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H I G H L I G H T S

• A tube with discrete inclined ribs and grooves is proposed to enhance heat transfer.
• Multiple longitudinal swirl flows are induced.
• Effects of geometric parameters on the rate of entropy generation are investigated.
• Nusselt number and friction factor correlations are derived.
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A B S T R A C T

A numerical simulation has been conducted to examine the turbulent flow characteristics and heat trans-
fer performance in a rib-grooved heat exchanger tube. Ribs and grooves characterized by a discrete and
inclined distribution are alternately arranged on the inner wall surface of the test section. The main purpose
of this study is to determine thermal-hydraulically superior rib-groove geometry for heat transfer en-
hancement. Flow structures and local heat transfer characteristics are presented and analyzed at first.
Because of the disturbance of ribs and grooves, multiple longitudinal swirl flows are induced, which im-
mensely affect the local heat transfer performance. Then, effects of geometric parameters, including the
rib-groove pitch ratio (P*), the number of circumferential ribs and grooves (N), and the rib-groove incli-
nation angle (α) on the heat transfer and flow performance are examined. The results show that the heat
transfer ratios (Nu/Nu0) are about 1.58 to 2.46, while friction factor ratios (f/f0) are about 1.82 to 5.03.
Therefore, the performance evaluation criterion (PEC) values vary from 1.19 to 1.68. In addition, entropy
generation analysis indicates that the impact of the ribs and grooves is thermodynamically advanta-
geous. The entropy generation number reaches the minimum when P* = 0.35, N = 8 and α = 45°, under
which condition the proposed rib grooved tube would perform the best in practice.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer enhancement techniques are usually needed in de-
signing heat exchangers with high performance and low resistance.
Artificial roughness such as ribs, grooves, protrusions and fins is a
commonly used passive heat transfer enhancement technique in
single-phase internal flows in channels or tubes. The presence of
artificial roughness enhances the heat transfer coefficient by break-
ing the viscous sub-layer that leads to the reduction of thermal
resistance and the increase of turbulence in a region close to arti-
ficially roughened surface [1].

Numerical and experimental investigations on the heat trans-
fer enhancement by the application of artificial roughness have been
extensively reported. In general, considerable attention has been paid
to the geometric parameters, shape, arrangement, and flow condi-
tions [2–13], which have a significant effect on both local and overall
heat transfer and flow performance. The results show that ribs can
effectively enhance heat transfer, and show better heat transfer per-
formance than that of grooves due to the strong secondary flow
induced by the ribs. However, the drawback associated with the ap-
plication of ribs is the relatively large pressure drop. Compared to
ribs, grooves show better performance of pressure drop because the
wake region induced by them is fairly small, and the direct im-
pingement of the mainstream on the grooves is also weakened.

In order to achieve high heat transfer performance without much
increase in the pressure drop, the idea of making full use of the ad-
vantages of ribs and grooves by the combined turbulence promoter
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in the form of rib-groove has been proposed. Zhang et al. [14] studied
the heat transfer and friction in rectangular channels with ribbed
or ribbed-grooved walls. Their results indicated that the rib-
grooved duct showed much better heat transfer performance than
that of the ribbed duct. Jaurker et al. [1] experimentally investi-
gated the characteristics of heat transfer and friction for rib-
grooved artificial roughness on a broad heated wall. They claimed
that the Nusselt number could be further enhanced beyond that of
ribbed duct while keeping the friction factor enhancement low. Layek
et al. [15] conducted an experimental investigation on the charac-
teristics of heat transfer and fluid flow for fully developed turbulent
flow in a rectangular duct with repeated integral transverse cham-
fered rib-groove roughness. Later, Layek and his co-workers [16]
investigated the effect of chamfering on the thermal-hydraulic per-
formance in a solar heater. Eiamsa-Ard and Promvonge [17]
examined the combined effects of rib-grooved turbulators on the
thermal characteristics of turbulent rib-grooved channel flows under
a uniform heat flux boundary condition. Tang and Zhu [18] re-
ported the properties of heat transfer enhancement in a rectangular
channel with discontinuous crossed ribs and grooves. Their results
revealed that the overall thermal-hydraulic performance for a ribbed-
grooved channel was increased by 10% to 13.6% when compared
to a ribbed channel. Thermal behaviors in a solar air heater channel
fitted with combined wavy-rib and groove turbulators were exper-
imentally examined by Skullong et al. [19]. Al-Shamani et al. [20]
examined the characteristics of heat transfer enhancement in a
channel with trapezoidal rib-groove using nanofluids. Their results
showed that this trapezoidal rib-groove using nanofluids had the
potential to dramatically increase heat transfer. Numerical simu-
lation and optimization of turbulent nanofluids flow in a three-
dimensional rectangular rib-grooved channel using the response
surface methodology (RSM), and the genetic algorithm method (GA)
were conducted by Yang et al. [21]. Navaei et al. [22] reported the
effects of different geometrical parameters and various nanofluids
on the thermal performance of rib-grooved channels.

To improve the balance between heat transfer enhancement and
pressure drop, there are also some researchers who have at-
tempted to achieve the optimum flow field from the viewpoint of
heat transfer optimization with different optimization objectives,
including minimum power consumption [23], minimum heat con-
sumption [24], minimum entransy dissipation [25] and minimum
exergy destruction [26]. According to the results of heat transfer op-
timization, multiple longitudinal swirl flows are the principal
characteristic in the optimized flow field, where a better balance
between heat transfer enhancement and pressure drop can be ob-
tained. Recently, our group investigated the heat transfer and flow
characteristics in a heat exchanger tube with double discrete in-
clined ribs [27]. Visualization of the flow field showed that multiple
longitudinal swirl flows were generated in the ribbed tube. Later,

we examined the heat transfer and flow structures in a tube with
discrete inclined grooves [28]. It is very interesting to find that heat
transfer performance can be greatly enhanced by generating mul-
tiple longitudinal swirl flows with these discrete inclined grooves.
These recent works indicate that the utilization of discrete in-
clined ribs or grooves alone can effectively enhance the heat transfer
performance by generating multiple longitudinal swirl flows, which
gives us a hint that it may be possible to generate multiple longi-
tudinal swirl flows by the combination use of discrete inclined ribs
and grooves to further enhance the heat transfer performance in
the rib-grooved tube. Although the rib-grooved structure has been
studied and explored by many other researchers, the idea of using
the rib-grooved structure to generate the optimum flow field for
heat transfer enhancement according to heat transfer optimiza-
tion has been rarely reported. Therefore, we conducted a numerical
simulation to examine the flow and heat transfer characteristics in
the tube with discrete inclined ribs and grooves in this work. In the
present study, a parameter study with respect to the rib-groove pitch
ratio, the number of circumferential ribs and grooves, and the rib-
groove inclination angle on the heat transfer and flow performance
has been carried out to optimize the geometric configuration of ribs
and grooves. In addition, entropy generation analysis has been con-
ducted to further determine thermal-hydraulically superior rib-
groove geometry for heat transfer enhancement.

2. Physical model description

The schematic diagram of the rib-grooved heat exchanger tube
is depicted in Fig. 1. The computational domain consists of three
sections, namely, the test section, the upstream section and the
downstream section. Ribs and grooves characterized by a discrete
and inclined distribution are alternately arranged on the inner wall
surface of the test section with a length (L2) of 0.2 m. To guarantee
a nearly fully developed turbulent flow condition and eliminate the
effect of backflows, the smooth upstream section and down-
stream section with lengths of 0.1 m (L1) and 0.1 m (L3) are designed
for the test section, respectively.

Fig. 2 shows the geometric configurations of the test section. The
rib-grooved tube has an inner diameter (D) of 0.017 m. The length
(L) and width (W) of the ribs and grooves are 0.006 m and 0.002
m, respectively. The height (H) of the rib is 0.0005 m, and the depth
(E) of the groove is 0.0005 m. In the present investigation, the main
objective is to study the effects of geometric parameters on the flow
and heat transfer performance in the rib-grooved tube. The param-
eters to be investigated are as follows: three rib-groove pitch ratios,
defined as the ratio of the rib-groove pitch to the inner diameter
(P* = P/D = 0.35, 0.47 and 0.59); three numbers of circumferential
ribs and grooves (N = 4, 6 and 8), four rib-groove inclination angles
(α = 15°, 30°, 45° and 60°).

Fig. 1. Schematic diagram of the computational domain with three sections.
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3. Entropy generation analysis

Because fluid flows in a horizontal tube and the flow is consid-
ered fully developed in the present work, effects of gravity on the
flow are quite limited, and the variation in velocity is not signifi-
cant. Therefore, the change of potential energy and kinetic energy
is ignored.

Taking the rib-grooved tube of length dz (along the flow direc-
tion) as the thermodynamic system, the first and second laws of
thermodynamic can be expressed as:

�mdh q dz= ′ (1)

dS mds
q dz
T

gen
w

� �= − ′ (2)

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

Tds dh dp= −υ (3)

Substituting Eq. (1) and Eq. (3) into Eq. (2) yields the entropy
generation rate per length:
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Pressure drop in Eq. (4) is given by:
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f u

D
dzm= − ρ 2

2 1
(5)

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

According to Sahin [29,30], the bulk temperature variation of the
fluid along the rib-grooved tube is obtained by integrating the heat
balance equation δ π� �Q mc dT h D T T dzp w= = −( )1 from the inlet of the
test section, assuming a uniform heat transfer coefficient in the test
section where the flow is considered fully developed. The bulk

temperature variation of the fluid along the rib-grooved tube is as
follows:
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where Ti represents the inlet temperature of the test section.
Integrating Eq. (4) along the test section of the rib-grooved tube,

total entropy generation can be obtained according to Sahin [29]
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where τ = −( )T T Tw i 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 Sahin [30] as:

N
S

Q T
S

gen

w

=
�
� (8)

where �Q is the total rate of heat transfer to the fluid.
Based on the non-dimensional entropy generation number, we

define the non-dimensional entropy generation number ratio (η)
to quantize the thermodynamic impact of the ribs and grooves. The
non-dimensional entropy generation number ratio is given by:

η = N
N

S e

S

,

,0

(9)

where NS e, , NS ,0 are the non-dimensional entropy generation number
in the enhanced tube and smooth tube, respectively.

The ribs and grooves could effectively enhance the thermody-
namic performance in addition to enhancing the heat transfer of
the tube when the non-dimensional entropy generation number ratio
is less than unity (η < 1).

(a)

(b)

Fig. 2. Configurations of the test section: (a) three-dimensional plot; (b) two-dimensional plot.
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4. Numerical simulation

4.1. Selection of turbulence model

To simulate the present situation accurately, it is necessary to
select an appropriate turbulence model. Therefore, the commonly
used turbulence models in industrial applications, including the Stan-
dard k-ε Model, the RNG k-ε Model, the Realizable k-ε Model, the
Standard k-ω Model and the SST k-ω Model, are adopted to simu-
late the flow condition in the ribbed tube as documented in Ref.
31, which is similar to the present rib-grooved tube. In the numer-
ical simulation, we have simplified the physical model and only the
internal flow is taken into consideration. The boundary conditions
between the numerical and experimental models are identical. Fig. 3
shows the comparison of the average Nusselt number between the
experimental and numerical results with different turbulence models.
It is clear that the results obtained from the SST k-ω Model are the
closest to the experimental results with the maximum deviation of
6%. Note that the experimental uncertainties of Nusselt numbers
for the range of Reynolds numbers investigated are below 6% [31];
therefore, the SST k-ω Model is more reliable than other models for
the flow in the ribbed tube. The reason why the SST k-ω Model shows
the best result is that the SST k-ω Model is a hybrid two-equation
model that combines the advantages of both k-ε and k-ω Models
such that the SST k-ω Model functions like the k-ω Model close to
the wall and the k-ε Model in the freestream. In other words, the
SST k-ω Model is a good compromise between k-ε and k-ω Models
so that it is more reliable than other turbulence models for pre-
dicting the flow and heat transfer performance of the ribbed tube.
Therefore, the SST k-ω Model is applied to the following numeri-
cal investigations.

4.2. Governing equations and numerical methods

The governing equations for the SST k-ω Model are expressed as
follows, according to Ref. 32.

Continuity equation:

∂( )
∂

=ρu
x

i

i

0 (10)

Momentum equation:

∂( )
∂

+
∂( )

∂
= − ∂

∂
+ ∂
∂

∂( )
∂

− ′ ′
⎛
⎝⎜

⎞
⎠⎟

ρ ρ
μ ρu

t
u u
x

p
x x

u
x

ui i j

j i j

i

j
i ju (11)

Energy equation:

∂
∂

( ) + ∂
∂

( ) = ∂
∂

∂
∂

⎛
⎝⎜

⎞
⎠⎟x

T
x

u T
x c

T
xi i

i
i p i

ρ ρ λ
(12)

The turbulence kinetic energy equation:
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The specific dissipation rate equation:
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where the blending function F1 is defined by:
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The turbulent eddy viscosity is defined as follows:
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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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The boundary conditions considered for the rib-grooved tube are
as follows. At the inlet, a uniform velocity was applied and the fluid
temperature of the inlet was fixed at 293 K, while a pressure-
outlet condition was used at the outlet. A turbulent intensity of 5%
and the hydraulic diameter were selected as the turbulence quan-
tities for the inlet and outlet. Non-slip velocity conditions on the
walls were assumed. A constant and uniform temperature of 333 K
was applied on all inner walls. Water was selected as the working
fluid and the thermal properties were given in Table 1. All results
were obtained under steady-flow conditions with inlet velocity
between 0.4 m/s and 1.2 m/s.

All the governing equations with the applied boundary condi-
tions were solved on the commercial software Fluent 13.0. To couple

Fig. 3. Comparison of the average Nusselt number between the experimental [31]
and numerical results with different turbulence models.
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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 discreti-
zation of the convection terms. Enhanced wall treatment which
blends the viscous sublayer formulation and the logarithmic layer
formulation was used for the near-wall treatments for fluid veloc-
ity and temperature fields, and these formulations are default for
SST k-ω Model adopted in this work. The minimum convergence cri-
terion was 10−8 for the energy equation, while that of the rest of
the equations was 10−6.

4.3. Parameter definition

The Reynolds number (Re), average heat transfer coefficient (h),
Nusselt number (Nu) and friction factor (f) are defined as follows:

R
u Dme = ρ
μ

(19)

h
q

T Tw m

=
−

(20)

Nu
hD
k

= (21)

f
P

L D um

=
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where um is the mean velocity in the tube, q is the average heat
flux, Tw is the temperature of the wall, and T T Tm i o= +( )1

2 is the bulk

temperature of the fluid. ΔP is the difference between the mass-
averaged pressures of the inlet and the outlet of the test section.

To evaluate the overall thermal-hydraulic performance of the rib-
grooved tube at the same pump power, the extensively used
performance evaluation criterion (PEC) proposed by Webb and Kim
[33] is adopted. The PEC is defined as follows:

PEC
Nu Nu
f f

=
( )

0

0
1 3 (23)

where Nu0 and f0 are the Nusselt number and the friction factor
of the plain tube, respectively.

4.4. Grid generation and independence test

The computational domain was resolved using unstructured mesh
generated with the commercial software ICEM CFD 13.0, as shown
in Fig. 4. The meshes consist of prisms, tetrahedrons, hex core, and
pyramids. To ensure that y+ remained less than 1 and capture the
flow structures near the wall, the vicinity of the tube wall was
meshed into much finer cells. 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. Pyramid grids were imple-
mented to establish a conformal connection between triangle and
quadrangle faces.

Grid independent tests of three mesh levels (3.4M, 5.0M and
7.6M) for the rib-grooved tube with P* = 0.47, N = 8 and α = 30° at
Re = 10,170 were conducted to validate the accuracy of numerical
solutions. The deviation between the calculated values for the second
mesh level and third mesh level is about 2.24% for Nusselt number
(Nu) and 2.15% for friction factor (f), as shown in Fig. 5, implying
that the results of the second mesh level is adequate for simula-
tions. Therefore, the second mesh level was adopted in the
subsequent simulation, considering a compromise of computa-
tional time and solution precision.

Table 1
Thermal properties of water.

Parameter Value

Specific heat cp (J kg−1 K−1) 4182
Dynamic viscosity μ (kg m−1 s−1) 0.001003
Density ρ (kg m−3) 998.2
Thermal conductivity λ(W m−1 K−1) 0.6

Fig. 4. Grids generated for the computational domain.

1075N. Zheng et al./Applied Thermal Engineering 99 (2016) 1071–1085



5. Results and discussion

5.1. Code validation

To verify the reliability of the numerical methods and proce-
dures for the numerical simulations in this study, the numerical

results were compared to the experiment results as documented
in Ref. 31. The comparison between the numerical results and ex-
perimental results is shown in Fig. 6. We can see from the figure
that numerical results are similar to the experimental results for
both Nusselt number and friction factor. Quantitative comparison
indicates that the deviations between the results calculated by the
numerical simulation and experiments are within 16%–22% for
Nusselt number and 10%–24% for friction factor. The deviations can
be attributed to the discrepancies between the numerical and ex-
perimental model and uncertainty in experimental measurements.
Thereby, numerical methods adopted in this study for heat trans-
fer and pressure drop predictions were judged to be reliable.

5.2. Flow structures and local heat transfer characteristics

Prior to discussing the performances of heat transfer in the rib-
grooved tube, it is necessary to have an understanding of the flow
structures at first. Flow structures in the rib-grooved tube with
P* = 0.47, N = 8 and α = 30° at Re = 10,170 are shown in Figs. 7 and
8. Fig. 7 shows the local streamlines around the ribs and grooves.
It is obvious to see that vortex structures are induced right behind
the rib when the incoming flow passes over a rib (marked by dashed
red lines), and fluid is swallowed inside the groove generating
another vortex inside the groove as the fluid flow over a groove
(marked by dashed black lines). These vortices result in the flow
deviations from the mainstream. The effects of flow deviations on
the mainstream are presented in the form of three-dimensional
streamlines along the flow direction in the rib-grooved tube, as
shown in Fig. 8. Obviously, there is a major change in the flow struc-
tures that eight longitudinal swirl flows are generated due to the
disturbance of ribs and grooves. These longitudinal swirl flows are
uniformly distributed near the wall, and the mainstream flow is ul-
timately divided into eight helical streams. This type of multiple
longitudinal swirl flow pattern leads to a relatively long flow path
in the tube, and fluid between the wall and core flow regions is in-
tensively mixed, which will have a significant impact on the
performance of heat transfer in the rib-grooved tube.

Fig. 9 shows the profile of local heat flux on the tube wall at
Re = 10,170. The local wall heat flux is high on the front surface of
the ribs, which can be attributed to the direct flow impingement
on the front surface of the ribs. The areas behind the ribs and grooves
also have much higher local heat flux than those between the ribs
or grooves, owing to the effects of vortices induced by the ribs and
grooves. A closer examination of heat flux distributions shows that
the enhanced heat transfer area behind the ribs and grooves is much
larger than those on the front surface of the ribs, implying that the
areas behind the ribs and grooves are the main parts that contrib-
ute to the heat transfer enhancement. Besides, the local heat flux

Fig. 5. Nusselt number and friction factor calculated by different mesh levels for the
rib-grooved tube with P* = 0.47, N = 8 and α = 30° at Re = 10,170.

Fig. 6. Comparison between numerical results and experimental results for the en-
hanced tube.

Fig. 7. Local streamlines around ribs and grooves at Re = 10,170.
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is much higher on the areas right behind the ribs and grooves than
those further downstream from the ribs and grooves. Therefore, it
can be concluded that heat transfer enhancement is more effec-
tive in the areas right behind the ribs and grooves, and taking full
advantage of these areas will further enhance the heat transfer.

5.3. Effects of geometric parameters

5.3.1. Effects of rib-groove pitch ratio
Fig. 10(a)–(c) shows the variations of Nusselt number ratio, fric-

tion factor ratio and the overall thermal performance with rib-
groove pitch ratios, respectively. The number of circumferential ribs
and grooves is 8 and the rib-groove inclination angle is 30°. At a
given rib-groove pitch ratio, the Nusselt number ratio decreases with
the increasing Reynolds number, while the friction factor ratio shows
the opposite trend, implying that heat transfer enhancement is more
effective at low Reynolds. The reason for this is that the turbu-
lence intensity of the flow at low Reynolds number is low and the
thermal boundary layer is much thicker; therefore, the effect of the
disruption of the boundary layer induced by the ribs and grooves

is more remarkable at low Reynolds number. At a given Reynolds
number, both Nusselt number ratio and friction factor ratio in-
crease with the decrease of the rib-groove pitch ratio, and reach the
maximum at P* = 0.35. This is because heat transfer enhancement
is more effective right behind the ribs and grooves, as discussed in
section 5.2, and the lower rib-groove pitch ratio helps to enlarge
the enhanced heat transfer area that further enhances the heat trans-
fer. However, the lower rib-groove pitch ratio causes more flow
blockages in the tube, and thereby the flow performance becomes
worse. The heat transfer enhancement is about 1.74 to 2.25 and fric-
tion factor ratio is 1.84 to 3.88 for different rib-groove pitch ratios.
It is clear from Fig. 10(c) that PEC values increase with the decreas-
ing rib-groove pitch ratio, and vary from 1.28 to 1.63, which are all
higher than 1. The maximum PEC value is obtained at P* = 0.35.
Besides, PEC values decrease with the increase of Reynolds
number. This phenomenon can be explained by the fact that PEC
( PEC Nu Nu f f= ( ) ( )0 0

1 3) is determined by the Nusselt number
ratio and friction factor ratio together. The Nusselt number ratio de-
creases with the increase of Reynolds number, while the friction
factor ratio increases with increasing Reynolds number. There-
fore, PEC values decrease with the increase of Reynolds number.

The entropy generation number and the non-dimensional entropy
generation number ratio with different rib-groove pitch ratios are
compared in Fig. 11. The results show that the entropy generation
number decreases with the decreasing of rib-groove pitch ratio, im-
plying that the reduction of the rib-groove pitch ratio can not only
enhance the heat transfer performance, but also abate the irrevers-
ibility of the heat transfer and flow process in the rib-grooved tube.
It is observed from Fig. 11(b) that the non-dimensional entropy gen-
eration number ratios are less than unity, which shows the
thermodynamic advantage of the rib-grooved tube compared to the
smooth tube. Besides, the lower rib-groove pitch ratio leads to lower
non-dimensional entropy generation number ratio. Therefore, the
rib-grooved tube in practical applications is recommended to have
a rib-groove pitch ratio of 0.35 to minimize the entropy generation.

5.3.2. Effects of the number of circumferential ribs and grooves
Fig. 12(a) and (b) shows the velocity vectors, and surface stream-

lines with different numbers of circumferential ribs and grooves in
the outlet cross-section of the test section for P* = 0.35 and α = 30°
at Re = 10,170. It is obvious that multiple longitudinal swirl flows
are induced in the rib-grooved tube, and the number of longitudi-
nal swirl flow is proportional to the number of circumferential ribs
and grooves. With the increase of the number of circumferential

Fig. 8. Three-dimensional streamlines along the flow direction in the rib-grooved
tube at Re = 10,170.

Fig. 9. Profile of local heat flux on the tube wall at Re = 10,170.
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ribs and grooves, the area affected by single longitudinal swirl flow
is reduced, and the cores of longitudinal swirl flows tend to get closer
to the tube wall because of the interaction of the longitudinal swirl
flows.

The swirling strength which represents the strength of the local
swirling motion and temperature distributions in the outlet cross-
section of the test section is presented in Fig. 13(a) and (b). The
swirling strength criterion which uses the imaginary part of the
complex eigenvalues of the velocity gradient tensor to visualize vor-
tices is a commonly used method for the identification of vortices.
Details of the definition of the swirling strength can be found in Ref.
34. Fig. 13(a) shows that the swirling strength of the area where lon-
gitudinal swirl flow is generated is much higher than the other area
without longitudinal swirl flow, and high swirling strength area en-
larges with the increasing number of circumferential ribs and
grooves. As shown in Fig. 13(b), the temperature is higher and more
uniformly distributed in the cross section with more numbers of
circumferential ribs and grooves. This stems from the fact that the

(a)

(b)

(c)

Fig. 10. Effects of rib-groove pitch ratio on the heat transfer and flow perfor-
mance: (a) Nusselt number ratio; (b) friction factor ratio; (c) PEC.

(a)

(b)

Fig. 11. Effects of rib-groove pitch ratio on the entropy generation number and the
non-dimensional entropy generation number ratio: (a) entropy generation number;
(b) the non-dimensional entropy generation number ratio.
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higher swirling strength leads to more intense mixing of fluid, thus
enhancing the heat transfer performance in the rib-grooved tube.

Fig. 14 shows the entropy generation distribution in the flow and
heat transfer processes with different numbers of circumferential
ribs and grooves at Re = 10,170. It is clear that the entropy generation

near the wall is much higher than that in the core flow region, in-
dicating that the irreversibility of the heat transfer and flow process
mainly occurs in the area near the wall. The reason is that the heat
transfer temperature difference is much higher in the region near
the wall. Moreover, it is valuable to point out that longitudinal swirl

Fig. 12. Velocity vectors and surface streamlines with different numbers of circumferential ribs and grooves in the outlet cross-section of the test section at Re = 10,170:
(a) velocity vectors; (b) surface streamlines.

Fig. 13. Contours of swirling strength and temperature in the outlet cross-section of the test section with different numbers of circumferential ribs and grooves at Re = 10,170:
(a) swirling strength; (b) temperature.

1079N. Zheng et al./Applied Thermal Engineering 99 (2016) 1071–1085



flows induced by ribs and grooves lead to more intense mixing of
fluid near the wall and thereby decrease the heat transfer temper-
ature difference, which leads to a reduction in entropy generation.
Besides, the ability of ribs and grooves to reduce irreversibility of
the heat transfer and flow process increases with the increment of
the number of circumferential ribs and grooves.

Fig. 15(a)–(c) shows the variations of Nusselt number ratio, fric-
tion factor ratio and PEC with different numbers of circumferential
ribs and grooves. The results show that both Nusselt number ratio
and friction factor ratio with N = 8 are considered to the highest,
followed by those of N = 6, and the values for those with N = 4 are
the lowest. For a given Reynolds number, both Nusselt number ratio
and friction ratio increase with increasing numbers of circumfer-
ential ribs and grooves. On the whole, the heat transfer in the rib-
grooved tube is enhanced by a factor of 1.58 to 2.25, and friction
factor is increased by a factor of 1.82 to 3.88 over those of the smooth
tube. PEC values decrease with increasing Reynolds number, and in-
crease significantly with increasing numbers of circumferential ribs
and grooves, as shown in Fig. 15(c). PEC values vary from 1.20 to
1.63, which are larger than unity, implying that the proposed rib-
grooved tube is advantageous over the smooth tube.

Effects of the number of circumferential ribs and grooves on the
entropy generation number and the non-dimensional entropy gen-
eration number ratio are shown in Fig. 16. With a given Reynolds
number, the entropy generation number decreases with the in-
creasing of the number of circumferential ribs and grooves, which
indicates that increasing the number of circumferential ribs and
grooves is an effective way to reduce the irreversibility in addition
to enhancing the heat transfer performance in the rib-grooved tube.
It is seen from Fig. 16(b) that the rib-grooved tubes are thermody-
namically advantageous (η < 1) for all the cases investigated. And
more numbers of circumferential ribs and grooves result in lower
non-dimensional entropy generation number ratios. In order to min-
imize the entropy generation, the rib-grooved tubes are
recommended to have the number of circumferential ribs and
grooves of 8.

5.3.3. Effects of rib-groove inclination angle
Velocity vectors and surface streamlines with different rib-

groove inclination angles in the outlet cross-section of the test section
for P* = 0.35 and N = 8 at Re = 10,170 are presented in Fig. 17. It is
apparent that eight longitudinal swirl flows are induced in the rib-
grooved tubes with different rib-groove inclination angles. However,
the swirling strength of the longitudinal swirl flows varies with the
rib-groove inclination angles, as shown in Fig. 18(a). From the figure,
one sees that the swirling strength of the longitudinal swirl flows
with α = 45° is considered the highest, followed by those with α = 30°
and α = 60°, and value for that with α = 15° is the lowest. The

contours of temperature in the rib-grooved tubes are in consis-
tence with the contours of the swirling strength, as shown in
Fig. 18(b). The temperature in the rib-grooved tube with α = 45° is
higher and more uniformly distributed than those with other rib-
groove inclination angles. This is because the mechanism for heat
transfer enhancement in the rib-grooved tube is mainly due to the
turbulent mixing of fluid between the wall and core flow regions
induced by the longitudinal swirl flows, and the higher swirling
strength of the longitudinal swirl flows results in more intense tur-
bulent mixing of fluid.

Fig. 19 shows the local entropy generation in the outlet cross-
section of the test section with different rib-groove inclination angles.
Similar to the entropy generation distribution in Fig. 14, the higher
entropy generation is mainly located in the region near tube wall.
Due to the disturbance of ribs and grooves, the heat transfer tem-
perature difference is decreased and thereby the entropy generation
is reduced. From Fig. 19, we can also see that the entropy genera-
tion, especially in the near-wall region, decreases with the increasing
rib-groove inclination angle up to α = 45°, and beyond which it tends
to increase, implying that the rib-grooved tube with α = 45° could
enhance heat transfer rate more effectively.

Variations of Nusselt number ratio, friction factor ratio and PEC
with different rib-groove inclination angles are shown in Fig. 20. With
a given Reynolds number, Nusselt number ratio increases with the
increasing rib-groove inclination angle and reaches the maximum
at the rib-groove inclination angle of 45°, then it starts to de-
crease with further increase of rib-groove inclination angle. Nusselt
number ratios vary from 1.63 to 2.46, and the maximum Nusselt
number ratio is obtained at the rib-groove inclination angle of 45°
with Re = 10,170. Friction factor ratio is increased by a factor of 1.88
to 5.03 on the whole. Friction factor ratio shows the similar vari-
ation trend to Nusselt number ratio, but the decreasing trend is less
apparent than that of the Nusselt number ratio when the rib-
groove inclination angle is more than 45°. PEC values, firstly, increase
with the increasing rib-groove inclination then tends to decrease
with further increase in the rib-groove inclination angle. PEC values
vary from 1.19 to 1.68; the maximum value is obtained with α = 45
and Re = 6780.

Effects of rib-groove inclination angle on the entropy genera-
tion number and the non-dimensional entropy generation number
ratio are further investigated in the present work. Fig. 21(a) and (b)
shows the variations of the entropy generation number and the non-
dimensional entropy generation number ratio with different rib-
groove inclination angles in the rib-grooved tubes, respectively. With
a given Reynolds number, the entropy generation number de-
creases with the increasing rib-groove inclination angle up to α = 45°,
and beyond which it tends to increase. The entropy generation
number reaches the minimum at α = 45° and Re = 6780. It is seen

Fig. 14. Distribution of the local entropy generation in the outlet cross-section of the test section with different numbers of circumferential ribs and grooves at Re = 10,170.
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from Fig. 21(b) that the rib-grooved tubes are thermodynamically
advantageous (η < 1) for all the cases investigated, and the rib-
grooved tube with α = 45° has the minimum non-dimensional
entropy generation number ratio for a given Reynolds number. There-
fore, the rib-grooved tube is recommended to have the rib-groove
inclination angle of 45° in practical applications.

In addition, a closer examination of Figs. 20(a) and 21(b) shows
that red curve for Re = 10,170 behaves different from others. The
reason for this is that the Nusselt number ratio and the non-
dimensional entropy generation number ratio are quite sensitive
to both Reynolds number and the rib-groove inclination angle, es-
pecially at α = 45° and Re = 10,170, and the combined effects of
Reynolds number and the rib-groove inclination angle result in the
phenomena.

(a)

(b)

(c)

Fig. 15. Effects of the number of circumferential ribs and grooves on the perfor-
mances of heat transfer and flow: (a) Nusselt number ratio; (b) friction factor ratio;
(c) PEC.

(a)

(b)

Fig. 16. Effects of the number of the circumferential ribs and grooves on the entropy
generation number and the non-dimensional entropy generation number ratio:
(a) entropy generation number; (b) the non-dimensional entropy generation number
ratio.
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5.4. Correlations for Nusselt number (Nu) and friction factor (f)

The results discussed above imply that the heat transfer and flow
performance in the rib-grooved tube are strongly affected by geo-
metric parameters and Reynolds numbers. Therefore, the Nusselt
number and friction factor correlations for the rib-grooved tubes

were derived to predict the heat transfer and pressure drop with
respect to three rib-groove pitch ratios (P* = P/D = 0.35, 0.47 and 0.59),
three numbers of circumferential ribs and grooves (N = 4, 6 and 8),
four rib-groove inclination angles (α = 15°, 30°, 45° and 60°), and
five Reynolds numbers in the range of 6780–20,340. Derived Nusselt
number and friction factor correlations are given as follows.

Fig. 17. Velocity vectors and surface streamlines with different rib-groove inclination angles in the outlet cross-section of the test section at Re = 10,170: (a) velocity vectors;
(b) surface streamlines.

Fig. 18. Contours of swirling strength and temperature in the outlet cross-section of the test section with different rib-groove inclination angles at Re = 10,170: (a) swirling
strength; (b) temperature.
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Nu P N= ( )−0 00694 0 89831 0 37757 0 36815 0 17621. Re . . . .* α (24)

f P N= ( )−0 00156 0 10015 0 73637 0 59251 0 34548. Re . . . .* α (25)

The coefficient of determination R2 is 0.97 for Nusselt number
correlation and 0.95 for friction factor correlation. Fig. 22(a) and (b)
shows the comparison of Nusselt number and friction factor between
correlations and numerical data. As shown in Fig. 22, Nusselt
numbers and friction factors predicted from Eqs. (24) and (25) agree
well with the numerical results within the data range of ±10% for
Nusselt number and ±20% for friction factor.

6. Conclusions

A numerical study has been conducted to examine the impact
of geometric parameters on the thermal-hydraulic performance in
a rib-grooved heat exchanger tube. Moreover, entropy generation
analysis was applied to determine thermal-hydraulically superior
rib-groove geometry for heat transfer enhancement. The follow-
ing results are obtained:

1. Multiple longitudinal swirl flows are generated in the rib-
grooved tube due to the disturbances of ribs and grooves. This
type of flow pattern leads to a relatively long flow path in the
tube, and fluid between the wall and core flow regions is inten-
sively mixed, which has a significant impact on the performance
of heat transfer in the rib-grooved tube.

2. For the range of Reynolds numbers investigated, in the rib-
grooved heat exchanger tube, the heat transfer ratios are about
1.58 to 2.46, while friction factor ratios are approximately 1.82
to 5.03. PEC values vary from 1.19 to 1.68 for various combina-
tions of the geometric parameters.

3. For all the cases studied, non-dimensional entropy generation
number ratios are below unity, indicating the thermodynamic
advantage of the proposed rib-grooved tube. The entropy gen-
eration number decreases with the decrease of rib-groove pitch
ratio and the increase of the number of circumferential ribs and
grooves. The entropy generation number reaches the minimum
when P* = 0.35, N = 8 and α = 45°. Therefore, the proposed rib-
grooved tube is recommended to have this combination of the
geometric parameters in practical applications.
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Nomenclature

cp Specific heat [J kg−1 K−1]
D Inner diameter of the tube [m]
Ec Eckert number
E Groove depth [m]
f Friction factor
H Rib height [m]
h Average heat transfer coefficient [W m−2 K−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 Length of rib or groove [m]
�m Mass flow rate [kg s−1]

N Number of circumferential ribs and grooves
Nu Nusselt number
Ns Entropy generation number
p Pressure [Pa]
Δp Pressure drop [Pa]
P Groove pitch [m]
P* Rib-groove pitch ratio
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 [W m−2]
Re Reynolds number
St Stanton number
�Sgen Entropy generation rate [W K−1]
T Temperature [K]
um Mean velocity [m s−1]
W Width of rib or groove [m]

Greek symbols
α Rib-groove inclination angle [o]
β Expansion coefficient [K−1]
ε Dissipation [m2 s−3]
η The non-dimensional entropy generation number ratio
λ Thermal conductivity [W m−1 K−1]
λ* Dimensionless length of the test section

Fig. 19. Distribution of the local entropy generation in the outlet cross-section of the test section with different rib-groove inclination angles at Re = 10,170.
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μ Dynamic viscosity [kg m−1 s−1]
νt Turbulent eddy viscosity [kg m−1 s−1]
ρ Density [kg m−3]
τ Dimensionless temperature difference
ω Specific dissipation rate [s−1]

Subscripts
e Enhanced tube
m Mean
i Inlet of the test section
o Outlet of the test section
0 Smooth tube
w Wall
f Fluid

(a)

(b)

(c)

Fig. 20. Effects of rib-groove inclination angle on the heat transfer and flow per-
formance: (a) Nusselt number ratio; (b) friction factor ratio; (c) PEC.

(a)

(b)

Fig. 21. Effects of rib-groove inclination angle on the entropy generation number
and the non-dimensional entropy generation number ratio: (a) entropy generation
number; (b) the non-dimensional entropy generation number ratio.
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