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Abstract: In this research work heat transfer and fluid flow characteristics in a channel in the presence of a
diamond-shaped baffles has been numerically investigated in the laminar flow regime. The computations are based
on the finite volume method, the Navier Stokes equations along with the energy equation have been solved by using
SIMPLE Technique. The unstructured triangular mesh is used for the computational domain. The fluid flow and
heat transfer characteristics are presented for Reynolds numbers based on the hydraulic diameter of the channel
ranging from 100 to 600. Effects of different baffle tip angles on heat transfer and pressure loss in the channel are
studied and the results of the diamond baffle are also compared with those of the flat baffle. The velocity profiles
were obtained for all the geometry considered and selected for different sections, namely, downstream and between
the two baffles and the friction coefficients were obtained for different sections and for different Reynolds numbers.
It is observed that apart from the rise of Reynolds number, the reduction of the baffle angle leads to an increase in
the Nusselt number and friction factor.

Keywords: Periodic channel flow, Baffle, Laminar flow, Heat transfer, Diamond baffle, Fluent, Finite volume
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1. Introduction

One of the most effective methods of enhancing the heat transfer rate in a smooth channel is the use of baffles placing on
the channel walls with in line or staggered arrays. This is because the baffles help to interrupt the hydrodynamic and
thermal boundary layers and to induce a recirculation zone or vortices flow behind the baffle. The flow reattachment
downstream of the baffle gives rise to the washing up or down the channel walls leading to the increase in the heat transfer
rate. This method of heat transfer enhancement is commonly used in engineering applications such as compact heat
exchangers, air cooled solar collectors and electronic packages, so the literature on this topic is widely apparent. Although
heat transfer is increased through the baffle arrangement, the pressure drop of the channel flow is also increased due to the
decreased flow area effects. Therefore, baffle spacing and height are among the most important parameters used in the
design of channel heat exchangers. Closer spacing or larger baffle height causes higher heat transfer rate but resulting in
poor stream distribution and higher pressure drop. On the other hand, higher baffle spacing or smaller baffle height causes
the reduction of the pressure drop but provides more longitudinal flow leading to the decrease of heat transfer. It is, thus,
difficult to realize the advantage of baffle arrangements or geometry. The effects of baffle spacing on heat transfer and
pressure drop have been studied by various researchers. However, there is no precise criterion to determine optimum baffle
shapes in the literature. The use of baffle height and pitch spacing of 0.5 and 2 times the channel height respectively is
introduced in most of previous work.
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Nomenclature
A convection heat transfer area of channel, m” U mean velocity, m/s
Cp specific heat capacity of air, J/kg K \% volumetric flow rate, m*/s
D hydraulic diameter, m(2H)
f friction factor Greek letters
H channel height, m 0 half angle of baffle tip, degree
h average heat transfer coefficient, W/m? K p density of air, kg/m®
k thermal conductivity of air, W/m K r thermal diffusion
L length of tested channel, m
Nu Nusselt number (hD/k) Subscripts
P pitch (axial length of rib cycle), m 0 smooth channel
AP pressure drop, Pa ave average
Pr Prandtl number in inlet
Re Reynolds number (UD/v) w wall
Q heat transfer, W
Ts Average temperature of heated wall, K
T, Average temperature of outlet
T; Inlet temperature

The first work on the numerical investigation of flow and heat transfer characteristics in a duct with the concept of
periodically fully developed flow was conducted by Patankar et al. [1]. Berner et al. [2] suggested that a laminar behavior
for a channel with baffles is found at a Reynolds number below 600 and for such conditions the flow is free of vortex
shedding. The numerical investigation of fluid flow and heat transfer characteristics in a smooth channel with staggered
baffles, based on the periodically fully developed flow conditions of Patankar et al. [1], was reported by Webb and
Ramadhyani [3]. Kellar and Patankar [4] computed the heat transfer in channels with staggered baffles and found that the
heat transfer increases with the rise in baffle height and with the decrease in baffle spacing. Their results showed the same
behavior as Webb and Ramadhyani [3] results. Cheng and Huang [5] investigated the case of asymmetrical baffles and
indicated that the friction factor shows a great dependence on baffle location, especially for a large height of baffle. Cheng
and Huang [6] again presented laminar forced convection in the entrance region of a horizontal channel with one or two
pairs of baffles placed on the walls.

Habib et al. [7] reported the characteristics of turbulent flow and heat transfer inside the periodic cell formed between
segmented baffles staggered in a rectangular duct and pointed out that the pressure drop increases with the baffle height.
Amiri et al. [8] investigated both experimentally and numerically the laminar flow and heat transfer in two-dimensional
channels with packed bed porous media using a two-phase equation model for the transport. A numerical investigation of
laminar forced convection in a three-dimensional channel with baffles for periodically fully developed flow and with a
uniform heat flux in the top and bottom walls was conducted by Lopez et al. [9].

Guo and Anand [10] studied the three dimensional heat transfers in a channel with a single baffle in the entrance region.
Numerical studies for both solid and porous baffles in a two dimensional channel for the turbulent flow [11] and for the
laminar flow regimes [12,13] were conducted and similar thermal performance results for both the solid and porous cases
were reported. Ko and Anand [14] carried out an experiment for turbulent channel flow with porous baffles and found that
the porous baffles present a flow behavior as good as the one with solid baffles. Mousavi and Hooman [15] numerically
studied the heat transfer behavior in the entrance region of a channel with staggered baffles for Reynolds numbers ranging
from50 to 500 and baffle heights between 0 and 0.75 and reported that the Prandtl number affects the precise location of the
periodically fully developed region. Tsay et al. [16] investigated numerically by using baffles for enhancement of heat
transfer in laminar channel flow over two heated blocks mounted on the lower plate.

Most of the investigations on laminar flow, cited above, have considered only the heat transfer characteristics for blockage
ratio and spacing ratio values for porous or solid flat baffles. In the present work, the numerical computations for two
dimensional laminar periodic channel flows over a pair of staggered diamond baffles mounted on the channel walls are
performed with the main aim being to study the changes in the flow pattern and heat transfer performance.
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2. Flow configuration and mathematical foundation

2.1 Physical Model.

The system of interest is a horizontal plane channel with a baffle pair placed in a staggered array on the upper and lower
channel walls as shown in Fig 2.1. The flow under consideration is expected to attain a periodic flow condition in which the
velocity field repeats itself from one cell to another. The concept of periodically fully developed flow and its solution
procedure has been described in Ref. [1]. The fluid enters the channel at an inlet temperature, Tin, and flows over a
staggered baffle pair where b is the baffle height, H set to 0.02 m, is the channel height and b/H is known as the blockage
ratio, BR. The distance between the baffles is set to s in which s/H is defined as the spacing ratio, S. To investigate a
geometry effect of the interaction between both baffles, the baffle half tip angle, 0 is varied as of 8=7.5° and 17.5° in the
present investigation. Also, a typical flat baffle pair with thickness of 0.02H is introduced for comparison.
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Fig 2.1 Channel geometry and computational domain of periodic flow.

2.2 Numerical Method.

The numerical simulations were carried out using ANSYS-14.0 CFD Software package Fluent-6 version that uses the
finite-volume method to solve the governing equations. Geometry was created for air flowing in an electrically heated
copper channel. Meshing has been created in ANSYS model with quard/tri shapes. In this study Reynolds number varies
between 100 - 600.

The numerical model for fluid flow and heat transfer in the channel was developed under the following assumptions:
* Steady two-dimensional fluid flow and heat transfer.

* The flow is laminar and incompressible.

* Constant fluid properties.

* Body forces and viscous dissipation are ignored.

* 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. In the Cartesian tensor system these equations can be written as follows:

Continuity equation:
d
— (puy;) = 0.
f}xi (p 1

Momentum equation:
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Where I' is the thermal diffusivity and is given by

. u
I'=—.
Pr

The governing equations were discretized by the second order upwind scheme, decoupling with the SIMPLE algorithm and
solved using a finite volume approach [17]. The solutions were considered to be converged when the normalized residual
values were less than 10°° for energy and 10 momentum variables.

Table 1.1: Properties of air at 25°C

Properties Value
Density, p 1.225 kg/m®
Specific heat capacity C, 1006 J/kg K
Thermal conductivity, k 0.0242 W/m K
Viscosity, 1.7894 x10™ kg/m s

2.3 Data Reduction
Five parameters of interest in the present work are the Reynolds number, friction coefficient, friction factor, Nusselt
number and thermal enhancement factor. The Reynolds number is defined as

Re = puDy /L.
The skin friction coefficient, Cf is given by

TW
(=5
7PU

The friction factor, fis computed by pressure drop, Ap across the length of the periodic channel, L as
(ﬂpf’f L) D h

1772

zPU

The heat transfer is measured by average Nusselt number which can be written as

hth

Nu = T

The thermal enhancement factor (1) is given by

= (Nuf’fNuO\J;j(ffij)lﬁ

where Nug and f, stand for Nusselt number and friction factor for the smooth channel, respectively.
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2.4. Boundary conditions

Periodic boundaries are used for the inlet and outlet of the flow domain. Constant mass flow rate of air with 300 K (Pr=0.7)
is assumed in the flow direction rather than constant pressure drop due to periodic flow conditions. The inlet and outlet
profiles for the velocities must be identical. The physical properties of the air have been assumed to remain constant at
average bulk temperature. Impermeable boundary and no-slip wall conditions have been implemented over the channel wall
as well as the baffle. The constant temperature of the bottom and upper plates is maintained at 330 K while the baffle is
assumed at adiabatic wall conditions. It should be noted that the dimensionless temperature must be identical between the
inlet and outlet.

3. RESULTS AND DISCUSSION

The flow structure in presence of diamond shaped baffle can be discerned by looking at velocity vector plots. The velocity
vector plots for both the orientations (26=15°,35% and rectangle baffle for Reynolds number 500 are shown below. The
flow stream attach the baffle tip cause the circulation zone, the strength of which strong is in case of rectangle baffle which
cause the large pressure difference as compared to diamond shaped baffles. The flow passage decreases as the flow moves
towards the baffle and the flow passage increases as the flow moves away from the baffle. The figures 3.1, 3.2 and 3.3
show the velocity vector, temperature contour and pressure contour of the computation domain of the plane channel for
both the orientations of diamond shaped and of rectangle which shows the difference between different orientations. The
figures below show the temperature contours of the computation domain of the plane channel for both the orientations of
baffles. The presence of the obstacle causes the formation of counter rotating vortices which cause the mixing of fluid and
hence and increase in the heat transfer coefficient of the fluid and hence the temperature of the fluid increases.

View1l v Rectangle Re 100 ~ | View2 v Rectangle Re 500 v

el s i i e
0.005 k.« s b

View3 v  Prism 35Re 500 ~

L. g ¢ PiTas F whiii... 0.4 )
[ |
0.005 2« 0.005 e

Fig; 3.1 Velocity vector for Prism baffle (20=15°,35") and rectangle baffle
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Fig; 3.2 Temperature contour for Prism baffle (20=15°,35°) at Reynolds no. 100 &500
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Fig; 3.3 Pressure contour for Prism baffle (20=15°35%) and rectangle baffle
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Figure 3.4 shows the axial velocity profiles at x = 0.02m (Series1) and x = 0.035m (Series2) respectively for the two cases
treated (A) rectangular baffles, (B) diamond shaped baffles at Re = 100 and 500. It is indicates clearly that the values of
velocity are very low in the vicinity of the two baffles especially in the areas located downstream. This is due to the
presence of the zones of recirculation. One notices also the increase velocity in space between the top of each baffle and the
walls of the channel. This increase is generated first of all by the singularity represented by the obstacles, also by the
presence of a recycling which then results an abrupt change from the direction of the flow. It is also noticed that the most
values velocity appear close the top of the channel with a process of acceleration which starts just after the second baffle.
The variation of velocity for the two cases appears clearly on contours and their scales which present positive and negative

values.
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Fig. 3.4: Axial velocity profiles at x=0.02(Series=1) and x=0.035(Series=2) for re= 100 & 500

Fig 3.5 shows the variation of surface Nusselts number with Reynolds number for diamond shaped baffles and rectangle
baffle for comparison. As we increase the inlet flow velocity there is increase in the surface Nusselts number and at all
Reynolds number the values is less for diamond shaped baffles than that to rectangle baffle except at Reynolds number 100.
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Fig 3.5: Surface Nusselts number Vs Reynolds number
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In general, the augmentation in heat transfer is concerned with penalty in terms of increased skin friction coefficient leading
to higher pressure drop. Fig 3.6 shows the skin friction coefficient, C; along the lower channel wall for different Reynolds
number values in the cases of different baffles. In the figure, the increase of skin friction coefficients is found to be larger
than that of the heat transfer coefficients caused by the temperature field. This may imply that the flow field develops more
rapidly than the temperature field.
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Fig 3.6: Skin friction coefficient Vs Reynolds number

500 600

700

Effect of the baffles geometry on the heat transfer rate is presented in the form of average Nusselt number and friction
factor with Reynolds number as depicted in Figure-3.7 & 3.8. In the figure, the baffles provide considerable heat transfer
enhancements in comparison with the smooth channel and the average Nusselt number values for using baffles increase
with the rise of Reynolds number. This is because the baffles interrupt the development of the boundary layer of the fluid
flow and create the reverse/recirculating flow on the tip of baffles. At low Reynolds number below 500 the average
Nusselts number for diamond shaped baffles is low as compared to rectangle but at Reynolds number 600 the values for
diamond shaped baffles is high than that of rectangle baffles.
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Fig 3.8: Friction factor Vs Reynolds number

4. CONCLUSION

In the present problem the numerical simulation of laminar flow in a parallel plate channel with a built-in diamond shaped
baffle is performed. The flow structure and heat transfer characteristics are studied in detail. On the basis of the results
obtained the following conclusions are made:

Due to insertion of diamond shaped baffle a re-circulation zone is built to tip of baffle with wash up the fluid
particles which remain in contact with baffles.

The presence of diamond shaped baffle significantly improves the heat transfer performance. The percentage
increase in average Nusselt number with the use of diamond shaped baffle at low Reynolds humber 100 is 2-5%
but at high Reynolds number (600) the percentage increase is 20-30.

Heat transfer increases as the Reynolds number is increased. The percentage increase in average Nusselt number at
Reynolds number of 200 is 60-70 % more as compared to average Nusselt number at Reynolds number of 100 but
as the Reynolds number is increased to 600, the percentage increrement is up to 90%.

The friction factor is lowest for the diamond shaped baffle (260 =35°). The percentage decrease in friction factor at
Reynolds number 300 is 20% and 10% for diamond shaped baffle (20 =35°) and (20 =15°) respectively as
compared to rectangle baffle.

The friction factor is decreased as we increased the Reynolds number. But at Reynolds number above 500, the
friction factor is increased considerably for the case of diamond shaped baffle.

5. SCOPE FOR FUTURE WORK

The results of this work reveal that the diamond shaped baffle as a vortex generator is a useful device for improving heat
transfer in a parallel plate channel. Here the computations have been done assuming flow regime to be laminar. The present
problem can be extended in future in the following ways:

1.

2.

3.
4.

The present study can be extended for the turbulent flow. Using an appropriate turbulent model, the performance
of the purposed design can be computed for higher Reynolds number.

The present problem can be extended for more than two baffles. The simulation can be performed for various
angles of diamond shaped baffles.

The present study is extended to different blockage ratio.

The study can be performed for other different geometries and can be compared for the best geometry.
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