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In the present study, the heat transfer and flow performance in turbulent flow of the tube fitted with the
drainage inserts are investigated. The results show that the new-type insert can lead the fluid at the core
to the tube wall, strengthening the mixing of cold and hot fluid. And the insert also generates the vortex
to make perturbation in the fluid domain. The experiment investigates the influence of pitch ratio on the
Nusselt number and friction factor. The Nusselt number and friction factor both increase with the
decrease of pitch ratio. And the pitch ratio of 3.3 is recommended for the insert. Some numerical results
validated by the experimental results are also shown in the study to analyze the influence of slant angle
on heat transfer and flow performance. The results indicate that 45� is suggested as the best slant angle
for the insert. The numerical results of Nu/Nu0, f/f0 and PEC range from 1.82 to 1.94, 6.70 to 7.15 and 0.95
to 1.04, respectively, for the insert with the slant angle of 45�and the pitch ratio of 3.3. The results show
that the insert is of good performance and the correlations of Nu and f are developed in the study.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With the development of industry, smaller and more efficient
heat exchangers are required and applied to the actual projects.
And considering the demand for energy saving, many techniques
have been proposed to improve the heat transfer performance in
the past few years. These techniques are mainly divided into two
categories: passive and active [1]. Compared with the active tech-
niques, the passive techniques that require no external power are
more wildly applied to the shell-and-tube heat exchangers because
of the ease of use and low cost, such as extended surfaces, surface
coating, tube inserts, etc. As a group of the techniques that have
various kinds to be suitable for different requirement of heat trans-
fer enhancement, tube inserts are popular in practice and have
pretty good effect on heat transfer enhancement.

The most common tube inserts are twisted tapes, which
enhance the heat transfer by generating swirl flow. The swirl flow
causes a thinner boundary, better fluid mixing and longer spiral
flow lines [2,3]. But the increasing pressure loss limits the overall
performance of the tube fitted with twisted tapes. Some modified
twisted tapes were proposed by our group to further improve the
heat transfer performance and limit the increase of extra pressure
loss at the same time, such as regularly spaced twisted tapes [4],
center-cleared twisted [5], centrally hollow narrow twisted tapes
[6], etc. And the perforated twisted tapes was also designed based
on the consideration by Bhuiya [7]. The investigations found that a
moderate pitch ratio and a small contact area with fluid were good
for limiting the increase of extra pressure loss. Many researchers
proposed some simply modified twisted tapes to further enhance
the heat transfer. Murugesan [8,9] studied heat transfer and pres-
sure drop characteristics in a tube fitted with V-cut and Square-cut
twisted tape in turbulent flow. The investigations showed that heat
transfer enhancement obtained by both of the modified twisted
tapes was better than that of typical twisted tapes. Eiamsa-ard
et al. [10] concluded that the serrated tapes provided a higher heat
transfer rate 72.2% and 27% better than that of plain tube and typ-
ical twisted tapes, respectively.

Some other types of tube inserts have also been studied in the
past few years, such as wire coil turbulators combined with
twisted tapes [11] and ball turbulators [12]. The results of these
inserts showed a better heat transfer performance than smooth
tube in turbulent flow. Promvonge et al. [13] conducted an exper-
iment to evaluate the influence of conical-nozzle turbulators and
swirl generator on heat transfer enhancement and friction factor.
Anvari et al. [14] investigated the heat transfer behavior in a tube
fitted with conical ring by both numerical and experimental meth-
ods. And the results showed that the conical ring had an unfavor-
able effect on the enhancement efficiency of the heat transfer
because of the large pressure loss. Durmus [15] proposed the cut
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Nomenclature

Cp specific heat at constant pressure of water, J/kg�K
D tube diameter, mm
f friction factor
h overall heat transfer coefficient, W/m2�K
H the height of groove, mm
L the length of groove, mm
Lt the length of test section, mm
Nu Nusselt number
p the pitch ratio of grooved units
P the pitch of grooved units, mm
DP pressure drop, Pa
PEC performance evaluation criterion
Pr Prandtl number
Q The total heat transfer rate, W
Re Reynolds number
DT logarithmic mean temperature difference, K
U velocity, m/s
V volumetric flow rate, m3/s
W the width of groove, mm

Greek symbols
a the slant angle, �
k thermal conductivity of fluid, W/m�K
kw thermal conductivity of the inner tube, W/m�K
l dynamic viscosity of fluid, kg/m�s
q fluid density, kg/m3

Subscripts
0 smooth tube
c cold water
h hot water
i inner
in inlet of the tube
m average
o outer
out outlet of the tube
w tube wall
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out conical turbulators, and he suggested that an optimization
should be made for pressure loss of conical rings. Considering the
large pressure loss of conical rings, the similar inserts called
conical-strip were proposed by Guo [16]. The results proved that
the friction factor of the conical-strip was much smaller than that
of conical ring. The conical strip could lead the fluid to the tube
wall and cause perturbation in boundary layer. It was numerically
found that the louvered strip inserts [17,18] had a good overall per-
formance in turbulent flow, which was contributed to the fluid
mixing and boundary layer disturbing. Tu et al. [19–21] proposed
a small tube inserts that could lead the core fluid to the boundary
layer, enhancing the mixing of cold and hot fluid considerably. And
it was found that the small tube inserts had good overall perfor-
mance in both turbulent and laminar flow. The vortex rods studied
by Zheng [22] were of good heat transfer and flow performance in
turbulent flow, which was contributed to the multi-longitudinal
vortex generated by the rods.

Based on the previous studies, a new-type insert which not only
obviously strengthens the fluid mixing but also generates strong
vortex to enhance the heat transfer performance is proposed. In
the present study, the heat transfer and friction characteristics in
turbulent flow for the tube fitted with drainage inserts will be
studied. The experiment is conducted to investigate the influence
of pitch ratios on heat transfer and flow performance. And the
results are used to validate the reliability of numerical simulation,
which is conducted to study the influence of slant angle on perfor-
mance and analyze the mechanism of heat transfer enhancement.
2. Experimental setup

2.1. Geometry of the inserts

The geometry of drainage inserts is shown in Fig. 1(a). Some
dimensions of the test tube are similar to those of another test tube
designed by our group [16]. In the present study, the insert consists
of some drainage grooves and a square rod. As shown in Fig. 1
(b) and (c), copper pieces with thickness of 1 mm are processed
into grooved units and welded on a 3 � 3 mm rod, with a slant
angle of a = 45� and staggered arrangement. The horizontal plates
on grooved units with the size of 2 � 2 mm are 1 mm away from
the tube wall. And the distance between horizontal plates of the
axially symmetric units is 16 mm. In order to increase the effect
of fluid mixing on heat transfer enhancement, the grooves should
have the capability to lead a large amount of fluid to the tube wall.
So the length (L), width (W) and height (H) of grooves are set to
5.6 mm, 3 mm and 1 mm, respectively. Some support structures
are designed on a small portion of the grooved units to support
the insert on tube wall, as shown in Fig. 1(d). And these units are
welded on the rod for every three pitches along the rod. Large pitch
ratio limits the performance of heat transfer enhancement,
whereas small pitch ratio causes large resistance. So four values
of the pitch ratio, defined as the ratio of pitch to inner diameter
(p = P/Di = 2.5, 3.3, 4.2, 5), are used to investigate the influence of
arrangement distance on heat transfer and flow performance in
the test tube.
2.2. System descriptions

The schematic diagram of experimental system is shown in
Fig. 2. This system made of stainless steel consists of a hot water
loop and a cold water loop. The length, inner diameter and thick-
ness of inner tube are 2000, 18 and 2 mm, respectively. And the
inner diameter of outer tube is 42 mm. Hot water cycling between
the outer tube and hot water tank is heated in the tank and the
heating power is controlled by a voltage regulator. Uniform wall
temperature condition on the inner tube wall is obtained by giving
hot water the highest flow rate of pump. In this case the tempera-
ture difference between inlet and outlet of hot water is less than
2 �C (<5%). The outer tube is well insulated with thermal insulation
materials to minimize the heat loss of test section. Cold water from
the cold water tank flows through the inner tube with a stable inlet
temperature, and is discharged to the environment. The flow rate
of cold water is regulated by the valves of cold water loop and
by-pass.

In the experiment, all the T-type thermocouples are calibrated
with an accuracy of ±0.2 �C before testing data. Nine K-type
armored thermocouples with an accuracy of ±1% are equidistantly
installed on the outer surface of inner tube to measure the wall
temperature. Four T-type thermocouples are inserted into small
measuring chambers to measure the inlet and outlet temperatures



Fig. 1. (a) Geometry of the circular tube fitted with drainage inserts, (b) the picture of the drainage inserts with different pitch ratios, (c) the grooved unit, and (d) the grooved
unit with support structures.

Fig. 2. Schematic diagram of experimental system.
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of the two water loops, respectively. The pressure drop of test tube
is measured by a pressure transmitter with an accuracy of ±5% and
a measuring range of 0–32 KPa. The volumetric flow rate of cold
water is measured by a turbine flowmeter with an accuracy of
±1% and a measuring range of 0.15–1.5 m3/h. All the data is
recorded by a data acquisition system.

2.3. Data processing

The average temperature of cold water that determines the
physical property parameters is defined as:

Tm ¼ 1
2
ðTc;in þ Tc;outÞ ð1Þ

The average velocity of cold water in the test tube is calculated
by:

Um ¼ qinVin

qmpD
2
i =4

ð2Þ

where qm is determined by the average temperature of cold water
in the test section, whereas qin is determined by the inlet tempera-
ture of cold water.

The Reynolds number of cold water in the test section is calcu-
lated by:
Re ¼ qmUmDi=l ð3Þ
The total heat transfer rate of cold water is calculated by:

Q ¼ qinVinCpðTc;out � Tc;inÞ ð4Þ
The overall heat transfer coefficient is obtained from:

h ¼ Q
pDiLtDTm

ð5Þ

where DTm (the logarithmic mean temperature difference) is calcu-
lated by:

DTm ¼ ðTw � Tc;inÞ � ðTw � Tc;outÞ
ln Tw�Tc;in

Tw�Tc;out

ð6Þ

Considering the influence of thermal conductivity, the inner
tube side heat transfer coefficient (hi) is calculated by:

hi ¼ 1
1
h � Di

2kw
ln Do

Di

ð7Þ

The Nusselt number (Nu) and friction factor (f) are expressed as
follows:

Nu ¼ hiDi=k ð8Þ
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f ¼ DP
1
2qU

2
mðLt=DiÞ

ð9Þ

The experimental uncertainties of the Nusselt number, friction
factor and Reynolds number are calculated based on the ANSI/
ASME standard [23]. The maximum uncertainties of the Nusselt
number, friction factor and Reynolds number are about ±6.42%,
±5.48% and ±1.14%, respectively.
3. Experimental results and discussion

3.1. Validation of smooth tube

To validate the reliability of experimental setup and data pro-
cessing method, the Nusselt number and friction factor of smooth
tube are tested before further investigation and compared with
the empirical correlations. As shown in Fig. 3, the experimental
results of Nusselt number agree well with the correlations pro-
posed by Dittus-Boelter. The maximum deviation is less than
6.5%. And the figure also indicates that the experimental results
of friction factor agree well with the correlations proposed by Bla-
sius. And the maximum deviation is less than 10.1%. Hence, the
experimental setup and data processing method are considered
to be reliable.

The correlations proposed by Dittus-Boelter and Blasius are
shown as follows:

Nu0 ¼ 0:023Re0:8Pr0:4 ð10Þ

f 0 ¼ 0:3164Re�0:25 ð11Þ
Fig. 4. Variations of the Nu and Nu/Nu0 with Re for different pitch ratios: (a) Nu,
and (b) Nu/Nu0.
3.2. Effect of pitch ratio on Nu and Nu/Nu0

For further investigation, the effect of pitch ratio on heat trans-
fer performance is shown in Fig. 4(a) and (b). Fig. 4(a) depicts the
variation of Nu with Reynolds number for the slant angle of 45�
and different pitch ratios ranging from 2.5 to 5. The Nusselt num-
ber increases as the Reynolds number increases. This is attributed
to the fact that higher flow rate strengthens the turbulence inten-
sity, leading to a thinner boundary layer and better fluid mixing.
Fig. 4(b) shows that the Nu/Nu0 decreases as the Reynolds number
increases. This indicates that the new-type inserts show a better
heat transfer enhancement in the case of low Reynolds number
than that of high Reynolds number in turbulent flow. And the Nu
Fig. 3. Validations of the Nu and f for smooth tube.
and Nu/Nu0 both increase with the decrease of pitch ratio. This is
because more grooved units welded on the rod can not only lead
more fluid to the tube wall but also strengthen the longitudinal
swirls, leading to a better heat transfer enhancement. The Nu/
Nu0 for the pitch ratio of 2.5 ranges from 1.82 to 2.21 and is 3.2%
to 7.4% better than that for the pitch ratio of 3.3, which ranges from
1.76 to 2.05. The heat transfer enhancement for the pitch ratios of
3.3 is 2.5% to 9.6% much higher than that for the pitch of 4.2 in high
Reynolds number.

3.3. Effect of pitch ratio on f and f/f0

The variations of f and f/f0 with Reynolds number for the slant
angle of 45� and different pitch ratios ranging from 2.5 to 5 are
shown in Fig. 5(a) and (b). Fig. 5(a) indicates that the friction factor
decreases with increasing Reynolds number. For all the Reynolds
number investigated, the friction factor of the tube fitted with
inserts is higher than that of smooth tube. This is attributed to
an increased flow blockage, larger contact surface area with fluid,
longitudinal swirls and perturbation at the near-wall region caused
by the inserts. Fig. 5(b) shows that the pressure loss increases as
the pitch ratio decreases. Smaller pitch ratio means more grooved
units welded on the rod, leading to larger flow blockage and stron-
ger perturbation in the boundary layer. Over the range of Reynolds
number investigated, the friction factor for the pitch ratio of 3.3 is
508.8%–543.9% higher than that of smooth tube.



Fig. 5. Variations of the f and f/f0 with Re for different pitch ratios: (a) f, and (b) f/f0.

Fig. 6. Variation of the PEC with Re for different pitch ratios.
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3.4. Effect of pitch ratio on PEC

The performance evaluation criterion (PEC) [24] is used to eval-
uate the overall performance of enhanced tube, which is defined as
follow:

PEC ¼ Nu=Nu0

ðf=f 0Þð1=3Þ
ð12Þ

where Nu0 and f0 are calculated from the empirical correlations of
Dittus-Boelter and Blasius, respectively.

Fig. 6 depicts the variation of PEC with Reynolds number for dif-
ferent pitch ratios. At high Reynolds number, the PEC for the pitch
ratio of 3.3 is higher than that of the other pitch ratios. It indicates
that a moderate pitch ratio is recommended. Small pitch ratio
leads to a better heat transfer performance but larger pressure loss,
which limits the performance evaluation criterion. At high Rey-
nolds number of 16000 as an example, the friction factor and Nus-
selt number for the pitch ratio of 3.3 is 15.8% and 9.6% higher than
that for the pitch ratio of 4.2. But the friction factor and Nusselt
number for the pitch ratio of 2.5 is 19.5% and 3.2% higher than that
for the pitch ratio of 3.3. It indicates that the increase in heat trans-
fer enhancement is limited when the pitch ratio decreases from 3.3
to 2.5, whereas the increase in pressure loss is considerable. So the
pitch ratio of 3.3 is suggested for the drainage inserts. The PEC for
the case varies between 0.95 and 1.13.
4. Numerical simulations

The numerical method is more time-saving and cost-saving
compared with the experimental method. So the influence of slant
angle on heat transfer and flow performance is studied by the
numerical method. In this before, the experimental results in the
study are used to confirm the reliability of numerical simulation
method.

4.1. Physical model

Given the limited computing resource, the computation domain
is simplified as Fig. 7 shown. All the sizes of numerical model are
the same as those of experimental model except the length of test
section. And the length of grooves is adjusted with the change of
slant angle to keep the distance between horizontal plate and tube
wall in 1 mm. Flow situation is nearly fully developed in the
upstream section. And the downstream section is set to eliminate
the impact of disturbance at outlet. The lengths of upstream sec-
tion, test section and downstream section are 100, 350 and
50 mm, respectively. Three slant angles (a = 30�, 45�, 60�) and
the pitch ratio (p = 3.3) of grooved units are adopted for further
study and validation. In addition, other pitch ratios are also studied
by numerical simulation for more data to develop correlations.

4.2. Governing equations

Some assumptions are adopted for the turbulent simulation of
three-dimensional steady flow as follows: the physical properties
of water are constant and set by the Fluent 14.0 software; the heat
loss and influence of gravity are neglected; the water is incom-
pressible. The SST k-xmodel [25] is used for numerical simulation
in the study. Based on the above assumptions, the governing equa-
tions of continuity, momentum and energy are given by:

Continuity equation:

@ðquiÞ
@xi

¼ 0 ð13Þ

Momentum equation:

@ðquiÞ
@t

þ @ðquiujÞ
@xj

¼ � @p
@xi

þ @

@xj
l @ðuiÞ

@xj
� qu0

iu
0
j

� �
ð14Þ



Fig. 7. Schematic diagram of the computation domain.
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Energy equation:

@

@xi
ðqTÞ þ @

@xi
ðquiTÞ ¼ @

@xi

k
Cp

@T
@xi

� �
ð15Þ

Two transport equations about the turbulent kinetic energy (k)
and the turbulent frequency (x) of the SST k-x model are as
follows:

@ðqkÞ
@t

þ @ðquikÞ
@xi

¼ ~Pk � b�qkxþ @

@xi
ðlþ rkutÞ @k

@xi

� �
ð16Þ

@ðqxÞ
@t

þ @ðquixÞ
@xi

¼ uqS2 � bqx2 þ @

@xi
ðlþ rxltÞ

@x
@xi

� �

þ 2ð1� F1Þqrx2
1
x

@k
@xi

@x
@xi

ð17Þ

The turbulent eddy viscosity is defined as:

mt ¼ u1k
maxðu1x; SF2Þ ð18Þ

where S is the invariant measure of the strain rate.
The blending functions F1 and F2 are calculated by:

F1 ¼ tanh min max

ffiffiffi
k

p

b�xy
;
500m
y2x

 !
;
4qrx2k
CDkxy2

" #( )4
8<
:

9=
; ð19Þ

F2 ¼ tanh max
2
ffiffiffi
k

p

b�xy
;
500m
y2x

 !" #28<
:

9=
; ð20Þ

where CDkx ¼ max 2qrx2
1
x

@k
@xi

@x
@xi

;10�10
� �

and y is the distance to

the nearest wall.
The turbulence in stagnation regions is limited by a production

limiter of SST k-x model:

Pk ¼ lt
@ui

@xj

@ui

@xj
þ @uj

@xi

� �
! ~Pk ¼ minðPk;10b

�qkxÞ ð21Þ

The constants of the SST k-x above are listed as follows:

b� ¼ 0:09; u1 ¼ 5=9; b1 ¼ 3=40; rk1 ¼ 0:85; rx1 ¼ 0:5
u2 ¼ 0:44; b2 ¼ 0:0828; rk2 ¼ 1; rx2 ¼ 0:856
4.3. Numerical method and boundary conditions

The commercial CFD software Fluent 14.0, which is based on the
finite volume method, is used for the numerical simulation. The
SIMPLE algorithm is adopted for the coupling of velocity and pres-
sure. Second-order upwind scheme is set for discretization of con-
vection terms while central difference scheme is set for
discretization of diffusion terms.

In the present investigation, the tube wall temperature is con-
stant. And non-slip boundary condition is imposed on the tube
wall and the surfaces of inserts. At the inlet, the uniform velocity
and initial temperature of water are set. The Reynolds number
ranges from 6000 to 16000. The outflow condition is used at the
outlet. The convergence criterion is 10�8 for the energy equation
and 10�6 for the other variables. The numerical test section
neglects the thickness of tube, which means that the h in Eq. (5)
is used to calculate the Nu for numerical simulation. And the equa-
tions of Q, f and PEC are similar to those given above.

4.4. Grid generation and independence test

The grid system of the model is generated by the software Gam-
bit 2.4.6. In order to ensure that y+ is smaller than 1 for more pre-
cise results, boundary layer mesh system is adopted near the tube
wall. And smaller grids are generated near the surfaces of inserts.
Most of the fluid domain is meshed by structured elements while
the domain near the surface of tube and inserts is meshed by tetra-
hedral elements, as shown in Fig. 8. Three grid systems with
4886749, 7674852 and 9489006 girds are generated for grid inde-
pendence test. The results of the test are listed in Table 1, which
shows that the deviation of results between the 7674852 and
9489006 grid systems is small. So the grid system with 7674852
grids is used for simulation.

5. Numerical results and discussion

5.1. Validation of numerical results

To validate the reliability of the numerical model, the Nusselt
number and friction factor of smooth tube are compared with
the the empirical correlations proposed by Dittus-Boelter (Eq.
(10)) and Blasius (Eq. (11)), respectively. As shown in Fig. 9, the
numerical results agree well with the empirical correlations. The
deviation is less than 6.7% for Nusselt number and 4.0% for friction
factor.

For further validation, the numerical results of the tube fitted
with drainage inserts are compared with the experimental results.
Considering that the assumption about physical properties is dif-
ferent, the Nu/Nu0 and f/f0 are more suitable for comparison in
order to reduce the influence of physical properties on heat trans-
fer and flow performance. All of the experimental models with dif-
ferent pitch ratio are also studied by numerical method. In the
manuscript, only one set of data is selected for validation and dis-
play. The results of insert with slant angle of 45� and pitch ratio of
3.3 are used for comparison, as shown in Fig. 10. The figure indi-
cates that the numerical results also agree well with the experi-
mental results for both Nusselt number ratio and friction factor
ratio. The maximum deviations are controlled within ±5.4% for
Nu/Nu0 and ±12.9% for f/f0. Considering that some assumptions
of the numerical model and experimental model are different
and the uncertainty of experiments exists, the deviation between
the numerical results and experimental results is acceptable.



Fig. 8. The grid of cross-sectional plane at z = 33 mm.

Table 1
The grid independence test.

Grid number Nu Deviation f Deviation

4886749 140.35 3.4% 0.2319 5.7%
7674852 145.09 1.2% 0.2452 2.3%
9989006 146.86 0.2508

Fig. 9. Validations of the Nu and f for smooth tube. Fig. 10. Comparisons of the Nu/Nu0 and f/f0 between numerical results and
experimental results for the tube fitted with inserts.
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Hence, it can be concluded that the numerical method adopted for
the investigation is reliable.

5.2. Flow structure

The flow structure is analyzed to research the mechanism of
heat transfer enhancement. As shown in Fig. 11(a), it is clear that
the grooved units lead the fluid from core domain to the tube wall.
So the fluid scours the tube wall at the top of grooved units with a
high flow rate and spreads to both sides of the grooved units, lead-
ing to a thinner boundary layer than the other domain of the tube
wall. The Fig. 11(b) indicates that the inserts can also generate
strong vortex behind the grooved units along the flow direction.
The thickness of boundary layer which is closely related to the heat
transfer performance shows different distributions along the tube
wall because of the existence of vortex. The fluid with high velocity
near the tube wall and the vortex can keep the turbulence intensity
in the fluid domain without grooved units so that the local heat
transfer performance is also enhanced, as shown in Fig. 12.
Fig. 11(c) clearly shows that the cold fluid at the core is leaded to
the tube wall to mix with the hot fluid directly. Fig. 11(d) indicates
that the cold fluid at the core tends to spread to the tube wall
because of the vortex, leading to a more uniform temperature dis-
tribution at the core. In summary, the perturbation of vortex and
direct mixing of cold and hot fluid enhance the heat transfer per-
formance considerably.

5.3. Effect of slant angle

In the numerical study, the pitch ratio of inserts is 3.3. Figs. 13
(a) and 14(a) show the variations of Nu and f with Re numbers for
different slant angles. It is clear that the Nusselt number increases
with the increase of Re number for all the slant angles whereas the
friction factor has the opposite trend. The intensity and scale of



Fig. 11. Temperature contours on different cross-sectional planes at (a) z = 33 mm, (b) z = 60 mm, (c) z = 105 mm, and (d) z = 120 mm for the slant angle of 45� and the pitch
ratio of 3.3.

Fig. 12. Variation of surface Nusselt number along the flow direction for different
slant angles.

Fig. 13. Variations of the Nu and Nu/Nu0 with Re for different slant angles: (a) Nu,
and (b) Nu/Nu0.
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vortex are increased with a higher flow rate, resulting in a stronger
turbulence in the flow domain. And the fluid leaded to region near
the tube wall by inserts scours the tube wall with a higher speed.
So the heat transfer performance is enhanced, but at a cost of
higher pressure drop inevitably.

Figs. 13(b) and 14(b) indicate that the Nusselt number ratio and
friction factor ratio both increase as the slant angle increases. This
is because the angle between tube wall and the flow direction of
fluid leaded to the tube wall by inserts increases, causing a stron-
ger turbulence near the tube wall. Fig. 12 shows the details of sur-
face Nusselt number at the top of grooved units. It is obviously
found that the surface Nusselt number of tube wall is improved
due to the scouring of fluid. As shown in Fig. 15, the velocity of
fluid at the top of grooved units increases with the increasing slant
angles, leading to a stronger perturbation in boundary layer. Com-
paring the two figures, we can see that the higher the velocity is,
the higher the surface Nusselt number is. In addition, it’s obviously
found that the fluid on both sides of the grooved units has a higher
velocity when the slant angle increases. Hence, the mixing of cold
water and hot water caused by the stronger vortex is strengthened.
But the more intense boundary layer separation, larger form drag
and stronger turbulence bring the larger pressure drop. The Nu/
Nu0 varies between 1.69 and 1.98 while the f/f0 varies between
6.11 and 8.10 in the Reynolds number range of 6000–16000. And
it is found that the heat transfer performance is enhanced consid-
erably as the slant angle increases from 30� to 45�, though the fric-
tion factor increases at the same time. But when the slant angle
increases from 45� to 60�, the enhancement of heat transfer perfor-
mance is limited while the increase of friction factor is still
considerable.

Fig. 16 shows the variation of PEC versus the Reynolds number
for different slant angles. The PEC varies between 0.93 and 1.04.
The PEC for slant angle of 30� is the best in low Reynolds number
range, but it decreases rapidly in high Reynolds number range. The
case with slant angle of 45� has the best PEC and the PEC values
remain almost unchanged in high Reynolds number range. Based
on the above analysis, 45� is suggested as the best slant angle for
the inserts.

5.4. Comparison with previous work

Some typical inserts are selected for comparison. Comparisons
of the PEC between the present work and previous work are shown
in Fig. 17. As the Reynolds number increases, the PEC of the other



Fig. 14. Variations of the f and f/f0 with Re for different slant angles: (a) f, and (b) f/f0.

Fig. 16. Variations of the PEC with Re for different slant angles.

Fig. 17. Comparisons of PEC with previous work. (See above-mentioned references
for further information.)
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inserts decrease faster than that of the insert proposed in the pre-
sent work. The drainage insert provides higher overall thermal per-
formance than serrated tape and double spiral spring for all the
Reynolds number investigated but considerably lower overall ther-
mal performance than small pipe insert. At high Reynolds number,
the overall thermal performance of present work is higher than
that of most of inserts selected for comparisons. The results imply
that the insert of present work has an advantage at high Reynolds
number. some work about the structural optimization for the
insert would be carried out in the future to reduce the pressure
drop.
Fig. 15. Velocity contours fo
6. Correlations based on numerical data

Considering that the numerical results involve all the research
variables, correlations of the Nusselt number and friction factor
r different slant angles.
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are developed based on the numerical data for the tube fitted with
drainage inserts in turbulent flow, and given as follows:

Nu ¼ 0:1628Re0:7188p�0:5224ðð90� aÞp=180Þ�0:1263Pr0:4 ð22Þ
f ¼ 4:757Re�0:2137p�0:9114ðð90� aÞp=180Þ�0:3267 ð23Þ

As shown in Fig. 18, the predicted results agree well with the
numerical results within ±3.5% for the Nusselt number, and ±3.2%
for the friction factor. The predicted results of correlations are also
used to compare with the experimental results, as shown in Fig. 18.
The predicted results of friction factor considering the correction
factor of 0.8 agree well with the experimental results. The maxi-
mum deviations between the predicted results and experimental
results are controlled within ±16% and ±10% for Nu and f,
respectively.
Fig. 18. Predictions of Nu and f versus the experimental and numerical results: (a)
Nu, and (b) f.
7. Conclusions

In the study, the heat transfer and flow performance of the tube
fitted with drainage inserts in turbulent flow are investigated by
both experimental and numerical methods. The experiment stud-
ies the influence of pitch ratio on Nu and f, while the simulation
studies the influence of slant angle. The flow structure and mech-
anism of heat transfer enhancement are also analyzed. The impor-
tant results are concluded as follows:

(1) The new-type inserts can lead the fluid in core flow region to
tube wall flow region, and the fluid scours the tube wall with
a higher flow rate than mean flow rate. At the mean time,
the vortexes are generated and strengthened by the pertur-
bation of inserts to fluid. So the mixing of fluid in the near-
wall domain and core flow domain is enhanced, leading to a
better heat transfer performance but also a larger pressure
drop compared with smooth tube.

(2) The Nusselt number and friction factor both increase with
the decrease of pitch ratio. Considering that the PEC is used
as an index to evaluate the overall performance of heat
exchange tube, the pitch ratio is preferentially suggested
as 3.3. For the slant angle of 45�, the heat transfer perfor-
mance is 0.76–1.05 times better than that of smooth tube.
And the friction factor is 6.09–6.44 times that of smooth
tube. The PEC values of experimental results are 0.95–1.13.

(3) The Nusselt number and friction factor both increase with
the increase of slant angle. For the pitch ratio of 3.3, the
numerical result of PEC indicates that the optimum slant
angle is 45� for high Reynolds number. The numerical results
of Nu/Nu0, f/f0 and PEC range from 1.82 to 1.94, 6.70 to 7.15
and 0.95 to 1.04, respectively.
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