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Abstract

The incompressible laminar (Rey = 100) reattaching flow over a 2D backward facing step with porous floor
segments of different lengths was solved numerically using the finite element method. The focus of this study was
the change in the forced convection heat transfer characteristics of the flow field due to the addition of porous floor
segments. Several isotropic porous floor segment configurations with different lengths and depths were studied. The
porosity of the segments was varied over a wide range by changing the value of the pressure loss coefficient
(KP =1072-10°). The changes in the local and overall Nusselt number are reported and discussed. Depending on
the configuration, axial variation of the local Nusselt number could be altered. For all configurations, the overall
Nusselt number decreased by as much as 16% while the maximum local Nusselt number increased by as much as
170%, both relative to their respective values for the reference case of a solid floor. © 2000 Elsevier Science Ltd.

All rights reserved.

1. Introduction

Forced convection due to fluid flow over a backward
facing step has been studied extensively. Flow through
porous media occurs in a wide range of engineering
applications such as the flow through insulation ma-
terial, grain storage, and water movement through a
geothermal reservoir. Control of the heat transfer
characteristics is desirable, and the control mechanism
can be either active or passive. Recent work concern-
ing active control has focused on the use of acoustic
excitation [1], mass injection or bleeding [2], vortex
generators [3], imposed wall heat flux [4] and moving
fences or flaps [5]. Passive control methods incorporate
fixed attachments to modify the flow for a given range
of operating conditions. Such methods include the use
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of surface riblets [6], properly sized cavities [7] and
porous surfaces [8]. A more thorough review of earlier
work on boundary layer control can be found in the
paper by Gad-el-Hak and Bushnell [9].

The current work focuses on the effect of the addition
of different porous floor segments on heat transfer from
a constant temperature floor of a 2D incompressible
laminar boundary layer flow over a backward facing
step. This model could serve as a passive control mech-
anism. More important, this model could be used to
study the effect of fuel packing in a solid fuel combus-
tion chamber. The solid fuel with small passages
between the fuel particles could be modeled as a porous
segment in an abrupt expansion type combustion
chamber. The effect of each of the segment’s porosity,
length and depth was studied numerically. The
equations were solved on a non-uniformly sized finite
element mesh. The numerical method was first validated
against the data of Sparrow et al. [10] for an incompres-
sible laminar boundary layer flow over a backward
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Nomenclature

D, normalized porous segment depth, d,/H

d,  depth of porous segment

H  step height

KP pressure loss coefficient in porous region

Nu,, maximum local Nusselt number

Nu, overall Nusselt number

N(x) local Nusselt number

P pressure

Rey Reynolds number based on mean flow vel-
ocity before step and step height

U  axial velocity

U~ incoming free stream axial velocity

14 transverse velocity

axial distance normalized by step height, x/H
normalized reattachment length, x,/H
normalized length of porous segment

axial distance measured from the step corner
transverse distance measured from the step
corner

Vieor the bottom floor of the model (y = 0 for solid
floor and y = —D,, for porous section)

= ke

Greek symbols
u viscosity
o density

facing step with constant floor temperature. The differ-
ence between the wall and the incoming free stream
temperatures, Ty — T, was 5°C. The average free
stream velocity before the step was 0.103 m/s and the
step height was 22 mm. The fluid under consideration is
air. The resulting Reynolds number based on the aver-
age free stream centerline velocity before the step and
step height was 100. The expansion ratio, height after
the step compared with height before the step, was 2.0.
A schematic of the current flow field, including a porous
segment, is shown in Fig. 1.

2. Mathematical model

The continuity, x-momentum, y-momentum, and

energy equations for steady state, 2D and incompress-
ible are given by [11]:

AU vV
I 1
0x + ay M
oU 9P pU? ’U U
U— V— =—— —KP— —
tr 9y dx 2 +'u|:8x2 + 0y?
@)

v v AP pV? vV 3tV

pV— = —— — KP— —

dx dy dy 2 + |:3}» + 9y?
3)

Insulated eX|t

u_(y) —
& T

b 2H

Ro)

2 x

© r

E

= Tw

T " Porous
w {E::]ﬂom
segment

Fig. 1. Schematic of the flow.
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Fig. 2. Finite element mesh used for the case of L, = 6.6 and D, =0.5.
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The second term on the right-hand side of the momen-
tum equations (2) and (3) represents the extra pressure
drop due to the fluid flow through the passages of the
porous segment. The pressure loss coeflicient factor
KP is used to relate the extra pressure drop to the
local velocity. There is no extra pressure loss in the
non-porous part of the flow, i.e. KP = 0. The value of
KP for different porous materials and arrangements
can be found in fluid resistance handbooks such as the
Handbook of Hydraulic Resistance by Idelchik [12].
The same KP value is used in both momentum
equations. This models an isotropic porous material
where the value of the pressure drop coefficient in both

directions is the same. The local and overall Nusselt
numbers based on step height (H), Nu(x) and Nu,, re-
spectively, are given by:

aT(x, y)
—H—; ; | y=floor
Nu(x) = ﬁ ®)
w 00
1 X exit
Nutp = — J Nu(x) dx (6)
Xexit Jo

The flow field was solved by discretizing Eqs. (1)—(4)
over a non-uniform quadrilateral finite element mesh.
Smaller elements were located near the walls and in
regions of high gradients, i.e. at the corner of the step
and close to the reattachment location. The mesh size
was varied to obtain a mesh independent solution. The
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mesh used for the flow field, excluding the porous
region, was made of 4680 elements. When the reference
flow field was solved using a mesh made of 5800
elements, the change in reattachment length, values of
overall and maximum Nusselt number, and location of
the maximum local Nusselt number were all less than
1%. Thus, the solution obtained by using a mesh
made from 4680 elements was considered mesh inde-
pendent. Full mass balance between the inlet and exit
planes was also achieved using the 4680 elements
mesh. This is another indication that this mesh is
adequate for the flow field under investigation. The
placement of the exit plane was another important
issue. The exit plane should be placed far enough
downstream in order not to affect the computational
results [13], yet not too far in order to reduce the mesh
size and consequently computer memory and run time
requirements. Several exit plane locations were tested,

e
e

.

Xexit = 15-40H . There was minimal change in the
results when the exit plane was located more than 20
step heights from the step. Thus, the exit plane was
located at 20H for the current study. The addition of
the porous segments required additional elements to
discretize the porous region. The number of additional
elements ranged from 250 to 3750 elements, depending
on the length and depth of the porous segment under
study. Fig. 2 shows the mesh for the case of L, = 6.6
and D, =0.5.

The discretized equations were solved iteratively
using the streamline upwind method [11]. At the flow
inlet plane, velocity and temperature were specified as
given by Sparrow et al. [10]. Only one boundary con-
dition was required for the pressure. For the case of
an incompressible flow, a reference value for the press-
ure was needed anywhere within the flow field. A
pressure value of zero gage was specified at the exit
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Fig. 6. Velocity contours for porous segments of different lengths. From top: reference flow, L, = 2.2H, L, =4.4H, L, = 6.6H and

L, =8.8H.
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plane. The axial velocity and temperature gradients
were set to zero at the exit plane. This served as the
second axial boundary condition for the rest of the
variables. The no slip condition at the walls was used
for the transverse direction velocity boundary con-
ditions. All surfaces were considered to be insulated,
zero heat flux, except for the floor of the model where
a constant temperature condition was specified. The
solution was deemed to have converged when the re-
sidual of each of U, V, P, and T became less than
1 x 1077, The use of smaller tolerance values did not
result in any noticeable change in the results.

The first task was to check the code’s ability to pre-
dict the reference flow field as reported by Sparrow et
al. [10], i.e. a solid floor. The predicted reattachment
length of 4.40 step heights is in excellent agreement
with the value of 4.405 step heights reported by Spar-
row et al. [10]. The difference between the predicted
and reported location of maximum local Nusselt num-
ber, 4.35H and 4.53H, respectively, was about 4%.
The fact that the maximum local Nusselt number
occurs at a different axial distance from that of the
point of shear layer reattachment was reported by
Kondoh et al. [14]. The difference between the pre-
dicted and reported value of the maximum local Nus-

selt number, 2.05 and 1.95, respectively, was about
5%. Fig. 3 shows a comparison between the predicted
and reported axial variation of the value of the local
Nusselt numbers. The results of Sparrow et al. [10]
were based on the finite difference method but little
was mentioned regarding the grid used or the accuracy
of the model. Sparrow’s data shown in Fig. 3 were
read from the figure reported in the paper [10]. Thus,
some error in reading the data is inevitable. The cur-
rent model has been well tested on several standard,
textbook cases, flow fields with very good results. The
effect of the addition of the porous segments reported
herein will be discussed in terms of the percent change
relative to the reference flow field as predicted by the
code. Thus, the differences between the results of Spar-
row et al. [10] and the current numerical results were
not expected to change the conclusions of this study.
The values of the maximum local and overall Nusselt
numbers for the reference flow used to compare with
were Nup, = 2.05 and Nu, = 1.17, as predicted by the
current study. The changes in the local and overall
Nusselt numbers were studied as a function of the fol-
lowing three parameters, porous segment length (L;),
pressure loss coefficient (KP) and porous segment
depth (Dp). The values of two parameters were fixed at
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a reference value while the third was being investi-
gated. The reference values used were: L, = 6.6,
KP =10 and D, = 0.5.

3. Discussion

Fig. 4 shows the percent change in the local and
overall Nusselt numbers at different lengths of the por-

ous segments (L,). L, =0 represents the solid floor
case. The effect of adding a porous segment was to
reduce the overall Nusselt number. The decline in the
overall Nusselt number increased with L,. The rate of
decline increased for L, > 4.4, X =4.4 being the re-
attachment location of the solid floor case. Fig. 5 gives
an insight into this behavior. The addition of a porous
segment disturbed the region before and around reat-
tachment but had little effect on the downstream vari-
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Fig. 8. Velocity contours for porous segments with different pressure loss coefficients. From top: reference flow, KP = 1072,
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ation of the local Nusselt number. In the solid floor
case, the local Nusselt number peaked around the reat-
tachment location. The addition of porous segments
diffused the fluid flow velocity in the recirculation
region and around reattachment resulting in a substan-
tial reduction in the local Nusselt number in these
regions. The result was a reduction in the overall Nus-
selt number. A new boundary layer developed on the
floor after the end of the porous segment and resulted
in high local values of Nusselt number. Fig. 6 shows
the velocity contours for the different cases of porous
floor segment length. Still, these high values of local
Nusselt numbers were not enough to compensate for
the reduction caused by the porous region. Thus, the
use of porous segments could prove useful when a
high rate of local heat transfer is required. Fig. 4
shows that a high rate of local Nusselt number can
only be achieved if the length of the porous segment is
equal to or moderately higher than the reattachment
length.

Fig. 7 shows the percentage change in the overall
and maximum Nusselt number for different values
of pressure loss coefficient (KP). The effect of the
porous segment started at the lowest KP value of
0.01 and remained constant up to KP =10. For
KP > 10, the values of both the overall and maxi-

mum Nusselt numbers decreased with increasing KP
values and tended to level off for KP > 10°. This
reduction can be attributed to the reduction in the
fluid velocity in the porous segment and resulting
reduction in the convective heat transfer. At very
high values of pressure loss coefficient, KP > 10°,
the porous segment behaves like a solid wall and
the only mode of heat transfer is conduction
through the porous segment. The velocity contours
confirmed the small flow through the porous seg-
ment at such high values of KP (Fig. 8). Fig. 9
shows the small change in the axial variation of
local Nusselt number for KP>10%

Fig. 10 shows the percent change in the overall and
maximum Nusselt number at different porous segment
depths (Dp). Even a shallow porous segment,
D, = 0.125, resulted in a noticeable reduction in the
value of the overall Nusselt number and noticeable
increase in the maximum Nusselt number. The increase
in the maximum Nusselt number became significant
for D, > 0.125 and tended to level off for D, > 4. For
D, >4, two counter rotating recirculation regions
developed in the porous segment. The lower recircula-
tion region, bottom left side, effectively formed a vir-
tual semi-insulated floor above the actual floor of the
porous segment. Further increases in the depth of the
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Fig. 12. variation of the local Nusselt number at different depth porous segments.
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porous segment beyond 6H resulted in minimal effect
on the fluid behavior in the porous segment (Fig. 11).
This can also be seen by looking at the axial variation
of the local Nusselt number for the case of D, = 6 and
comparing it with smaller Dps (Fig. 12).

4. Conclusions

The addition of a porous segment as part of the
floor of backward facing step configuration can be
used to change the values of the overall and maximum
local Nusselt numbers as well as modify the axial dis-
tribution of the local Nusselt number. Regions of high,
small, or constant local Nusselt number can be
attained by the proper choice of porous segment
length, porosity, and depth. For all cases, the addition
of a porous segment resulted in a reduction in the
overall Nusselt number and an increase in the maxi-
mum Nusselt number compared to the case of a solid
floor.
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