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The effects on the positions of rib vortex generators (RVGs) for periodic laminar flow behavior are presented numerically in three-
dimensional.The RVGs with constant blockage ratio (b/H, BR = 0.15), the pitch ratio (P/H, PR = 1), and flow attack angle (𝛼 = 30∘)
are inserted in isothermal walls of the square channel. The SIMPLE algorithm and the finite volume method (FVM) are applied
for the computational domain. The influences of different gap ratios (𝑔/𝐻 = 0–0.35) for Reynolds number based on the hydraulic
diameter (𝐷

ℎ

), Re = 100–1200, are investigated. It is found that the flow profiles can be divided into two parts; the first, similar in
flow configuration, but different in 𝑢/𝑢

0

values, is called “periodic flow” and the second, similar in both flow configuration and 𝑢/𝑢
0

values, is called “fully developed periodic flow.” The results reveal that the periodic flow profiles appear around 2nd-3rd modules
while the fully developed flow profiles occur around 6th–9th modules. In addition, the periodic flow profiles and fully developed
periodic flow profiles become faster in case of the lowest continuous flow area (𝑔/𝐻 = 0.20, 0.25, and 0.30) and the regimes close
to the RVG.

1. Introduction

Due to the relationship between flow configuration and
heat transfer, the study for enhancing heat transfer in heat
exchanger system leads to the investigation on flow config-
uration. The use of vortex generators or turbulator, such as
rib, baffle, and winglet, is a main aim to change the flow
field and also to create the flow separation, secondary flow,
and impinging jet flow for heat transfer augmentation. The
investigations on flow structure and heat transfer are sepa-
rated into two methods, experimental and numerical. Owing
to the limitation of experimental measurement, high cost
materials and more time for study, therefore, the numerical
method is advantages for study flow configurations and heat
transfer characteristics. However, the investigation with the
numerical method needs the high accuracy of mathematical
model and condition for calculation.

As the requirements above, the periodic concept on flow
configuration is extensively applied in the numerical model
to approximate the large heat transfer system that leads to
the low cost and saves more time for the simulation. Many
investigations use periodic concept to study the flow configu-
ration, heat transfer enhancement, and thermal performance.

For example, Sripattanapipat and Promvonge [1] numerically
studied the laminar periodic flow and thermal behaviors in
a two-dimensional channel fitted with staggered diamond-
shaped baffles. They found that the diamond baffle with half
apex angle of 5–10∘ slightly performs better flow than flat
baffle. Promvonge et al. [2] also examined numerically with
periodic concept on the laminar heat transfer in a square
channel with 45∘ angled baffle placed on one wall. They
reported that a single streamwise vortex flow appears and
also induces impingement jets on the wall of the interbaffle
cavity and the BTE sidewall. Moreover, Promvonge et al.
[3, 4] also applied the numerical manner to investigate the
laminar flow structure and thermal behaviors in a square
channel with 30∘ or 45∘ inline baffles on two opposite walls
using periodic concept on both flow behavior and heat trans-
fer characteristics. Two streamwise counter-rotating vortex
flows were created along the channel and vortex-induced-
impingement jets appeared on the upper and lower sides of
the tested channel and baffle leading end side walls while the
maximum thermal enhancement factors of about 2.6 at BR
= 0.20, PR = 1, and Re = 1000 and of around 4.0 at BR =
0.15, PR = 2, and Re = 2000 for using the 45∘ and 30∘ baffles
were reported, respectively. The numerical investigations for

Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2014, Article ID 752721, 17 pages
http://dx.doi.org/10.1155/2014/752721



2 Mathematical Problems in Engineering

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11M12M13M14M15

Test section

Entry

ExitY

Z

X

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

0
0
0.5

0.5

1

1

y
/H x/H

z/H

Y

Z
X

(a)

H = Dh

W = H

Upper baffle

Lower baffle

𝛼

Y

X

Z

P

b g

(b)

Y

X

Z

(c)

Figure 1: (a) Square channel with RVG, (b) details of square channel with RVG, (c) computational domain.
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Table 1: The literature reviews for numerical investigation with using periodic concept.

Authors Studied cases 𝑁𝑢/𝑁𝑢
0

𝑓/𝑓
0

TEF

Jedsadaratanachai et al. [5]

30∘ inclined baffle
Inline, two opposite walls, square channel
BR = 0.2
PR = 0.5–2.5
Re = 100–2000

1.00–9.20 1.00–21.50 3.78

Kwankaomeng and Promvonge [9]

30∘ inclined baffle
One side, square channel
BR = 0.1–0.5
PR = 1.0–2.0
Re = 100–1000

1.00–9.23 1.09–45.31 3.10

Promvonge et al. [3]

30∘ inclined baffle
Inline, two opposite walls, square channel
BR = 0.1–0.3
PR = 1.0–2.0
Re = 100–2000

1.20–11.00 2.00–54.00 4.00

Promvonge and Kwankaomeng, [10]

45∘ V-baffle
Staggered, two opposite walls, AR = 2 channel
BR = 0.05–0.3
PR = 1.0
Re = 100–1200

1.00–11.00 2.00–90.00 2.75

Promvonge et al. [2]

45∘ inclined baffle
Inline-staggered, two opposite walls,
square channel
BR = 0.05–0.3
PR = 1.0
Re = 100–1000

1.50–8.50 2.00–70.00 2.60

Promvonge et al. [4]

45∘ V-baffle
Inline downstream, two opposite walls,
square channel
BR = 0.1–0.3
PR = 1.0–2.0
Re = 100–2000

1.00–21.00 1.10–225.00 3.80

Boonloi [11]

20∘ V-baffle
Inline downstream-upstream, two opposite walls,
square channel
BR = 0.1–0.3
PR = 1.0
Re = 100–2000

1.00–13.00 1.00–52.00 4.20

Boonloi and Jedsadaratanachai [12]

30∘ V-baffle
Downstream, one side, square channel
BR = 0.1–0.5
PR = 1.0–2.0
Re = 100–1200

1.00–14.49 2.18–313.24 2.44

Jedsadaratanachai and Boonloi [13]

45∘ discrete-V-baffle
Downstream, diagonally, square channel
BR = 0.05–0.20
PR = 1.0–1.5
Re = 100–1200

1.40–8.10 2.50–36.00 2.50

Jedsadaratanachai and Boonloi [14]
Single twisted tape
y/W = 1.0–6.0
Re = 100–2000

1.00–10.00 3.00–44.00 3.51

laminar forced convection with using periodic concept are
summarized in Table 1.

Except from the use of periodic concept to study heat
transfer and flow structure, the descriptions of behavior
for the periodic flow structure and periodic heat transfer

behavior were reported. Jedsadaratanachai et al. [5] studied
laminar forced convection in a tube with turbulators and
concluded that the flows in baffled tube show periodic flow
at x/D = 2-3 and become a fully developed periodic flow
profile at x/D = 6-7, depending on Re, BR, and transverse
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Figure 2: Validation of friction factor for smooth square channel.
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Figure 3: The variations of friction factor with Re at various 𝑔/𝐻.

plane positions. They concluded that the rise of BR and close
to the turbulators lead to faster of fully developed periodic
profiles. Promvonge et al. [6] investigated flow configuration
and heat transfer in square channel with V-baffle.They found
that fully developed periodic flow and heat transfer profile
for BR = 0.2 appeared around 𝑥/𝐷 ≈ 8 downstream of
the inlet. Jedsadaratanachai et al. [7] found that the decrease
of PR result in a speedup of fully developed periodic flow
configuration.

As the literature above, most investigations studied the
effect of blockage ratio, pitch ratio, and Reynolds number
on the developing periodic flow and heat transfer behavior.
Therefore, the study of the influence on the position of the
vortex generators for developing the periodic flow concept

has rarely been reported. In this present work, the investi-
gation on the effect of positioning on vortex generators for
the periodic flow concept is presented numerically in three
dimensional. The different gap ratios, 𝑔/𝐻 = 0–0.35, for 30∘
inclined rib vortex generators (RVGs) with constant BR= 0.15
and PR = 1.00 are studied.

2. Square Channel Geometry and
Numerical Domain

All of the methodologies for numerical investigation are
following [5–7]. Figures 1(a), 1(b), and 1(c) show a square
channel with RVGs inserted, details of testing channel, and
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Figure 4: Streamlines in transverse planes at various 𝑔/𝐻 for Re = 800.

the computational domain, respectively. The 30∘ RVGs are
arranged with inline arrangement and placed on both the
upper and lower parts of the testing channel. In the tested
channel, the air enters at an inlet temperature, 𝑇in, and
flows over RVGs where 𝑏 is the RVG height, H is set to
0.05m, which is the channel height and b/H is known as the
blockage ratio, BR = 0.15. The longitudinal distance between
the RVGs is set to 𝑃 in which P/H is defined as the pitch ratio,

PR = 1.0. The positions of RVG are varied by considering
the distance between the upper and lower walls of the square
channel to the RVG, 𝑔, and 𝑔/𝐻 is identified as the gap ratio.
To investigate an interaction influence of the RVG positions
with an attack angle, 𝛼 = 30∘ is varied in a range of 𝑔/𝐻 = 0–
0.35 in the present study.The 125,500 hexahedral cells of grid
system have been applied to present computational domain
causing no advantage to increase the number of grid cells.
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Figure 5: Streamlines in transverse planes for 𝑔/𝐻 = 0 at Re = 800.
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Figure 6: Streamlines in transverse planes for 𝑔/𝐻 = 0.05 at Re = 800.
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Figure 7: Streamlines in transverse planes for 𝑔/𝐻 = 0.15 at Re = 800.

The variation of the friction factor is less than ±0.2% when
increasing numbers of grid cell.

3. Mathematical Foundation and
Boundary Condition

The mathematical foundations for the present work are
referred from [5–7]. The numerical model for fluid flow
in a square channel was developed under the following
assumptions:

(i) steady three-dimensional fluid flow,
(ii) the flow is laminar and incompressible,
(iii) constant air properties,
(iv) body forces and viscous dissipation are ignored.

Based on the above assumptions, the relevant equation
is the Navier-Stokes equation. The equations in the tensor
notation form are as follows.

Continuity equation:

𝜕

𝜕𝑥
𝑖

(𝜌𝑢
𝑖
) = 0. (1)

Momentum equation:

𝜕 (𝜌𝑢
𝑖
𝑢
𝑗
)

𝜕𝑥
𝑗

= −

𝜕𝑝

𝜕𝑥
𝑖

+

𝜕

𝜕𝑥
𝑗

[𝜇(

𝜕𝑢
𝑖

𝜕𝑥
𝑗

+

𝜕𝑢
𝑗

𝜕𝑥
𝑖

)] . (2)

The governing equations were discretized by the power
law scheme, decoupling with the SIMPLE algorithm, and
solved using a finite volume approach [8].The solutions were
measured to be converged when the normalized residual
values were less than 10−6 for all variables.

The calculations of the two parameters including the
Reynolds number, Re, and friction factor, 𝑓, are described by
(3) and (4), respectively. Consider

Re =
𝜌𝑢𝐷

𝜇

. (3)

The friction factor, 𝑓, is computed by pressure drop, Δ𝑝
across the length of the module, and 𝑃 as follows:

𝑓 =

(Δ𝑝/𝑃)𝐷

(1/2) 𝜌𝑢
2

. (4)

3.1. Boundary Conditions. The boundary conditions are fol-
lowing [5–7]. For tested square channel, a uniformair velocity
is introduced at the inlet while a pressure outlet condition
is applied at the exit. The physical properties of the air
have been assumed to constant at mean bulk temperature.
Impermeable boundary and no-slip wall conditions have
been implemented over the square channel walls as well as
the RVG.
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Figure 8: Streamlines in transverse planes for 𝑔/𝐻 = 0.25 at Re = 800.

4. Results and Discussion

4.1. Accuracy Validation. Thevalidation of the smooth square
channelwith noRVG for this current investigation is tested by
comparing the present prediction with the correlation of the
friction factor values at various Reynolds numbers as shown
in Figure 2. The result shows around ±0.5% deviation of the
friction factor for all Reynolds numbers.The good agreement
between the results from present prediction and correlation
indicates that the numerical model is reliable to predict the
flow characteristics in the square channel.

4.2. Flow Configuration. Figure 3 shows the variations of the
friction factor with Reynolds number at various 𝑔/𝐻 values.
As seen, the friction factor tends to decrease with the rise of
Reynolds number for all cases. The 𝑔/𝐻 = 0 performs the
lowest values of friction factor for all the Reynolds number. In
range 0.20 ≤ 𝑔/𝐻 ≤ 0.35, the friction factor nearly provides
values and varies between 0.5 and 1.45. This means that the
𝑔/𝐻 > 0.1 results in the rise of friction factor.

The flow profiles for RVG at various 𝑔/𝐻 values are
presented in Figure 4. It is necessary to understand the
general flow structure and behavior in the square channel
with placed RVG. The flow configuration for a module
(five different positions, module/4) is presented in terms of
streamlines in transverse planes at various 𝑔/𝐻 values for
Re = 800 at the fully developed periodic flow regime, x/H

> 10. It is found that the RVG produces two main counter-
rotating vortex flows on the upper and lower parts due to the
symmetry of the testing channel clearly seen as cases 𝑔/𝐻 =
0 and 0.35 for the RVGs placing on the lower walls and in the
middle of the square channel, respectively, but reverse in the
flow rotation. In the range 0 < 𝑔/𝐻 < 0.35, the numbers of
the small vortex flow perform higher, especially, 𝑔/𝐻 = 0.10
and 0.20.The decreasing continuous flow areas are the reason
of the rise up of the numbers for the small vortex flow. In
addition, the phenomenon of the flow structure at first plane
(x/H = 15) is similar to the fifth plane (x/H = 20) in all cases.
Thismeans that the flow structures in the square channel with
RVGperform periodic profiles or repeat themselves from one
cell to another although the RVG positions are not similar.

4.3. Periodic Flow Descriptions. The periodic flow descrip-
tions are presented in the forms of the streamlines in
transverse planes at similar position of each module and the
variations of 𝑢/𝑢

0
with various positions. The twelve planes

of the streamlines in transverse planes are plotted as Figures
5 to 9. As seen, the flow configuration can be divided into two
zones, developing flow profile and the periodic flow profile.
The developing flow profiles are found in the early regimes
downstream from the inlet; the flow configuration has the
main flow structure similar to other planes, but the core flow
positions are found to be different.The periodic flow profiles,
the flow behaviors, and the core flow positions appear to be
similar when passing around the 5th module.
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Figure 9: Streamlines in transverse planes for 𝑔/𝐻= 0.35 at Re = 800.

For 𝑔/𝐻 = 0, the streamlines in transverse planes for
twelve modules are presented in Figure 5 at Re = 800. As
the figure, the twomain counter-rotating vortex flows appear
for all planes except for the first plane. In the 2nd–6th
modules, developing flow profiles, the variations of the core
flow positions are found. After the flows pass through the 6th
module (7th–12th modules), periodic flow profiles, the flow
configurations, and core flow positions seem to be similar.

The streamlines in transverse planes for 𝑔/𝐻 = 0.05 are
shown in Figure 6. In general, the flow structures of this case
seem to be likely as 𝑔/𝐻 = 0 and the small vortices appear
at the upper and lower right corners of the tested square
channel. The developing flow profiles appear around the 1st–
8th modules and then the flows pass the 9th–12th modules;
the periodic flow configuration is established.

The streamlines in transverse planes for 𝑔/𝐻 = 0.15 and
0.25 are presented as Figures 7 and 8, respectively, at Re = 800.
The decrease in continuous-flow area result in the change of
flow structure in the channel. The vortex flows with similar
sizes appeared because of the decreasing continuous flow

areas for both cases. The developing flow regimes perform
shorter, but the periodic flow profiles become faster. The 1st–
4th modules and 5th–15th modules are found to be develop-
ing flow profiles and periodic flow profiles, respectively, for
𝑔/𝐻 = 0.15 and 0.25. In addition, the decreasing flow areas
result in the speed up of the periodic flow profiles.

The two main counter-rotating vortex flows that are
similar as 𝑔/𝐻 = 0 with reversing rotation are found at 𝑔/𝐻
= 0.35 as presented in Figure 9. The periodic flow profiles
occurred after the 8th module while the developing flow
profiles are found at the 1st–7th modules.

In addition, the presentations on this part may be
described roughly as flow configuration in the RVG tested
channel but cannot identify for the equivalent value of the
velocity on the 𝑥, 𝑦, and 𝑧 directions, so the variations of
velocity in terms of 𝑢/𝑢

0
with different x/H, y/H, and z/H are

presented in the next part.

4.4.TheVariations of 𝑢/𝑢
0
. Thevariations of u/𝑢

0
with x/H at

various y/H and z/H values for 𝑔/𝐻 = 0, 0.10, 0.20, and 0.30
are presented as Figures 10, 11, 12, and 13, respectively, at Re =
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Figure 15: The variations of 𝑢/𝑢
0

with z/H at various y/H = 0.05, 0.25, and 0.45 for 𝑔/𝐻 = 0 and Re = 800.

800. As the numerical results, the velocity profiles for all cases
are divided into two groups. The similar velocity profiles but
different from the values called “periodic flow profile” while
the similarities in both structures and values of the velocity
called “fully developed periodic flow profile”. In general, the
periodic flow profiles are found in the early regimes of the
test section while the fully developed periodic profiles are
appearing after flow passing around the 6th-8th module of
the RVG.

The periodic flow profiles appear around the 2nd module
(x/H = 11) and become the fully developed periodic flow
profiles around the 8th–10th modules (x/H = 17–20) for all

z/H values at y/H = 0.05. In ranges y/H = 0.25 and 0.45,
the periodic flow profiles occur around the 2nd–5th modules
and happen into the fully developed flow profiles around
the 10th module only near sidewalls regime, z/H = 0.05
and 0.95.

The similar results as 𝑔/𝐻 = 0 of the development to
the periodic and the fully developed periodic flow profiles
are found in 𝑔/𝐻 = 0.10 that are plotted in Figure 11. The
clarifications of the pattern for periodic flow profiles and the
fully developed periodic flow profiles are seen when y/H =
0.05 and 0.25, especially, near the sidewall regimes, z/H =0.05
and 0.95.
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Figure 16: The variations of 𝑢/𝑢
0

with z/H at various y/H = 0.05, 0.25, and 0.45 for 𝑔/𝐻 = 0.10 and Re = 800.

As seen in Figure 12, the y/H = 0.25 shows the flow
configurations of the periodic flow profiles and the fully
developed periodic flow profiles most clearly for 𝑔/𝐻 = 0.20
while y/H = 0.05 and 0.45, the periodic concepts, remain
occurring on both sidewalls of the square channel only.

In Figure 13, 𝑔/𝐻 = 0.30, the periodic flow profiles and
fully developed periodic flow profiles appeared for all of y/H
values, especially, y/H = 0.45. This means that the reduction
of the continuous-flow area is a key for appearing periodic
profiles.

The RVG arrangements in y-z plane can be concluded
as in Figure 14 and Table 2. The flow areas are divided into

three groups: the upper flow area, the lower flow area, and the
middle flow area. The increasing 𝑔/𝐻 value leads to the rise
of upper and lower flow areas, but it decreases in the middle
flow area. As the numerical results above, the periodic flow
profiles perform fastest in case 𝑔/𝐻 = 0.15–0.25.

The variations of 𝑢/𝑢
0
with z/H for 𝑔/𝐻 = 0, 0.10, 0.20,

and 0.30 are shown in Figures 15, 16, 17, and 18, respectively,
at Re = 800. In general, the velocity profiles in transverse z/H
lines nearly appear to be a pattern of all 𝑔/𝐻 values.The fully
developed periodic flow profiles are found around the 7th–
9th modules relating to the velocity in x/H lines. It is noted
that the 𝑔/𝐻 > 0.05; the periodic flow profiles did not appear
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Figure 17: The variations of 𝑢/𝑢
0

with z/H at various y/H = 0.05, 0.25, and 0.45 for 𝑔/𝐻 = 0.20 and Re = 800.

close to the upper and lower walls or on the gap between the
walls and RVG of the channel (y/H = 0.05). In addition, with
the variations of 𝑢/𝑢

0
with y/H, the periodic flow profiles and

fully developed periodic flow profiles are found similar to the
results of the x/H lines for all cases.

5. Conclusion

The numerical investigations on the effects of RVG posi-
tions on the periodic flow concept are presented in three
dimensional. The 30∘ RVG insert in the square channel with

inline arrangement on both the upper and lower parts. The
constants BR = 0.15 and PR = 1.0 with various 𝑔/𝐻 = 0–0.35
are used for the computational study. The numerical results
can be summarized as follows.

(i) The friction factor tends to decrease with the rise of
Reynolds number for all cases. In range 0 ≤ 𝑔/𝐻 ≤
0.10, the friction factor provides an increase.The 𝑔/𝐻
= 0.15, 0.20, 0.25, 0.30, and 0.35 cases nearly perform
values of friction factor.



16 Mathematical Problems in Engineering

u
/u

0

1.2

3.5

3.0

2.5

2.0

1.5

1.0

0.0

z/H

x/H = 10, 1st module
x/H = 11, 2nd module
x/H = 12, 3rd module
x/H = 13, 4th module
x/H = 14, 5th module

x/H = 15, 6th module
x/H = 16, 7th module
x/H = 17, 8th module
x/H = 18, 9th module
x/H = 19, 10th module

y/H = 0.05, g/H = 0.30

0.0 1.00.80.60.40.2

0.5

(a)

1.2

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.0

u
/u

0

z/H

x/H = 10, 1st module
x/H = 11, 2nd module
x/H = 12, 3rd module
x/H = 13, 4th module
x/H = 14, 5th module

x/H = 15, 6th module
x/H = 16, 7th module
x/H = 17, 8th module
x/H = 18, 9th module
x/H = 19, 10th module

y/H = 0.25, g/H = 0.30

0.0 1.00.80.60.40.2

0.5

(b)

1.2

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.0

u
/u

0

z/H

x/H = 10, 1st module
x/H = 11, 2nd module
x/H = 12, 3rd module
x/H = 13, 4th module
x/H = 14, 5th module

x/H = 15, 6th module
x/H = 16, 7th module
x/H = 17, 8th module
x/H = 18, 9th module
x/H = 19, 10th module

y/H = 0.45, g/H = 0.30

0.0 1.00.80.60.40.2

0.5

(c)

Figure 18: The variations of 𝑢/𝑢
0

with z/H at various y/H = 0.05, 0.25, and 0.45 for 𝑔/𝐻 = 0.30 and Re = 800.

(ii) Thedifference of𝑔/𝐻 leads to the variation of the flow
configurations. The decreasing continuous flow areas
perform the rise up for the number of the small vortex
flows.

(iii) The visualizations of flow structure in the form of
streamlines in transverse planes can describe the flow
pattern as two groups: developing flow and periodic
flow.The developing flow profiles appear earlier in the
tested section when the periodic flow profiles, similar
to flow structures, are found after the flow passes
around the 6th module.

(iv) The numerical results in terms of variations of 𝑢/𝑢
0

with positions can be concluded in the velocity
profiles as two sections: periodic flow profile and
fully developed flow profile.The periodic flow profiles
mean that the flow structures have similar config-
urations but are different from the velocity values
while the fully developed periodic flow profiles, the
configurations and values of velocity are equal.

(v) In the range studied, the periodic flow profiles appear
around the 2nd module and the fully developed peri-
odic flow profiles show around the 6th–9th modules.
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Table 2: The flow area descriptions.

Case Upper flow area Lower flow area Middle flow area
𝑔/H = 0 0 0 0.70
𝑔/H = 0.05 0.05 0.05 0.60
𝑔/H = 0.10 0.10 0.10 0.50
𝑔/H = 0.15 0.15 0.15 0.40
𝑔/H = 0.20 0.20 0.20 0.30
𝑔/H = 0.25 0.25 0.25 0.20
𝑔/H = 0.30 0.30 0.30 0.10
𝑔/H = 0.35 0.35 0.35 0

Close to the RVG regimes and decreasing continuous
flow area, the flow profiles perform the speed-up of
fully developed periodic flow profiles.
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