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In the present work, we propose a novel enhanced tube with discrete inclined grooves, aiming to
enhance heat transfer with minimum consumption of pump power by generating longitudinal swirl
flows with multiple vortices in the proposed grooved tube. A numerical study has been conducted to
investigate the turbulent flow structures and the effects of geometric parameters on the thermal per-
formance. According to the results, longitudinal swirl flows with multiple vortices are generated in the
grooved tube, and the number of induced vortices is proportional to the number of circumferential
grooves. The heat transfer and friction factor are enhanced by a factor of approximately 1.23e2.17 and
1.02 to 3.75 over the smooth tube, respectively. To further understand the physical mechanism of the
enhanced grooved tube and to assess the effects of geometric parameters, entropy generation analyses
have also been performed. The results show that the entropy generation number ratios decrease with
increasing the number of circumferential grooves and with the reduced groove pitch ratio, and a number
of circumferential grooves of 12 and a groove pitch ratio of 3 are recommended for the proposed grooved
tube. In addition, comparisons with previous work show that the proposed grooved tube provides
considerably higher overall thermal performance than the transversally grooved tube, internally helical
grooved tube and continuous corrugated tube, but lower thermal performance than the discrete
corrugated tube at lower Reynolds numbers, indicating that the proposed grooved tube is very promising
for heat transfer enhancement in practical applications.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Heat exchangers, which ensure heat transfer from one medium
to another, have wide applications ranging from petroleum,
chemical, power generation industries and domestic uses.
Enhancement in a heat exchanger's overall performance contrib-
utes to reducing the size of heat exchangers and make material and
energy savings related to the heat exchange processes [1]. In
practical applications, it is usually necessary to develop efficient
enhanced heat transfer tubes to improve the efficiency of a heat
exchanger, due to the fact that a heat exchanger's overall perfor-
mance is determined by the heat transfer in the tubes which are the
basic heat transfer units for a heat exchanger. Tube inserts like
twisted tapes and coiled wires or artificial roughness elements such
as ribs, grooves and corrugations on the surface are commonly used
liu@hust.edu.cn (W. Liu).
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heat transfer enhancement techniques for tubes. Among these
techniques available, artificial grooved tubes show better overall
thermal performance and are widely used in modern heat ex-
changers, because they are very effective in heat transfer
augmentation [2].

Bilen et al. [2] experimentally investigated the effects of groove
geometry on heat transfer for internally grooved tube. Three geo-
metric groove shapes (circular, trapezoidal, and rectangle) were
adopted to perform the tests. The heat transfer enhancement was
obtained up to 63% for circular groove, 58% for trapezoidal groove
and 47% for rectangle groove, compared to the smooth tube.
Aroonrat et al. [3] studied the heat transfer and flow characteristics
of water flowing through horizontal internally grooved tubes,
including one straight grooved tube and four helical grooved tubes
with different pitches. The results showed that the thermal
enhancement factor obtained from helical grooved tubes is about
1.4e2.2 for a pitch of 0.5 inch; 1.1 to 1.3 for pitches of 8, 10, and 12
inches, respectively; and 0.8 to 0.9 for a straight grooved tube.
Bharadwaj et al. [4] determined pressure drop and heat transfer
characteristics of flow of water in a 75-start spirally grooved tube
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with twisted tape insert experimentally. Laminar to fully turbulent
ranges of Reynolds numbers were considered in the experiments. It
was found that heat transfer enhancement due to spiral grooves
was further augmented by inserting twisted tapes compared to
smooth tube.

Experimental measurements and analyses about transition and
turbulent convective heat transfer performances of molten salt in
the spirally grooved tube were conducted by Lu et al. [5]. According
to the experimental results, the groove height increment remark-
ably enhanced heat transfer in the spirally grooved tube. Later, Lu
et al. [6] experimentally investigated the convective heat transfer of
high temperature molten salt in transversely grooved tube using
electric power through the testing tube, and developed experi-
mental correlation for molten salt flow in transversely grooved by
considering the groove height.

There are further studies concerning the thermal-hydraulic
performance for condensation and evaporation in the grooved
tubes. Goto et al. [7] measured heat transfer coefficient and pres-
sure drop for condensation and evaporation of R410A and HCFC22
inside conventional spiral groove tubes and herring-born groove
tubes. The results showed that the local heat transfer coefficients of
the herring-bone grooved tubes were about twice as large as those
of spiral one for condensation, and were slightly larger than those
of spiral one for the evaporation. Zhang et al. [8,9] carried out
experimental studies on heat transfer characteristics for evapora-
tion of R417A flowing inside horizontal smooth and internally
grooved tubes. Recently, Zhang et al. [10] investigated heat transfer
enhancement and pressure drop performance for R417A flow
boiling in smooth and internally grooved tubes experimentally. The
results indicated that both enhancement factor and penalty factor
increased with increasing mass flux, while enhancement parame-
ters showed different situations in different internally grooved
tubes.

Grooves have also been applied in other channels besides cir-
cular tubes. A numerical investigation of turbulent forced convec-
tion in a two-dimensional channel with periodic transverse
grooves on the lower channel wall was conducted by Eiamsa-ard
and Promvonge [11]. Latser, they [12] experimentally examined
the turbulent forced convection heat transfer and friction charac-
teristics in a rectangular duct with rib-grooved turbulators. Bi et al.
[13] examined the local heat transfer characteristics in the mini-
channels with enhanced dimples, cylindrical grooves and low fins
by using the field synergy principle. Liu et al. [14] proposed novel
groove geometries, which were conventional cylindrical grooves
with rounded transitions to the adjacent flat surfaces and with
modifications to their bases, and numerically analyzed the turbu-
lent flow characteristics and heat transfer performances in square
channels with different cylindrical-shaped grooves. According to
the numerical results, 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.
Tang et al. [15] numerically investigated the effects of groove con-
figurations and various geometric parameters on heat transfer
enhancement in a narrow channel with discrete grooved struc-
tures. The results of parameters study showed that the case of P-
type grooves with ph¼ 1.2, fh¼ 2.6, eh¼ 1, a¼ 30� provided the best
overall thermal performance factor at Re ¼ 4016.

According to the above literature survey, grooves can be used to
improve thermal performance for single-phase flow or two-phase
flow in circular tubes or other channels. However, utilizations of
the grooves usually result in a considerable increase in the pressure
drop for the heat transfer enhancement. To provide guidelines for
achieving energy savings by improving the balance between heat
transfer enhancement and pressure drop, our group has carried out
several heat transfer optimization studies [16e20]. The theoretical
results obtained show that longitudinal swirl flow with multiple
vortices is a flow pattern that can lead to high overall thermal
performance of circular tubes.

In Ref. [21], Meng proposed a double discrete inclined ribbed
tube (DDIR-tube) for heat transfer enhancement. The results show
that longitudinal swirl flows with multiple vortices can be gener-
ated with the unique arrangement of the ribs. In the present work,
we propose a novel enhanced tube with discrete inclined grooves.
The arrangement and size of grooves are similar to those of ribs as
shown Ref. [21]. The objective of this work is aiming to enhance
heat transfer with minimum consumption of pump power by
generating longitudinal swirl flows with multiple vortices in the
proposed grooved tube. A numerical study of turbulent flow and
heat transfer in the grooved tube is conducted to document the
possibilities. Turbulent flow and heat transfer details, and effects of
geometric parameters on the flow and heat transfer are presented
and analyzed. To understand the physical mechanism of the
enhanced grooved tube and to assess the effects of geometric pa-
rameters on the heat transfer performance, entropy generation
analyses have also been performed to further reveal the essence of
heat transfer enhancement.

2. Model description

The schematic diagram of the circular tube with discrete
grooves characterized by a discrete and inclined distribution
investigated in the present numerical work is shown in Fig. 1. The
tube consisted of three sections with a total length of 0.4 m (l). The
test section had a length of 0.2 m (L2), an inner diameter (D1) of
0.017 m and an outer diameter (D2) of 0.019 m. To guarantee a
nearly fully developed flow situation and to eliminate downstream
disturbance effects; two extended smooth tubes with lengths of
10D1 (L1) and 10D1 (L3) were connected upstream and downstream
of the test section, respectively.

In the test section, discrete inclined grooves were uniformly
arranged on the inner wall surface of the tube as shown in Fig. 2.
The fixed geometric parameters for the grooves were groove length
(L ¼ 0.006 m), groove width (W ¼ 0.002 m), groove depth
(H ¼ 0.0005 m) and groove inclination angle (a ¼ 30�). Five values
of the number of circumferential grooves (N ¼ 4, 6, 8, 10, 12); and
five values of the groove pitch ratio, defined as the ratio of the
groove pitch to the groovewidth (P*¼ P/W¼ 3, 4, 5, 6, 7) were used
to examine the influence of geometric parameters on heat transfer
and flow performance in the grooved tube.

3. Numerical simulations

3.1. Selection of turbulence model

The selection of an appropriate turbulence model is crucial to
the accuracy of numerical results. The commonly used turbulence
models in engineering applications, including the realizable k-ε
Model, the standard k-uModel and the SST k-uModel were used to
investigate the steady-state, three-dimensional turbulent flow and
heat transfer characteristics of the DDIR-tube as documented in
Ref. [21]. The results obtained using these turbulent models were
compared with the experimental data, as shown in Fig. 3. It is
evident that the average Nusselt number calculated by the SST k-u
Model is most similar to the experimental data of the model tested
than that using other turbulence models. Quantitatively, the
maximum deviations for the average Nusselt number between the
experimental and numerical data for the realizable k-ε Model, the
standard k-u Model and the SST k-u Model are 9.4%, 8.4% and 6%,
respectively, indicating that the SST k-uModel is more reliable than
other models. Therefore, the SST k-u Model was employed for



Fig. 1. Schematic diagram of the grooved tube.

Fig. 2. Structure and configurations of the discrete inclined grooves.

Fig. 3. Validation of turbulence models by comparing numerical and experimental
average Nusselt number in the ribbed tube [21] using three turbulence models.
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further numerical investigations in the present study.

3.2. Governing equations and boundary conditions

The flow field is governed by the three-dimensional Reynolds-
averaged NaviereStokes (RANS) equations, based on the assump-
tion that the heat transfer and fluid flow processes are turbulent
and steady-state, and that heat loss to the environment is neglec-
ted. The governing equations are as follows [22]:

Continuity equation:

vðruiÞ
vxi

¼ 0 (1)

Momentum equation:

vðruiÞ
vt

þ v
�
ruiuj

�
vxj

¼ �vp
vxi

þ v

vxj

"
m
vðuiÞ
vxj

� ru0
iu

0
j

#
(2)

Energy equation:

v

vxi
ðrTÞ þ v

vxi
ðruiTÞ ¼

v

vxi

�
l

cp

vT
vxi

�
(3)

The turbulence kinetic energy equation:
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The specific dissipation rate equation:

vðruÞ
vt

þ vðruiuÞ
vxi

¼ 4rS2 � bru2 þ v

vxi

�
ðmþ sumtÞ

vu

vxi

�

þ 2ð1� F1Þrsw2
1
u

vk
vxi

vu

vxi
(5)

where the blending function F1 is defined by:
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The turbulent eddy viscosity is defined as follows:
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maxð41u; SF2Þ
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where S is the invariant measure of the strain rate and F2 is a second
blending function defined by:

F2 ¼ tanh
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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 corre-
sponding constants of the keε and keu models via
4 ¼ 41Fþ42(1�F), etc. The constants for this model are as follows:

b* ¼ 0.09, 41 ¼ 5/9, b1 ¼ 3/40, sk1 ¼ 0.85, su1 ¼ 0.5, 42 ¼ 0.44,
b2 ¼ 0.0828, sk2 ¼ 1, su2 ¼ 0.856 All the governing equations were
solved using the Fluent 13.0 software, which is based on the finite
volume method. The SIMPLE algorithm was used for the veloc-
ityepressure coupling, and the second-order upwind scheme was
applied for the discretization of the convection terms. The diffusion
terms were discretized using a central difference scheme. The
minimum convergence criterion was 10�6 for the continuity
equation, velocity and turbulence quantities and 10�8 for the en-
ergy equation.

For a full length grooved tube, a uniform velocity was
Fig. 4. Grids generated for th
introduced at the inlet and the fluid temperature of the inlet was
fixed at 293 K, while a pressure-outlet condition was applied at the
outlet. Non-slip velocity conditions on the walls were assumed. A
constant and uniform temperature of 333 K was applied on all
walls. Water was selected as the working fluid, and all results were
obtained under steady-flow conditions with Reynolds numbers
ranging from 6780 to 20340.
3.3. Grid generation and independence test

The fluid domain was discretized by unstructured mesh gener-
ated with the commercial software ICEM CFD 13.0 as shown in
Fig. 4. To obtain more precise results and ensure that yþ remained
less than 1, prism grids, which are orthogonal to the surfaces and
with faces perpendicular to the boundary layer flow direction, were
extruded from the surface of the tube. A hex core mesh, with
hexahedron grids filling the majority of the volume, was generated
to capture the characteristics of the fluid flow in the core region. To
fill the areas between the surface of the prisms and the hex core,
tetrahedron grids were used. Pyramids were applied to establish a
conformal connection between triangle and quadrangle faces. To
confirm the accuracy of the numerical solutions, three sets of grid
systems, with 5171256, 6477267 and 8531495 elements, were used
in a simulation to perform a grid independence test at a Reynolds
number of 10170. The Nu and f values obtained by the three grid
systems are illustrated in Fig. 5. The results indicate that the devi-
ation between the calculated values for grids comprising 6477267
and 8531495 elements is about 0.9% for Nusselt number and 1.2%
for friction factor, indicating that the grid system with 6477267
elements is adequately dense for the simulations. Therefore, this
grid systemwith 6477267 elements was adopted in the subsequent
simulation reflecting a compromise of computational time and
solution precision.
3.4. Parameter definition

The Reynolds number (Re) is given by

Re ¼ rumD1

m
(10)

where um is the mean velocity in the tube.
The average heat transfer coefficient (h) and the Nusselt number

(Nu) are estimated as follows:

h ¼ q
Tw � Tm

(11)
e computation domain.



Fig. 5. Nusselt number and friction factor calculated by different grid systems at
Re ¼ 10170.

Fig. 6. Validation of Nusselt number and friction factor for the smooth tube.
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Nu ¼ hD1

k
(12)

where Tw is the average temperature of the wall and Tm is the bulk
temperature of the fluid.

Correspondingly, the friction factor (f) can be written as

f ¼ DP
ðL2=D1Þru2m

	
2

(13)

in which DP could be determined by the difference between the
mass-averaged pressures at the inlet and the outlet of the test
section.

To evaluate more real benefits with the application of present
grooved tubes, the more realistic ratio Q*,b proposed by Bergles
et al. [23,24] is computed. Real benefits can be obtained when the
ratio is more than one. It is calculated based on the following
formula:

Q*;b ¼ Q
0
a

.
Q

0
s (14)

where Q
0
a and Q

0
s are the total heat flux transferred in the enhanced

tube and smooth tube, respectively.
Fig. 7. Streamlines inside grooves.
4. Results and discussion

4.1. Code validation

To test the reliability of the numerical methods and procedures
adopted in this study, the numerical results obtained for turbulent
flow in a smooth tube were compared to the data obtained by the
standard correlations. This kind of approach to code validation has
often been adopted for numerical investigations when experi-
mental data is insufficient or unavailable in the open literature. The
standard correlations for Nusselt number and friction factor for a
turbulent flow through the smooth tube are correlation of Gnie-
linski [25] and correlation of Petukhov [26], respectively.

Correlation of Gnielinski is given by

Nu0 ¼ ðz=8ÞðRe� 1000ÞPr
1þ 12:7

ffiffiffiffiffiffiffiffi
z=8

p �
Pr2=3 � 1

� (15)
z ¼ ð1:821g Re� 1:64Þ�2 (16)

Correlation of Petukhov is expressed as

f0 ¼ ð0:79 ln Re� 1:64Þ�2 (17)

Comparisons between numerical results and correlations are
shown in Fig. 6. The results obtained for the smooth tube from the
numerical simulations are found to agree well with those from the
correlations, within 4.6% and 1.2% for the Nusselt number and
friction factor, respectively. Therefore, numerical methods adopted
in this study for heat transfer and pressure drop predictions were
judged to be reliable.

4.2. Flow structure and temperature distributions

Prior to investigating the effects of geometric parameters on the
thermal-hydraulic performance in the tube with discrete inclined
grooves, it is necessary to analyze the flow structure and temper-
ature distributions in the grooved tube at first. The flow structure
inside grooves of the proposed enhanced tube is visualized in Fig. 7.
It is evident from the streamlines inside the groove that swirl flows
are induced inside the grooves as the incoming flows swallowed
into the grooves. A closer examination of the streamlines shows
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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 recirculation inside the groove, the swirl
flows are injected from the grooves. Apparently, swirl flow, flow
deviation and redirection are the main features of the flow struc-
ture in the proposed grooved tube.

Fig. 8 shows the tangential velocity vectors and temperature
contours in the outlet cross section of the test sectionwhich are the
most notable characteristics of the effects of the discrete inclined
grooves on the mainstream flow and heat transfer. It is visible that
three pairs of counter-rotating vortices or longitudinal swirl flows
near the wall are generated inside the grooved tube. Each longi-
tudinal swirl flow is induced as the incoming flows pass over a
discrete inclined groove, and the mainstream is finally divided into
six helical streams. The flow pattern results in a long flow path and
relatively intense flow mixing between the wall and the core flow
regions, which affects the temperature distributions in the grooved
tube significantly. A closer inspection of the temperature contours
shows that larger temperature gradients are createdwhere the cold
fluids swallowed from the core flow region impinge toward the
tube wall, while in the regions where hot fluids near the wall flow
toward the core flow region, the temperature gradients are rela-
tively smaller. On the whole, the temperature is more evenly
distributed due to better flow mixing induced by the longitudinal
swirl flows in the grooved tube.

4.3. Effects of geometric parameters on the thermal-hydraulic
performance

4.3.1. Effects of the number of circumferential grooves
Fig. 9 shows the variations of Nusselt number ratios, friction

factor ratios and Q*,b values with different numbers of circumfer-
ential grooves (N ¼ 4, 6, 8, 10, 12) at P* ¼ 3. Fig. 9(a) shows that
Nusselt number ratios increase with increasing Reynolds number,
but the increasing amplitude is quite limited, especially for larger
Reynolds numbers. At a given Reynolds number, Nusselt number
ratios increase significantly with increasing numbers of circum-
ferential grooves. On the whole, the heat transfer is enhanced by a
factor of approximately 1.35e2.17 over those of the smooth tube for
various numbers of circumferential grooves. According to Fig. 9(b),
Fig. 8. Tangential velocity vectors and temperature contours in the outlet cross section
of the test section at Re ¼ 10170, N ¼ 6 and P* ¼ 3.

Fig. 9. Effects of the number of circumferential grooves on flow and heat transfer
performance: (a) Nusselt number ratio; (b) friction factor ratio; (c) Q*,b.



Fig. 10. Tangential velocity vectors and surface streamlines with different numbers of circumferential grooves in the outlet cross section of the test section at Re ¼ 10170: (a)
tangential velocity vectors; (b) surface streamlines.

Fig. 11. 3D streamlines in the grooved tubes with different numbers of circumferential grooves at Re ¼ 10170.

Fig. 12. Turbulence intensity with different numbers of circumferential grooves in the outlet cross section of the test section at Re ¼ 10170.
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friction factor ratio increases significantly with increasing Reynolds
number, which is different from the variation trend of the Nusselt
number ratio. At a given Reynolds number, friction factor ratios
increase substantially with increasing numbers of circumferential
grooves, especially for larger Reynolds numbers. The friction factor
is increased by a factor of 1.16e3.75 over those of the smooth tube



Fig. 13. Temperature and velocity contours with different numbers of circumferential grooves in the outlet cross section of the test section at Re ¼ 10170: (a) temperature contours;
(b) velocity contours.
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for various numbers of circumferential groove.
Fig. 9(c) illustrates the variation of Q*,b values in the grooved

tube. The Q*,b values vary from 1.28 to 2.30, which are greater than
unity for all the numbers of circumferential grooves, implying that
the proposed grooved tube is advantageous over the smooth tube.
At a given Reynolds number, the Q*,b values increase with larger N,
and the difference for Q*,b values is very small as N increased from
10 to 12, indicating that the increasing space for Q*,b is quite limited
with the further increase of N. Therefore, a maximum N of 12 is
proposed for applications.

The aforementioned results reveal that the number of circum-
ferential grooves profoundly affect the flow and heat transfer per-
formance in the grooved tube. To analyze the mechanism of the
flow and heat transfer, the tangential velocity vectors, surface
streamlines, 3D streamlines, turbulence intensity, temperature and
velocity contours in the outlet cross section of the test section at
Re ¼ 10170 are presented in Figs. 10e13.

The tangential velocity vectors and surface streamlines with
different numbers of circumferential grooves in the outlet cross
section of the test section are shown in Fig. 10. It is apparent that
longitudinal swirl flowswithmultiple vortices are generated due to
the existence of discrete inclined grooves, and the number of the
induced vortex is proportional to the number of circumferential
grooves. It is valuable noting that the area influenced by the
vortices is relatively closer to the core flow region at N ¼ 4
compared to other numbers of circumferential grooves, and the
affected area tend to get closer to the wall with increasing the
number of circumferential grooves, which can be attributed to the
interaction between the induced vortices. This kind of interaction
helps to increase the flow mixing between the core flow and wall
regions.

To better present the flow structures in the grooved tubes, 3D
streamlines in the grooved tubes with different numbers of
circumferential grooves have also been provided, as shown in
Fig. 11. It is apparent from the 3D streamlines that multiple longi-
tudinal swirl flows are induced in the grooved tubes, and the
number of the longitudinal swirl flows is proportional to the
number of circumferential grooves. With the increment of the
number of circumferential grooves, the cores of these longitudinal
swirl flows are distributed more closely to the wall due to the
interaction between the swirl flows. Even though the area affected
by single longitudinal swirl flow decreases with more circumfer-
ential grooves, the total area affected by all the longitudinal swirl
flows increases. Therefore, it can be expected that more fluid in the
area affected by longitudinal swirl flows can get better mixed.

The strength of the vortices is characterized in terms of turbu-
lence intensity as illustrated in Fig. 12. It is visible that the turbu-
lence intensity is higher where multiple vortices are generated.
Besides, the turbulence intensity increases with increasing
numbers of circumferential grooves, indicating that the intensity of
flow mixing is enhanced gradually with increasing the number of
circumferential grooves. As a result of the intense flow mixing, the
temperature is more evenly distributed as shown in Fig. 13 (a). The
average temperature increases with increasing numbers of
circumferential grooves, which explains why Nusselt number ratios
increase significantly with increasing numbers of circumferential
grooves. In addition, fluids lose momentum due to flow mixing,
resulting in the pressure drop. As shown in Fig. 13(b), the velocity
magnitude is smaller where turbulence intensity is high, and the
higher the turbulence intensity is, the smaller velocity magnitude
is. Therefore, fluids losemoremagnitudewith increasing number of
circumferential grooves, indicating more pressure drop is caused
with more grooves. This explains why friction factor ratios increase
with increasing numbers of circumferential grooves.

4.3.2. Effects of groove pitch
Variations of Nusselt number ratios, friction factor ratios and

Q*,b values with different groove pitch ratios at N ¼ 12, Re ¼ 10170,
are shown in Fig. 14(a), (b) and (c), respectively. Fig. 14(a) shows
that Nusselt ratios increase with increasing Reynolds number. But
the increasing trend diminishes at elevated Reynolds number,
especially for the smaller groove pitch ratio case, like P* ¼ 3. At a
given Reynolds number, Nusselt number ratios decrease with
increasing groove pitch ratio, implying the use of smaller groove
pitch to enhance heat transfer is more effective. For all the groove
pitch ratio cases, the heat transfer is enhanced by a factor of
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approximately 1.23e2.17 over those of the smooth tube. Fig. 14(b)
illustrates that friction factor ratios increase with increasing Rey-
nolds number, which is consistent with Nusselt number ratios, but
the increasing amplitude is much larger than those of Nusselt
number ratios. At a given Reynolds number, friction factor ratios
decrease with increasing groove pitch ratio. The friction factor is
increased by a factor of 1.02e3.75 over those of the smooth tube for
all the groove pitch ratio cases.

The effect of groove pitch ratios on is shown in Fig.14(c). The Q*,b
values vary from 1.18 to 2.30 which are above unity for all the cases,
and the maximum Q*,b of 2.30 is observed for P* ¼ 3 due to the
excellent heat transfer enhancement with relatively low pressure
drop. In the case of P* ¼ 3, the actual distance between the grooves
is 0.006 m indicating that grooves are very close to each other.
Considering the fact the groove length is 0.006 m, the less P* will
lead to the interference between the grooves and thereby impairs
the heat transfer performance. Therefore, the smallest pitch ratio of
3 (P* ¼ 3) is recommended for applications.

Fig.15 shows the local heat flux on thewall at Re¼ 10170, P*¼ 5.
In the present study, heat flux is a reflection of heat transfer per-
formance under constant wall temperature condition. It is note-
worthy that the local heat flux is much higher right after the
grooves than further downstream from the grooves because strong
vortices are induced by the grooves, and the strength of the vortices
diminishes with the fluids flowing forward. Therefore, heat transfer
enhancement is much higher in the area right after the grooves,
and taking advantage of these areas by reducing the groove pitch
ratio is an effective way to enhance the overall heat transfer per-
formance. This explains why Nusselt number ratios increase with
the decreasing groove pitch ratio. On the other hand, reducing the
groove pitch ratio means that the test section has more grooves,
and the pressure drop increases consistently with increasing
groove number because more flow blockages are created by the
grooves, which explains why friction factor ratios increase with
decreasing groove pitch ratio.

The analysis above is based on the first law of thermodynamics.
To further understand the effects of geometric parameters on the
thermal-dynamic performance in the proposed grooved tube and
reveal the essence of heat transfer enhancement, it is necessary to
perform some analyses based on the second law of thermody-
namics, which mainly focuses on the irreversibility caused by the
process of heat transfer and flow in the tube. Entropy generation
analysis proposed by Bejan [27,28], is a commonly used method to
investigate heat transfer performance from the viewpoint of the
second law of thermodynamics. Thus, entropy generation analyses
are performed in the following section.
4.4. Entropy generation analysis

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

m
0
dh ¼ q

0
dz (18)

dS
0
gen ¼ m

0
ds� q

0
dz
Tw

(19)

where q' is the heat flux per unit length.
In addition, by using the canonical relation given by
Fig. 14. Effects of groove pitch on flow and heat transfer performance: (a) Nusselt
number ratio; (b) friction factor ratio; (c) Q*,b.



Fig. 15. Local heat flux on the wall at Re ¼ 10170, P* ¼ 5.

Fig. 16. Variation of the entropy generation number ratio Ns,a/Q*,b with Reynolds
number for different numbers of circumferential grooves.
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Tds ¼ dh� ydp (20)

Substituting Eq. (18) and Eq. (20) into Eq. (19) yields the entropy
generation rate per length:

dS
0
gen ¼ m

0
cp

�
Tw � T
TTw

dT � 1
rcpT

dP
�

(21)

Pressure drop in Eq. (21) is given by

dP ¼ �f rum
2D1

dz (22)

The bulk temperature variation of fluid along the grooved tube
is given by Sahin [29]:

T ¼ Tw � ðTw � TiÞexp
�
� 4h
rumD1cp

z
�

(23)

Integrating Eq. (21) along the test section of the grooved tube,
total entropy generation is obtained as

S
0
gen ¼ m

0
cp

"
ln

"
1� te�4Stl*

1� t

#
� t

�
1� e�4Stl*

�

þ 1
8
f
Ec
St

ln

"
e4Stl

* � t

1� t

##
(24)

where t¼(Tw�Ti)/Tw is the dimensionless temperature difference,
l*¼L2/D1 is the dimensionless length of the test section,
Ec ¼ u2m=ðcpTwÞ is the Eckert number, and St¼h/(rumcp) is the
Stanton number.

To quantize the thermodynamic impact of the augmentation
technique, the augmentation entropy generation number proposed
by Bejan [27] is defined by

Ns;a ¼ S
0
gen;a

.
S
0
gen;s (25)

where S
0
gen;a and S

0
gen;s are the total entropy generation in the

augmented tube and smooth tube, respectively.
When the benefits are evaluated on the basis of first and second

law analysis simultaneously, the objectives that should be achieved
to receive any profit are Q*,b>1 and Ns,a<1. When several
augmented surfaces or techniques are compared the best one is
that one with the smallest entropy generation number ratio Ns,a/
Q*,b.

Variation of the entropy generation number ratio Ns,a/Q*,b with
Reynolds number for different numbers of circumferential grooves
is shown in Fig. 16. At a given Reynolds number, the entropy gen-
eration number ratio Ns,a/Q*,b decreases with increasing the num-
ber of circumferential grooves. This indicates that the irreversibility
of the heat transfer process is reduced with the increment of
circumferential grooves, and more heat can be transferred during
the process under the same condition. Therefore, a maximum
circumferential groove number of 12 is proposed for applications.

It is valuable noting from Fig. 17 that the entropy generation
number ratio Ns,a/Q*,b decrease with the reduced groove pitch ratio
in all the cases, which implies that decreasing the groove pitch ratio
not only enhances the heat transfer, but also reduces the irrevers-
ibility of the process. Therefore, the proposed grooved tube is rec-
ommended to have a groove pitch ratio of 3 for practical
applications.



Fig. 17. Variation of the entropy generation number ratio Ns,a/Q*,b with Reynolds
number for different groove pitch ratios.

Fig. 18. Comparison with previous work.
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4.5. Comparison with previous work

Fig. 18 shows the comparison of the thermal performance be-
tween the proposed grooved tube in the present work and some
widely used enhanced tubes such as transversally grooved tube [2],
internally helical grooved tube [30], continuous corrugated tube
[31] and discrete corrugated tube [31]. It is clear that the proposed
grooved tube provides considerably higher thermal performance
than the transversally grooved tube, internally helical grooved tube
and continuous corrugated tube, but lower thermal performance
than the discrete corrugated tube at lower Reynolds numbers. The
results of the comparison indicate that the proposed grooved tube
is very promising for heat transfer enhancement in practical ap-
plications. To further improve the overall thermal performance of
the grooved tube, more geometric parameters would be investi-
gated and optimized in the future work.
5. Conclusions

Turbulent flow and heat transfer in a circular tube with discrete
inclined grooves were numerically investigated. Turbulent flowand
heat transfer details, and effects of geometric parameters on the
heat transfer performance were presented and analyzed. Entropy
generation analyses were performed to further understand the
physical mechanism of the enhanced grooved tube. Comparison
between the proposed grooved tube and previous enhanced tubes
was also conducted. Based on the numerical investigation,
following conclusions can be drawn:

(1) Longitudinal swirl flows with multiple vortices are induced
in the grooved tube. The flow pattern results in a long flow
path and relatively intense flowmixing between thewall and
the core flow regions. The temperature is more evenly
distributed due to better flow mixing induced by the longi-
tudinal swirl flows.

(2) The number of the induced vortices and the turbulence in-
tensity in the grooved tube increasewith increasing numbers
of circumferential grooves. For the range of Reynolds
numbers investigated, in the tube with discrete inclined
grooves, the heat transfer and friction factor are enhanced by
a factor of approximately 1.23e2.17 and 1.02 to 3.75 over the
smooth tube, respectively. The Q*,b values vary from 1.18 to
2.30 for various numbers of circumferential grooves and
groove pitch ratios.

(3) The entropy generation number ratios Ns,a/Q*,b decreasewith
increasing numbers of circumferential grooves and the
reduced groove pitch ratio. The proposed grooved tube is
recommended to have a number of circumferential grooves
of 12 and a groove pitch ratio of 3 for practical applications.

(4) The proposed grooved tube provides considerably higher
thermal performance than the transversally grooved tube,
internally helical grooved tube and continuous corrugated
tube, but lower thermal performance than the discrete
corrugated tube at lower Reynolds numbers.
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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
f friction factor
H groove depth (m)
h average heat transfer coefficient (W m�2 K�1)
k kinetic energy (m2 s�2)
l total length of the computation domain (m)
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 the local coordinate normal to the wall or groove surface
N number of circumferential groove
Nu Nusselt number
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Ns,a entropy generation number
p pressure (Pa)
Dp pressure drop (Pa)
P groove pitch (m)
P* groove pitch ratio
Pr Prandtl number
Q' total heat flux (W)
q' heat flux per unit length (W m�3)
Re Reynolds number
St Stanton number
S
0
gen entropy generation rate (W K�1)
T temperature (K)
um mean velocity (m s�1)
W groove width (m)

Greek symbols
a groove inclination angle (�)
b expansion coefficient (K�1)
ε dissipation (m2 s�3)
l thermal conductivity (W m�1 K�1)
l* dimensionless length of the test section
m dynamic viscosity (Pa s)
nt turbulent eddy viscosity (Pa s)
r density (kg m�3)
t dimensionless temperature difference
u specific dissipation rate (s�1)

Subscripts
a augmented tube
m mean
i inlet of the test section
o outlet of the test section
0 smooth tube
w wall
f fluid
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