = 0.05, 0.1 and 0.15 vol%.

& The dimpled tube with TT inserts consistently yielded
higher heat transfer enhancement and caused higher fric-
tion factor than those of the dimpled tube or the plain tube
alone.

& The dimpled tubes with the largest dimple angle, 45°,
provided higher thermo-hydraulic performance than those
at 0, 15 and 30° by 1.5, 0.9 and 0.4%, respectively. The
heat transfer rate at θ = 45° was found to be higher than for
dimple angles of 0, 15 and 30° by 2.6, 1.6 and 0.7%, since
the rougher dimples cause stronger turbulence than the
smoother ones.

& For dimpled tubes with TT inserts, the heat transfer rate as
well as pressure loss increased as y/W decreased. Over the
entire range of parameters investigated, the heat transfer
rates of dimpled tube with TT inserts at y/W = 3.0, 4.0 and

Table 2 Summary of experimental results for dimpled tubes

Details θ (°,
degree)

NuE/Nu0 fE/f0 η

Dimpled
tube

0 1.33–1.38 2.20–2.27 1.024–1.048

15 1.34–1.39 2.21–2.30 1.027–1.054

30 1.35–1.40 2.24–2.32 1.030–1.059

45 1.36–1.41 2.26–2.34 1.035–1.063

Table 3 Summary of experimental results for dimpled tubewith twisted
tape inserts

Details θ (°,
degree)

y/
W

NuE/Nu0 fE/f0 η

Dimpled
tube

0 5.0 1.70–1.81 3.82–3.91 1.087–1.152

0 4.0 1.78–1.91 4.10–4.19 1.112–1.184

0 3.0 1.87–2.01 4.41–4.51 1.139–1.217

15 5.0 1.71–1.84 3.86–3.95 1.090–1.162

15 4.0 1.79–1.93 4.14–4.24 1.116–1.189

15 3.0 1.89–2.02 4.46–4.56 1.144–1.221

30 5.0 1.73–1.86 3.91–4.00 1.097–1.170

30 4.0 1.81–1.95 4.20–4.31 1.120–1.197

30 3.0 1.90–2.05 4.53–4.64 1.149–1.229

45 5.0 1.74–1.87 3.96–4.05 1.101–1.176

45 4.0 1.82–1.97 4.25–4.36 1.125–1.203

45 3.0 1.92–2.07 4.59–4.69 1.155–1.236
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5.0 were higher than those of the dimpled tube alone by
46.5, 39.2 and 32.7%, corresponding to higher thermo-
hydraulic performances of 16.3, 13.1 and 10.6%,
respectively.

& Over the investigated range, the highest thermo-hydraulic
performance of 1.258 was achieved by using the nanofluid
with ϕ = 0.15 vol.% in the dimple angled having the dim-
ple angle of 45°, inserted with twisted tape possessing the
twist ratio of 3.0.
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