
Research Paper

Heat transfer enhancement in a novel internally grooved tube by
generating longitudinal swirl flows with multi-vortexes
Nianben Zheng, Peng Liu, Feng Shan, Zhichun Liu, Wei Liu *
School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China

H I G H L I G H T S

• A novel internally grooved tube is proposed for heat transfer enhancement.
• Longitudinal swirl flows with multi-vortexes are generated.
• Effect of groove inclination angles on the thermal performance is examined.
• PEC, FSP and EGM evaluations have been performed to reveal the physical mechanism.
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A B S T R A C T

In this paper, turbulent flow characteristics and heat transfer performance in a novel internally grooved
tube are analyzed numerically. The objective of this work is to enhance heat transfer performance without
causing a considerable increase in the pressure drop by generating longitudinal swirl flows with multi-
vortexes according to the optimum velocity field obtained from the heat transfer optimization. Visualization
of the flow in the grooved tubes shows that longitudinal swirl flows with multi-vortexes are generated
in the inclined grooved tube but not in the straight grooved tube. This kind of flow pattern results in a
long flow path and relatively intense flow mixing between the wall and the core flow regions, which
significantly improves the synergy between the velocity and temperature fields, and thereby enhances
the heat transfer performances. Moreover, entropy generation analysis shows entropy generation number
decreases with the increment of groove inclination angle as the inclination angle is no more than 30°,
while beyond this inclination angle entropy generation number starts to increase. The minimum entropy
generation number and maximum overall thermal-hydraulic performance are achieved with the groove
inclination angle of 30° at the lowest Reynolds number. Therefore, we conclude that groove inclination
angles have a profound effect on the heat transfer performances, and the mechanism of heat transfer
enhancement is mainly due to the effect of the longitudinal swirl flows with multi-vortexes generated
in the grooved tube.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

As indispensable devices for heat exchanging, heat exchangers
have wide applications in various industries, including steam gen-
eration, waste heat recovery, steel production, and air-conditioning
and many more. With a view to make possible reduction in weight
and size or enhance the performance of heat exchangers, heat trans-
fer enhancement techniques have been commonly used [1].

Among various heat transfer enhancement techniques, grooves
are one of the most promising techniques due to the good thermal-
hydraulic performance [2]. A lot of experimental and numerical
investigations on heat transfer enhancement using grooves have been
reported extensively. Bilen et al. [3] experimentally investigated the

effect of groove geometry on the heat transfer and friction charac-
teristics for the internally grooved tubes. Three geometric groove
shapes (circular, trapezoidal and rectangular) were selected to perform
the study. It was concluded that heat transfer enhancement was ob-
tained up to 63% for circular groove, 58% for trapezoidal groove and
47% for rectangular groove, in comparison with the smooth tube at
Re = 38000. Eiamsa-ard and Promvonge [4] performed a numerical
study on the heat transfer of turbulent channel flow over periodic
grooves. It was found that the grooved channel provided a consid-
erable increase in heat transfer at about 158% over the smooth
channel, and a maximum gain of 1.33 on thermal performance factor
was obtained. Heat transfer enhancement by pulsating flow in a tri-
angular grooved channel was examined by Jin et al. [5] using PIV
experiments. The PIV results showed that the heat transfer en-
hancement resulted from the strong mixing caused by the repeating
sequence of vortex generation, growth, expansion and ejection.
Aroonrat et al. [6] carried out an experimental study on the heat
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transfer and flow characteristics of water flowing through horizon-
tal internally grooved tubes. Mohammed et al. [7] reported the
thermal and hydraulic characteristics of turbulent nanofluids flow
in a rib–groove channel. The results indicated that the rectangular
rib–triangular groove had the highest Nusselt number among other
rib–groove shapes, and the glycerin–SiO2 showed the best heat trans-
fer enhancement compared with other tested base fluids. Enhanced
heat transfer performances of solar receiver with spirally grooved
pipe were theoretically investigated by Lu et al. [8]. According to
the calculation results, spirally grooved pipe could be a very effec-
tive way for heat absorption enhancement of solar receiver, and it
could also increase the operating temperature of molten salt. Tang
et al. [2] conducted a numerical study on the influence of discrete
grooved structures on heat transfer enhancement in a narrow channel.
Numerical results revealed that Nusselt number value for the P-type
grooves was enhanced by 45.8–65.4%, and friction factor for the P-type
grooves was increased by 95.1–114.8% compared to plain duct. Zhang
et al. [9] studied the heat transfer and pressure drop for R417A flow
boiling in horizontal smooth and internally grooved tubes experi-
mentally. Liu et al. [10] proposed novel cylindrical grooves aiming
to augment heat transfer rates with minimal pressure drop penal-
ties. They claimed that the rounded transition of the grooves had a
large advantage over conventional cylindrical grooved surfaces in
both enhancing heat transfer and reducing pressure loss penalty.

Grooves have also been used to enhance the mass transfer per-
formance. Stroock et al. [11] used microstructures in the form of
grooves as chaotic mixer for microchannels. According to their ex-
perimental results, these grooves could create transverse flow to
induce chaotic stirring at low Reynolds number and enhance heat
transfer from solids into bulk flows. Grooves were employed to
enhance the desorption rate of LiBr solution by Bigham et al. [12].
In order to enhance the absorption rate, Isfahani et al. [13] adopted
grooves to manipulate thermal-hydraulic characteristics of the
lithium bromide (LiBr) solution flow in a membrane-based absorber.

Literatures aforementioned suggest that utilization of grooves
can effectively enhance the heat and mass transfer performance, but
the problem accompanied is the rapid increase in the pressure drop,
which may weaken the overall thermal-hydraulic performance. To
provide guidelines for achieving energy savings by improving the
balance between heat transfer enhancement and pressure drop, some
researchers have attempted to achieve the optimum flow field from
the viewpoint of heat transfer optimization [14–19]. Their theo-
retical results showed that longitudinal swirl flow with multi-
vortexes was the principal characteristic in the optimized flow field.
For this reason, we believe that generating the flow pattern of lon-
gitudinal swirl flows with multi-vortexes by heat transfer
enhancement techniques may be a possible way to improve the heat
transfer performance without much increase in the pressure drop.

Recently, Zheng et al. [20] proposed an enhanced tube with dis-
crete inclined ribs mounted only on the inner surface of the tube
wall. Visualization of the flow in the internally ribbed tube showed
that longitudinal swirl flows with multi-vortexes were generated
inside the tube. Based on previous research, this paper presents a
novel internally grooved tube. The grooves characterized by a dis-
crete and inclined distribution are imprinted on the inner wall surface
of the tube. The objective of this work is to enhance heat transfer
performance without causing a considerable increase in the pres-
sure drop by generating longitudinal swirl flows with multi-
vortexes. A numerical study has been performed to document the
possibility. Details of the flow structures and temperature distri-
butions in the grooved tubes, including one straight grooved tube
and three inclined grooved tubes, have been presented and ana-
lyzed. To further understand the physical mechanism of heat transfer
enhancement, four heat transfer evaluation criteria, including the
performance evaluation criterion (PEC), field synergy principle (FSP),
entropy generation minimization (EGM) and exergy analysis, have

been adopted to assess the heat transfer performance in the inter-
nally grooved tubes.

2. Physical model description

The geometric configurations of a circular tube with discrete
grooves investigated in the present study are explicitly presented
in Fig. 1. Grooves with straight or inclined configurations were uni-
formly arranged on the inner wall surface of the tube. The grooved
tube had an inner diameter (D1) of 0.017 m and an outer diame-
ter (D2) of 0.019 m. The width (W) of the grooves was 0.002 m, the
groove length (L) was 0.006 m, the groove depth (H) was 0.0005 m,
the groove pitch (P) was 0.006 m, and the number of circumferen-
tial grooves was 8. Flow structures and thermal performance in four
internally grooved tubes, including one straight grooved tube (ϕ = 0°)
and three inclined grooved tube (ϕ = 15°, 30° and 45°), were nu-
merically investigated in this work.

To guarantee a nearly fully developed turbulent flow condition
and eliminate the effect of backflows, two extended tubes with lengths
of 0.01 m (L1) and 0.01 m (L3) were connected upstream and down-
stream of the test section, respectively. As shown in Fig. 2, the
computational domain consisted of three sections – upstream section,
test section and downstream section – and the discrete grooves were
only arranged in the test section, which had a length (L2) of 0.2 m.

3. Heat transfer evaluation criteria

3.1. Performance evaluation criterion

The Reynolds number (Re), the average heat transfer coeffi-
cient (h*), the Nusselt number (Nu) and the friction factor (f) are
defined as follows.
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Fig. 1. Schematic diagram of a tube with discrete grooves: (a) straight groove (ϕ = 0°),
(b) inclined groove (ϕ > 0°), and (c) configurations for the grooved tube.
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where um is the mean velocity in the tube, q is the average heat
flux, Tw is the average temperature of the wall, and Tm is the bulk
temperature of the fluid. ΔP is the difference between the mass-
averaged pressures at the inlet and the outlet of the test section.

To evaluate the overall thermo-hydraulic performance of the en-
hanced tube at an identical pump power, the extensively used
performance evaluation criterion (PEC) proposed by Webb and Kim
[21] is adopted. It is calculated based on the following formula:

PEC
Nu Nu
f f

=
( )

0

0
1 3 (5)

where Nu0 and f 0 are the Nusselt number and the friction factor
of the plain tube, respectively.

3.2. Field synergy principle

In 1998, Guo et al. [22] proposed a novel concept for convec-
tive heat transfer enhancement. They found that the reduction of
the intersection angle between the dimensionless velocity vector
and the temperature gradient vectors was an effective way to
enhance convective heat transfer. This new idea is known as the field
synergy principle (FSP). The local synergy angle between the ve-
locity vector and the temperature gradient is expressed as

β = ⋅∇
∇

⎛

⎝⎜
⎞

⎠⎟
arccos

U T
U T

(6)

For a specific case analyzed from the viewpoint of FSP, the local
synergy angle can describe where the local heat transfer is good or
bad. But to identify the global heat transfer performance in the whole
flow field, it is necessary to define the domain-averaged synergy
angle. Because when the average synergy angle is used, the point
of interest is its variation trend and relative magnitude, rather than
its absolute value [23]; the commonly used volume averaged synergy
angle is defined by

β
β
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where Ω is the whole fluid domain.

3.3. Entropy generation analysis

The heat transfer evaluation criteria above are based on the first
law of thermodynamics. To further understand the mechanism of
heat transfer enhancement concerning the irreversibility caused by
the process of heat transfer and flow, it is necessary to perform some
analyses based on the second law of thermodynamics. Entropy gen-

eration analysis proposed by Bejan [24,25] is a commonly used
method to investigate heat transfer performance from the view-
point of the second law of thermodynamics.

Taking the grooved tube of length dz as the thermodynamic
system, the first and second law of thermodynamic can be ex-
pressed as

�mdh q dz= ′ (8)

dS mds
q dz
Tgen

w

� �= − ′ (9)

where ′q is the heat flux per unit length.
In addition, by using the canonical relation given by

Tds dh dp= −υ (10)

Substituting Eq. (8) and Eq. (10) into Eq. (9) yields the entropy
generation rate per length:
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Pressure drop in Eq. (11) is given by
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D
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The bulk temperature variation of fluid along the grooved tube
is given by Şahin [26]:
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Integrating Eq. (11) along the test section of the grooved tube,
total entropy generation is obtained as
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where τ = −( )T T Tw in w is the dimensionless temperature differ-
ence, λ* = L D2 1 is the dimensionless length of the test section,
Ec u c Tm p w= ( )2 is the Eckert number, and St h u cm p= ( )ρ is the
Stanton number.

A non-dimensional entropy generation number based on the total
amount of heat transfer is defined by Şahin [27] as

N
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S
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w
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�
� (15)

where �Q is the total rate of heat transfer to the fluid.

Fig. 2. Schematic diagram of the computational domain with three sections.
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3.4. Exergy analysis

For the internally grooved tube under the uniform tempera-
ture condition in the present study, the exergy balance formulation
for convective heat transfer between the heating wall and fluid is
provided. The exergy balance equation is as follows:

Ex Ex Ex Exw out in loss= −( ) + (16)

where Exw is the exergy transferred from the wall, Ex out and Ex in

are exergy flow-out and exergy flow-in carried by the fluid, respec-
tively, and Ex loss is the exergy loss, which refers to the irreversibility
of the heat transfer process. They are given as follows:

Ex m h h T s sin in in= −( ) − −( )[ ]� 0 0 0 (17)

Ex m h h T s sout out out= −( ) − −( )[ ]� 0 0 0 (18)

Ex T Sloss gen= 0 (19)

where hin and hout denote the enthalpy of fluid at the inlet and outlet
of the test section, respectively; sin and sout are the entropy of fluid
at the inlet and outlet of the test section, respectively; and the sub-
script 0 refers to state quantity at reference temperature (in present
work, 293 K).

The exergy efficiency of heat transfer process in the grooved tube
can be expressed by

ηEx
out in

w

out in

out in loss

Ex Ex
Ex

Ex Ex
Ex Ex Ex

= − = −
− +

(20)

4. Numerical simulations

4.1. Selection of turbulence model

To predict the flow structures and thermal performance accu-
rately, selecting an appropriate turbulence model is crucial for
numerical simulations due to the fact that there is no turbulence
model, appropriate for heat transfer and flow predictions in all the
engineering cases. The commonly used turbulence models in en-
gineering applications, including the realizable k-ε Model, the
standard k-ω Model and the SST k-ω Model, were used to investi-
gate the steady-state, three-dimensional turbulent flow and heat
transfer characteristics of the DDIR-tube as documented in Ref. [28].
The results predicted by the turbulence models were compared with
the experimental data that were collected from previous experi-
ments conducted by Meng [28] to select the most appropriate model
for turbulent flow in the novel internally grooved tube. Fig. 3 shows
the comparisons of the average Nusselt number between the nu-
merical and experimental data. Evidently, the numerical results
calculated by the SST k-ω Model is much closer to the experimen-
tal data than those obtained by other models. The maximum
deviations for the SST k-ω Model, the standard k-ω Model and the
realizable k-ε Model are 6%, 8.4% and 9.4%, respectively, implying
that the SST k-ω Model can predict more accurate results than other
models. Therefore, the SST k-ω Model was employed for further nu-
merical investigations in the present study.

4.2. Governing equations and numerical methods

The governing equations for the SST k-ω Model [29] are as follows.
Continuity equation:
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The turbulence kinetic energy equation:
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The specific dissipation rate equation:
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where the blending function F1is defined by:

Fig. 3. Validation of turbulence models by comparing the numerical and experi-
mental average Nusselt number in the ribbed tube [28] using three turbulence models.

Fig. 4. Grids generated for the computation domain.
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The turbulent eddy viscosity is defined as follows:

ν ϕ
ϕ ωt

k
SF

= ( )
1

1 2max ,
(27)

where S is the invariant measure of the strain rate and F2 is a second
blending function defined by:
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A production limiter is used in the SST model to prevent the build-
up of turbulence in stagnation regions:
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All constants are computed by a combination of the correspond-
ing constants of the k–ε and k–ω models via ϕ ϕ ϕ= + −( )1 2 1F F , etc.
The constants for this model are as follows:
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In the present study, the solution of the governing equations was
conducted on the simulation software Fluent 13.0 platform, which
is based on the finite volume method. To couple the velocities and
pressures, the SIMPLE algorithm was used. The diffusion terms were
discretized using a central difference scheme, and the second-
order upwind scheme was applied for the discretization of the
convection terms. The minimum convergence criterion was 10−6 for
all equations except the energy equation, for which the criterion
was 10−8.

4.3. Boundary conditions

In this study, circular tubes with discrete straight or inclined
grooves are considered. The computational domain is illustrated in
Fig. 2. A uniform velocity was introduced at the inlet, while a
pressure-outlet condition was applied at the outlet. A turbulent in-
tensity of 5% and hydraulic diameter was selected as the turbulence
quantities for the inlet and outlet. On all walls, a constant and
uniform temperature was set, and no-slip velocity condition was
applied. Water was selected as the working fluid, and all results were
obtained under steady-flow conditions with Reynolds numbers
between 6780 and 20340.

Table 1
Grid independence test.

Grid number Nu ErrorNu f Errorf

3514123 107.82767 4.29% 0.04589 2.42%
4569194 111.74507 0.82% 0.04679 0.51%
6934449 112.66629 Baseline 0.04703 Baseline

Fig. 5. Validation of Nusselt number and friction factor for the smooth tube.

Fig. 6. Streamlines inside the straight grooves (ϕ = 0°) and inclined grooves (ϕ = 15°, 30° and 45°).
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4.4. Grid generation and independence test

The commercial software, ICEM CFD 13.0, was utilized to gen-
erate the three-dimensional grid system. The fluid domain was
discretized with hybrid grids, as shown in Fig. 4. From the figure,
one sees that the vicinity of the tube wall was meshed into much
finer cells. Prism grids were extruded from the tube wall to ensure
that y+ remained less than 1, while a hex core mesh was gener-
ated to capture the characteristics of the fluid flow in the core flow
region. To fill the areas between the prisms and the hex core, tet-
rahedron grids were used. Pyramids were implemented to establish
a conformal connection between triangle and quadrangle faces.

To confirm the accuracy of the numerical solutions, three sets
of grid systems, with 3514123, 4569194 and 6934449 elements, were
used in a simulation to perform a grid independence test at a Reyn-
olds number of 10,170. The deviation between the calculated values
for grids comprising 4569194 and 6934449 elements is about 0.82%
for Nusselt number and 0.51% for friction factor, as marked by bold
values in Table 1, indicating that the grid system with 4569194 el-
ements is adequately dense for the simulations. Therefore, this grid
system with 4569194 elements was adopted in the subsequent

simulation reflecting a compromise of computational time and so-
lution precision.

5. Results and discussion

5.1. Code validation

To test the reliability of the numerical methods and proce-
dures adopted in this study, the numerical results obtained for
turbulent flow in a smooth tube were compared to the data ob-
tained by the standard correlations. This kind of approach to code
validation has often been adopted for numerical investigations when
experimental data are insufficient or unavailable in the open liter-
ature. The standard correlations for the Nusselt number and friction
factor for a turbulent flow through the smooth tube are the corre-
lation of Gnielinski [30] and the correlation of Petukhov et al. [31],
respectively.

Comparisons between numerical results and correlations are pre-
sented in Fig. 5. The results obtained for the smooth tube from the
numerical simulations are found to agree well with those from the
correlations, within 5% and 2% for the Nusselt number and

Fig. 7. Tangential velocity vectors in the outlet cross-section of the straight grooved tube (ϕ = 0°) and inclined grooved tubes (ϕ = 15°, 30° and 45°) at Re = 10,170.

Fig. 8. Optimized flow fields obtained with different optimization objectives: (a) minimum power consumption [15], (b) minimum heat consumption [16], (c) minimum
entransy dissipation [17], and (d) minimum exergy destruction [18].

Fig. 9. Surface streamlines in the outlet cross-section of the straight grooved tube (ϕ = 0°) and inclined grooved tubes (ϕ = 15°, 30° and 45°) at Re = 10,170.
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friction factor, respectively. Therefore, the numerical methods that
were adopted in this study for heat transfer and pressure drop pre-
dictions were judged to be reliable.

5.2. Flow structures

To capture the structures inside the grooves, the streamlines are
examined. Fig. 6 shows the comparison of the streamlines inside
straight grooves and inclined grooves. As the incoming fluids flow
over the straight grooves (ϕ = 0°), fluids are entrained inside the
grooves, resulting in reversed flows which occupy only a small region
of the grooves (marked by dashed red lines). After the recircula-
tion inside the grooves, fluids are ejected from the grooves and flow
in almost the same direction of the mainstream. However, swirl
flows, which occupy almost the whole region of the grooves, are
induced inside the inclined grooves as the incoming flows en-
trained into the inclined grooves (ϕ = 15°, 30° and 45°). A closer
examination of the streamlines inside the inclined grooves (marked
by dashed red lines) shows that flow separation occurs closer to the
rear edge side of the groove, and separated flows will reattach closer
to the front edge side of the groove. After that, swirl flows are in-
jected from the grooves and flow in different directions from the

Fig. 10. Temperature contours and surface streamlines in the outlet cross-section
of the inclined grooved tube (ϕ = 45°) at Re = 10170.

Fig. 11. Temperature contours in the outlet cross-section of the straight grooved tube (ϕ = 0°) and inclined grooved tubes (ϕ = 15°, 30° and 45°) at Re = 10,170.

Fig. 12. Turbulence intensity and turbulence kinetic energy (TKE) in the outlet cross-section of the straight grooved tube (ϕ = 0°) and inclined grooved tubes (ϕ = 15°, 30°
and 45°) at Re = 10170: (a) turbulence intensity and (b) turbulence kinetic energy (TKE).
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mainstream. Therefore, swirl flow, flow deviation and redirection
are the main features of the flow structure in the inclined grooves,
which are quite different from those inside the straight grooves.

Fig. 7 shows the tangential velocity vectors in the outlet cross-
section of the grooved tube reflecting the effects of the discrete
grooves on the mainstream. It is visible that there is no palpable
vortex structure induced in the straight grooved tube (ϕ = 0°).
However, four evident vortex pairs are generated in the inclined
grooved tube (ϕ = 15°, 30° and 45°), and vortex cores marked by
dashed red lines are regularly distributed near the wall. It is note-
worthy that the flow structures in the inclined grooved tube are quite
similar to those optimum flow fields obtained with different opti-
mization objectives, including minimum power consumption [15],
minimum heat consumption [16], minimum entransy dissipation
[17] and minimum exergy destruction [18], as shown in Fig. 8, in-
dicating that the inclined grooved tube proposed in this study can
be used to generate the optimum flow field.

To better present the flow patterns in the grooved tube, the
surface streamlines are also provided as illustrated in Fig. 9. Com-
pared to the chaotic flow in the straight grooved tube, longitudinal
swirl flows with multi-vortexes are generated in the inclined grooved
tube as the incoming flows pass over the grooves. The unique flow
pattern induced by the discrete inclined grooves results in a long
flow path and relatively intense flow mixing between the wall and
the core flow regions, which will affect the temperature distribu-
tions in the inclined grooved tube significantly.

5.3. Temperature distributions

To reveal the effect of longitudinal swirl flows on the tempera-
ture distributions in the inclined grooved tube, a closer inspection
of the temperature contours in the outlet cross-section of the in-
clined grooved tube (ϕ = 45°) with superimposed surface streamlines
has been conducted, as shown in Fig. 10. From the figure, one sees
that cold fluids are entrained from the core flow region and then
impinged toward the tube wall. During the impingement process,
cold fluids from the core flow region mix with the hot fluids near
the wall. Meanwhile, heated fluids near the wall are pushed into
the core flow region. It can be concluded that cold fluids in the core
flow region and hot fluids near the wall are intensively mixed due
to the existence of longitudinal swirl flows, which creates high tem-
perature, large temperature gradient and thin boundary layer near
the wall, leading to the improvement of heat transfer performance.

Fig. 11 shows the comparison of the temperature contours in the
straight grooved tube and inclined grooved tubes. It is observed that
the temperatures in the inclined grooved tubes are much higher and
more uniformly distributed, especially near the wall, than that in
the straight grooved tube due to better fluid mixing induced by the
longitudinal swirl flows. In addition, it is notable that the high-
temperature region is larger, and the low-temperature region is
relatively smaller in the inclined grooved tube with ϕ = 30° than those
with other inclination angles.

Fig. 12a and b shows the turbulence intensity and turbulence
kinetic energy in the grooved tubes, respectively. In turbulent flow,
turbulence intensity is a reflection of the strength of fluids mixing,
and turbulence kinetic energy presents the heat transfer perfor-
mance to some extent. It is visible that both of the turbulence intensity
and turbulence kinetic energy in the inclined grooved tubes are much
higher than those in the straight grooved tube, meaning that fluids
in the inclined grooved tube are more intensively mixed, and the
heat transfer performance is much better than those in the straight
grooved tube. In particular, the turbulence intensity in the inclined
grooved tube with ϕ = 30° is the highest, followed by those with
ϕ = 45°and ϕ = 15°. Accordingly, the inclined grooved tube with ϕ = 30°
yields the highest turbulence kinetic energy. Thus, the inclined
grooved tube with ϕ = 30° shows the best heat transfer performance.

5.4. Thermal-hydraulic performance

Fig. 13a and b show the effect of Reynolds number on the Nusselt
number and friction factor for a smooth tube and four internally
grooved tubes. From Fig. 13a, it can be seen that Nusselt number
increases with an increase in Reynolds number for the smooth tube
as well as grooved tubes. However, the amplitude of variation for
the inclined grooved tubes is much larger than that for the straight
grooved tube, which can be attributed to the better fluids mixing
caused by the longitudinal swirl flows in the inclined grooved tube.
From Fig. 13b, it is apparent that friction factor increases with in-
creasing Reynolds number in the inclined grooved tube, while the
opposite variation trend is found in the straight grooved tube. This
can be attributed to the different flow patterns induced in the straight
grooved tube and inclined grooved tubes.

It has been observed that both the Nusselt number and friction
factor are strongly affected by the groove inclination angles of
the grooved tubes. In order to determine the enhancement in heat
transfer and friction factor caused by the utilization of grooves
with different inclination angles, it is necessary to discuss the

(a) 

(b) 

Fig. 13. Variation of Nusselt number and friction factor with Reynolds number: (a)
Nusselt number and (b) friction factor.
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variations of Nusselt number ratio (Nu/Nu0) and friction factor ratio
(f/f0) as function of groove inclination angle. Fig. 14a shows the vari-
ation of the Nusselt number ratio with groove inclination angles for
different Reynolds numbers. The plot clearly shows that the Nusselt
number ratio has increased with the increasing groove inclination
angle from 0° to 30°, and beyond which decreasing trend is ob-
served for all the Reynolds numbers. The Nusselt number ratio is
found to be 1.17–1.91 for the grooved tubes investigated. The fric-
tion factor ratio shows the similar variation trend to the Nusselt
number ratio as can be seen in Fig. 14b. The friction factor ratio
ranges from 1.14 to 3.08 for all the cases.

5.5. Heat transfer evaluation from different criteria

Fig. 15 shows the variation of PEC as function of groove incli-
nation angles for different Reynolds numbers. Apparently, an increase
in PEC can be seen with an increase in groove inclination angle from
0° to 30°, and further increase in groove inclination angle leads to
the decrease in PEC. It can be further noticed that the PEC is sen-

sitive to Reynolds number, and higher PEC is achieved at lower
Reynolds number for a certain groove inclination angle. The
maximum PEC is obtained with the groove inclination angle of 30°
at the lowest Reynolds number. For all the groove inclination angles
and Reynolds numbers investigated, PEC varies from 1.04 to 1.52,
which is greater than unity, implying that the proposed grooved tube
is advantageous over the smooth tube. In addition, it is notewor-
thy to point out that the PEC in the inclined grooved tube (ϕ = 15°,
30° and 45°) is much higher than that in the straight grooved tube
(ϕ = 0°). This can be attributed to the fact that longitudinal swirl flows
with multi-vortexes conforming to the optimum flow field for heat
transfer enhancement are generated in the inclined grooved tube,
compared to the irregular flow induced in the straight grooved tube.

Fig. 16 shows the distributions of the local synergy angle β in
the outlet cross-section of the straight grooved tube (ϕ = 0°) and in-
clined grooved tubes (ϕ = 15°, 30°, 45°) at Re = 10,170. It is visible
that the local synergy angles in the inclined grooved tubes are
smaller than that in the straight grooved tube, especially in the area
where multi-vortexes are generated, implying that the field synergy
is improved in the inclined grooved tubes. According to the field
synergy principle, improving the synergy between the velocity vector
and temperature gradient vectors is an effective way to enhance con-
vective heat transfer. Therefore, the inclined grooves that lead to
longitudinal swirl flows with multi-vortexes can be used to disturb
the flow field and reduce the synergy angle, thus enhance the heat
transfer performance significantly.

Volume averaged synergy angles are also presented to assess the
overall heat transfer performance in the grooved tubes as illus-
trated in Fig. 17. From the figure, one can see that volume average
synergy angles decrease as the groove inclination angle is in-
creased up to 30°, beyond which they start to increase irrespective
of Reynolds numbers. This means that the best synergy between
velocity and temperature fields is achieved at the groove inclina-
tion angle of 30°. Thus the grooved tube having the groove inclination
angle of 30° yields the maximum heat transfer performance. Besides,
it can be observed that volume averaged synergy angles in the in-
clined grooved tubes are smaller than that in the straight grooved
tube. Therefore, it is reasonable to conclude that flow patterns have
a profound effect on the heat transfer performance, and the flow
pattern of longitudinal swirl flows with multi-vortexes induced in
the inclined grooved tube is advantageous over the irregular flow
pattern generated in the straight grooved tube.

(a)

(b)

Fig. 14. Variation of Nusselt number ratio and friction factor ratio with groove in-
clination angle for different Reynolds numbers: (a) Nusselt number ratio and (b)
friction factor ratio.

Fig. 15. Variation of PEC with groove inclination angle.
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Fig. 18 shows the effect of groove inclination angle on the entropy
generation number. The figure plots clearly that the entropy gen-
eration number decreases with the increment of groove inclination
angle as the inclination angle is no more than 30°, implying that
increasing the groove inclination angle not only enhances the heat
transfer, but also reduces the irreversibility of the process. But the

entropy generation number tends to increase as the inclination angle
is beyond 30°, indicating that the further increment of the groove
inclination angle will restrict the thermodynamic advantage of the
grooved tube. A closer inspection of the figure shows that the entropy
generation number in the inclined grooved tubes is smaller than
that in the straight grooved tube for all the Reynolds numbers in-
vestigated, meaning that the irreversibility in the inclined grooved
tubes is reduced, compared to the straight grooved tube. There-
fore, inclined grooved tubes are more effective for heat transfer.

Fig. 19 shows the variation of exergy efficiency with groove in-
clination angle for different Reynolds numbers. It is clear from the
figure that the exergy efficiency for the heat transfer process in the
grooved tubes increases with the increment of groove inclination
angle, and it tends to decrease as the inclination angle is beyond
30°. The maximum exergy efficiency is obtained with the groove
inclination angle of 30° at the lowest Reynolds number, which is
consistent with the results as shown in Fig. 15. In addition, it is val-
uable to point out that the exergy efficiency in the inclined grooved
tubes is higher than that in the straight grooved tube, which also
demonstrates the superiority of the inclined grooved tubes for heat
transfer enhancement.

6. Conclusions

A numerical study was conducted to document the possibility
of generating longitudinal swirl flows with multi-vortexes in the
grooved tubes, including one straight grooved tube and three in-
clined grooved tubes. Compared to the flow field induced in the

Fig. 16. Local synergy angle β contours in the outlet cross-section of the straight grooved tube (ϕ = 0°) and inclined grooved tubes (ϕ = 15°, 30°, 45°) at Re = 10,170.

Fig. 17. Variation of volume averaged synergy angle with groove inclination angle.

Fig. 18. Variation of entropy generation number with groove inclination angle. Fig. 19. Variation of exergy efficiency with groove inclination angle.
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straight grooved tube, longitudinal swirl flows with multi-vortexes
were generated in the inclined grooved tubes. This kind of flow
pattern resulted in a long flow path and relatively intense flow
mixing between the wall and the core flow regions, which signifi-
cantly improved the synergy between the velocity and temperature
fields, and thereby enhanced the heat transfer performance. In ad-
dition, evaluation of the entropy generation shows that inclined
grooves can not only improve the heat transfer rate, but also reduce
the irreversibility of the heat transfer and flow process, compared
to the straight grooves. For all the groove inclination angles and Reyn-
olds numbers investigated, PEC varied from 1.04 to 1.52. The
maximum overall thermal-hydraulic performance (PEC = 1.52) was
achieved with the groove inclination of 30° at the lowest Reyn-
olds number.
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Nomenclature

cp Specific heat [J kg−1 K−1]
D1 Inner diameter of the tube [m]
D2 Outer diameter of the tube [m]
Ec Eckert number
Ex Exergy rate [w]
EGM Entropy generation minimization
FSP Field synergy principle
f Friction factor
H Groove depth [m]
h* Average heat transfer coefficient [W m−2 K−1]
h Enthalpy per unit mass [J kg−1]
k Kinetic energy [m2 s−2]
L1 Length of the upstream section [m]
L2 Length of the test section [m]
L3 Length of the downstream section [m]
L Groove length [m]
�m Mass flow rate [kg s−1]

N Number of circumferential groove
Nu Nusselt number
Ns Entropy generation number
p Pressure [Pa]
Δp Pressure drop [Pa]
P Groove pitch [m]
Pr Prandtl number
PEC Performance evaluation criterion
�Q Total rate of heat transfer [W]
′q Heat flux per unit length [W m−3]

q Average heat flux on the wall [W m−2]
Re Reynolds number
St Stanton number
�S gen Entropy generation rate [W K−1]

s Entropy per unit mass [J K−1 kg−1]
T Temperature [K]
TKE Turbulence kinetic energy
um Mean velocity [m s−1]
W Groove width [m]

Greek symbols
ϕ Groove inclination angle [o]
′β Expansion coefficient [K−1]

β Local synergy angle [o]
βm Volume averaged synergy angle [o]
ε Dissipation [m2 s−3]

λ Thermal conductivity [W m−1 K−1]
λ* Dimensionless length of the test section
μ Dynamic viscosity [Pa s]
νt Turbulent eddy viscosity [Pa s]
ρ Density (kg m−3)
τ Dimensionless temperature difference
ηEx Exergy efficiency
ω Specific dissipation rate [s−1]

Subscripts
m Mean
in Inlet of the test section
out Outlet of the test section
w Wall
f Fluid
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