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Abstract - Baffles have long been known to be useful in
enhancing heat transfer in channels with sudden expansions.
However, their utility has been limited due to the increased
differential pressure they incur in the flow. In this work, a pair
of porous baffles is proposed to provide a solution to this
problem. It is based on a finite-element numerical simulation of
heat transfer and fluid flow through a two-dimensional channel
with a backward-facing step. The baffles are modelled as
matrices of two-dimensional rods arrayed downstream of the
step, and on the top and bottom walls of the channel. Non-
dimensionalized parameters considered are the Reynolds
number, Re (= 100 to 1000), normalized porous matrix location
xp/S (= 0.5 to 6), normalized porous block length Ly/S (= 0.5 to
2.5), Darcy Number, Da (= 10 to 10-°), and normalized channel
downstream length La/S (= 5 to 30). Results show that compared
to the case of an unobstructed channel, the installation of porous
baffles on both channel walls can generate up to 200%
improvement in heat transfer. Optimal heat transfer effect with
minimal differential power requirement is attained when the
porous baffle length is half the step height S, and located 2S
downstream from the step. Augmented heat transfer outcomes
with minimal penalty of pressure drop are also reached at Re =
1000 and for Lu /H = 5. For such a case, for the same pressure
drop requirement, convection to conduction heat transfer is
88% better when a pair of porous baffles are used, compared to
an unobstructed flow.
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1. Introduction

Industrial systems associated with fluid flow are
often marked by abrupt expansions. Such systems
include combustor internal tunnels, chemical process
equipment, high performance heat exchanges, internal
sections of valves, cooling passages of turbine blades,
and electronic cooling devices [1]-[3]. Flow behaviour in
such expansions is typically modelled as a backward-
facing step flow, marked by flow separation, vortex
evolution, and re-attachment [2]. Each of these
phenomena bear consequential effects on flow power
requirements, mass transfer and heat transfer rates. Due
to the wide-ranging classes and effects of backward-
facing step flows, they have been the subject of multiple
experimental, numerical and analytical studies spanning
over several decades (see reviews in [2], [3]). This work
however concerns the study of laminar backward-facing
step flows for the purpose of convection heat transfer
control.

It is reported that flow separation and
recirculation (associated with vortex evolution) are
direct functions of heat transfer performance in the
region near the step [4, 5]. However, it has also been
shown that some of the attributes of flow separation and
recirculation can be controlled [6]. Consequently, there
has been a drive to develop control mechanisms or
devices that modulate and optimize flow and heat
transfer in backward-facing step flows. Over the years,
numerous flow mechanisms have been suggested. These
include moving fences or flaps, jet flow systems, plasma
actuators, perturbation / excitation, and baffles [7]-
[10].



Several researchers have explored the usefulness
of baffles for high heat transfer performance in laminar
backward-facing step flows. Tsay et al. [4] for instance
examined the case of a solid rectangular baffle installed
on the upper wall of a horizontal channel with a
backward-facing step. They considered in detail the
effects of baffle height, width, and position on the heat
transfer enhancement for mixed convection under
laminar flow conditions. Their numerical simulations
showed that while the baffle width had negligible heat
transfer effects, the height and position are
consequential. Indeed, they noted that for the case
where the bottom wall is heated, the average Nusselt
number can be augmented by as much as 50% compared
to case of no baffle, and at an optimal height, location and
flow conditions. The three-dimensional laminar fluid
flow and heat transfer features of a channel flow with a
backward-facing step was subsequently analysed by Nie
et al. [11]. They also confirmed that the placement of a
solid rectangular baffle behind the step and on the upper
wall leads to an increment of the maximum Nusselt
number at the stepped wall. Other shapes of solid baffles
have been tested by various research groups, including
square, circular, triangular, and elliptical baffles [5], [12]
[14]. All of these have typically indicated
augmentations in local heat transfer.

Giving their relative compactness and apparent
inexpensiveness, solid baffles have in general held great
promise for use. However, the utility of such solid baffles
has been largely dented by the penalty of pressure drop
increment they often incur in the flow domain. In fact,
one study notes that this increase can be as much as
twelve times the case of a flow without baffles [15]. To
counterbalance this disadvantageous effect, some
researchers have resorted to other methods such as
modifying the fluid or the baffle. In the case of the
former, suspended conductive nanoparticles have been
used to modify the base fluid [16], [17]. For the case of
baffle modification, the studies on backward-facing step
flows have included the use of such implements as
slotted baffles, porous baffles, and porous inserts.

Cheng and Tsay [15] studied the laminar forced
convection characteristics of slotted baffles, and
compared their results to the case of solid baffles. Their
numerical work showed that slotted baffles are capable
of reducing the phenomenon of re-separation of the
mainstream flow and the pressure difference due to the
presence of a solid baffle. Li et al. [18] also conducted a
numerical simulation of the heat and laminar flow field
of a channel with a backward facing step with a porous
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baffle mounted on the opposite wall of the step. Their
results fell short of a demonstration of an optimal baffle
arrangement that could yield an improved heat transfer
while off-setting the cost of an increased pressure loss.
However, in comparison with the case of an empty
channel, they found that as much as 35% improvement
in heat transfer could be attained at a Reynolds number
of 500. Martin et al. [19] conducted numerical
computations to investigate the use of porous inserts for
heat transfer enhancement in a laminar flow over a
backward-facing step. They noted that with an
appropriate length and porosity, a porous insert reduces
or eliminates the lower wall recirculation zone. Zhao
[20] further highlighted the effectiveness of porous
devices by computing the thermal-fluid phenomenon
over a sudden expansion with a porous insert located
right after the step. After several trials of parameters,
they indicated through a performance number (the ratio
of the Nusselt number improvement to pressure drop
increment) metric that up to 40% improvement in heat
transfer could be achieved at no cost of pressure drop
increment. The limitations of their work however were
that it did not provide a realistic account of the
complexity of the porous baffle, neither was there any
provision of insight into the effects of using porous
baffles in systems require multiple baffles.

The literature also has records of some research
works on the application of other porous heat transfer
augmentation modifications such as porous floor
segments and corrugated walls. While such alterations
are not flow-obstructive in location, they are baffle-like
in action in that they have significant flow control and
heat transfer effects. In that vein, investigations of
forced convection over backward-facing step with either
modifications have reported local heat transfer
improvements. They have also noted the prominent
influence of the alteration parameters such as porosity,
permeability and corrugation size, on the flow [1], [21],
[22]. However, none of these works have presented an
extensive characterization of the pressure drop
increment repercussions of such devices, nor suggested
any baffle of performance number for cases that multiple
porous baffles are required. This apparent gap in the
literature is the motivation for the present research
study.

In this work, the use of porous baffles is
investigated in order to explore its utility for the best
gain of heat transfer and the least penalty cost of
pressure loss increment. This is done for an
incompressible laminar mixed convection planar flow



over a backward facing step. Unlike other studies that
focus on single porous baffles or inserts in an internal
flow, the uniqueness of the current research lies in the
use of a pair of porous baffles of the same permeability,
one on both top and bottom walls. This is relevant if a
flow system requires multiple baffle installation.
Additionally, the porous baffles simulated in this work
are modelled using square arrays of two-dimensional
rods. Instead of macroscopic or mesoscopic porous
media flow model equations (e.g. Darcy-Brinkman-
Forchheimer extended model), the microscopic Navier-
Stokes and energy equations are solved within the entire
porous baffle and channel domains. By so doing the use
of empirical constants in the model mesoscopic
equations are avoided. Numerical simulations are done
using COMSOL Multiphysics v.5.5 [23], a finite-element
based commercial software. The effects of Reynolds
number, porous baffle parameters (its location, length,
width and permeability), and the test channel length are
studied. The results of the fluid flow and heat transfer
characteristics are subsequently analysed using
streamlines, contours, Nusselt number computations
and the performance number (a ratio of the Nusselt
number improvement to pressure drop increment). An
assessment is then made about the optimal
arrangements of the porous baffles.

2.  Numerical Simulation
2. 1. Description of Physical System

The physical system under consideration is shown
in Figure 1. It consists of a two-dimensional channel
with a pair of porous baffles mounted close to the top and
bottom walls of the test channel. The channel has an
upstream height h (= 0.02m). This height expands by a
backward-facing step of height S (= 0.02 m) to a
downstream height H (=0.04m). With such geometry, an
expansion ratio ER (= H / (H - S)) of 2 is achieved. With
a fixed upstream length L, of 55, the flow in the inlet
section is expected not to be significantly affected by the
sudden expansion due to the backward-facing step [11].
The variable downstream length is also Ls. The porous
baffles employed in the simulations are square arrays of
two-dimensional circular rods. With rods of diameter d
and distance between rod centres /, various solid volume
fractions ¢p=mtd?/(412) of the porous baffles are achieved.
Consequently, as listed in Table 1, a wide range of
specific permeability k, and Darcy number Da (= k,/5?)
of the porous baffles (dependent on ¢) are accomplished.
The specific permeability is computed using
methodology outlined in reference [24] for flow through

a square array of rods. Each porous baffle model is of
variable length L, and constant height H,. The baffles are
installed in such a way that the centre of the most
upstream rod is at a variable streamwise location x,
behind the step. The baffles are mounted such that the
gap between the channel wall and the centre of the most
immediate row of rods is of distance g. Apart from the
model of Da = 1.35 x 10-2 with g =, all other models have

agapg=d.
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Figure 1. Schema of the computational model. The coordinate
directions are shown with x = 0 located at the beginning of the
downstream channel (i.e. at the backward-facing step), and y =
0 axis is at the bottom wall of the upstream channel.

Table 1: Summary of porous baffle solid volume fraction (¢)
and permeability (k) attributes. The symbols I, d and Da (=
kp/S?) are respectively the distance between rod centers,
diameter, and the Darcy number.

I(mm) | d(mm) | ¢ kp(mm?) | Da

11.21 | 4.00 0.100 | 5.414 1.35E-02
5.39 1.55 0.065 | 1.660 4.15E-03
2.51 1.00 0.125 | 0.228 5.71E-04
1.45 1.00 0.375 | 0.018 4.38E-05
0.63 0.50 0.500 | 0.001 3.52E-06

The Cartesian coordinate system is used in this
study. As shown in Figure 1, the origin of the streamwise
axis x = 0 is positioned at the backward-facing step of the
channel. The origin of the wall-normal direction is also
located at the bottom wall of the upstream channel.

The simulations are conducted under the
assumptions of a planar steady-state incompressible
Newtonian flow, with negligible body forces. Each
porous medium is assumed to be rigid, isotropic and fully
saturated with the fluid in the channel. The thermal and
fluid flow fields are obtained through the numerical
solution of the steady laminar governing equations in the



streamwise (x) and wall-normal (y) directions. The
relevant governing equations are the following -
Continuity equation:
a(pu)  d(pv) _

Ep + by 0 (D
Navier-Stokes equations:

6( )+6( - 6p+u 62u+62u )
ax PH ay PUV) = "% p\dx?%  dy? @
6( )+6( - 6p+y 62v+62v 3
ox PHY aypw_ dy p\ox? 0y? ®
Energy equation:

6(6 T)+a(C T)=k o | o1 4
ox Pt dy PEPVE) = X\ 9x2 dy? )

In Eq. (1) to (4), u and v are the velocity
components in the x and y coordinate directions, and ,
p, b, T, k, Cp are respectively dynamic viscosity, density,
pressure, temperature, thermal conductivity and specific
heat capacity. Air is the stated working fluid with
properties varying with temperature as given in [23].
Thus, buoyancy effects resulting from temperature
differences in the fluid are well accounted for. At the inlet
temperature T, of 25°C, the dynamic viscosity u = 1.849x
10-5 Pa s; density p = 1.184 kg m3, thermal conductivity
kr = 0.02551 W m-1 K-1, and specific heat capacity C, =
1007 ] kgt K1 [25]. The Reynolds number Re = pUq, H/u
are specified based on these values. The porous baffles
are assumed to be made of Aluminium with properties
varying with temperature [23].

For the numerical tests, uniform fluid flow enters
into the channel at an average velocity U, and inlet
temperature T,. A pressure value is specified at the outlet
boundary. Other relevant boundary conditions include:
(1) no-slip conditions at solid walls (velocities set at
zero), and (2) constant flux (1000 W m-2) applied on the
bottom wall of the expanded channel while (3) all other
walls are kept at thermally adiabatic conditions.

Based on the physics and boundary conditions
specified, the geometric domains were discretized into
unstructured triangular and quadrilateral elements
(Figure 2). This meshing was done taking into
consideration the physics under study, wall boundaries,
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and corner refinement requirements. Specifically, at the
porous medium (cylinder) and wall domains, very fine
boundary layer meshes were applied. The domains of
conjugate fluid flow and heat transfer were solved using
a two-dimensional laminar segregated solver which
computes the flow quantities in a sequential manner
until convergence is reached. For all the test cases, the
residuals of the governing equations were fixed at a
tolerance of 108,

(a)

(b)
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Figure 2: An unstructured meshing of a section of the flow
domain shown: (a) in the entire channel; (b) at the expanded
section; and (c) in the porous baffle section. Note that (c) is the
magnified version of the red box in (b). In (d) the meshing
around a pair of cylinders of porous medium is magnified
(cylinders of porous medium are highlighted in blue).

2. 2. Verification of Accuracy of Numerical Model

In order to ensure that the numerical solutions
were accurate, mesh independence and validation
studies were conducted. For the mesh independence
study, a thorough assessment of the sensitivity of the
simulation to variations of discretization parameters
such as number of elements and mesh sizes was done.
This was done by refining the meshes in the domains and
boundaries. Results of two sample case studies are
shown in Table 2 for typical coupled fluid flow-heat
transfer simulations of a backward-facing flow with or
without a pair of baffles installed on both top and bottom
walls. A wide range of Reynolds number (Re=p U H / u
=100, 250, 500, 750, 1000) was tested. Three levels of
mesh refinement were evaluated by comparing values of
pressure drop (Ap) and average Nusselt number Nu. The
average Nusselt number is a line-averaged parameter
computed as follows

Nu = [ Nu(x)dx (5)



where Nu is the local Nusselt number along the
surface of the bottom wall of the channel, defined as:

_g9T.y)
ay |y

Tw=To

_ -S

Nu (6)

Table 2: Summary of results of mesh independence study for
backward-facing step flow with or without a pair of porous
baffles. The symbols Neiements, Re, Nu and Ap are the total
number of elements, Reynolds number, averaged Nusselt
number and the pressure drop.

Mesh N toments Minimum |Re =100|Re =250|Re = 500| Re = 750|Re = 1000
Refinement E lement
Spacing (m)
With Porous Baffles
Ap (Pa) between x5 =-3,2
Ml 68363 1.60E-03 0.0032 0.0103 0.0296 0.0537 0.0873
M2 117255 6.00E-06 0.0033 0.0108 0.0304 0.0575 0.0908
M3 238683 8.00E-07 0.0033 0.0111 0.0310 0.0585 0.0922
Nu atyws=-1
M1 68363 1.60E-03 0.9792 1.4008 1.8040 | 2.0839 | 2.3760
M2 117253 6.00E-06 0.9802 1.4020 1.8065 | 207357 | 2.3421
M3 238683 8.00E-07 0.9807 14023 1.8068 | 2.0765 | 2.3389
Without Porous B affles (Unobstucted)
Ap (Pa) between x5 =-3.2
Ml 33621 1.60E-03 0.0030 0.0100 0.0261 0.0459 0.0684
M2 83676 4.50E-06 0.0031 0.0103 0.0269 0.0475 0.0714
M3 196272 8.00E-07 0.0033 0.0106 0.0275 0.0484 0.0727
Ny aty§=-1
M1 33621 1.60E-03 0.9333 12395 1.5566 1.7887 | 2.0089
M2 83676 6.00E-06 0.9339 12380 15541 1.8136 | 2.0516
M3 196272 8.00E-07 0.9362 12578 15514 1.8034 | 2.0333

In Eq. (6), Tw is the temperature at y = —S. As
shown in Table 2, the standard deviation in Ap and Nu
values are mostly less than 0.5%. The maximum
standard deviation recorded is 1.7% for two Nu cases of
Re = 1000. This indicates that the results are indeed
independent of mesh sizes. From this examination of the
mesh independence results, it was determined that a
computational mesh with minimum elemental size of
0.0004S, and a maximum elemental size of 0.05S was
sufficiently fine to resolve the physics of the flow. This
corresponds to mesh refinement level M3 in the mesh
independence study. For the entire gamut of test
conditions studied, this level of refinement resulted in
total number of elements ranging from 83,148 to
733,522, depending on the size and complexity of the
computational domain.

The numerical solution procedure was validated
using the results of reattachment lengths of several
laminar forced convection backward-facing step flow
numerical studies [5], [26] - [28]. The results were found
to be within 1% relative deviation. In Figure 3, a
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representative comparison of local Nusselt number
computations of the unobstructed flow is shown to be
reasonable. Another round of validation was done for a
two-dimensional backward-facing step channel flow
with an adiabatic circular cylinder installed at x/S = 0.6
and y/S = 0.6. The summary results of Table 3 also
indicate that the peak Nusselt number Numax, total drag
coefficient Cp and streamwise locations of Numax are
within 2% relative deviations.

3 T T T T T
-+ = Kumar and Dhiman [5]
— Present Study
2 4 4
Nu
l - -
0+ . . . .
0 10 20 30 40
XIS

Figure 3: The current work validated using local Nusselt
number Nu distributions along the stream from data of Kumar
and Dhiman [5] for an unobstructed flow condition at
Reynolds number =200.

2.3 Test Parameters

A wide range of conditions were designed in order
to test the utility of installing the pair of baffles in the
backward-facing flow. The insertion of porous baffles is
expected to modify the thermal-fluid flow
characteristics. Thus, various porous baffle parameters
such as the non-dimensionalized streamwise location
(x,/S=0.5,1,2,3,4,5, 6), normalized length (L, /S = 0.5,
1,1.5, 2, 2.5), and Darcy number (Da =k, /$?=3.52 X 10-
6,4.38 X 105, 5.71 x 104, 4.15 x 103, 1.35 X 10-2) are
tested. The effect of modifying the channel length and the
flow regime are also established using a range of
downstream channel lengths (Lqs/S =5, 7.5, 15, 30) and a
wide range of Reynolds number (Re = p Usv H / 1 = 100,
250,500, 750, 1000). As a base group of studies, the test
channel is tested without any baffles. This is done for all
the range of channel lengths and Reynolds numbers
tested in this work.



Table 3: Summary of results of validation studies
(a)Results of reattachment lengths xz/S of an unobstructed
flow validated with results at Re = 50, ER =2 from a wide

range of studies.

Study Numerical Method Reattachment Length
Xr/S
Present Finite Element 49853
Acharya et al. Fmite Difference 4.975
Choudhury and Woolfe Finite Volume 5.02
Hong et al. Finite Difference 4.94
Kuma and Dhiman Finite Volume 4.9898

(b)Results of coefficient of drag Cp, total peak Nusselt number
Numax and the streamwise location of maximum Nusselt
number (x/S)numax, 0f the cylinder validated with results of
Kuma and Dhiman [5].

Revnolds Co ] T (65 e
Number Present Kuma Present Kuma Present Kuma
Study  and Study amd Study amd

Dhiman Dhiman Dhiman

50 030918 03806 34432 35613 06238 06277

75 03130 03 44485 4353994 07337 07312
UUFLY

100 02740 02719 55282 54203 0.8037 08218
0.1080

The results of the numerical simulations are
assessed and characterized using velocity contours and
streamlines, temperature contours, local and average
Nusselt number computations, a Nusselt number ratio
Nu*, a pressure drop ratio 4p* and the performance
number PN. The temperature contours were visualized
using a normalized temperature parameter

T* — T-T,
Tw,a_To

(7)
The notations T and T, are respectively the local
temperature and the inlet temperature T, (of 25°C). The
line-averaged wall temperature that bottom wall is given

by:

L
Tw,a = fo dT(x'y = —=5)dx (8)
The average and local Nusselt number computations are
expressed in Eq (5) and (6) respectively. The Nusselt
number ratio (Nu)”* is computed from the following
relation:

Nu
Nu* =—
Nup

9)
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Here, Nu is the average Nusselt number, and Nu,, is the
average Nusselt number of the equivalent unobstructed
flow. The pressure drop ratio is also defined as:

Ap
App

fol—

Ap (10)

where Ap and Apy are respectively the pressure
drops per unit length between x/S = -5 and Lg/S with or
without porous baffles. The performance number PN is
defined as:

Nu*
Ap*

PN = (11)

3. Results and Discussion

In this section, numerical results stemming from
varying parameters are presented and described. To
evaluate the parameters tested in a logical fashion, the
effect of the non-dimensionalized streamwise location of
the porous baffle is assessed firstly. This is followed by a
study of the effects of modifying the length and Darcy
number of the porous baffles. Furthermore, the effects of
the length of the downstream length of the test channels
are described. As the effects of Reynolds number of the
flow are integral, they are discussed as part of the other
effects.

3. 1. Effects of Porous Baffle Location

The effects of porous baffle location are
demonstrated using test results for which normalized
porous baffle length and porous baffle Darcy number are
Ly, /S = 0.5 and Da = 5.71 x 10 respectively, and the
downstream length of the channel is maintained at Lq/S
=15. The local Nusselt profiles in Figure 4 (a, b) are those
for which Re=500. However, the general trend observed
in the numerical results is that the insertion of the pair of
porous baffles generally leads to a marked improvement
in the convective heat transfer from the bottom wall of
the test channel for other Reynolds numbers (Figure 4 c,
d). The local maximum Nusselt number Numqy is located
behind the porous baffles, and is highest for the porous
baffles that are closest to the backward-facing step.
Moving the baffles further downstream generally results
in a bimodal distribution along with a decline in Nusselt
numbers. Consequently, by relocating the baffles from
X/S = 1 to x,/S = 6, Numax is cut by up to 32%.
Additionally, the average Nusselt numbers Nu are also
reduced by up to 15%. As such reduction yields Nusselt



Nu

Nu

values that are comparable with the case of an
unobstructed flow, it is obvious then that the location of
the porous baffle can counter gains recorded by the use
porous baffles.

3.5 w 25 : . ; ‘
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Figure 4: Profiles in (a) and (b) are those of local Nusselt
number Nu for the case of an unobstructed flow as well as
variant locations of the porous baffles for the same test
conditions with Reynolds number Re = 500. Profiles in (c) and
(d) are those of local maximum Nusselt number Numax and
average Nusselt Number Nu. Each of these profiles are of
downstream length La/S = 15. Those with baffles have baffles
of normalized length L, /S is 0.5, porous baffle Darcy number

Da is 5.71 x 104, and the downstream length of the channel is
maintained at Lq/S = 15.

012Xp/8’%456

Streamlines of a portion of the channel flow, and
for the cases presented in Figure 4 (a, b) are shown in
Figure 5. They provide some further insight into the
phenomena observed in the foregoing paragraph. They
demonstrate that the placement of a pair of porous
baffles close to the top and bottom walls leads to two
remarkable developments in the flow. The first is a
shrinkage of the recirculation region behind the step,
while the second is the evolution of a recirculation region
trailing the top porous baffle. The characteristically low
velocities resulting from the recirculation region behind
the step appears to dampen the convection of heat from
the bottom wall of the channel. This recirculation region
widens as the porous baffles are moved further down
downstream, hence resulting in a monotonic reduction
in Numex and Nu. The insertion of the porous baffles
serves to contract the recirculation region behind the
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step. This helps to enhance the heat transfer from the
bottom wall. It may also be noted that a widening of the
recirculation region on the top wall results in a diversion
of flow to the bottom wall. Consequently, the local
Nusselt numbers around the porous baffle region are
drastically improved if there is a shrunken recirculation
region at the bottom wall, as well as an extensive
recirculation region on the top wall. The resultis the high
(up to 71% more than the case of unobstructed flow)
Nusselt numbers reached by baffles at x,/I = 0.5. As
shown in Figures 5 and 6, this improvement is only
undermined locally and globally by the location of the
porous Dbaffles further downstream, where the
streamwise length of the recirculation region on the
bottom wall is increased, and that of the upper wall is
reduced.

It should also be noted that the utility of the
enhanced heat transfer due to the placement of the
porous baffles is dependent on the increment of pressure
drop incurred. An increase in the extent of the
recirculating region on the upper wall represents an
increment in the limited free path zone on the upper
wall, which in turn increases the pressure drop 4p*
incurred. Thus, as shown in Figure 6, the best
performance number (1.15) is reached when the baffles
are located at a streamwise location that yields bottom
wall and top wall recirculation zones of the most optimal
combinations of minimum recirculation extents (i.e. at
Xp/S = 2). This occurs at Re = 1000.

3.2 Effects of Porous Baffle Length

The effects of porous baffle length are
demonstrated using test results for which porous baffle
Darcy number is Da=5.71 X 104, the downstream length
of the channel maintained at Lq/S = 15, the baffles located
atx, /S = 4 and the normalized porous baffle length L, /S
modified from 0.5 to 2.5. Excerpts of the flow simulations
are shown in Figures 7 to 9.
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Figure 5: Streamlines of portions of flow in test section for
flows in channels of downstream length L4/S = 15 and for
Reynolds number Re = 500. Streamlines for (a) are for the
unobstructed flow, and (b - h) are those for which the
normalized porous baffle length L, /S is 0.5, and the porous
baffle Darcy number Da is 5.71 X 10-4 while changing the
location of the baffles respectively at x,/5§=0.5,1, 2, 3, 4,5, 6,

7.
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Figure 6: (a) Nusselt number ratio Nu*, pressure drop ratio
Ap*, and (b) performance number PN distributions for various
baffle locations. These normalized porous baffle length L, /S is
0.5, and the porous baffle Darcy number Da is 5.71 X 10-4 The
channel downstream length L4/S = 15 and Reynolds numbers
Re =100, 500.

The iso-contours and streamlines in Figure 7 show
that the porous baffle length is a significant determinant
in predicting the level of convection further downstream
of the expanded channel. The iso-contours of the
normalized temperature T* in particular indicates that
downstream of the porous baffle, the thickness of the
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layer of fluid of high temperature on the bottom wall
increases with the length of porous baffle. The
implication is that the thermal boundary layer thickness
associated with the heated wall grows as the baffle
length is increased. The reason for such an occurrence
may be gleaned from the streamlines in Figure 7. The
streamlines show that a secondary recirculation region
behind the porous baffle and close to the bottom wall, is
apparent in the flow, and it increases with baffle length.
While the growth in length of that recirculating region is
only ~0.5S, it is still significant (~ 50%); and the
consequence of such a region of relatively low velocity
region is a limited but suppressed convection of heat
from the hot bottom wall. In Figure 8, it is clear that as
the porous baffle length increases, both peaks of the
bimodal local Nusselt distribution reduces. The averaged
Nusselt numbers show that while the local changes in
heat transfer due to the increment in porous baffle
length are significant, the global effects are only
marginal. Thus, as indicated in Figure 8(c), the reduction
averaged Nusselt numbers become only discernible at
Reynolds number above 250, and even so, with a change
of no more than 8%.

Figure 7: Normalized temperature T" iso-contours (a, c, e, g, i)
and streamlines (b, d, f, h, j) of the same portions of flow in test
section for flows in channels for baffles located at x, /S = 4 and
of Darcy number Da = 5.71 X 10-* and Reynolds number Re =
500. The porous baffle lengths are: L, /S=0.5in(a, b); L, /S =
1.0in(c,d); Lp /S=1.5in (e, f); Ly /S=2.0in (g, h); L, /S=2.5
in (i, j).
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Figure 8: Plots showing porous baffles of variant length L, /S.
The baffles are located at x, /S = 4 and are of Darcy number Da
= 5.71 x 10 Plots in (a) and (b) are those of local Nusselt
number Nu are shown for the case of an unobstructed flow as
well as variant lengths of the porous baffles for the same test
conditions with Reynolds number Re = 500. Plots in (c) and
(d) are those of local maximum Nusselt number Numax and
average Nusselt Number Nu.

In Figure 9, the Nusselt numbers, pressure drops
and the heat transfer enhancement to pressure drop
increment assessments of the baffled flows are
compared with the equivalent unobstructed flows. These
are done using the Nusselt number ratio Nu*, pressure
drop ratio 4p*, and performance number PN. The plots
in Figure 9(a) show that the best improvements in heat
transfer are attained when the porous baffle lengths are
half the size of the step height. The plots on the other
hand, indicate that there is no significant additional heat
transfer benefit to utilizing those baffles in the flow if the
baffles are of length L, /S > 2. This latter observation is
because at L, /S > 2, irrespective of the Reynolds number
of the flow, the Nusselt numbers attained are essentially
those of an unobstructed flow. With respect to pressure
drops, Figure 9(b) shows that compared to the
unobstructed flows, the pressure drops incurred in the
baffled flows generally increase with porous baffle
length (as expected). The exception however occurs at
Reynolds number Re = 1000. At that Reynolds number,
the pressure drops of the baffled flows do not increase
any more than the unobstructed flow at L, /S > 1.5. When
the porous baffle length increases, the pressure drop
increases, and the Nusselt number ratio decreases.
Consequently, the performance number drops
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monotonically. In Figure 9(c), this drop in performance
number is up to 15% as the baffle length L,/S is increased
from 0.5 to 2.5. In summary, the foregoing results show
that in order to reap the best effects of heat transfer
enhancement with minimal differential power
requirement, it is best to have a compact porous baffle in
the flow, preferably one that has a length that is just half
the size of the step height.
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Figure 9: Plots showing the variation of (a) Nusselt number
ratio Nu*, (b) pressure drop ratio 4p* and (c) performance
number PN distributions for porous baffles of different length
Ly /S. The baffles are located at x, /S = 4 and are of Darcy
number Da = 5.71 x 104

3.3 Effects of Porous Baffle Darcy Number

The effects of the permeability of the porous
baffles are examined using baffles of Da ranging from 10-
6 to 102, achieved by means of varied dimensions (see
Table 1). The results shown in Figures 10 and 11, are
those for which the baffle length and streamwise
location are respectively maintained at L, /S = 0.5 and x,
/S=4. InFigure 10 (a - d), the local Nusselt distributions
show the plots for a selected case at Re = 500. The data
shows (as noted previously) that the mounting of porous
baffles results in a bimodal distribution. In Figure 10 (c,
d), the distinctions between the various porous baffles
are magnified by showing the zoomed-in plots of Figure



10 (a, b) close to the step. The plots reveal that the
upstream peak values fall within the actual location of
the porous baffle. The downstream peak values on the
other hand, are located downstream of the porous baffle.
They are more predictable compared to the upstream
peak values as they appear to be a direct function of the
solid volume fraction of the porous baffles. The
downstream peak values also suggest that the higher the
solid volume fraction, the lower the Nusselt values. Such
atrend is expected due to blockage of flow created by the
solid rods in the flow. Regardless, it must be emphasized
that the Nusselt distributions in Figure 10 (e) however
show that the overall peak values are affected mainly by
the Reynolds number of the flow, and in part, the Darcy
number and the mode of arrangement of the porous
baffle rods. An increase in Reynolds number from 100 to
1000 results in a non-monotonic increment in peak
Nusselt number for baffles, irrespective of the solid
volume fraction. While the effect of Darcy number
appears to be significant in dictating the value of the
peak Nusselt Number (Figure 10e), the average Nusselt
numbers (Figure 10f) indicate that such effects are only
local, so that local porous medium permeability is not a
factor in determining the global Nusselt number.

Figure 11 demonstrates that the comparative
ratios of Nusselt number, pressure drop, and the
performance numbers for the baffled and unobstructed
flows are complicated. The results show that the ratio of
the baffled flow Nusselt number to that of the
unobstructed flow (Figure 11a) appears to be essentially
constant as the Darcy number is increased from 3.52 X
106 to 1.35 x 102, However, the ratio increases
substantially for Da > 10-3and Re > 500. The reason for
the marked increases may be attributed to the
channeling of relatively high-speed flow through the
path between the lower porous baffles as the porous
baffle is more permeable. Any diversion of flow to the
heated bottom wall leads to a significant convection of
heat away from the heated bottom wall, and thus
improved Nusselt numbers. The changes of the pressure
ratio (Figure 11b) with Da are non-monotonic, and
therefore it is no surprise that the performance numbers
are expectedly non-monotonic (Figure 11c). The best
performance number (1.33) is obtained with porous
baffles of Da = 4.38 X 10-5. This observation concurs with
the conclusion of Zhao [20] that even low-permeable
baffles could augment heat transfer at the expense of
little pressure drop.
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Figure 10: Plots showing porous baffles of variant Darcy
number Da. The baffles are of length L, /S =0.5, and located at
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are zoomed in equivalents of (a) and (b) respectively to show
the distinctions close to the step. Plots in (e) and (f) are those
of local maximum Nusselt number Numax and average Nusselt
Number Nu.
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3.4 Effects of Channel Length

Early on, it was recognized that the downstream
(expanded) channel length Lq is a critical factor for the
determination of global heat transfer gains. Thus, it is
important to determine the effects of variant channel
length as well as the optimal compact downstream
length for which heat transfer enhancements could be
reached at minimal pressure differential cost. This is
done for 5 < L, /S < 30 for test cases with baffles of length
L, /S=0.5and Da = 4.38 x 10-5. The baffles are located at
X, /S = 4. In each of the cases considered, the exit
pressure boundary condition is kept constant. The
results are summarized in Figure 12. Evaluations of
Nusselt number ratio Nu*, pressure drop ratio 4p*, and
performance number PN show that the lower the
Reynolds number the marginal the changes in Nu*. The



decline in pressure drops are also generally small (no
more than 7%). The implication then is that the use of a
pair of porous baffles is most advantageous in compact
systems and at high Reynolds number. For such
arrangements, the gain in heat transfer compared to an
unobstructed channel can be as high as 200%. A PN of
188% is also possible. Such a PN indicates that for the
same pump differential pressure, the average convection
to conduction heat transfer is up to 88% better when a
pair of similar porous baffles are used. Zhao [20]
reported that for a backward facing step flow with
constant bottom wall temperature conditions at the
expanded channel, a PN of > 140% is reached when a
porous baffle is mounted on the bottom wall in a channel
of Ls/S = 30,and at Re =100. On the other hand, multiple
baffles are prohibitive when the Reynolds number is low
(e.g. Re < 500). This is because at such Reynolds
numbers, heat transfer and pressure drop increments
are comparable with that of an unobstructed flow.
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Figure 11: Plots showing the variation of (a) Nusselt number
ratio Nu*, (b) pressure drop ratio 4Ap* and (c) performance
number PN for porous baffles of different Darcy numbers. The
baffles are located at xp /S = 4 and are of length L, /S.= 0.5.
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Figure 12: Plots showing the variation of (a) Nusselt number
ratio Nu*, (b) pressure drop ratio Ap* and (c) performance
number PN for porous baffles of different normalized

downstream channel length (La/S). The baffles are of length L,
/S.=0.5and Da = 4.38 x 105, and located at x, /S = 4.

5. Conclusion

In this work, a numerical simulation of the coupled
fluid flow and heat transfer phenomena in a planar
backward-facing step channel has been presented. The
Reynolds number, Re (= 100, 250, 500, 750, 1000),
normalized streamwise porous matrix location x,/S (=
0.5,1, 2, 3,4,5, 6), normalized porous block length L,/S
(= 0.5, 1, 1.5, 2, 2.5), normalized channel downstream
length Ly /S (=5, 7.5, 15, 30), and Darcy Number, Da (=
3.52 x 106, 4.38 x 105, 5.71 x 104, 4.15 x 103, 1.35 X
10-2) are tested. From the computations, it is conclusive
that the placement of a pair of porous baffles close to the
top and bottom walls leads to a shrinkage of the
recirculation region behind the step, and the evolution of
a recirculation region trailing the top porous baffle. The
relative proportions of these recirculation regions bear a
significant influence on the heat transfer that is
enhanced per pressure drop cost. Compared to the case
of an unobstructed channel, the installation of porous
baffles on both channel walls can generate 200%
improvement in heat transfer. However, the best gains in
heat transfer per increment in pressure drop are



obtained at high Reynolds number applications (Re >
500), and for compact channel lengths. For such cases
also, the porous baffles should be about half the size of
the step height. Furthermore, an optimal streamwise
location would be twice the step height downstream of
the backward-facing step. While the best performance
number is obtained with porous baffles of Darcy number
Da = 4.38 x 10-5, the present results show that for a pair
of porous baffle installations, the local porous medium
permeability is not a factor in determining the global
Nusselt number. This work shows that for the same
pump differential pressure, the average convection to
conduction heat transfer is up to 88% better when a pair
of similar porous baffles are used compared to the case
of an unobstructed flow.
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