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A numerical simulation was carried out to investigate the effects of rib arrangements on the flow pattern
and heat transfer in an internally ribbed heat exchanger tube. Details of the flow structures in the tube
with parallel type ribs (P-type ribs) and V shape type ribs (V-type ribs) were presented and analyzed,
respectively. The results reveal that rib arrangements have perceptible effects upon the flow pattern and
heat transfer in the ribbed tube. The average Nusselt number and friction factor in the V-type ribbed
tubes were about 57e76% and 86e94% higher than those in the P-type ribbed tube, respectively. The
performance evaluation criterion (PEC) based on the same pumping power in the V-type ribbed tube
varied from 1.32 to 1.74, which were about 27e41% higher than that in the P-type ribbed tube. To further
understand the effects of rib arrangements on the heat transfer in the ribbed tube and reveal the essence
of heat transfer enhancement, an analysis was also carried out from the point view of entransy dissi-
pation extremum principle. The results demonstrate that the longitudinal swirl flow with multiple
vortices induced in the V-type ribbed tube was a more effective flow pattern for heat transfer, compared
to the longitudinal swirl flow with single vortex generated in the P-type ribbed tube.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Developing high-efficiency and low-resistance heat exchange
equipment such as heat exchangers and solar air heaters is an
effectiveway to save energy andmaterial. To realize the object, heat
transfer enhancement techniques are usually necessary. Among
various techniques available, the artificial roughness in the form of
ribs has been extensively studied and widely used throughout the
engineering industry because of its high thermalehydraulic per-
formance over the past few decades.

The most common use of ribbed surface technique is in the
rectangular or square channels. Han and his co-workers [1e6] have
made many fundamental researches on the effects of rib configu-
rations on the thermalehydraulic performance in ribbed rectan-
gular channels. Their investigations were widely applied to later
researches.Wang and Sunden [7] employed LCT and PIV techniques
to study heat transfer and fluid flow in a rectangular duct rough-
ened by broken V-shaped ribs pointing upstream. They found that
broken ribs yielded better overall performance in the high Reynolds
x: þ86 27 87540724.
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number range. Tang and Zhu [8] conducted a numerical investi-
gation on the turbulent flow and heat transfer behavior in the
rectangular channel with inclined broken ribs for three kinds of rib
arrays. They claimed that the heat transfer of the inclined broken
ribbed channel was improved about 160e230% compared with
smooth duct because of the generation of co-rotating longitudinal
vortices. Aiming to improve the heat transfer of turbine blade in-
ternal cooling passages with reduced pressure loss penalty, Xie
et al. [9] performed a numerical study of various offset mid-
truncated ribs with different offset placements or angles on tur-
bulent heat transfer inside a non-rotating cooling passage. Moon
et al. [10] evaluated the heat transfer performance in a rectangular
channel of sixteen types of rib shapes, they found that boot-shaped
rib design showed the best heat transfer performance with a
pressure drop similar to that of the square rib. Lee et al. [11]
numerically investigated the effects of angled ribs on turbulent
heat transfer and friction factors in a rectangular divergent channel
under three constraints: identical mass flow rate, identical pump-
ing power, and identical pressure drop. Wang et al. [12] examined
the effects of the Reynolds number, the height of the ribs and the
number of double-inclined ribs along the mainstream on the heat
transfer and flow performance of the mini-channel and analyzed
the results from the field synergy perspective and the entropy
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generation. Ma et al. [13] conducted an experimental investigation
of heat transfer characteristics for steam cooling and air cooling in a
rectangular channel roughened with parallel ribs with the use of an
infrared camera. Numerical and experimental analyses of heat
transfer in turbulent flow channels with textured asymmetric arc
rib structures were carried out by Wang et al. [14]. Their results
showed that the advanced compound rib could improve the per-
formance of heat transfer while minimizes the pressure drop,
compared to the conventional symmetric optimized triangular rib.

The alternative use is in the circular tubes. Webb et al. [15]
experimentally studied the influence of different rib angles, rib
spacing and rib height on the heat transfer performance in circular
tubes having a repeated-rib roughness. Based on field synergy
optimization, Meng et al. [16] found that longitudinal flow with
multiple vortices was the optimum flow pattern for laminar
convective heat transfer and developed the discrete double inclined
rib tube (DDIR-tube) to generate multiple longitudinal vortices. Li
et al. [17] visualized the flow in the DDIR-tube using dying injec-
tion. The effects of the combination use of rib roughness with other
turbulators such as twisted tapes [18e20] and helical screw tape
[21] were present by Saha and his co-workers. Their major
founding of the investigation was that the rib roughness in com-
bination with other turbulators performed significantly better than
the individual enhancement technique acting alone.

Based on the literature survey above, much attention of re-
searchers has been paid to the effects of rib geometry on the
thermalehydraulic performance in ribbed rectangular channels or
circular tubes. The effects of the arrangement of discrete ribs in a
circular tube have rarely been studied, especially for numerical
work. In the present work, a numerical simulation has been con-
ducted to investigate the flow pattern and heat transfer in an
internally ribbed heat exchanger tube with different rib arrange-
ments. Details of the flow structures are presented and analyzed. To
further understand the effects of rib arrangements on the heat
transfer in the ribbed tube and reveal the essence of heat transfer
enhancement, an analysis has been also carried out from the point
view of entransy dissipation extremum principle.
2. Model description

The schematic diagram of the ribbed heat exchanger tube used
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 (lt) and an inner diameter (D) of 0.017 m. To
guarantee a nearly fully developed flow situation and to eliminate
downstream disturbance effects, two extended smooth tubes with
lengths of 0.1 m (lu) and 0.1 m (ld) were connected upstream and
downstream of the test section, respectively.

In the test section, ribs oblique to the main flow direction were
mounted and uniformly arranged on the inner surface of the tube
Fig. 1. Schematic diagram of the ribbed heat exchanger tube.
as shown in Fig. 2(a) and (b). The ribbed tubes were numerically
investigated with two configurations. They were the parallel type
ribs and V shape type ribs, respectively. The parallel type ribs
(denoted P-type ribs) were in parallel arrangement with the same
inclination angle while the V shape type ribs (denoted V-type ribs)
were in V shape arrangement with alternating axis. The geometric
parameters for the ribs with different configurations were rib pitch
ratio (P* ¼ P/D), rib length ratio (L* ¼ L/P), rib height ratio (t* ¼ t/P),
rib width ratio (W* ¼ W/P), rib inclination angle (a), and the
number (N) of circumferential ribs as listed in Table 1.
3. Mathematical modeling

3.1. Governing equations and mathematical methods

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. Of the several turbulent models available for closure of the
governing equations, the shear stress tensor keu Model (SST keu)
proposed by Menter [22] and Wilcox [23] has demonstrated good
behavior in modeling adverse pressure gradients and separation
flow because of the combination of the keu Model near walls and
the capability of the ke 3Model in the free stream [24]. The gov-
erning equations 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 F1 is defined by:

F1 ¼ tanh
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where CDku ¼ maxð2rsu2ð1=uÞðvk=vxiÞðvu=vxiÞ;10�10Þ and y is the
distance to the nearest wall.

The turbulent eddy viscosity is defined as follows:

nt ¼ 41k
maxð41u; SF2Þ

(7)



Fig. 2. Structure and configurations of the ribbed tube: (a) V-type; (b) P-type.

Table 1
Geometric parameters for the ribs.

P* ¼ P/D L* ¼ L/P t* ¼ t/P W* ¼ W/P a (�) N

0.59 0.80 0.10 0.20 90 6
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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 ke 3 and keu models via
4¼ 41Fþ 42(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 6.3
software, which is based on the finite volume method. The SIMPLE
algorithm was used for the velocityepressure 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 energy equation.
3.2. Grid generation and independence test

The three-dimensional grid system was generated using the
Gambit 2.0 software. The fluid domain was discretized with un-
structured tetrahedral elements, as shown in Fig. 3. To obtain more
precise results and ensure that yþ remained less than 1, the vicinity
of the tube walls and the rib surface were meshed into much finer
cells. To confirm the accuracy of the numerical solutions, three sets
of grid systems, with 1,998,556, 2,488,300, and 2,965,492 elements,
were used in a simulation to perform a grid independence test at a
Reynolds number of 10,170. The Richardson extrapolation [25] was
used to estimate the numerical errors. Table 2 shows that the
relative errors of the Nusselt number and friction factor between
the Richardson extrapolation, and the grid system with 2,965,492
elements were 1.25% and 1.27%, respectively. Therefore, the
2,965,492-grid system was considered sufficiently dense for the
simulations. Accordingly, the grid system with 2,965,492 elements
was employed to perform the subsequent simulations.

3.3. Boundary condition and data reduction

For a full length ribbed tube, a uniform velocity was 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 inner walls,
and the thin wall treatment provided by Fluent [26] was adopted.
The thin wall treatment only considers the fluid domain and the
thickness of wall is artificially modeled, and the default setting for
the outer walls is that they are considered to be adiabatic by
assuming the heat transfer coefficient including convection and
radiation as zero on the outer walls. Water was selected as the
working fluid, and all results were obtained under steady-flow
conditions with Reynolds numbers ranging from 6780 to 20,340.

In the present simulation, enhanced wall treatment which
blends the viscous sub-layer formulation and the logarithmic layer
formulation were used for the near-wall treatments for fluid ve-
locity and temperature fields, and this formulations is default for
SST keu Model adopted in this work. Details of the enhanced wall
treatments could be found in Fluent 6.3.26 User's Guide [26].

After computing the velocity and temperature fields, the
average heat transfer coefficient can be calculated as follows:

h ¼ _mcpðTo � TiÞ
DTm

Z
A

dA
(10)

where DTm ¼ ððTw � TiÞ � ðTw � ToÞÞ=lnððTw � TiÞ=ðTw � ToÞÞ is the
logarithmic mean temperature difference, and _m is the mass flow
rate.

The Reynolds number is defined as follows:



Fig. 3. Part of the grids generated for the computation domain.

Table 2
Grid independence test.

Grid number Nu f

1,998,556 71.92 0.05674
2,488,300 72.79 0.05701
2,965,492 73.18 0.05732
Richardson extrapolation 74.11 0.05806
Relative difference (%) 1.25 1.27
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Re ¼ rumD
m

(11)

The average Nusselt number and friction factor are defined as
follows:

Nu ¼ hD
l

(12)

f ¼ 2DpD
ltrum

(13)

where um is the mean velocity in the tube.
The local Nusselt number is defined as follows:

Nulocal ¼
hlocalD

l
(14)

where the local heat transfer coefficient hlocal can be calculated as:

hlocal ¼
q

Tw � Tf
(15)

where Tw is the local wall temperature, Tf is the mass-weighted
water temperature of the cross-section, defined as:
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1
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∬
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where Ac is the cross-sectional area.
The local heat flux q is computed from the heat balance:

q ¼ l
vT
vr
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w
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where r is the radial direction, and the other parameters are as
listed in the nomenclature section of this paper.

The span-averaged local Nusselt number (Nuc,local) which rep-
resents the average local Nusselt number of the cross-section is
defined as:
Nuc;local ¼
1
C

I
NulocaldC (18)

where C is the perimeter of the cross-section.
To intensify the vortex cores in the ribbed tube, the swirling

strength criterion was adopted in this work. The swirling strength
is defined according to Refs. [26,27].

For the velocity gradient tensor
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The eigenvalues of the gradient tensor satisfies:

l3c þ P0l2c þ Q 0lc þ R0 ¼ 0 (20)

where P0≡� tr½D�, Q 0 ¼ 1=2½P02 � tr½DD�� and R0≡ð1=3Þ½�P02 þ 3
P0Q 0 � tr½DDD��.
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The last one is called swirling strength, and it represents the
strength of the local swirling motion.
4. Results and discussions

4.1. Model validation

To confirm the reliability of the numerical simulation procedure
adopted in this study, the numerical results were compared to the



Fig. 5. Comparison between numerical results and experimental results [30] for the
ribbed tube.
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correlation proposed by Gnielinski [28] for the Nusselt number and
the correlation proposed by Petukhov et al. [29] for the friction
factor for turbulent flow in a smooth tube. Comparisons between
numerical results and correlations are shown in Fig. 4. The results
obtained for the smooth tube from the numerical simulations were
found to agree well with those from the correlations, within 5% and
2% for the Nusselt number and friction factor, respectively.

The description above performed a validation of Nusselt number
and friction factor for the smooth tube. To make the validation
more convincible, some appropriate set of experiment results as
documented in Ref. [30] was selected to further validate the nu-
merical simulation. The boundary conditions between the numer-
ical and experimental models were identical. The comparison
between the numerical results and experimental results are shown
in Fig. 5. The results show that numerical results agree well with
the experimental results for both Nusselt number and friction
factor, and the maximum deviations between the results calculated
by the numerical simulation and experiments are about 14% for
Nusselt number and 5% for friction factor. The deviations can be
attributed to the uncertainty in experimental measurements and
some factors such as bubbles and vibration which are not into
consideration in the numerical simulation. 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 in the ribbed tube

Fig. 6 shows the limiting three-dimensional view of streamlines
around the rib inside the ribbed tube for Re ¼ 10,370. It is evident
that two vortices are induced as fluids flow over a rib. One is a
vortex in front of the rib (denoted the front vortex), and the other is
a vortex behind the rib (denoted the rear vortex). The two vortices
interact with each other behind the rib and merge into a new one
before flowing toward the next rib, leading to flow deviation from
the mainstream. For the P-type ribbed tube, the directions of flow
deviation from the mainstream for the adjacent ribs in the same
transverse plane are consistent because of the parallel arrangement
of the ribs. In contrast, for the V-type ribbed tube, the flow deviates
in different directions from the mainstream for the adjacent ribs in
the same transverse plane due to the V shape configuration of the
ribs.

The vortex motions resulting from ribs with different configu-
rations are illustrated in Fig. 7. Vortex core visualization is on the
basis of an iso-surface value of swirling strength of 177 s�1

(lci ¼ 177 s�1). The strong vortices structures are mainly located
behind the ribs meaning that the strength of the rear vortex is
Fig. 4. Validation of Nu and f for the smooth tube.
much higher than that of the front vortex. For both configurations
for the ribs, the strength of the vortices is much higher right behind
the ribs and then tends to decrease in the downstream from the
ribs.

The tangential velocity vectors and streamlines are the most
notable characteristics of the effects of the ribs on the mainstream,
as shown in Figs. 8 and 9. It is found that a strong longitudinal swirl
flow with single vortex is generated in the P-type ribbed tube in
Fig. 8, which is mainly due to the consistent flow deviation from the
mainstream. As for the V-type ribbed tube illustrated in Fig. 9, three
pairs of counter-rotating vortices or longitudinal swirl flows are
generated inside the tube, and the mainstream flow is ultimately
divided into six helical streams. It can be concluded that the flow
structures in the internally ribbed tube are considerably different
from that in the smooth tube, and the rib configurations have
perceptible effects upon the flow patterns in the ribbed tube.

Fig. 10(a) and (b) shows the turbulence intensity contours in
transverse planes of the test section at Re¼ 10,170 for P-type ribbed
tube and V-type ribbed tube, respectively. Turbulence intensity is a
scale characterizing turbulence expressed as a percent. From the
figures, one sees that the turbulence intensity is much higher in V-
type ribbed tube than that in P-type ribbed tube, indicating that
turbulence in V-type ribbed tube is higher than that in P-type
ribbed tube. Therefore, the flow pattern of longitudinal swirl flow
with multiple vortexes generated in the V-type ribbed tube is a
more effective way to disturb the flow, compared to the flow
pattern of longitudinal swirl flow with single vortex.

Similar to turbulence intensity, turbulence kinetic energy (TKE)
is also ameasure of turbulence. The value of TKE directly represents
the strength of the turbulence in the flow as is apparent from the
name of this quantity. The turbulence kinetic energy contours in
transverse planes of the test section at Re¼ 10,170 for P-type ribbed
tube and V-type ribbed tube are illustrated in Fig. 11(a) and (b),
respectively. It is evident that the TKE in the V-type ribbed tube is
much higher that than in the P-type ribbed tube, indicating that
flow in V-type ribbed tube is more chaotic and thereby fluid can be
better mixed.

Fig. 12(a) and (b) displays the temperature contours in the
transverse planes of the test section at a Reynolds number of 10,170
for the P-type ribbed tube and V-type ribbed tube, respectively. It is
evident that temperature is more uniformly distributed, and the
average temperature is much higher in the V-type ribbed tube than
in the P-type ribbed tube. The comparison of the temperature
distributions demonstrates that longitudinal swirl flow with mul-
tiple vortices is a much better flow pattern for heat transfer than



Fig. 6. Limiting three-dimensional view of the streamlines inside the ribbed tube for Re ¼ 10,170: (a) P-type; (b) V-type.

Fig. 7. Vortex cores (lci ¼ 177 s�1) generated in the ribbed tube for Re ¼ 10,170: (a) P-type; (b) V-type.
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Fig. 8. Tangential velocity vectors and streamlines in the outlet of the test section of the P-type ribbed tube for Re ¼ 10,170: (a) tangential velocity vectors; (b) streamlines.

Fig. 9. Tangential velocity vectors and streamlines in the outlet of the test section of the V-type ribbed tube for Re ¼ 10,170: (a) tangential velocity vectors; (b) streamlines.
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longitudinal swirl flowwith single vortex. The reason for this is that
the longitudinal swirl flowwith multiple vortices induced in the V-
type ribbed tube results in a longer flow path and relatively more
intense turbulent mixing between the wall and the core flow re-
gions, compared to the longitudinal swirl flow with single vortex
generated in the P-type ribbed tube.

Fig. 13 illustrates the temperature profiles in the outlet of the
test section at z ¼ 0.3 m and y ¼ 0 m for Re ¼ 10,170. From the
figure, one sees that the V-type ribbed tube generates a higher
temperature. There are two reasons for this: (1) Compared to the
flow pattern of longitudinal swirl flowwith single vortex generated
in P-type ribbed tube, the flow pattern of longitudinal swirl flow
with multiple vortexes induced in the V-type ribbed tube is a more
effective way to disturb the boundary layer due to the direct flow
impingement induced by the multiple vortices and thereby more
heat can be transferred from the wall under the same condition. (2)
Multiple vortexes result in a longer flow path for fluid mixing be-
tween the wall and core flow regions so that hot fluid near the wall
and cold fluid in the core flow region can get better mixed in the V-
type ribbed. Therefore, the V-type ribbed tube generates a higher
temperature.

The near-wall fluid temperature distributions surrounding the
ribbed surface are illustrated in Fig. 14. It is evident that the tem-
perature distribution is more uniform and the average near-wall
fluid temperature is lower in the V-type ribbed tube than that in
the P-type ribbed tube meaning that more heat are conveyed from
the wall under the same working condition in the V-type ribbed
tube. Therefore, heat transfer performance in the V-type ribbed
tube is better than that in the P-type ribbed tube. A closer exami-
nation of Fig.14 shows that the near-wall fluid temperature is much
lower near the front surface of the ribs, which can be attributed to
the direct flow impingement at the front surface of the ribs. The
near-wall fluid temperature tends to increase as the fluid moves
forward in the streamwise direction, and the temperature achieves
the maximum value somewhere between two ribs then it starts to
decrease.



Fig. 10. Turbulence intensity contours in transverse planes of the test section for Re ¼ 10,170: (a) P-type; (b) V-type.

Fig. 11. Turbulence kinetic energy contours in transverse planes of the test section for Re ¼ 10,170: (a) P-type; (b) V-type.
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4.3. Heat transfer and flow friction of the ribbed tube

Fig.15 presents the span-averaged local Nusselt number (Nuc,local)
distributions in the streamwise direction inside the ribbed test sec-
tion for Re ¼ 10,370. The span-averaged local Nusselt number rep-
resents the average local Nusselt number of the cross-section. From
Fig. 15, it is visible that the span-averaged local Nusselt number
seesaws in the streamwise direction for both rib configurations due
to the existence of ribs. To understand the distributions of the span-
averaged local Nusselt number in the ribbed tubes, the full-surface
local Nusselt number maps of the test section at Re ¼ 10,170 for P-
type ribbed tube and V-type ribbed tube are provided as illustrated
in Fig. 16(a) and (b), respectively. The main flow mechanisms
responsible for the pattern of local Nusselt number distributions
along the ribbed tubes are as follows: (1) the periodic variations of
local Nusselt number along the V-type and P-type ribbed tubes are
attributed to the periodic interruptions of the thermal boundary
layer created by the ribs. The maximum Nusselt number occurs at
the front surface of the ribs because of the direct flow impingement
toward the rib surface which breaks the developing thermal
boundary layer and heat can be carried from the surface effectively.
The local Nusselt number is also very high in the area after the ribs
which is due to the vortexes induced by ribs; (2) the average Nusselt
number in the V-type ribbed tube is higher than that in the P-type
ribbed tube because longitudinal swirl flow with multiple vortexes
induced in the V-type ribbed tube is a more effective flow pattern to
mix the fluid between the wall and core flow regions and thereby
enhance the heat transfer performance, compared the longitudinal
swirl flow with single vortex generated in the P-type ribbed tube.

Fig. 17 shows the angular local Nusselt number distributions in
the ribbed tubes at z ¼ 0.2 m for Re ¼ 10,170. It is evident that the
angular local Nusselt number shows periodic variation around the
circumference of the cross-section for both rib configurations due
to the existence of circumferential ribs. Apparently, the angular
local Nusselt number around the V-type ribbed surface is much
higher than that around the P-type ribbed surface as a whole,
which demonstrates the superiority of the V-type ribs for heat
transfer enhancement once again.



Fig. 12. Temperature contours in transverse planes of the test section for Re ¼ 10,170: (a) P-type; (b) V-type.

Fig. 13. Temperature distributions in the outlet cross-section of the test section at
z ¼ 0.3 m and y ¼ 0 m for Re ¼ 10,170.
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The variations of the surface averaged Nusselt number and
friction factor with Re number ranging from 6780 to 20,740 are
illustrated in Fig. 18(a) and (b), respectively. To conform the nu-
merical data, the DDIR-tube in the experimental work [30] was
involved for a comparison. It is seen from Fig. 18(a) that the average
Nusselt number in the V-type ribbed tube is about 57e76% higher
than that in the P-type ribbed tube which reports that rib config-
urations have an obvious impact of the heat transfer in the inter-
nally ribbed tube. However, the improvement of heat transfer is
always obtained at the expense of pressure drop. As shown in
Fig. 18(b), the average friction factor in the V-type ribbed tube is
about 86e94% higher than that in the P-type ribbed tube.
4.4. The overall thermo-hydraulic performance of the ribbed tube

To evaluate the overall thermo-hydraulic performance of the
ribbed tube at a given pump power, the extensively used
performance evaluation criterion (PEC) proposed byWebb and Kim
[31] was adopted. The PEC is calculated from the following formula:

PEC ¼ Nu=Nu0
ðf =f0Þ1=3

(25)

where Nu0 and f0 are the Nusselt number and the friction factor in
the smooth tube, respectively.

Variation of PEC with Reynolds number is shown in Fig. 19. The
PEC values for both ribbed tubes tend to decrease with increasing
Re. The PEC values of both ribbed tube cases are above unity indi-
cating that the ribbed tubes are advantageous compared to a
smooth tube. The PEC values in the V-type ribbed tube vary from
1.32 to 1.74, which are about 27e41% higher than that in the P-type
ribbed tube.
4.5. Analysis from entransy dissipation extremum principle

For optimizing heat transfer process, Guo and his co-workers
[32] proposed a new physical quantity entransy to describe the
heat transfer ability of a body and the entransy dissipation
extremum principle. Entransy dissipation occurs during heat
transfer processes and is a measure of the heat transfer irrevers-
ibility. For the internally ribbed heat exchanger tube under the
uniform temperature condition in the present study, the entransy
balance formulation for convective heat transfer between the
heating wall and fluid is provided. The entransy balance equation is
as follows:

QTw � Ediss ¼
1
2
cv _mT2out �

1
2
cv _mT2in (26)

where _m is the mass flow rate of the fluid, and Q is the wall heat
flux. The first term at the left-hand side is the entransy from the
wall, and the second term is the entransy dissipated during the heat
transfer process, while the two terms at the right-hand side are
entransy flow-in and entransy flow-out carried by the fluid,
respectively.

The wall heat flux can be calculated as:



Fig. 14. Near-wall fluid temperature contours of the test section for Re ¼ 10,170: (a) P-type; (b) V-type.

Fig. 15. Span-averaged local Nusselt number (Nuc,local) distributions in the streamwise
direction inside the ribbed test section for Re ¼ 10,370.

Fig. 16. Local Nusselt number contours of the test section for Re ¼ 10,170: (a) P-type; (b) V-type.

Fig. 17. Angular local Nusselt number distributions at z ¼ 0.2 m for Re ¼ 10,170.
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Fig. 18. Heat transfer and flow friction of the ribbed tube: (a) surface averaged Nusselt
number; (b) friction factor.

Fig. 19. Variation of PEC with Re.
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Q ¼ cv _mTout � cv _mTin (27)

Substituting Eq. (27) into Eq. (26) gives

Ediss ¼
1
2
cv _mðTout � TinÞð2Tw � Tin � ToutÞ (28)

The heat transfer efficiency of the process is defined as:

h ¼ Eout
Ein

¼ Ein � Ediss
Ein

¼ QTw � Ediss
QTw

(29)

Substituting Eqs. (27) and (28) into Eq. (29) gives

h ¼ ðTout þ TinÞ
2TW

(30)

In order to facilitate the use of entransy dissipation extremum
principle, He and Tao [33] have improved the present formulation
of entransy extremum principle into a unique formulation, which is
entransy dissipation per unit energy transferred. The physical
meaning of the entransy dissipation per unit energy transferred is
the equivalent temperature difference, which is the driving force of
heat transfer intrinsically and the main source of irreversibility
during the heat transfer process. The equivalent temperature dif-
ference is defined as:

DT ¼ Ediss
Q

(31)

Substituting Eqs. (27) and (28) into Eq. (31) gives

DT ¼ Ediss
Q

¼ 1
2
cv _mðTout � TinÞð2Tw � Tin � ToutÞ

cv _mTout � cv _mTin
(32)

In the following, the equivalent temperature difference and heat
transfer efficiency of the process were adopted for analysis to
further understand the effects of rib configurations on the heat
transfer in the ribbed tube and reveal the essence of heat transfer
enhancement. As shown in Fig. 20, the equivalent temperature
difference increases with the increasing Reynolds number. The
larger equivalent temperature difference for a heat transfer process
indicates that more entransy dissipation is generated when the
same energy (or heat) is transferred during the heat transfer pro-
cess, and the more entransy dissipation means causing more irre-
versibility. Therefore, the larger the equivalent temperature
difference is, the more irreversible the heat transfer process is and
less heat can be transferred, which explains why the Nusselt
number for both ribbed tubes tends to decrease with increasing
Reynolds number. It is notable that the equivalent temperature
difference in V-type ribbed tube is less than that in P-type ribbed
tube, which is the reasonwhy heat transfer in V-type ribbed tube is
much higher than in P-type ribbed tube.

The improvement in heat transfer efficiency is the essence of
heat transfer enhancement. As shown in Fig. 21, the heat transfer
efficiency in the V-type, ribbed tube is higher than that in P-type
ribbed tube meaning that heat transfer in the V-type ribbed tube is
more effective. The heat transfer in the ribbed tube is dominated by
the flow patterns generated by different rib configurations, thus the
longitudinal swirl flow with multiple vortices induced in the V-
type ribbed tube is a more effective flow pattern for heat transfer,
compared to the longitudinal swirl flow with single vortex gener-
ated in the P-type ribbed tube.



Fig. 20. Variation of the equivalent temperature difference of heat transfer with Re.

Fig. 21. Variation of heat transfer efficiency with Re.
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5. Conclusions

In this paper, a numerical simulation has been carried out to
investigate the effects of rib arrangements on the flow pattern and
heat transfer in an internally ribbed heat exchanger tube. Details of
the flow structures are presented and analyzed. The heat transfer
and flow friction in the ribbed tubewith different rib configurations
are compared. The results are analyzed from the point view of
entransy dissipation extremum principle. Based on the results, the
following conclusions are drawn:

(1) Rib arrangements have perceptible effects upon the flow
patterns in the ribbed tube. Longitudinal swirl flow with
multiple vortices is induced in the V-type ribbed tube while
longitudinal swirl flow with single vortex is generated in the
P-type ribbed tube.

(2) For the range of Reynolds numbers investigated, the average
Nusselt number and friction factor in the V-type ribbed tubes
are about 57e76% and 86e94% higher than those in the P-
type ribbed tube, respectively. The PEC values in the V-type
ribbed tube vary from 1.32 to 1.74, which are about 27e41%
higher than that in the P-type ribbed tube.

(3) The equivalent temperature difference during the heat
transfer process is less, and the heat transfer efficiency is
higher in the V-type ribbed tube than those in the P-type
ribbed tube. Longitudinal swirl flow with multiple vortices
induced in the V-type ribbed tube is a more effective flow
pattern for heat transfer, compared to the longitudinal swirl
flow with single vortex generated in the P-type ribbed tube.
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Nomenclature

A heat transfer area (m2)
Ac cross-sectional area (m2)
cv specific heat at constant volume (J kg�1 K�1)
cp specific heat at constant pressure (J kg�1 K�1)
C perimeter of the cross-section (m)
D inner diameter of the tube (m)
E entransy (W K)
Ediss entransy dissipation (W K)
f friction factor
h average heat transfer coefficient (W m�2 K�1)
hlocal local wall heat transfer coefficient (W m�2 K�1)
k kinetic energy (m2 s�2)
l total length of the computation domain (m)
lu length of the upstream section (m)
lt length of the test section (m)
ld length of the downstream section (m)
L rib length (m)
L* rib length ratio
_m mass flow rate (kg s�1)
N rib number
Nu average Nusselt number
Nulocal local Nusselt number
Nuc,local span-averaged local Nusselt number
p pressure (Pa)
Dp pressure drop (Pa)
P rib pitch (m)
P* rib pitch ratio
PEC performance evaluation criterion
q local heat flux (W m�2)
Q total wall heat flux (W m�2)
r radial direction
Re Reynolds number
DTm logarithmic mean temperature difference (K)
DT equivalent temperature difference (K)
t rib height (m)
t* rib height ratio
T temperature (K)
DT equivalent temperature difference (K)
um mean velocity (m s�1)
W rib width (m)
W* rib width ratio

Greek symbols
a rib inclined angle (�)
b expansion coefficient (K�1)
3 dissipation (m2 s�3)
l thermal conductivity (W m�1 K�1)
lci swirling strength (s�1)
m dynamic viscosity (Pa s)
nt turbulent eddy viscosity (Pa s)
r density (kg m�3)
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h heat transfer efficiency
u specific dissipation rate (s�1)

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

References

[1] J. Han, Y. Zhang, High performance heat transfer ducts with parallel broken
and V-shaped broken ribs, Int. J. Heat Mass Transfer 35 (2) (1992) 513e523.

[2] J.C. Han, Y.M. Zhang, C.P. Lee, Augmented heat transfer in square channels
with parallel, crossed, and V-shaped angled ribs, J. Heat Transfer 113 (3)
(1991) 590e596.

[3] J.C. Han, S. Ou, J.S. Park, C.K. Lei, Augmented heat transfer in rectangular
channels of narrow aspect ratios with rib turbulators, Int. J. Heat Mass
Transfer 32 (9) (1989) 1619e1630.

[4] J.C. Han, Heat transfer and friction characteristics in rectangular channels with
rib turbulators, J. Heat Transfer 110 (2) (1988) 321e328.

[5] J.C. Han, Heat transfer and friction in channels with two opposite rib-
roughened walls, J. Heat Transfer 106 (4) (1984) 774e781.

[6] J.C. Han, L.R. Glicksman, W.M. Rohsenow, An investigation of heat transfer and
friction for rib-roughened surfaces, Int. J. Heat Mass Transfer 21 (8) (1978)
1143e1156.

[7] L. Wang, B. Sunden, An experimental investigation of heat transfer and fluid
flow in a rectangular duct with broken V-shaped ribs, Exp. Heat Transfer 17
(4) (2004) 243e259.

[8] X.-Y. Tang, D.-S. Zhu, Flow structure and heat transfer in a narrow rectangular
channel with different discrete rib arrays, Chem. Eng. Process. Process Intensif.
69 (2013) 1e14.

[9] G. Xie, J.M. Liu, P. Ligrani, B. Sunden, Flow structure and heat transfer in a
square passage with offset mid-truncated ribs, Int. J. Heat Mass Transfer 71
(2014) 44e56.

[10] M.-A. Moon, M.-J. Park, K.-Y. Kim, Evaluation of heat transfer performances of
various rib shapes, Int. J. Heat Mass Transfer 71 (2014) 275e284.

[11] M.S. Lee, S.S. Jeong, S.W. Ahn, J.C. Han, Effects of angled ribs on turbulent heat
transfer and friction factors in a rectangular divergent channel, Int. J. Therm.
Sci. 84 (2014) 1e8.

[12] Y. Wang, B. Zhou, Z. Liu, Z. Tu, W. Liu, Numerical study and performance
analyses of the mini-channel with discrete double-inclined ribs, Int. J. Heat
Mass Transfer 78 (2014) 498e505.

[13] C. Ma, X. Chen, J. Wang, S. Zang, Y. Ji, An experimental investigation of heat
transfer characteristics for steam cooling and air cooling in a rectangular
channel roughened with parallel ribs, Exp. Therm. Fluid Sci. 64 (2015)
142e151.
[14] H.T. Wang, W.B. Lee, J. Chan, S. To, Numerical and experimental analysis of
heat transfer in turbulent flow channels with two-dimensional ribs, Appl.
Therm. Eng. 75 (2015) 623e634.

[15] R.L. Webb, E.R.G. Eckert, R.J. Goldstein, Heat transfer and friction in tubes with
repeated-rib roughness, Int. J. Heat Mass Transfer 14 (4) (1971) 601e617.

[16] J.-A. Meng, X.-G. Liang, Z.-X. Li, Field synergy optimization and enhanced heat
transfer by multi-longitudinal vortexes flow in tube, Int. J. Heat Mass Transfer
48 (16) (2005) 3331e3337.

[17] X.-W. Li, H. Yan, J.-A. Meng, Z.-X. Li, Visualization of longitudinal vortex flow
in an enhanced heat transfer tube, Exp. Therm. Fluid Sci. 31 (6) (2007)
601e608.

[18] S. Pal, S.K. Saha, Laminar fluid flow and heat transfer through a circular tube
having spiral ribs and twisted tapes, Exp. Therm. Fluid Sci. 60 (2015)
173e181.

[19] S.K. Saha, S. Bhattacharyya, P.K. Pal, Thermohydraulics of laminar flow of
viscous oil through a circular tube having integral axial rib roughness and
fitted with center-cleared twisted-tape, Exp. Therm. Fluid Sci. 41 (2012)
121e129.

[20] S. Bhattacharyya, S.K. Saha, Thermohydraulics of laminar flow through a cir-
cular tube having integral helical rib roughness and fitted with centre-cleared
twisted-tape, Exp. Therm. Fluid Sci. 42 (2012) 154e162.

[21] S. Saha, S.K. Saha, Enhancement of heat transfer of laminar flow of viscous oil
through a circular tube having integral helical rib roughness and fitted with
helical screw-tapes, Exp. Therm. Fluid Sci. 47 (2013) 81e89.

[22] F.R. Menter, Two-equation eddy-viscosity turbulence models for engineering
applications, AIAA J. 32 (8) (1994) 1598e1605.

[23] D.C. Wilcox, Turbulence Modeling for CFD, DCW Industries, La Canada, CA,
1998.

[24] F. Menter, M. Kuntz, R. Langtry, Ten years of industrial experience with the
SST turbulence model, Turbul. Heat Mass Transfer 4 (1) (2003).

[25] P.J. Roache, Perspective: a method for uniform reporting of grid refinement
studies, J. Fluids Eng. 116 (3) (1994) 405e413.

[26] Fluent 6.3.26 User's Guide, Fluent Inc., Lebanon, NH, 2007.
[27] J. Zhou, R.J. Adrian, S. Balachandar, T. Kendall, Mechanisms for generating

coherent packets of hairpin vortices in channel flow, J. Fluid Mech. 387 (1999)
353e396.

[28] V. Gnielinski, New equations for heat and mass-transfer in turbulent pipe and
channel flow, Int. Chem. Eng. 16 (2) (1976) 359e368.

[29] B. Petukhov, T. Irvine, J. Hartnett, Advances in Heat Transfer, vol. 6, Academic,
New York, 1970, pp. 503e504.

[30] J. Meng, Enhanced heat transfer technology of longitudinal vortices based on
field-coordination principle and its application, in: Power Engineering and
Engineering Thermophysics, Tsinghua University, Beijing, 2003.

[31] R.L. Webb, N.-H. Kim, Principle of Enhanced Heat Transfer, Taylor Francis, New
York, NY, USA, 1994.

[32] Z.-Y. Guo, H.-Y. Zhu, X.-G. Liang, Entransyda physical quantity describing
heat transfer ability, Int. J. Heat Mass Transfer 50 (13) (2007)
2545e2556.

[33] Y.-L. He, W.-Q. Tao, Numerical studies on the inherent interrelationship be-
tween field synergy principle and entransy dissipation extreme principle for
enhancing convective heat transfer, Int. J. Heat Mass Transfer 74 (2014)
196e205.

http://refhub.elsevier.com/S1290-0729(15)00336-1/sref1
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref1
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref1
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref2
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref2
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref2
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref2
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref3
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref3
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref3
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref3
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref4
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref4
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref4
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref5
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref5
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref5
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref6
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref6
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref6
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref6
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref7
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref7
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref7
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref7
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref8
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref8
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref8
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref8
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref9
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref9
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref9
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref9
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref10
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref10
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref10
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref11
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref11
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref11
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref11
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref12
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref12
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref12
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref12
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref13
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref13
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref13
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref13
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref13
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref14
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref14
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref14
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref14
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref15
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref15
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref15
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref16
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref16
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref16
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref16
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref17
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref17
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref17
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref17
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref18
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref18
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref18
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref18
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref19
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref19
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref19
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref19
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref19
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref20
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref20
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref20
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref20
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref21
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref21
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref21
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref21
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref22
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref22
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref22
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref23
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref23
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref24
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref24
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref25
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref25
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref25
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref26
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref27
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref27
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref27
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref27
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref28
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref28
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref28
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref29
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref29
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref29
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref30
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref30
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref30
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref31
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref31
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref32
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref32
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref32
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref32
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref32
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref33
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref33
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref33
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref33
http://refhub.elsevier.com/S1290-0729(15)00336-1/sref33

	Effects of rib arrangements on the flow pattern and heat transfer in an internally ribbed heat exchanger tube
	1. Introduction
	2. Model description
	3. Mathematical modeling
	3.1. Governing equations and mathematical methods
	3.2. Grid generation and independence test
	3.3. Boundary condition and data reduction

	4. Results and discussions
	4.1. Model validation
	4.2. Flow structure and temperature distributions in the ribbed tube
	4.3. Heat transfer and flow friction of the ribbed tube
	4.4. The overall thermo-hydraulic performance of the ribbed tube
	4.5. Analysis from entransy dissipation extremum principle

	5. Conclusions
	Acknowledgments
	Nomenclature
	References


