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Abstract - The thermo-hydraulic behaviors of turbulent forced-convection heat transfer
flow over a rectangular cross section baffled channel are numerically examined in
various graded baffle plate ratio configurations ‘GBR = 0.10, 0.11, 0.12, 0.13, 0.14, and
0.15) at different Reynolds numbers, ranging from 12,000 to 32,000. The governing
equations that describe the flow are integrated by the finite volumes method, in two
dimensions, employing the Commercial CFD software FLUENT 6.3 with low-Reynolds-
number k-¢ model to describe the turbulence. The velocity and pressure terms of
momentum equations are solved with SIMPLE-algorithm. In particular, axial velocity,
turbulence intensity, pressure, and temperature fields, average Nusselt number and
friction loss are obtained. The numerical runs are carried out for different values of
Reynolds numbers and graded baffle ratios at constant wall temperature condition along
the top and bottom walls. Results were compared with available experimental data from
the literature and good agreement is obtained.

Résumé - Ce travail consiste a |'étude numérique du comportement dynamique et
thermique de [’écoulement bidimensionnel et du transfert de chaleur turbulent en
convection forcée. L application se fait dans un canal de section rectangulaire muni de
chicanes gradées ‘GBR = 0.10, 0.11, 0.12, 0.13, 0.14, and 0.15° dont les parois
supérieure et inférieure sont maintenues a une température constante. Les équations
gouvernantes, basées sur le modele k-¢ a bas nombre de Reynolds sont résolues par la
méthode des volumes finis a [’aide de [’algorithme SIMPLE. Le code du calcul numérique
en dynamique des fluides FLUENT 6.3 est appliqué pour intégrer ces équations sur
chaque volume de contréle. Les calculs sont effectués pour un nombre de Reynolds
compris entre 12,000 et 32,000. En particulier, les champs de vitesse axiale, intensité de
turbulence, pression, et de température, le nombre de Nusselt moyen et ainsi que les
pertes de charge par frottement sont obtenus. Les résultats numériques sont compareés a
ceux obtenus par [’expérience dans la littérature. Cette comparaison montre qu’il y a une
bonne concordance avec les données disponibles dans la littérature.

Key-words: CFD - Graded baffle - In-line arrangement - Rectangular channel - Steady
state - Turbulent flow.

1. INTRODUCTION

The use of baffles and fins in channels is commonly used for passive heat transfer
enhancement strategy in single phase internal flow. Considering the rapid increase in
energy demand, effective heat transfer enhancement techniques have become important
task worldwide. Some of the applications of passive heat transfer enhancement
strategies are in process industries, thermal regenerator, shell and tube type heat
exchanger, internal cooling system of gas turbine blades, radiators for space vehicles
and automobiles, etc.
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The baffles and fins submitted to laminar and turbulent flows have being analyzed in
the recent years by several authors, using numerical and/or experimental techniques. In
those studies, different aspect ratio channels [1] and different numbers [2, 3], sizes [4-
7], positions [8-11], orientations [12, 13], types [14-19] and shapes [20-27] of baffles
were used. All these techniques increase the thermal transfer rate but created
catastrophic pressure losses. The purpose of this paper is to investigate, at low-
Reynolds-number, the fluid flow and heat transfer characteristics in a constant
temperature-surfaced rectangular channel, where the turbulent flow is deflected by in-
line baffle plates at graded height according to the channel length.

2. MATHEMATICAL MODELING

2.1 Present geometry

Fluid flow and heat transfer characteristics are analyzed for a constant property fluid
flowing turbulently through a two-dimensional horizontal rectangular cross section
channel with six lower wall-mounted baffle plates and a constant temperature along
both walls, as shown in figure 1. The flow field in the channel is assumed to be steady,
incompressible and turbulent, and the fluid is assumed to be Newtonian with constant
properties.

Fig. 1: The geometry of the system under investigation

Table 1 indicates the important parameters of the system. To investigate a geometry
effect of the interaction between baffles, the gradation of baffle ratio, Ghb /H is varied

in a range of GBR =0.10 to 0.15 in the present simulation.

Table 1: Detailed geometric parameters of the computation domain

Parameter [Unit- m] Value
Channel length, L 0.554
Channel height, H 0.146
Channel width, W 0.193
Hydraulic diameter, Dy, 0.167
Baffle thickness, W 0.01

Baffle height, h 0.12

Spacing, S 0.066
Inlet distance, L, 0.066
Outlet distance, Lq¢ 0.098

2.2 Governing equations

The numerical model for fluid flow and heat transfer in the channel was developed
under the following assumptions:

(i) Steady two-dimensional fluid flow and heat transfer.
(i) The flow is turbulent and incompressible.
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(iii) Constant fluid properties.

(iv) Body forces and viscous dissipation are ignored.

(v) Negligible radiation heat transfer.

Based on the above assumptions, the channel flow is governed by the continuity, the
Navier-Stokes equations and the energy equation. The two-equation low-Reynolds-
number k—¢ turbulence model, based on Jones et al. [28] is employed to simulate the
turbulent transport quantities and close the solving problem. In the Cartesian coordinate
these equations can be written in the following compact form:

0 0 0 od 0 0o

—(pu.p)+—(p.v.dp) = —| I, = [+ —| [, = [+S 1

Sepue T v = {1 2 | 2l 20 s, 1)
where, ¢ is universal variable responding temperature T, velocity components U and

v as well as turbulence parameters k and € ; U is horizontal component velocity; v is
vertical velocity; Ly and S¢ generalized diffusion coefficient and generalized source

term respectively; p is the density of the fluid passing through the channel; v the
kinematic viscosity; and ¢, Ty and Sy are given by:

Continuity equation

b =1 (2)
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S¢ =0 4
Momentum equation in X-direction
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Momentum equation in Y-direction
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Energy equation

6=T (11)
Ty = He /07 (12)
S =0 (13)
k-turbulent kinetic energy equation
b=k (14)
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e-turbulent dissipation rate equation

b=¢ (17)
Ly = e+ /o 19
S¢ = (C1gf1G —Coefrp.e).g/k (19)
With
2 2 2
G = p x of QU o[ QU v, 2u (20)
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He = I + My @1
ue = f,.p.Cp. k2 /e 22)

The turbulent constants in above equations were adopted in accordance with those
of Launder et al. [29], and Chieng et al. [30]. They are shown in Table 2.

Table 1: Turbulent constants in the governing equations

Constant Cie=Cs¢ Coe Cu Ok Cg oT
Value 1.44 1.92 0.09 1.00 1.30 0.90

In the version of Versteeg ef al. [31], the modeling damping functions fj, f, and
f,, used for the LRN k—& model are presented as:

fy = (1-exp(1-0.0165 Ry )P (1+20.5/R7) (23)
fi = 1+(0.5/f,)° (24)
fy = 1-exp(-R%) (25)
where
Ry = p-k? and Ry = pk.y (26)
e n

The damping function, f;;, which is a function of dimensionless wall-normal

distance. y* = y\/E /v, is used to model the damping effect associated with pressure-
strain correlations in the vicinity of walls.

2.3 Boundary conditions

The numerical simulations are conducted in a two-dimensional domain, which
represents a graded baffled channel of 0.167 m hydraulic diameter and 0.554 m length.
Air is the working fluid with the flow rate in terms of Reynolds numbers ranging from
12000 to 32000. In the entrance region, a uniform one-dimensional velocity profile was
prescribed, as shown in figure 1. The pressure at the inlet of the computational domain
was set equal to the zero (gauge) while the turbulence intensity was kept at 2%. The
kinetic energy of turbulence and dissipation rates are prescribed, respectively, as

kin =0.005 UZ @7
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g = 0.1k? 28)
in L Kin

A constant temperature of 102 °C (375 K) was applied on the entire wall of the
computational domain as the thermal boundary condition. The temperature of the
working fluid was set equal to 27 °C (300 K) at the inlet of the channel. Besides, non-
slip and impermeability boundary conditions are imposed at the walls. At the solid-fluid
interfaces it is imposed,

T = Tg (29
0Ty oT

Z 1 ). =5 30

fox S ox (39)

where, Af and Ag are fluid thermal conductivity and solid thermal conductivity,

respectively. In the channel outlet it is prescribed the atmospheric pressure, and all
gradients are assumed to be zero. The Reynolds number, calculated with the hydraulic

diameter of the channel, Dy, , and the reference velocity, U, is taken according to the

experiments of Demartini et al., [21], it is equal to 8.73 x 10% This dimensionless
parameter is defined as

Re = ﬂ (31)
p
The skin friction coefficient, Cs is given by
T
Cp = —— (32)
T 2p. U2

The friction factor, f , is computed by pressure drop, AP, across the length of the
rectangular channel, L, as:
¢ _ (AP/L).D,

il 33
1/2p.0% 33)

The friction factor, fo , in a fully developed smooth channel at the same Reynolds

number can be presented as [32]:
1

~ (0.791nRe — 1.64)2
The local and average convective Nusselt numbers are defined,

for 3000 < Re < 5x10° (34)

fo

NuX = hxi (35)
}\'f
1
Nuy, = — [Nu, ox (36)

where, h_ represents the local convective heat transfer coefficient. The Nusselt

number, Nuo, in a fully developed smooth channel at the same Reynolds number can
be presented as [33]

Ny, = 0.023Re"® Pr* for heating (37)
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3. NUMERICAL SOLUTION

The Commercial CFD software Fluent 6.3 [34] was used o simulate the fluid flow
and heat transfer fields. As a part of the same package, a preprocessor Gambit was used
to generate the required mesh for the solver. A non-uniform grid in the two-directions is
employed. The grid density was kept higher in the vicinity of the heated wall and the
baffles to capture the variations in the flow and temperature fields within the hydraulic
and thermal boundary layers.

The governing equations were discretized by the Quick-scheme, decoupling with the
Simple-algorithm and solved using a finite volume approach, details of which can be
found in Patankar [35]. For closure of the equations, the LRN k—g& model based on

Jones and Launder [28] was used in the present investigation. Non-slip boundary
condition is adopted on the wall. And to accurately simulate the flow in the near-wall
region, the standard wall function method [29] is used.

To examine the effect of the grid size on the numerical solution, various grid
systems are tested and a grid system of 260 x 95 (in X and Y directions respectively) is
chosen in view of saving computation time. The same mesh system was used for all
cases. The convergence criterion is that the normalized residuals are less than 1077 for
the flow equations and 10~ for the energy equation.

4. RESULTS AND DISCUSSION

4.1 Numerical validation

Numerical results are compared with experimental data of Demartini ef al. [21], who
studied the baffles with a plane form for the velocity inlet U,, =7.8 m/s (for
Re =8.73 x 10*). In that study, the numerical simulations were conducted in a two
dimensional domain, which represents a rectangular duct of L= 0.554 m long and
H= 0.146 m height, provided by two flat baffles, through which a steady flow of
turbulent air.

The first baffle is attached to the upper wall of the channel at distance of L, =0.223

m and the second inserted to the lower wall at 0.375 m from the entrance. The distance
between the top of the baffle and the wall mother attachment is h= 0.08 m. The

distance between the second baffle and the exit section of the channel is L, =0.179 m.
The distance between baffles is Pi=0.142 m. The thickness of baffles is W, =0.01 m.
Finally, the hydraulic diameter of the channel, D, equal to 0.167 m.

Fig. 2: Validation plot of axial velocity profiles with reported data
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The comparison is shown in figure 2 for validation of the axial velocity profile
distribution at the position given by X = 0.525 m, 0.029 m before the channel outlet.
As seen in this figure, there is a good agreement between the present computation and
previous work [21]. This comparison gives the confidence that the numerical model
used is accurate.

f
Fig. 3: Variation plots of axial velocity fields and streamlines with GBR for Re= 12000
a- GBR =0.10, b- GBR =0.11, ¢- GBR =0.12
d- GBR =0.13, e- GBR =0.14, f-GBR =0.15

4.2 Fluid flow structure

The airflow characteristics in the constant temperature-surfaced rectangular cross
section channel with six baffle plates placed on the lower wall with in-line arrangement
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are presented in terms of axial velocity fields and streamlines for Re= 12000 in the

case of six different graded baffle ratio configurations (GBR = 0.10, 0.11, 0.12, 0.13,
0.14, and 0.15) as shown in figure 3a-f-, respectively. The peak velocity values are seen
on the upper part of the channel near the heated top surface with an acceleration process
that starts just after the last lower wall-mounted baffle plate (GBR = 0), while the fluid
velocity is observed to be very low at the lower part of the channel adjacent to the in-
line graded baffle plates.

Downstream of the first baffle plate there is appearance of a vortex which tends to
decrease in size and even disappear while going to the case of graded height baffles
with GBR = 0.15. This comportment is due to the decrease of the baffle plate size
which results in a reduction of the resistance to the airflow and less disturbed stream
functions. In all cases, vortices with very low velocity values are observed downstream
from each baffle plate, which were induced due to the flow separation. As expected, the
maximum vortex height was found at GBR = 0.10, which decreased with an increase in
GBR.

The effect of graded baffle ratios (GBR =0.10, 0.11, 0.12, 0.13, 0.14, and 0.15) on
the structure of the near wall flow and on the generation of vortices in terms of axial
velocity profiles is illustrated in figure 4a-f- at various axial locations, X = 0.109 m,
0.185 m, 0.261 m, 0.337 m, 0.413 m, and 0.500 m, respectively. Here the velocity
profiles around the baffles are presented at Re = 12.000. It can see from this figure and
for these locations that as the airflow approaches the graded baffles, its velocity is
reduced in the lower part of the channel, while in the upper part is increased. Between
and downstream the baffles on the lower part of channel there is appearance of larger
vortices whose size changes with the graded baffle ratio.

The vortex height is approximately equal to the extent of the flow blockage by the
graded baffle plates. The figure shows that the airflow velocity in the locations
corresponding to the zones of counters rotating flow is significantly low as compared to
that in the same regions of no baffles. For using the baffles, the increase in the GBR
value gives rise to the reduction of airflow velocity value, and thus, the GBR = 0.10
provides maximum velocity value at all locations. The value of the u-velocity
component for air flowing in the baffled channel with GBR = 0.10 is found to be about
1.007 - 1.097; 1.016 - 1.212; 1.024 - 1.347; 1.032 - 1.515; and 1.041 - 1.779 times
higher than that for = 0.11, 0.12, 0.13, 0.14, and 0.15, respectively, depending on the
reference positions.
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e- f-
Fig. 4: Variation plots of axial velocity profiles with GBR for positions:

a-x=0.109 m, b- X=0.185m, ¢c- X=0.261 m,d- X =0.337m,e- X =0.413 m,
and f- X = 0.500 m, measured downstream of the entrance, Re= 12000
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Fig. 5: Variation plots of turbulence intensity and dynamic pressure fields
with GBR for Re= 12.000
a- GBR=0.10, b- GBR=0.11, ¢- GBR=0.12
d- GBR=0.13, e- GBR=0.14, f-GBR =0.15

The presence of the in-line lower wall-mounted graded baffle plates influences not
only the velocity and streamline fields but also the turbulence intensity and pressure
distributions in the whole domain examined. Figure S5a-f shows the contour plot
turbulent intensity ( TI) and dynamic pressure fields for the cases of 0.10, 0.11, 0.12,
0.13, 0.14, and 0.15 graded baffle plates at Re= 12000, respectively. The comparison
of turbulence intensity field contour plots at different GBRs when Re is kept at a
constant value shows that as the airflow is deformed near the obstacles and accelerated
toward the gap above the graded baffles, a large turbulence intensity zone is formed at
the upper part of the left corner and top face of the last baffle plate ( GBR = 0) due to
the high flow momentum in those regions with an acceleration process that starts just
after the considered baffle.

The trends of TI are similar for all GBR values. The TI values show the largest
value near the tip of the baffle plates due to the strong velocity gradients in that region
and the smallest value in the regions corresponding to the zones of counter rotating flow
as seen in the figure. The two-dimensional dynamic pressure contours obtained for
different values of GBR are also shown in figure 5.

Similarly to the axial velocity field distribution results in figure 3, the highest values
are found in the region opposite the last lower wall baffle ( GBR = 0) near the upper
channel wall for all cases, due to the high velocities in that region.

4.3 Heat and flow friction characteristics

Figure 6a-f- shows the contour plots of temperature field distributions for air flow in
the constant temperature-surfaced rectangular cross section channel with six different
graded baffle plate ratios (GBR= 0.10, 0.11, 0.12, 0.13, 0.14, and 0.15) when
Re= 12000. The plots show very high temperature values adjacent to the graded baffle
plates for all the cases. Between and downstream the in-line graded baffle plates,
recirculation cells with very high temperature values are observed.
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Fig. 6: Variation plots of fluid temperature contours with GBR for Re= 12.000
a- GBR=0.10, b- GBR=0.11, ¢- GBR=0.12
d- GBR=0.13,e- GBR=0.14, - GBR=0.15

In the region opposite the baffle tip along the heated top channel wall, the
temperature gradient is increased, due to the high velocities in that region. Due to the
change in the airflow direction produced by the lower wall baffle presence with the
GBR range studied, the highest temperature values appear in the lower part of the
channel behind the bottom wall with an acceleration process that starts just after the last
baffle (GBR = 0).

Fig. 7: Variation of a- Nu,,/Nu, and b- f / f, with Re for various GBRs

Figure 7a- and b- shows the variation of the average Nu,,/Nu, ratio and friction
factor ratio, f / f, with different Re numbers (12000-32000) at the surface of the top
channel heated wall and various GBR values, respectively. In general, Nu,,/Nu, and
f / f, values tend to increase with the rise of Reynolds number for all graded baffle

height cases. As seen from figure 7a-, the use of the in-line lower-wall graded baffle
plates lead to a substantial increase in the heat exchange ratio over the plain channel
with no baffle, due to the induction of high vortex downstream from each baffle plate
close to the bottom solid wall and thin hydraulic and thermal boundary layers in the
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baffled channel, leading to higher vortex strength, turbulence intensity and temperature
gradients, enhancing the heat transfer.

The average increase in Nu,,/Nu, of the graded baffled channel is in a range of

13.217 - 26.888 times above the smooth channel, depending on the GBR and Re
values. For using the graded baffle plates, the trends of Nu,,/Nu, are similar for all

GBR values. The heat transfer rate shows a decrease trend with increasing the
GBR value for all Reynolds numbers used and thus, the GBR = 0.10 provides
maximum Nu,,/Nu, value.

For the in-line graded baffles and for this Re range (12000 - 32000), the increases
in the normalized average Nusselt number with the GBR = 0.10, 0.11, 0.12, 0.13, 0.14
and 0.15 are in the range of 14.623 - 26.888, 14.070 - 25.877, 13.735 - 25.286, 13.556 -
25.013, 13.378 - 24.741, and 13.217 - 23.794 times above the no baffle case,
respectively. Also, the use of graded height baffles at GBR = 0.10 gives higher heat
transfer than that with GBR = 0.11, 0.12, 0.13, 0.14 and 0.15 around 3.761 - 3.779%,
5.960 - 6.074%, 6.973 - 7.295%, 7.987 - 8.516% and 9.612- 11.508%, respectively. In
Figure 7b-, it is found that the normalized friction factor decreases with increasing the
GBR ratio, apart from Re values.

This is because the increase of the graded baffle height ratio and the diminution of
their height as well as their size, by going from the GBR = 0.10 to the GBR = 0.15,
reduces the resistance to the airflow and so leads to a decrease of the friction loss in the
channel. The graded baffle in the case of GBR = 0.10 gives the highest f / f;, and

while the one with GBR = 0.15 provides the lowest for all Reynolds numbers. The
f / f, values for the channel with graded baffles appear to be about 4.059 - 19.680

times above those for the plain channel with no baffle, depending on the GBR and Re
values.

For the range of investigation, the f/f0 value at GBR = 0.10 is found to be around
2.061 - 2.267%, 2.998 - 3.466%, 3.725 - 4.316%, 4.453 - 5.167%, and 10.217 -
14.565% higher than that at GBR = 0.11, 0.12, 0.13, 0.14, and 0.15, respectively. The
friction loss of graded baffle plates with GBR = 0.15 is lower than that of graded baffle
plates with GBR = 0.10 - 0.14, which indicates that the 0.15 graded height baffle is
more advantageous than the others.

5. CONCLUSION

This paper presents fluid flow configurations and heat and friction loss transfer
characteristics in a constant temperature-surfaced rectangular channel with in-line lower
wall-mounted baffle plates. Turbulent and incompressible flow of fluid circulating
through the channel is assumed. The mesh was generated by the pre-processor software
Gambit 2.3. The two-equation low-Reynolds number k—¢ turbulence model is

employed to simulate the turbulent transport quantities and close the solving problem.

The Finite Volume Method by means of Commercial CFD software FLUENT 6.3
was applied in this research work. The effects of graded baffle geometries ( GBR =
0.10, 0.11, 0.12, 0.13, 0.14, and 0.15) as well as Reynolds numbers ( Re= 12000,
17000, 22000, and 32000) are examined.

The airflow structure is affected by the gradation of these baffle plates, resulting in

the formation of vortices downstream from each baffle plate. The size of theses vortices
strongly depend on the graded baffle height ratio and the Reynolds number. This flow
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structure has profound influences on the heat and friction loss characteristics. It is
observed that apart from the rise of Reynolds number, the increase in the graded baffle
height ratio leads to a decrease in the heat exchange rate and skin friction loss. The
graded baffled channel with GBR = 0.10 gives the highest Nuav/Nu0 and f/f0 while the
one with GBR = 0.15 provides the lowest.

This is because the graded baffle plate in the case of GBR = 0.10 can induce larger
vortex appearing behind the baffle plate than the one with lower GBR and the smooth
channel. The heat transfer rate and friction loss values for the channel with graded
baffle plates appear to be about 13.217 - 26.888 and 4.059 - 19.680 times above those

for the channel with no baffle, respectively, depending on the GBR and Re values.

Author’s Contributions- Each author of this manuscript made considerable
contributions in developing the mathematical modeling, data-analysis and contributed to
the writing of this manuscript.

NOMENCLATURE

H , Height of air tunnel in channel, m k, Turbulent kinetic energy, m?/s>
hy, Local convective heat transfer L, Channel length, m
coefficient, W/m2 K Re, Reynolds number
L;, ., Distance upstream of the first Loyt Distance downstream of the second
baffle,m baffle, m
Nuy , Local Nusselt number Nugy , Average Nusselt number
Nu , Average Nusselt number in smooth P, Fluid pressure, Pa
channel at the same Reynolds number [T » Prandtl number
P,tm , Atmospheric pressure, Pa R, Constant used in the LRN k-&¢ model
S, Baffle distance or spacing, m Ry, Constant used in the LRN k-& model
T, Temperature, K Tip , Inlet temperature, K
Ty , Wall temperature, K Uiy, » Inlet velocity, m/s
ﬁ s Channel average Velocity’ m/s u, Fluid velocity in the x-direction, m/s
W , Channel width, m v, Fluid velocity in the y-direction, m/s

w , Baffle thickness, m X,y , Cartesian coordinates, m
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O , Constant used in the standard k- model ~ G, Constant used in the standard k-¢ model

oT , Constant used in the standard k- model Ty, , Wall shear stress, Pa

¢ , Stands for the dependent variables u, v, AP, Pressure drop, Pa
T,kand ¢ S¢ , Limit of source for the general variabled
Atm, Atmospheric; e, Effective, f , fluid; in, Inlet of the channel,
1, laminar; t, Turbulent s, solid; w, Wall
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