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This research presents structural improvement of V-shaped ribs for a tested square duct (TSD). The V-shaped ribs, which are
inserted at the middle of the TSD (called type A), and the V-shaped ribs, which are placed on the opposite TSD walls (called
type B), are modified to increase the structural stabilization. The effects of rib height to duct height, b/H =0.05 - 0.30; V-
shaped bar thickness to duct height, a/H =0.025 and 0.050; and flow directions (V-Upstream and V-Downstream) are
considered. The new design of the V-shaped ribs is called “modified V-shaped ribs or MVR.” The present problem is solved by
the numerical method (commercial code). The flow and heat transfer features of the TSD are illustrated. The numerical result
reveals that the MVR give both flow and heat transfer patterns similarly as the general V-shaped rib. The impinging flows,
swirling flows, and disturbing thermal boundary layer, which lead to enhanced heat transfer, are observed. Over the
investigated range, the enhanced heat transfer about 18.12 times above the smooth duct with the optimal thermal

enhancement factor about 4.16 is detected.

1. Introduction

Heat exchangers, shell-and-tube heat exchanger, fin-and-
tube heat exchanger, double pipe heat exchanger, and solar
air heater, are important machines for many industries and
engineering works. Thus, development of the heat
exchangers is a main project for industrial improvement.
The heat exchanger development can help about energy con-
servation of the industries. The energy conservation directly
affects production cost of production processes. The heat
exchanger development can be done by various techniques.
An installation of vortex generators or turbulators into the
heat exchanger is one of the techniques to improve thermal
performance of the heat exchangers. There are many vortex-
generator types such as rib, baftle, winglet, and roughness
surface. Each type of the vortex generators is developed
under applications of the heat exchangers. Rib/baffle [1-3]
is a type of the vortex generators which always select to help

to improve heat transfer rate and efficiency of the heat
exchangers, especially V-shaped rib. The V-shaped rib/baffle
has high effectiveness to enhance heat transfer rate. The V-
shaped rib/baffle had been adapted to support many heating
systems. Effects of the V-shaped rib/baffle parameters such
as rib height, rib spacing, flow attack angle, and placement
for flow and heat transfer features had been investigated by
many researchers.

For example, Zhang et al. [4] selected micro-V-shaped
ribs and dimples to augment heat transfer ability in a chan-
nel. Xiao et al. [5] studied the enhanced heat transfer in a
minichannel heat sink with V-ribs for Reynolds number
around 3600-6800. Their simulated results showed that the
enhanced heat transfer is around 171-355% when compared
with the general channel. Bahiraei et al. [6] opted V-shaped
ribs combining with nanofluid to improve heat transfer
potentiality in a square channel. The influences of flow
attack angles, rib pitches, and rib heights were compared.
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They concluded that the higher rib height and smaller rib
spacing give lower exergy destruction and increases the sec-
ond low efficiency. Jain and Lanjewar [7] presented that the
maximum enhanced heat transfer of 2.30 times above the
base case is observed for a solar air heater equipped with
V-ribs. Jin et al. [8] numerically investigated the augmented
heat transfer in a solar air heater with multiple-shaped ribs.
Bahiraei et al. [9] simulated the fluid streams and heat trans-
fer features in a square channel inserted with 90 V-shaped
ribs. They summarized that the augmented heat transfer is
around 28.3% when increasing the rib height from 2.5 to
7.5 mm for the rib pitch of 50 mm. Misra et al. [10] reported
the CFD analysis for a triangular solar air heater duct using
V-down ribs with multiple gaps and turbulence promoters.
Jin et al. [11, 12] improved the thermal performance of a
solar air heater by using multiple V-shaped ribs. They
reported that the thermohydraulic performance factor of
2.43 is observed for the staggered rib [11]. Kumar and Kim
[13] numerically studied the Nusselt number and friction
factor in an air duct installed with various V-pattern ribs.
Singh et al. [14] selected V-down ribs with gaps to enhance
heat transfer coefficient in a rectangular duct. The flow
attack angles of the rib with a single relative roughness
height of 0.043 and relative roughness pitch of 8 were stud-
ied. Deo et al. [15] stated that the maximum enhanced Nus-
selt number of 3.34 times is found for a solar air heater
roughened with multigap V-down ribs combined with stag-
gered ribs. Ravi and Saini [16] installed discrete multi-V-
shaped and staggered ribs on both sides of an absorber plate
to augment Nusselt number in a solar air heater. They con-
cluded that the best Nusselt number ratio is around 4.52.
Caliskan and Baskaya [17] improved the heat transfer ability
by using V-shaped and convergent-divergent ribs. Singh
et al. [18] compared between a solar air heater having dis-
crete V-down ribs and a conventional flat-plate solar air
heater.

As discussed in the published works, the V-shaped rib/
baffle is an effective vortex generator for various heat
exchangers. The heat transfer rate and thermal performance
in the heat exchangers obviously augment when installed
with the V-shaped rib/baffle. However, we found that the
structural V-shaped rib/baffle is unstable for some systems.
The V-shaped rib/baffle [19-21] which is placed on the
upper-lower walls always slips from the heat exchanger sec-
tion, especially the upper V-shaped rib/baffle. The V-shaped
rib/baffle [21] which is inserted in the middle of the tested
section always moves from their locations (cross-sectional
view). Due to the problem, the V-shaped rib/baftle is modi-
fied with the main idea to improve the stabilization of the
rib/baffle structure. The maintenance and installment are
also considered for this modification. The modification is
done for both rib/baffle types: (1) the V-shaped rib/baffle
which is inserted in the middle of the tested square duct
(TSD) and (2) the V-shaped rib/baftle which is placed on
the upper-lower TSD walls. The new design of the V-
shaped rib/baffle is called modified V-shaped rib (MVR).
The influences of MVR dimensions and MVR placements
for heat transfer, flow pattern, and thermal performance
are considered. A numerical investigation is opted to inves-
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tigate the TSD installed with the MVR because we would like
to know about the heat transfer and flow mechanisms in the
tested section. The heat transfer and flow mechanisms in the
TSD are significant knowledge for the vortex generator and
heat exchanger improvements.

2. Physical Model of the TSD Installed with
the MVR

The tested section is the TSD equipped with various MVR
types as depicted in Figure 1(a). The MVR can be separated
into two configurations: (1) “type A” is a combination of the
V-shaped rib which is inserted in the middle of the TSD and
the V-shaped bar and (2) “type B” is a combination of the V-
shaped rib which is placed on the upper-lower TSD wall and
the V-shaped bar (see Figure 1(b)). The TSD height, H, is
equal to the TSD width, H=W =0.05m. The V-shaped
bar is created with the main aim to increase the stabilization
of the vortex generator. The MVR height, b, to the TSD
height or b/H is varied: b/H =0.05, 0.10, 0.15, 0.20, 0.25,
and 0.30. The V-shaped bar thickness, a, to the TSD height
or a/H of 0.025 and 0.05 is considered. The MVR attack
angle, a, of 30° is selected for the present work. The distance
between the MVR, P, to the TSD height or P/H is equal to 1
[19]. The flow directions can be separated into two ways: (1)
V-apex of the MVR pointing downstream called “V-
Downstream (VD)” or +x and (2) V-apex of the MVR point-
ing upstream called “V-Upstream (VU)” or —x. Reynolds
number in laminar flow of 100-2000 is considered in the
present research. Periodic length of the numerical model, L
, is equal to H.

3. Mathematical Foundation and
Numerical Method

The assumptions, boundary conditions, and initial condi-
tions for the TSD are concluded as follows:

(i) Considering heat transfer mechanism, forced con-
vection of the TSD is measured, while free convec-
tion and radiation heat transfer are unconsidered

(if) Air with 300K temperature (Pr=0.707) is set as
the tested fluid. The air is assumed to be incom-
pressible fluid

(iii) The air properties are considered as constant
values because the variations of the fluid tempera-
ture in TSD are not higher than 10°C (AT < 10°C)

(iv) Body force is ignored as well as viscous dissipation

(v) No slip wall condition is applied for all TSD
surfaces

(vi) Flow and heat transfer of the TSD are set as steady
conditions in three dimensions

(vii) Constant temperature around 310K is applied for
the TSD walls, while the MVR is assumed to be
an insulator
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FIGURE 1: Numerical model: (a) computational domain of the tested duct installed with two MVR types and (b) MVR structure.
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FIGURE 2: Smooth duct validation.
(viii) Periodic condition is applied for the entry-exit Continuity equation
zones of the simulated model
0
The numerical problem of the TSD installed with the a(/’”i) =0.
MVR is solved by a commercial code (FLUENT) with the !
finite Volume'me'thod. T}}e major equations of this resgarch Momentum equation
are the continuity, Navier-Stokes, and energy equations.
For the numerical method, the continuity and momentum 2(puy) 3 3 3 ou
equations are discretized by power law scheme, while the o\puity) __op O |, (%%, )]
energy equation is discretized with QUICK scheme. The 0x; ox;  0x; ox;  0x;
simulated solutions are accepted to be converged when the
normalized residual values are less than 107 for all variables, Energy equation
but less than 10 only for the energy equation.
The continuity equation, momentum equation, and 2 2 oT
energy equation are shown in Equations (1), (2), and (3), g(puiT) =55 r % |
respectively. i j j

(2)
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F1GURE 4: Grid independence: f/f,, for (a) type A and (b) type B at b/H = 0.20 and a/H = 0.050, VD.

where I is the thermal diffusivity and is written as follows:

- (4)

The air velocity at the TSD inlet is presented by the Reyn-
olds number. The Reynolds number can be calculated as
uD,
Re= P70 (5)
¢

The pressure drop across the TSD is shown by friction fac-

tor. The friction factor is determined by

_ (4Ap/L)D,
f= (1/2),)512h ' (©)

The heat transfer potentiality of the TSD is presented by

local Nusselt number and average Nusselt number as Equa-
tions (9) and (10), respectively.

0=k (5,) )
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F1GURE 6: Impinging flows in the tested duct.
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The subscript w and f stand for wall and local fluid, respec-
tively, while # is the local coordinate normal to the wall.

hxD h

Nu, = o )
Nu= - [Nu,04 10
u—KJ u, 0A. (10)

The thermal enhancement factor (at an equal pumping
force) of the TSD is calculated by Equation (11). The ther-
mal enhancement factor is defined as the ratio between the
heat transfer coefficient of the TSD installed with the
MVR, h, and the heat transfer coeflicient of the smooth
duct, h,,.

h
hq

Nu

: _ Nu/Nuy,
B Nu,

- (11)

TEF = .
w 1)

pp



Modelling and Simulation in Engineering 7

¥

Temperature: 298 299 300 301 302 303 304 305 306 307 308 309 EZX
z

Disturbed TBL at the
upper/lower walls

Disturbed TBL at
\ the left/right walls

Disturbed TBL at the
upper/lower walls

\ Disturbed TBL at
the left/right walls

FIGURE 7: Temperature distributions in y-z planes of the tested duct with various MVR types and placements at b/H = 0.20, a/H = 0.05, and
Re = 800.

High Nu,

High Nu,
(Upper/lower walls)

(Left/right sidewalls)

Type A with VD Type A with VU

High Nu,

High Nu,
(Upper/lower walls)

(Left/right 51dewalls) \

_TypeBwith VD

Type A with VU

FIGURE 8: Nu, on the duct walls of the tested duct with various MVR types and placements at b/H = 0.20, a/H = 0.05, and Re = 800.
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FIGURE 9: Nu/Nu, vs. Re.

4. Numerical Result

The numerical results can be reported as three subsections:
(1) numerical validation, (2) configurations of flow and heat
transfer, and (3) performance evaluation.

4.1. Numerical Validation. For laminar flow, the numerical
model is validated by two topics: (1) smooth duct validation
and (2) grid independence. For smooth duct validation, the
Nusselt number and friction factor of the present smooth
duct are compared with the correlation data [22] as depicted
in Figure 2. In the figure, it is observed that the present
results are in similar trends with the correlation values.
The deviations of the Nusselt number and friction factor
are not higher than +10%.

For grid independence, the numerical models (type A
and B, b/H =0.20, a/H = 0.05, VD) with five different grids:
120000, 180000, 240000, 360000, and 480000, are compared
as depicted in Figures 3 and 4 for Nu/Nu, and f/f,, respec-
tively. As the comparison shows, the similar trends for both
Nusselt number and friction factor are observed for all grid
cells. The increased grid cell much more than 180000 has
no impact for the pressure loss and heat transfer. Thus, the
numerical model of the TSD equipped with the MVR is cre-
ated with the 180000 grid cells for all studied cases.

As the results validated, it can be summarized that the
numerical model of the TSD has reliability to study the con-
figurations of flow and heat transfer.

4.2. Configuration of Flow and Heat Transfer in the TSD.
The streamlines in transverse axis of the TSD are presented
as Figure 5 for b/H =0.20, a/H =0.05, and Re =800. The
MVR generates vortex flows through the TSD for all investi-
gated cases. The flow patterns are similar as the general V-
shaped rib with no V-shaped bar. The four main vortex cen-
ters and small vortices near the TSD angles and walls are
found. The symmetric flows at the upper-lower and left-
right parts are seen due to the symmetric MVR. Considering
the lower pairs of the vortex flows, counter-rotating flows
with common-flow-up are found for the type A MVR with
the VU direction and the type B MVR with the VD direc-
tion, while the counterrotating flows with common-flow-
down are found for the type A MVR with the VD direction
and the type B MVR with the VU direction. The vortex cen-
ter position depends on the MVR heights and types.

The impinged streams on the TSD walls are depicted in
Figure 6. Normally, the impinged streams which are a part of
the vortex flows are found in all investigated cases. The
impinged position in the TSD depends on the MVR types
and flow directions.
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The vortex flows and impinged streams in the TSD are
an important mechanism for the improved heat transfer.
The vortex flows and impinged streams help better flow
mixing and disturbed thermal boundary layer. The better
flow mixing and the disturbed thermal boundary layer are
two main factors for the heat transfer development.

The heat transfer mechanisms of the TSD are presented
by the fluid temperature in transverse axis and local Nusselt
number on the TSD walls. Figure 7 plots the temperature
distributions in the transverse axis in the TSD. Generally,
the better fluid distributions are observed in all studied cases.
The disturbed thermal boundary layer is also found near the
TSD walls. The configurations of the disturbed thermal
boundary layer depend on the MVR types and flow
directions.

The Nusselt number distributions on the TSD walls are
shown in Figure 8. In the figure, the highest heat transfer
(red contour) is observed at the upper-lower walls for the
type A MVR with the VD direction and the type B MVR
with the VU direction. For the type A MVR with the VU
direction and the type B MVR with the VD direction, the
best Nusselt number (red contours) is detected at the left-
right sidewalls. The highest Nusselt number on the TSD
walls is due to the disturbed thermal boundary layer which
is acted by the impinged flow.

4.3. Performance Evaluation. There are three subparts:
enhanced heat transfer, augmented pressure loss, and effi-
ciency, for the thermal performance analysis. The enhanced
heat transfer in the TSD is presented by the Nusselt number
ratio (Nu/Nu,), while the augmented pressure loss is
reported by the friction factor ratio (f/f;). The installation
of the MVR in the TSD leads to the increased heat transfer
rate and friction loss. Therefore, a merit for the MVR instal-
lation is considered in terms of thermal enhancement factor
(TEF).

Figure 9 presents the relations of the Nu/Nu, versus Re
for the TSD installed with the MVR. Normally, the heat
transfer rate enhances when augmenting the Reynolds num-
ber and MVR height due to the increased vortex strength.
The vortex strength directly affect the enhanced heat transfer
rate. The a/H =0.05 performs slightly greater heat transfer
rate than the a/H = 0.025 for all MVR types and flow direc-
tions. The VD direction gives an upper Nusselt number than
the VU direction. In comparison for the MVR type, the type
B MVR provides a higher Nusselt number than the type A
MVR. Over the investigated range, the Nu/Nu, is around
1.45-15.45 and 1.05-18.12 for the type A and B MVR,
respectively.

The relations of the f/f, with Re in the TSD located with
the MVR are presented as Figure 10. As seen in the figure,
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the f/f, increases when rising the Reynolds number and
MVR height. The a/H =0.05 performs slightly higher fric-
tion loss than the a/H = 0.025. The VU direction gives upper
pressure loss than the VD direction. The type A MVR pro-
vides more friction loss than the type B MVR. In the inves-
tigated range, the f/f, is found to be around 2.40-141.75 and
1.55-122.14 for the type A and B MVR, respectively.

The variations of the TEF with Re for the TSD installed
with the MVR are plotted as Figure 11. The addition of the
MVR gives more thermal performance than the plain duct
for all investigated cases. The variated a/H has slightly
affected the variated TEF. The type A MVR performs lower
TEF than the type B MVR. The best TEF of 4.16 is found at
the type B MVR, b/H =0.15 and VU.

The variations of the TEF vs. b/H at Re = 2000 for the type
A and B MVR are plotted in Figures 12(a) and 12(b), respec-
tively. For the type A MVR, the best TEF is observed at b/H
=0.10 and 0.20, for the V-Upstream and V-Downstream,
respectively. For the type B MVR, the optimum TEF is
detected at the b/H =0.15, except for the a/H =0.05 of the
V-Downstream which performs the best TEF at b/H = 0.25.

5. Conclusion

Numerical predictions on heat transfer and flow features in
the TSD installed with the MVR are reported. The effects
of the MVR heights, MVR types, V-shaped bar sizes, and
MVR placements are considered for Re=100-2000. As
the simulated results show, the summarization can be stated
as follows:

(i) The structural flow and heat transfer in the TSD
installed with the MVR are similarly as the general
V-shaped baffle/rib. The mechanisms, vortex
streams, impinged streams, and disturbed thermal
boundary layer, are observed in the TSD

(i) The maximum heat transfer rate of 18.12 times over
the smooth duct is found for the type B MVR. The
best TEF of 4.16 is detected for the TSD installed
with the type B MVR at b=0.15H and a=0.025H
with the VU direction

(iii) In comparison with the general V-shaped baffle/rib
[19-21], the MVR gives both heat transfer rate and
thermal performance nearly as the general types.
The structural MVR has more stability than the
general V-shaped baffle/rib when inserted in the
real heating system

Nomenclature

V-bar thickness, m

MVR height, m

Hydraulic diameter of the duct, m

Friction factor

Square duct height, m

Convective heat transfer coefficient, W m™> K
Thermal conductivity, W m!K!

Numerical model length

HESTTTOSe
.o =3

11

Nu: Nusselt number (=hD, /k)

Static pressure, Pa

Reynolds number

Temperature, K

Mean velocity in channel, m-s™.

S

Greek Letters

a:  Flow attack angle, degree

TEF: Thermal enhancement factor (=(Nu/Nuy)/(f/f,)"?)
p: Density, kgm™.

Subscript

0: Smooth square channel
pp: Pumping power.
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