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Numerical studies of the steady incompressible turbulent forced-convection flow around top
and bottom surface-mounted staggered baffles as a function of the Reynolds number are
considered in this recent contribution in order to examine two various geometries of solid-
type baffles, a flat rectangular baffle (simple obstacle) and an arc-shaped baffle (new
obstacle). Air is the heat transfer fluid with the Reynolds numbers ranging from 12 <102 to
32 %102, The dynamic thermo-energy model of air is governed by the Reynolds averaged
Navier-Stokes equations with the Standard k-¢ turbulence model and the energy equation.
These equations are discretized by the Quadratic Upstream Interpolation for Convective
Kinetics Differencing (QUICK) numerical scheme and the Semi-Implicit Pressure Linked
Equation (SIMPLE) algorithm is adopted. The impacts of obstacle geometries as well as
flow rates are treated. The numerical plots are presented in terms of velocity, temperature,
heat transfer, friction, and thermal enhancement factor, for the entire configuration under

study and for various selected stations, namely, before, after and between the two baffles.

1. INTRODUCTION

Shell-and-tube heat exchangers (STHXs) are used in several
sectors and in very diverse fields. The improvement of their
performance has been and still is the concern of theorists and
practitioners. Founti and Whitelaw [1] carried out an
experiment using the Laser Doppler Anemometry (LDA)
technique to deduce the velocity fields in an axisymmetric heat
exchanger with baffle plates on the shell side-surface.
Valencia and Cid [2] numerically simulated the unsteady
turbulent flow of air and heat transfer in a channel with two
periodically mounted square bars arranged side by side to the
approaching flow with a modified version of the standard k-
turbulence model. Dutta and Hossain [3] investigated the local
heat transfer characteristics and the associated frictional head
loss in a rectangular channel with inclined solid and perforated
baffles. Nasiruddin and Kamran Siddiqui [4] reported the heat
transfer enhancement in a heat exchanger tube by installing a
baffle. Ozceyhan et al. [5] submitted a numerical study on heat
transfer and friction loss characteristics of a tube with circular
cross sectional ring inserts. Ali et al. [6] reported experimental
investigations on steady state forced convection heat transfer
from the outer surface of horizontal triangular surface
cylinders in cross flow of air. Wang et al. [7] numerically and
experimentally investigated the flow and heat transfer
characteristics inside a rectangular channel embedded with pin
fins. Rao et al. [8] conducted an experimental and numerical
study to investigate the flow friction and heat transfer
performance in rectangular channels with staggered arrays of
pin fin-dimple hybrid structures and pin fins in the Reynolds
number range of 8200-54,000. Alam et al. [9] experimentally
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investigated the effect of geometrical parameters of the V-
shaped perforated blocks on heat transfer and flow
characteristics of a rectangular duct. Nanan et al. [10]
numerically and experimentally carried out a comparative
investigation on the flow and heat transfer associated with
baffle turbulators with different designs: typical straight
baffles, straight cross-baffles, straight alternate-baffles,
twisted-baffles, alternate twisted-baffles and twisted cross-
baffles. Li and Gao [11] numerically studied the three-
dimensional turbulent flow and heat transfer in the channels
with or without baffles. Hosseinnezhad et al. [12] numerically
investigated the turbulent flow of water/Al,O3 nanofluid in a
tubular heat exchanger with two twisted-tape inserts in the
three-dimensional coordinate. Other similar works can be
found in the literature as Ismael et al. [13], Rashad et al. [14-
15], Sivasankaran et al. [16], Ahmadi et al. [17],
Vasanthakumari and Pondy [18], Tahmasebi et al. [19],
Mehryan et al. [20-22], Demartini et al. [23], Ghalambaz et al.
[24-26], Chamkha et al. [27]. Various geometries and different
boundary conditions were used in those studies.

In this recent analysis, the dynamic thermal energy structure
of the incompressible steady fluid flow in a 2D channel of
rectangular section is examined and analyzed, using a CFD
technique. The channel has arc and/or flat rectangular-shaped
obstacles which are placed on the top and bottom surfaces in a
staggered manner, as numerically and experimentally
presented in more detail by Demartini et al. [23]. The mean
velocity and total temperature fields, axial velocity and skin
friction profiles, frication factor, Nusselt numbers, and thermal
enhancement factor are presented for Reynolds numbers
ranging from 12 <103 to 32 <105,



2. PHYSICAL MODEL

The computational domain concerned, shown in Figure 1, is
a 0.554 m long (L) rectangular cross section channel, with
0.146 m height (H), 0.176 m aeraulic diameter (D), and a
width (W) of 0.193 m. Two baffles are placed on opposite duct
surfaces. Two variously shaped obstacles, i.e., flat rectangular
(see Figure 1 (a), and 60<arc-shaped (see Figure 1 (b), under
turbulent condition are compared in a staggered manner.

[0.146 m

" 0.142m \‘
(a)

0.218m 0.174m

®) AN

Figure 1. Geometries under study: (a) channel with staggered
flat rectangular obstacles, (b) channel with staggered arc-
shaped obstacles

To present and examine the flow dynamics and the heat
transfer of air in the channel conduit, the following simplifying
assumptions are made: (i) the fluid (air) is considered
incompressible, Newtonian, and turbulent at constant
properties; (ii) Body forces, viscous dissipation, and radiation
heat transfer are ignored.

The thermal aerodynamic aspects of airflow are governed
by the Reynolds averaged Navier-Stokes (RANS), and energy
equations.

Continuity equation
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where u; and u; are mean velocity components in x; and X;
directions, djj is the Kroeneker delta and y: is the eddy viscosity
defined as:
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Energy equation
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where I" and I't are molecular thermal diffusivity and turbulent

tharmal diffusivity, repectively and are given by

I'=wp/Pr and T, =y/Pr, (6)
The standard k-¢ model is defined by two transport

equations, one for the turbulent kinetic energy (k) and the other

for the dissipation rate (&) as given below
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In these equations, G represents turbulence kinetic energy
generated by the mean velocity gradients. The empirical
constants for the standard k-¢ model are assigned the following
values [28]: C, =0.99; C;. = 1.44; C5. = 1.92; ox = 1.0 and o
=1.3.

The flow Reynolds number (Re) is defined as

9)

where U is the the average fluid velocity at the intake of the
computational domain and Dy is the aedraulic diameter, which
is expressed as follows:
D, =4HW /2(H +W) (10)

The local skin friction coefficient is given by

C, =l (11)
pU
The average skin friction coefficient is given by

¢ _ (4P/L)D,
15’
5P

(12)

where 7, presents the shear-stress to the wall.
The local Nusselt number (Nuy) is written as

_hD,

Nu,
kf

(13)

and the average Nusselt number (Nu) is obtained by
1
Nu:EINuﬁX (14)

The thermal enhancement factor (TEF) is given by:



TEF = (NU/l\luo)/(f/fO)]/3

The quantities Nuo and fo are the average Nusselt number
and the friction factor of the smooth channel, respectively.

(15)

Dittus and Boelter correlation has the form:

Nu, =0.023Re** Pr®* for Re >10° (16)

The Petukhov correlation has the form:
f,=(0.79INRe-1.64)° for 3x10° <Re<5x10° (17)

The thermal physical properties (density p, dynamic
viscosity 1, thermal conductivity Af) of air with Ti, = 300 K are
constant. A uniform 1D velocity (u = Ui, v = 0) is applied at
the inlet of the conduit, as shown by Demartini et al. [23], and
Nasiruddin and Kamran Siddiqui [4]. A turbulence intensity of
2 % is used at the inlet, as reported by Demartini et al. [19].
Non slip and impermeability boundary conditions are imposed
at the channel and obstacle surfaces, as reported by Demartini
et al. [23]. In the channel outlet, the atmospheric pressure was
adopted. A condition of constant surface temperature (Tw =
375 K) is applied from the upper channel wall, but the lower
surface is maintained at an adiabatic condition.

3. NUMERICAL SIMULATION

Air is the heat transfer fluid with the Reynolds numbers
ranging from 12 x 10% to 32 x 103 The dynamic thermo-
energy model of air is governed by the Reynolds averaged
Navier-Stokes equations with the Standard k-¢ turbulence
model and the energy equation. These equations are
discretized by the Quadratic Upstream Interpolation for
Convective Kinetics Differencing (QUICK) numerical
scheme (Leonard and Mokhtari [29]), and Semi-Implicit
Pressure Linked Equation (SIMPLE) algorithm (Patankar,
[30]) is adopted. A structured, quadrilateral, non-uniform
mesh with refinements near the all solid boundaries in the two
directions is adopted (see Figure 2 (a) and (b)). Various nodes
are verified and a cell of 245 and 95 nodes in X and Y directions,
respectively, is adopted.

(b)

Figure 2. Mesh systems: (a) channel with staggered flat
rectangular obstacles, (b) channel with staggered arc-shaped
obstacles
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To examine the computational technique, we validated the
present numerical results with those of Demartini et al. [23].
A comparison of dimensionless profiles of axial velocity at x
= 0.159 m is conducted and reported in Figure 3. The plots in
Figure 3 shows a good agreement between the recent analysis
and those of Demartini el. [23].

The recent analysis on thermal energy of air through a
smooth rectangular conduit in the absence of deflectors is
validated in terms of average Nusselt number.

Upstream of the first obstacle atx =0.159m
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Figure 3. Validation plots of dimensionless axial velocity
profiles at x = 0.159 m for Ui, = 7.8 m/s
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Figure 4. Verification plots of the average Nusselt number
for the smooth rectangular air channel

The value of Nusselt (nuo) obtained from the present smooth
conduit is compared with the experimental correlation of
Dittus-Boelter for turbulent flow in channels. The plots in
Figure 4 presents a comparison of nuo obtained from the recent
analysis with that from correlation of Egs. (16). the
comparison shows an acceptable agreement with the exact
solution values for the Nusselt number in Eq. (16).

4. RESULTS AND DISCUSSION

The effect of the obstacle form geometry on the mean
velocity fields in the whole domain examined is shown in
Figure 5. Two various forms of obstacles are considered. In
the first case, a vertical flat rectangular-shaped obstacle pair



(simple baffle plates or traditional obstacles) is considered (see
Figure 5 (a)) and in the second one, an obstacle pair arched
towards the upstream end is considered (see Figure 5 (b)].
Both the obstacle cases are simulated for Re = 12,000. The plot
trends of mean velocity fields in Figure 5 are similar for both
cases, flat rectangular and arc-shaped obstacles. The contour
plots of speeds show the highest value in the regions between
the top of the flat and arc obstacles and the channel walls, and
the lowest in the areas around the obstacles. In the regions
downstream, recirculation cells with very low velocities of
negative values are observed. The figure also shows that in the
first obstacle configuration of flat rectangular type, the length,
strength, and size of recycling cells is most important and high
speeds are observed in the region opposite the lower wall-
mounted deflector.

Figure 6 (a) and (b) shows the numerical data of
dimensionless axial velocity (u/Uin) profiles upstream of the
top channel wall-mounted obstacle for axial stations x = 0.159
m and x = 0.189 m, respectively. For a constant value of the
Reynolds number of 12 %108 and for two different geometries
of obstacles, the impact of the modification and the redirection
in the field of air augments as the heat transfer fluid
approaches the first hot upper channel wall-attached deflector,
augmenting the speed of air approaching the gap under this
same deflector.

(@)

(b)
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Figure 5. Distribution plots of mean velocity fields for
various cases at Re = 12 x<10% and (a) channel with staggered
flat rectangular obstacles, (b) channel with staggered arc-
shaped obstacles

The result analysis of these plots in these same figures
shows that the introduction of the one of the two
configurations of obstacles, simple or shaped obstacle does not
affect the aerodynamic aspect of the field of air upstream of
the left obstacle.

In the region between the left and the right deflectors, at
transverse points x = 0.255 m and x = 0.285 m from the channel
intake, respectively 0.027 m and 0.057 m behind the left hot
upper wall-attached deflector, the air speed is reduced in the
upper area of the conduit, while in the lower area is augmented,
Figure 7. What was also noticed, the fluid dynamics in the
presence of obstacles in the flat rectangular geometry
accelerates more and more, from inlet to outlet, by augmenting
the strength of these vortices.
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Figure 6. Dimensionless profiles of axial velocity upstream
of the first obstacle at (a) x = 0.159 m, and (b) x = 0.189 m,
for Re =12 x<10°
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Figure 7. Dimensionless profiles of axial velocity
downstream of the first obstacle at (a) x = 0.255 m, and (b) x
=0.285m, for Re = 12 %103



Figure 8 (a) and (b) shows the variation of dimensionless
profiles of axial velocity (u/Uin) as a function of deflector
geometry, flat rectangular and arc-shaped deflectors, at axial
stations x = 0.315 m and x = 0.345 m, 0.087 m and 0.117 m
after the left deflector, and 0.055 m and 0.025 m before the
right deflector, respectively. In these same locations, the
analysis of u/U;, profiles indicates that as air approaches the
right insulated lower wall-mounted deflector in both
configurations under consideration, flat and arc versions; its
speed is decreased in the bottom region of the second lower
part of the duct, while in the top region of the first part is
started to accelerate toward the gap above this same second
insulated deflector. For the same Reynolds number, Re = 12 x
103, the comparison of dimensionless profiles of axial velocity
for both the flat and the arc-shaped deflector geometries shows
that the first simple rectangular deflector forces the longest
recirculation area.
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Figure 8. Dimensionless profiles of axial velocity between
the left and the right obstacles at (a) x = 0.315 m, and (b) x =
0.345 m, for Re = 12 %103

Figure 9 shows the distribution of dimensionless profiles of
axial velocity (u/Uin) along the conduit depth, downstream of
the insulated bottom wall-placed deflector, near the outlet, at
the transverse position x = 0.525 m, in the cases of simple flat
rectangular and arc-shaped deflectors, when Re = 12 % 10°.
The maximum values of x-speed are reported on the upper part
of deflector back areas, while the x-speed is observed to be
very low at the reverse air flow region. The plots in this same
station also show that the highest x-speeds are shown for the
first deflector geometry, flat rectangular, while the lowest one
is for the second configuration of arc-shape.

The impact of the flow rate in terms of Reynolds number on
the dimensionless profiles of axial velocity, downstream of the
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first hot deflector at x = 0.285 m, between the left and the right
deflectors at x = 0.315 m, and behind the second insulated
deflector at x = 0.525 m from the conduit inlet, for two
different geometries, flat rectangular and arc-shaped, is
addressed in Figure 10 (a), (b), and (c), respectively, and three
various values of Reynolds number are suggested, 12 x 103,
22 x10°% and 32 <103, In these same plots, the air speed tends
to augment with the range of Reynolds number from 1.2 x<10*
to 3.2 %< 10* for both the flat and arc deflector configurations
under study. The numerical analysis of these same figures also
shows that the deflector of flat rectangular simple model has
the biggest counter-rotating vortex lengths by comparing with
those of the deflector of arc geometry whatever the Reynolds
number value, and that these vortices for both studied deflector
configurations significantly augment as the flow rate becomes
large.
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Figure 9. Dimensionless profiles of axial velocity behind the
second obstacle at x = 0.525 m, for Re = 12 x<10°
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Figure 10. Variation plots of dimensionless axial velocity
profiles as a function of the Reynolds number at (a) x = 0.285
m, (b) x =0.315m, and (c) x = 0.525 m
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Figure 11. Distribution plots of flow temperature fields for
various cases at Re = 12 x<10% and (a) channel with staggered
flat rectangular obstacles, (b) channel with staggered arc-
shaped obstacles
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Figure 12. Variation plots of normalized local Nusselt
numbers on the hot upper channel wall for various cases at
Re =12 %103

The temperature field in the case of two various structures
of deflectors, i.e., flat rectangular and arc, are reported in
Figure 11 (a) and (b), respectively. The numerical results show
that the temperature values of air are very high next to the
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upper hot surface of the channel, especially near the left face
of the first fin in both treated obstacle models, as well as in the
recirculation zone on the back region of this same fin. The
temperature values are reduced in the regions between the
edge of the deflectors and the channel walls.

The impact of each model of deflectors on the normalized
values of the local Nusselt number (Nux/Nuo), along the hot
top surface of the conduit, is reported in Figure 12. As shown
in these plots, the highest values of Nuy/Nup are shown next to
the tip of the insulated surface-attached second deflector, due
to the high speed of airflow in this region of the channel. The
first deflector model in the flat rectangular simple
configuration forces a considerable improvement in the
Nu,/Nuo than that with the arc one under the same Reynolds
number of 12 x 103, especially in the insulated second
deflector regime.

Figure 13 addresses the evolution of normalized average
profiles of Nusselt number, Nu/Nuo, with the Reynolds
number. In the figure, the Nu/Nuo value is enhanced with the
flow rate from 1.2 x10%to 3.2 <104, for both the considered
geometries. Concerning the reported deflector geometry effect,
the result analysis shows that the installation of conventional
or reconfigured deflectors in the flow field made a
considerable augmentation in the average Nusselt number over
the smooth rectangular air conduit in the absence of deflectors.
As shown in the figure and as expected, the normalized
average number of Nusselt of the flat rectangular first deflector
is considerably higher than that with arc model, for all values
of considered Re numbers.
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Figure 13. Variation plots of normalized average Nusselt
numbers as a function of the Reynolds number
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Figure 14. Variation plots of normalized local skin friction
coefficients on the hot upper channel wall for various cases at
Re =12 x10°



Figure 14 presents the normalized local coefficient of skin
friction, Cf/fo, along the hot bottom surface of the upper
conduit wall for two different geometries of deflectors in the
case of Re of value of 12 x 10% In this figure, the flat
rectangular baffled conduit case provides higher frictions than
that with the arc geometry deflectors for almost stations.

Figure 15 reports the mean variation in the skin friction
coefficient as a function of the Reynolds number, from 12 x
10° to 32 <108, for both the examined deflector models. The
figure shows that the normalized average value of friction, f/fo,
augments with augmenting the Reynolds number for all
considered deflector models. The average augmentation in the
skin friction coefficient in the presence of rectangular and arc
deflectors is in a range of 6.103 to 25.606 times; and 3.326 to
14.148 times over the smooth rectangular air channel in the
case of no deflector, respectively, depending on the Reynolds
number values. This shows that the presence of the simple type
deflector in the flow field leads to a substantial enhancement
in skin friction in the whole domain examined.
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Figure 15. Variation plots of normalized average skin
friction coefficients as a function of the Reynolds number

The plots of factors of the thermal enhancement (TEF)
along with the Reynolds number (12 % 103 - 3.2 x 10%) are
presented in Figure 16 for both deflector models under
investigation. The TEF value tends to enhance with the range
of the Reynolds number. The TEF values are all upper than 1.0,
which are among 1.273 and 1.368; and 1.344 and 1.501 for flat
rectangular, and arc-shaped deflectors, respectively. Over the
range investigated, Re = 12 x10%- 3.2 %104, The TEF value
of arc geometry deflectors was higher than that of flat
rectangular simple deflectors, which indicates that the
deflector of arc geometry is more advantageous than the other
simple conventional deflectors, for all Reynolds investigated.
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Figure 16. Variation plots of thermal enhancement factors as
a function of the Reynolds number
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5. CONCLUSION

A study of fluid dynamics and heat transfer around flat
rectangular and arc-shaped deflectors in shell-and-tube heat
exchangers was reported. The Finite Volume Method (FVM)
was used with the Semi-Implicit Pressure Linked Equation
(SIMPLE) discretization algorithm and the Quadratic
Upstream Interpolation for Convective Kinetics Differencing
(QUICK) numerical scheme, in order to integrate and solve the
Reynolds averaged Navier-Stokes (RANS) equations with the
standard k-¢ turbulence model and the energy equation. The
fluid dynamic analysis shows that the deflector of arc
geometry has the smallest lengths of recycling cells by
comparing with those of the flat rectangular simple deflector,
and that these vortices in both configurations, flat rectangular
and arc, enhance significantly as the value of the Reynolds
number becomes large. The TEF value of arc model deflectors
was higher than that of simple flat rectangular deflectors,
which shows that the deflector in the arc geometry is more
advantageous than the other flat rectangular simple deflectors,
for all Reynolds considered.
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