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1 It has been commonly known that the performance
of heat exchangers, for single�phase flows in particular,
can be improved by many intensification techniques.
These techniques can be classified into active and pas�
sive techniques and compound enhancement. The
active techniques require additional external power
such as surface vibration and fluid injection. The pas�
sive techniques do not require direct input of external
power. The use of two or more techniques (passive
and/or active) in conjunction constitutes compound
enhancement. Some examples of passive heat transfer
enhancement methods include: insertion of porous
[1–4], wire coil and helical wire coil inserts [5, 6]. The
twisted tape insert provides considerable increase in
heat transfer rate by formation of a swirling flow and
increasing the turbulence intensity close to the tube
wall. Various investigations have been performed to
increase heat transfer rate using this type of insert [7–
19]. In accordance with the filds synergism (the com�
bined effect) principle, the better the coordination
between the coolant flow velocity and heat flux fields,
the higher the convective heat transfer coefficient. In
[20], exact solutions for the synergy field were obtained
and calculation results are presented. In [21, 22], the
synergy field is considered as an objective function. It is
shown that heat transfer increases, and the pressure
drop decreases with a growth of so�called synergy
parameter, which characterizes the mutual influence of
velocity fields and heat flow.

1 The article is published in the original.

In the present study, the effect of twist length on the
performance of classic twisted tape and coiled wire
inserts and the behavior of a novel tube insert, namely
starry insert in a gaslight water heater were investi�
gated.

DESCRIPTION OF THE GASLIGHT WATER 
HEATER MODEL

Physical model. The studied gaslight water heater
including a bent tube with 80 fins. This fins have 1 mm
thickness. The bent tube has 1.376 m length, 1 mm
thickness and ellipse cross section with 19 mm large
diameter and 17 mm small diameter. Three different
kinds of tube inserts were investigated in this study to
compare the heat transfer enhancement with the cor�
responding plain tubes. The coiled wire insert in square
cross section with 2 mm length of side. Two different
pitch length of 12 and 17 mm were considered in this
study. The classic twisted tape inserts have a 15 mm
width and a 1 mm thickness with two pitch length as 30
and 45 mm. The starry inserts has 0.6 mm thickness
and consist of a holding rod with 2 mm diameter. These
inserts are used in three surface ratios Astar/Ainlet of 0.31,
0.50 and 0.58, between the starry piece and the rod with
2 cm pitch length. The geometrical configurations of
these tube insert and the part of studied water heater
discussed in the present work are shown in Fig. 1.
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The technical data of the studied water heater and
conditions of its operation are as follows:

CFD modeling. The modeled domain consisting of
tube with various tube inserts is meshed into 1005543
to 3251647 tetrahedral cells depending on different
layouts. These mesh layouts are obtained through the
examination of different cell sizes as no further signif�
icant changes are revealed for finer cells. Figure 2
shows an example of the meshed configuration of tube
and inserts. Meshed surfaces of the studied tube inserts
are also shown in this figure. According to the men�
tioned purpose regions inside the tube and especially
close to the wall of tube inserts are meshed into finer
cells due to the existence of narrow regions produced
by the edges of the inserts.

Commercial CFD software ANSYS CFX 13.0
(ANSYS, Inc.) is used for the numerical solutions.

GOVERNING EQUATIONS 
AND BOUNDARY CONDITIONS

The flow velocities and the Reynolds number are
calculated from the flow rates based on the equivalent
diameter. The tube equivalent diameter Deq is calcu�
lated from the volume of water V required to fill a given
length L of tubing as follows [23]:

(1)

Reynolds number is calculated inside tubes as:

(2)

where u is the average velocity of flow, ρ is the density
of fluid, μ is the dynamic viscosity of fluid.

The average Nu number is calculated based on the
equivalent diameter as:

(3)

where α is the internal heat transfer coefficient at the
surface of the pipe and λ is thermal conductivity of
liquid.

For steady, incompressible and turbulent flow, the
three�dimensional equations of continuity, momen�
tum, energy, turbulent kinetic energy, k, and the turbu�

Reynolds number 5800–18500

Working fluid Water
Temperature at the tube inlet, °С 27

Minimal relative pressure of water at the tube 
inlet, kPa 20
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lent kinetic energy dissipation, ε, in the fluid region
can be expressed in the tensor form as follows [24]:

(4)

(5)

where   is the turbulent

dynamic viscosity coefficient;

cp is the specific heat capacity, p is pressure, and T is
temperature.

The calculations were carried out at the following
values of the constants appearing in system (5):

 = 0.09; c1 = 0.15; c2 = 1.90;

c3 = 0.25;  = 1.15.

The fluid domain is between the tube wall and clas�
sic twisted tape as shown in Fig. 3, and the boundary
conditions are considered as below.

At inlet, the velocity distribution is assumed to be
uniform and only the axial velocity component is non�
zero. Average static pressure boundary condition is
adopted, and the relative pressure is set as 0 Pa at out�
let. Non�slip and smooth conditions are specified on
the wall and tube inserts. The outside temperature is
specified for the tube wall (700 K), and wall external
heat transfer coefficient 40 W/(m2 K) whereas, adia�
batic condition is applied on the tube inserts.

RESULTS AND DISCUSSION

The present heat transfer and friction factor
results for a smooth tube were first validated in terms
of Nusselt number and friction factor before the
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numerical simulations with various tubes inserts. The
obtained simulations results of Nusselt number and
friction factor for smooth tube were compared with
the results obtained from the well�known steady state

flow correlations of Gnielinski [25], Dittus and
Boelter [26], Moody [27] and Petukhov [28], for the
fully developed turbulent flow in tubes. Moreover,
these results were compared with the experimental
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Fig. 1. The geometrical configurations of these tube inserts and the part of studied water heater. (a) Part of studied water heater;
(b) the coiled wire insert; (c) classic twisted tape insert; (d) starry insert.
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results were investigated in similar conditions by
S. Eiamsa�ard et al. [29].

Nusselt number correlations from Dittus and
Boelter [26] is of the form:

(6)

Correlation from Gnielinski [25] is of the form:

(7)

Friction factor correlations from Moody diagram [27]
is of the form:

 . (8)

Correlation from Petukhov [28] is of the form:

(9)

Figures 4 and 5 show comparison between the
present study, the experimental results [29] and the
past correlations from previous works available for
steady state flow conditions in the literature for plain
tube. As it can be shown in Figs. 4 and 5, the present
work agrees well with the available correlations with
6.48, 6.84, 8.80 and 5.08% error percent in compari�
son with Gnielinski correlation, Gnielinski correla�
tion, Dittus–Boelter and the experimental results
respectively. For the Nusselt number, these errors are
7.8, 7.3 and 11.2% in comparison with Moody corre�
lation, Petukhov correlation and the experimental
results respectively.

The variations of Nusselt number with Reynolds
number for the tubes fitted with various inserts are
given in Fig. 6. The overall results show that the
increase of the Nusselt number due to the increase of
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the Reynolds number. In addition, the result shows
that in all setups when the tube is equipped with any of
these inserts, the Nusselt numbers are higher than
those obtained for the plain tube. This effect can be
explained by a reduction in the flow cross�sectional
area, an increase in turbulence intensity and an increase
in tangential flow established by inserts. In Fig. 6c it can
be observed that at the same Reynolds number, the use
of small pitch length leads to higher Nusselt number

than that of larger pitch length for both The coiled wire
inserts and classic inserts. This implies that the heat
transfer rate increases with decreasing tape pitch length,
this trend is found to be true for both the coiled wire
inserts and classic inserts. Justified by the data trend, it
can be inferred that the smaller pitch length can induces
the stronger swirl flow leading to thinner boundary lay�
ers along the tube wall. Consequently, heat can be trans�
ferred more efficiently over the thinner boundary layer.
Moreover, the resident time of the flow increases with
the smaller twist ratio due to longer flow path. Thus, the
working fluid has long time for exchanging heat
between the core and the wall regions. As can be seen in
Fig. 6d, the use of larger surface ratios leads to higher
Nusselt number than that of smaller surface ratios for
the tube fitted with a starry inserts. This result may be
explained by the generation of stronger turbulence
intensity and more rapid mixing of flow created by this
insert. In addition, the Nusselt number values of the
starry inserts with Astar/Ainlet = 0.50 and Astar/Ainlet = 0.58
show small differences in the studied range of Reynolds.
Figure 6 shows the Nusselt number ratio, Nu/Nu0,
which is defined as the ratio of augmented Nusselt
number to Nusselt number of plain tube plotted
against the Reynolds number value. As it can be shown
in this figure it is obvious that the inserts' role in
increasing turbulence intensity in lower velocities is
more significant than in conditions in which the fluid
regime is turbulent, even without embodied insert.
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Besides that the Nusselt number ratio for the case of
starry insert is higher than those of the coiled wire
inserts and classic twisted tape in the studied range of
Reynolds numbers. For example, in the range of 5832
to 18518 Re numbers, the ratios of Nu/Nu0 for the
starry Astar/Ainlet = 0.50, coiled wire inserts (y = 12 mm)
and classic twisted tape (y = 30 mm) are between
2.57–3.127, 1.433–1.543 and 1.389–1.474, respec�
tively. The figure reveals that for the starry inserts,
there are significant reductions of Nu/Nu0 ratio values
in lower Reynolds numbers and also the curve slope is
decreased in higher values of Reynolds numbers. This
confirms that it is more useful to use such inserts in
lower Reynolds numbers.

In Fig. 7 the results of observed friction factor of dif�
ferent inserts are illustrated. The friction factors of
plain tube and tube equipped with coiled wire inserts
and classic twisted tape inserts in different pitch length
(y) are depicted in Fig. 7a. Figure 7b shows the varia�
tion of friction factor with the Reynolds number values
for various starry inserts. It is observed that the tube fit�
ted with tube inserts shows a substantial increase in the
friction factor (ξ) compared to the plain tube. As can be
seen in Fig. 7a, friction factor increases with the
decreasing of pitch length in both types of coiled wire
inserts and classic twisted tape inserts the mean friction
factors of the coiled wire inserts with pitch length 12
and 17 mm and classic twisted tape inserts with pitch
length 30, 45 mm are 4.00, 3.69, 4.60 and 3.70 times
the plain tube respectively.

It is seen that the mean friction factors of the
starry are 24.9, 18.93 and 8.93 times the plain tube
with surface ratios 0.58, 0.50, 0.31 respectively. In the
process using tube inserts, the heat transfer enhance�
ment can be obtained with the expense of increased
pressure drop resulting from tube insertions. In order
to determine the insertion performance, the parame�

ter  is used [30]. This
parameter is called the Thermal Performance factor
which means the comparison is made based on con�
stant pumping power.

( ) ( )= ξ ξ0 0TPF Nu Nu
0.291

Figure 8 displays the variation of TPF value at dif�
ferent Reynolds numbers. This indicates that the role
of inserts in increasing the turbulence intensity is
more significant at lower velocities than at higher
velocities. In addition, thermal performance factors
are varied between 0.928 and 1.329 for the starry
inserts, 0.922 and 1.036 for coiled wire inserts, and
0.89 and 0.935 for the classic inserts depending on
the Reynolds number and surface ratios Astar/Ainlet or
the pitch length (y). As can be seen in Fig. 8, thermal
performance factors values of the starry inserts with
Astar/Ainlet = 0.50 and 0.58 show small differences in
the studied range of Reynolds.

The ratio of Nu/Nu0, ξ/ξ0 and thermal perfor�
mance factor values for the starry inserts with various
surface ratios, coiled wire inserts and classic twisted
tape with various pitch length are compared in table.
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In comparison between, coiled wire inserts, classic
twisted tape and starry inserts, it was found that there
were higher performances by the starry inserts in terms
of thermal performance factor.

CONCLUSIONS

(1) Starry inserts, coiled wire inserts and classic
twisted tape tube inserts cause a remarkable increase in
both pressure drop and heat transfer in comparison
with the plain tube.

(2) The results show that the thermal performance
factor is enhanced for all the used tube inserts except
classic twisted tape.

(3) In the studied range of Reynolds number 5800–
18500, the maximum thermal performance factor was
obtained by the starry inserts with Astar/Ainlet = 0.50.
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