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This work aims at studying laminar impinging jets on surfaces covered with a layer of a

porous material. This contribution may provide insight into the design and optimization

of heat and mass transfer processes over surfaces. Numerical simulations are presented

and the porous substrate is treated as a rigid, homogeneous, and isotropic medium. Macro-

scopic transport equations are written for a representative elementary volume (REV),

yielding a set of equations that is valid for the entire computational domain, including both

the porous layer attached to the surface and the fluid layer over the porous substrate. These

equations are discretized using the control-volume method and the resulting system of

algebraic equations is relaxed using the Strongly Implicit Procedure (SIP) methods. The

SIMPLE algorithm is used to handle the pressure–velocity coupling. Results for flow, in

both clear and porous flow domains, are given in terms of streamlines patterns, velocity pro-

files, pressure contours, and friction coefficient along the impinging wall. The influence of

porosity on the flow pattern is shown to be very low in comparison to the effects caused by

varying permeability, fluid-layer height, and porous-layer thickness. These finding could be

used to advantage when designing engineering equipment, since the use of selected porous

materials could reduce undesirable recirculation zones, promote quick flow redistribution,

and adjust pressure to required levels.

1. INTRODUCTION

Impinging jets are used in industrial applications mostly as a means of promot-
ing and controlling heat and mass transfer over surfaces. In some instances, one
wants to maximize local transfer rates, or, depending on the specific application, a
smoother cooling or heating along a surface is desirable. Heat sinks made out of
porous metal foams have a wide range of application in maximizing heat transfer
to or from surfaces. A good understanding of the flow and pressure fields over a sur-
face covered with some sort of porous material might help engineers in designing
more efficient and energy-saving equipment.

The majority of the studies available in the literature refer to heat transfer
obtained with a turbulent impinging jet, with some works covering two-dimensional
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(2-D) jets in laminar regime. Law and Jacob [1] made an extensive numerical analysis
of the hydrodynamic characteristics of a 2-D jet impinging normally against a flat
plate. They found differences in the size of the recirculating bubble depending on
the length of the confining plates. Baydar [2] measured the hydrodynamic character-
istics of single and double jets colliding against a plate. He concluded that a low-
pressure region occurs on the impingement plate for Re greater than 2,700, which
affects the peaks in heat transfer coefficients. Chen et al. [3] analyzed mass transfer
induced by a planar laminar jet and concluded that peak values in Nusselt number
occurred at a point ranging from half to one jet width away from the stagnation
point. Park et al. [4] compared different numerical methods in simulating the flow
filed in such configuration. They showed that their numerical results for laminar jets
contained negligible false diffusion.

Several studies investigating thermal and flow characteristics of porous materi-
als have been published in the last few decades. A complete review of the many con-
tributions through the years is beyond the scope of this work, so only a few of them
are reviewed here. The thermal performance of porous media was studied by Vafai
and Kim [5], who evaluated the heat transfer of a hybrid medium. Huang and Vafai
[6] analyzed the heat transfer of a flat plate covered with a porous insert. Effects of
the insertion of a porous medium in a flow were presented by Hadim [7], who inves-
tigated the flow in a channel, both fully and partially filled with a porous insert.
More recently, a number of research papers have been published covering a very
wide range of problems involving flow in porous media [8–22], including flows par-
allel to a layer of porous material [23] and across baffles made of permeable media
[24, 25]. Investigation of configurations involving perpendicular jets into a porous
core is much needed for optimization of heat sinks attached to solid surfaces.
However, studies of porous media under impinging jets are, unfortunately, yet very
scarce in the literature.

Examples found are those given by numerical simulations of Kim and
Kuznetsov [26], who investigated optimal characteristics of impinging jets into heat
sinks, and measurements by Prakash et al. [27, 28], who presented experimental and
numerical studies of turbulent jets impinging against a porous layer. Fu et al. [29]

NOMENCLATURE

B jet width

cF Forchheimer coefficient

Cf friction coefficient

Da Darcy number based on channel height

ð¼K=H2Þ
h porous layer height

hp nondimensional ratio h=H

H channel height

K permeability of the porous medium

L channel length, L ¼ 0.3 m for porous

cases, L ¼ 1.0 m for clear cases

Re Reynolds number

vin inlet jet velocity

x direction parallel to the collision plate

x=B nondimensional longitudinal coordinate

y direction normal to the impinging wall

y=B nondimensional transverse coordinate

DP pressure drop

DP0 stagnation pressure

m dynamic viscosity

q density

sw wall shear stress ½¼mðdu=dyÞ�
/ porosity ð¼DVf =DVÞ
wo rotational intensity

hii intrinsic average
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also evaluated the thermal performance of different porous media under an
impinging jet.

Motivated by the foregoing application or, say, optimization of thermal sinks
modeled as permeable media attached to surfaces, the present work uses the same
methodology proposed earlier by Pedras and de Lemos [30, 31], but pays attention
now to laminar flows only with the intention to first broaden the knowledge on flow
characteristics within such devices. Accordingly, in [30, 31] the authors proposed a
macroscopic two-equation turbulence model able to treat calculation domains con-
taining both porous regions and clear (unobstructed) flow passages. Although the
development in [30, 31] was initially proposed for the flow variables, it has been
extended to nonbuoyant heat transfer in porous media [32]. Further, a consistent
program of systematic studies, based on the initial model proposed in [30], for treat-
ing buoyant flows [33–37], mass transfer [38], nonequilibrium heat transfer [39, 40]
and double diffusion [41], in addition to reviews on macroscopic turbulence model-
ing [42, 43], have been published. The ability to treat a hybrid (clear=porous)
medium, involving transport across a macroscopic interface, has also been investi-
gated [44–46].

Here, a jet flow in laminar regime is considered subjected to variation of several
geometric and porous media parameters. This work can be seen as an initial contri-
bution toward a more realistic numerical solution of turbulent heat transfer due to
impinging jets on covered surfaces.

2. PHYSICAL MODEL

The physical models evaluated in this work are shown in Figure 1, where a
laminar jet impinges normally and freely against a flat plate (Figure 1a), or else it
crosses through a layer of porous material (Figure 1b). For the latter cases, a porous
layer of thickness h covers the bottom surface. Thickness of the jet exit nozzle is B
and a fully developed laminar flow is assumed at the jet exit. Distance between
the jet exit and the lower wall is H. To the left, an ordinary symmetry boundary con-
dition applies. The flow is assumed to be two-dimensional, laminar, and incompress-
ible. Fluid properties are constant, and no buoyancy effects are considered. On the
walls, the no-slip condition is used. The channel length is sufficiently long so that
fully developed flow is assumed at the channel exit (x ¼ L).

3. MATHEMATICAL MODEL

As mentioned, the mathematical model employed here consists of a laminar
version of the more complete work presented by Pedras and de Lemos [30, 31].
The jump condition at the macroscopic interface, between the clear region and the
porous medium, was considered further in the works of de Lemos [44] and de Lemos
and Silva [46]. For the sake of simplicity, however, in this work no jump condition is
used. As most of the theoretical development is readily available in the open litera-
ture, the governing equations will just be presented; details about their derivations
can be obtained in the mentioned works.
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3.1. Macroscopic Continuity Equation

r � uD ¼ 0 ð1Þ
where uD is the average surface velocity (also known as Darcy velocity). In Eq. (1)
the Dupuit-Forchheimer relationship, uD ¼ /huii, has been used, where / is the
porous medium porosity and huii identifies the intrinsic (fluid-phase) average of
the local velocity vector u [47].

3.2. Macroscopic Momentum Equation

qr � uDuD

/
¼ �r/hpii þ mr2uD �

m/
K

uD þ
cF/qffiffiffiffi

K
p juDjuD

� �
ð2Þ

Figure 1. Confined impinging jet: (a) clear channel; (b) channel with a porous layer of height h.
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where the last two terms in Eq. (2) represent the Darcy and Forchheimer contribu-
tions, respectively. The symbol K is the porous medium permeability, cF ¼ 0:55 is the
form drag coefficient (Forchheimer coefficient), hpii is the intrinsic pressure of the
fluid, q is the fluid density, and m represents the fluid viscosity.

At the interface, condition of continuity for velocity and pressure reads

uDj0</<1 ¼ uDj/¼1 ð3Þ

hpiij0</<1 ¼ hpi
ij/¼1 ð4Þ

The nonslip condition for velocity is applied on both walls.

3.3. Numerical Method

The numerical method utilized to solve the flow equations is the finite-volume
method applied to a boundary-fitted coordinate system. Equations (1) and (2), sub-
jected to boundary and interface conditions given by Eqs. (3) and (4), were discretized
in a 2-D control volume involving both clear and porous media. The numerical
method used in the resolution of the equations above was the SIMPLE algorithm,
described by Patankar [48]. The interface is positioned to coincide with the border
between two control volumes, generating only volumes of the types ‘‘totally porous’’
or ‘‘totally clear’’. The flow equations are then resolved in the porous and clear
domains, considering the interface conditions mentioned earlier. Details of the
numerical implementation can be seen in Pedras and de Lemos [30, 31].

4. RESULTS AND DISCUSSION

4.1. Mesh Independence and Code Validation

Mesh dependence studies were conducted for several grids, spanning from a
small 40� 200 grid to a more refined 160� 200 mesh. A typical grid with nodes con-
centrated at the wall is presented in Figure 2a. Difference in calculating the friction
coefficient Cf using all grids was less than 0.5%. Results for Cf along the impinge-
ment wall and close to the stagnation point are presented in Figure 2b using distinct
grids. Because of the intense velocity gradients within that region, friction factor
determination tends to be harder therein and the influence of the mesh size on the
results turns out to be more sensitive around x=B ¼ 0. Inspecting the figure, one
can see that for grids above 80� 200, no detectable difference was observed on cal-
culated Cf. Therefore, all results herein were obtained using 16,000 nodal points, for
both clear-channel and porous-medium runs.

For numerical code validation, friction coefficients calculated along the
impingement plate for unobstructed channel (clear medium) were compared with
available data in the literature. Comparisons were also made for Cf calculated at dis-
tances far away from the stagnation point (right exit on Figure 1a). After the stag-
nation region, where the velocity gradients are high and friction coefficient shows
intense variation, the flow tends toward a fully developed laminar profile in a 2-D
channel, for which an exact solution is available.
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The friction factor along the impingement plate is defined as

Cf ¼
sw

1=2 qv2
in

ð5Þ

For fully developed flow in a 2-D channel, Figure 3a shows friction coefficient
calculated by the exact solution given by Law et al. [1],

Cf ¼
6

ReðH=BÞ2
ð6Þ

Figure 2. Grid independence studies: (a) typical mesh with node concentration closed to both walls; (b)

variation of Cf along the bottom plate for H=B ¼ 2, Re ¼ 1,000.

156 D. R. GRAMINHO AND M. J. S. DE LEMOS



Also shown in the figure are computations by Chen et al. [3] in addition to the
present results. Maximum relative error between exact and numerical solution was
less than 1.5%. For this case, on L ¼ 1.0-m-long channel was used, giving
L=H ¼ 111 to guarantee fully developed flow at exit, even though a 0.3-m length
was enough for fully developed flow to be established. Figure 3b shows a comparison
between numerical simulations and literature results [1, 49] for the friction coefficient
variation along the impingement wall. As can be seen, values rise quickly from zero
at the symmetry region to a maximum value close to the stagnation point, decreasing
afterwards until the flow turns into a completely developed one and the friction
coefficient reaches a constant value. The peak of Cf close to the stagnation region

Figure 3. Comparison of calculated friction factor Cf with literature results: (a) fully developed flow with

H=B ¼ 0:9 and L=H ¼ 111; (b) friction coefficient near the stagnation point.
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Figure 4. Effect of Re on streamlines for clear channel, H=B ¼ 2.

Table 1 Effect of Re on rotational intensity W0 for H=B ¼ 2

Rotational intensity (W0)

Re ¼ 100 Re ¼ 200 Re ¼ 300 Re ¼ 450 Re ¼ 690 Re ¼ 1,000

Primary 0.212 0.233 0.265 0.304 0.330 0.360

Secondary 0.000 0.006 0.036 0.090 0.154 0.195
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comes from the intense deceleration of the impinging fluid, resulting in high wall
shear stress in this region.

4.2. Clear Channel

First, this section presents simulations of the flow and pressure fields for a con-
fined jet impinging onto the bottom surface of Figure 1a. The channel is empty and

Figure 5. Streamwise velocity profiles for clear channel, H=B ¼ 4, Re ¼ 200.
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the flow leaves to the right and left, reaching a fully developed condition far away
from the stagnation region. The effect of Reynolds number on the confined flow field
can be investigated qualitatively by observing the streamline contours. Figure 4
shows the streamlines for H=B ¼ 2 for different Re. For this situation, the flow is
dominated by the presence of a primary and a secondary vortex. The figure indicates
that the secondary vortex is much smaller and weaker than the first one in terms of
rotational intensity w0, which has been defined by Kelkar and Patankar [50] as the
ratio of vortex mass flow rate to the overall mass flow rate. Rotational intensities are
presented in Table 1. The second vortex appears for Re above 200, and a third recir-
culation is observed attached to the upper wall (shown at the left in Figure 4), at
about x=B ¼ 8 (x ¼ 0.08 m) and connected to the primary vortex for Re ¼ 690, even
though its rotational intensity is almost negligible. It is also seen that both primary
and secondary recirculations grow quickly for Re up to 450, remaining thereafter at
about the same size for Re up to 1,000. Recirculating zones are also clearly observed
in Figure 5, which shows velocity profiles for H=B ¼ 4 and Re ¼ 200. Negative
values for the velocity profile indicate back flow and the presence of recirculation
zones. Fully developed condition is achieved for x=B ¼ 30. The graph for x=B ¼ 9
is represented in a different scale in order to accommodate all the negative values
of the computed velocity.

Figure 6 further shows the vortex center for both primary and secondary vor-
tices. It is noticeable that the center of vortices moves downstream with increasing
Reynolds number. Such movement seems to occur at a faster pace for lower values
of Re. Figure 6 suggests that the vortex position stabilizes after a certain Re for each
H=B ratio. Unfortunately, because of the few cases run, one can only speculate
about a possible dependence of the stabilization position with Re and H=B.

Pressure distribution along the bottom plate is discussed next. Figure 7a shows
the nondimensional pressure at the bottom surface, close to the stagnation region

Figure 6. Variation of vortex center position with Re for clear channel.
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and for H=B ¼ 2. Maximum local pressure occurs at the stagnation region, decreas-
ing from its maximum value afterwards. Values for the stagnation pressure DP0 are
shown in Table 2 for H=B ¼ 2, where it can be seen that DP0 increases with Reynolds
number. Figure 7b shows pressure distribution along the bottom wall. For a fully
developed flow in a parallel-plate channel, the pressure gradient along the channel

Figure 7. Effect of Re on local pressure along the impingement surface, H=B ¼ 2: (a) near the stagnation

flow region, x=B < 1.6; (b) along the entire plate.

Table 2. Stagnation pressures DP0 for H=B ¼ 2

Re Present results Law et al.

100 2.12 1.938

200 2.22 2.085

300 2.25 2.137

400 2.26 2.164
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can be evaluated as proposed by Law et al. [1], in the form

dP

dx

� �����
y¼H

¼ � 12

ReðH=BÞ3
ð7Þ

Pressure is plotted in terms of the nondimensional parameter
DP �Re � ðH=BÞ3=12, so that for a fully developed condition the slope of such curves
tends to �1. The figure indicates clearly the point where the flow becomes fully
developed and the curves turn into straight lines.

4.3. Porous Layer

The results that follow consider a porous layer attached to the impinging wall
at the bottom (see Figure 1b). The default parameters used in the simulations are
Re ¼ 1,000, H=B ¼ 2, Da ¼ K=H2 ¼ 8.28� 10�3 (K ¼ 3.31� 10�6 m2), / ¼ 0.9,
and hp ¼ 0.50. For such porous media runs, these parameters were varied in order
to assess their effect on the flow field. Table 3 lists the values used for all cases
presented.

4.3.1. Effect of Re. Figure 8 shows the streamlines for several Re, keeping all
other parameters constant. With the addition of the porous layer, the secondary
recirculation, previously observed in the clear-medium section (see Figure 4), com-
pletely vanishes and the primary recirculating bubble is significantly decreased in size
and in rotational intensity. Reduction of w0 can be better seen when comparing

Table 3. Data for cases considering a porous layer over the impinging wall

Parameter Re H=B hp / K (m2) Da ¼ K=H2 w0;primary w0;secondary

Re 100 2 0.50 0.9 3.31E-06 8.28E-03 0.074 0

200 0.086 0

300 0.092 0

400 0.096 0

500 0.100 0

1,000 0.111 0

H=B 1,000 0.9 0.50 0.9 3.31E-06 4.09E-02 0.011 0

2 8.28E-03 0.111 0

4 2.07E-03 0.264 0

hp 1,000 2 0.25 0.9 3.31E-06 8.28E-03 0.180 0.02

0.50 0.110 0

0.75 0.036 0

/ 1,000 2 0.50 0.5 3.31E-06 8.28E-03 0.110 0

0.7 0.120 0

0.9 0.110 0

Da ¼ K=H2 1,000 2 0.50 0.9 2.70E-04 6.75E-01 0.112 0

1.36E-05 3.40E-02 0.111 0

3.31E-06 8.28E-03 0.110 0

1.03E-07 2.58E-04 0.078 0

1.80E-08 4.50E-05 0.065 0

5.36E-09 1.34E-05 0.052 0
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corresponding numbers in Tables 1 and 3. Also indicated in Figure 8 is that, regard-
less of Re, the location of the primary recirculation stays fixed, a feature that could
be used to some advantage when designing systems involving heating or cooling jets.

Corresponding values for Cf, restricted to the stagnation region, are further
presented in Figure 9. Within that region, the friction coefficient shows intense

Figure 8. Streamlines for hp ¼ 0.50, Da ¼ 8.28� 10�3, / ¼ 0.9, H=B ¼ 2, L=H ¼ 15.
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variation, with the peak values located before x=B ¼ 1. It can be noticed that Cf

results decrease with increasing Re, for both the stagnation and developed flow
regions (x=B > 4). This behavior can be explained if one inspects Eq. (5), since an
increase in the velocity of the incoming jet decreases Cf at a faster rate than the
increase in sw at the wall. This happens because the decrease of Cf due to the inlet
velocity is proportional to v2

in, whereas an increase in sw varies linearly with the velo-
city u close to the wall.

4.3.2. Effect of H=B . The effect of the geometric parameter H=B is presented
in Figure 10, where the streamlines along the channel are shown. With increase in the
channel height H, while keeping the same mass flow rate through the jet, the primary
recirculation grows in size and intensity, as can be seen in Table 3. Small-size pas-
sages tend to channel the flow, whereas large void spaces give rise to recirculating
flow motions. These results are interesting because one knows that an increase in
w0 indicates that more incoming flow kinetic energy is being wasted to drive larger
recirculation bubbles.

Figure 11 shows the Cf variation close to the stagnation region for three values
of H=B. From the figure, two interesting points can be observed, the first being the
decrease in Cf as H=B increases and the second the displacement of the Cf peak value
along the x=B coordinate. The first one, the reduction of Cf, is a consequence of the
fact that the porous substrate acts as an obstacle and a flow distributor, so that the
jet spreads faster and the wall shear stress close to the stagnation drops. The second
observation, the right movement of the peak value, can be explained using similar
arguments. Keeping the same mass flow rate through the jet while increasing the size

Figure 9. Variation of Cf along the impingement plate for H=B ¼ 2, hp ¼ 0:50, / ¼ 0.9,

Da ¼ 8.28� 10�3, L=H ¼ 15.
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of the porous matrix make velocity gradients within the porous material less intense,
so that the flow changes its direction earlier and more gradually as it approaches the
bottom wall. The streamwise position at the wall, where the streamlines are more
concentrated, is displaced farther to the right. Consequently, the largest velocity

Figure 11. Variation of Cf along the impingement wall for Re ¼ 1,000, hp ¼ 0.50, / ¼ 0.9,

Da ¼ 8.28� 10�3, L=H ¼ 15.

Figure 10. Streamlines for Re ¼ 1,000, hp ¼ 0.50, / ¼ 0.9, Da ¼ 8.28� 10�3, L=H ¼ 15.
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gradients at the wall are moved downstream, causing the peak in Cf, due to the high-
est value of sw, to appear farther to the right.

4.3.3. Effect of hp. Figure 12a shows streamfunction contours for a porous
layer of distinct heights, keeping all other parameters constant. For hp ¼ 0.25, a sec-
ondary recirculation bubble appears close to the wall, around the porous=clear

Figure 12. Effect of hp on streamlines (a) and pressure contours (b) for Re ¼ 1,000, / ¼ 0.9,

Da ¼ 8.28� 10� 3, H=B ¼ 2, L=H ¼ 15.
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media interface and farther downstream. This secondary recirculating flow is of
considerable size and intensity, as can be seen in Table 3. A third one can still be
observed upstream (not shown in the figure), though its intensity is almost negligible.
For hp ¼ 0.50, the upstream vortex is reduced to about 40% of its intensity and the
secondary one essentially disappears. For hp ¼ 0.75, the primary recirculation
decreases considerably in size, with its intensity reaching 20% of the value for
hp ¼ 0.25 and only 10% if one compares it with the clear-channel case shown in
Table 1.

Figure 12b shows the influence of hp in the pressure contours along the chan-
nel. The contour levels are at different scales in order to better show the pressure
behavior. For hp ¼ 0.25, the highest pressure levels reaches 2.4 N=m2 at the stag-
nation point. With an increase in hp, this level decreases, reaching 1.6 N=m2 for
hp ¼ 0.50 and 1.0 N=m2 for hp ¼ 0.75. Because of the flow redistribution obtained
when a fluid permeates though a porous matrix, flow development occurs earlier,
as can also be seen by looking at the constant pressure levels, which tend to become
straight lines early for higher values of hp. Also, one can note a displacement of the
highest pressure point, along the y axis, which appears to move toward the interface
region for higher values of hp.

Corresponding values for the friction coefficient Cf are presented in Figure 13
and show its variation along the impingement plate. With an increase in hp, the peak
value of Cf drops. This happens because the porous layer acts as an obstacle to the
impinging jet, distributing the flow more evenly and reducing the velocity gradients
in the stagnation region. However, moving downstream in the flow toward a fully
developed condition, the friction coefficient drops more intensely for lower values

Figure 13. Variation of Cf along the impinging wall for Re ¼ 1,000, / ¼ 0.9, Da ¼ 8.28� 10�3, H=B ¼ 2,

L=H ¼ 15.
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of hp, so that an inversion in the former behavior occurs, i.e., the flow with higher hp

results in greater fully developed Cf values. This can be explained with the help
of Figure 14a, which shows the fully developed velocity profiles at the exit of the

Figure 14. Velocity profiles at channel exit for Re ¼ 1,000, / ¼ 0.9, Da ¼ 8.28� 10�3, H=B ¼ 2,

L=H ¼ 15: (a) entire channel; (b) close-up view near the wall.

Table 4. Fully developed friction coefficient for different values of hp; Re ¼ 1,000,

/ ¼ 0.9, Da ¼ 8.28� 10�3, H=B ¼ 2, L=H ¼ 15

Fully developed friction coefficient

Clear channel hp ¼ 0.25 hp ¼ 0.50 hp ¼ 0.75

Cf 0.0015 0.0003 0.0010 0.0042
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channel. With an increase in the height of the porous layer, the velocity profile inside
the porous medium tends to become more homogeneous, while the velocity of the
clear medium rises due to mass conservation. Looking at Figure 14b, which presents
the velocity profiles close to the bottom wall, it can be seen that the velocity gradients
close to the wall are higher for higher values of hp. One can then conclude that for the
fully developed condition, friction coefficient increases with an increment in hp, as
indicated by Table 4.

4.3.4. Effect of /. The effect of the porosity is presented in Figure 15, which
shows / effects on the streamlines (a) and on the pressure contours (b) along the

Figure 15. Effect of porosity / on streamlines (a) and pressure fields (b) for Re ¼ 1,000, H=B ¼ 2,

L=H ¼ 15, hp ¼ 0.50, Da ¼ 8.28� 10� 3.
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channel. Looking at the figures, it can be seen that the porosity does not have a
significant influence on the flow pattern. The size and intensity of the primary recir-
culation also does not reflect a great change, as can be observed in Table 3.

Figure 16 gives the friction coefficient along the impingement plate. It can be
seen that the value of Cf at the stagnation region decreases with an increase in

Figure 16. Variation of Cf along the impingement wall Re ¼ 1,000, H=B ¼ 2, L=H ¼ 15, hp ¼ 0.50,

Da ¼ 8.28� 10�3.

Figure 17. Velocity profiles at channel exit for Re ¼ 1,000, H=B ¼ 2, L=H ¼ 15, hp ¼ 0.50,

Da ¼ 8.28� 10�3.
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porosity, though its influence is very small in the developed region. Figure 17 shows
the fully developed velocity profiles at the channel exit, giving evidence once again
that the porosity does not play a significant role in the flow behavior.

4.3.5. Effect of Da. Figure 18 shows the influence of Da on the streamlines.
From the figure, it is easy to see that Da has a great influence on the flow pattern,
with an intense decrease in the primary recirculation size and intensity, as can be

Figure 18. Effect of Da on streamlines for Re ¼ 1,000, H=B ¼ 2, L=H ¼ 15, hp ¼ 0.50, / ¼ 0.9.
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confirmed by Table 3. For Da ¼ 2.58� 10�4 and less, a secondary recirculation
seems to appear farther along the upstream flow, but its intensity is negligible.
For values of Da less than 8.28� 10�3, penetration of fluid inside the porous
substrate becomes very difficult, and the flow tends to develop almost entirely within
the clear region.

From the pressure contours in Figure 19, the effect of the permeability on the
flow pattern can be observed clearly. With a decrease of the permeability or Da,
the point with the highest static pressure tends to move along the y=B axis toward
the interface. Since by decreasing Da one gets a less permeable porous matrix, harder
to penetrate, its behavior resembles that of a solid wall. Therefore, higher pressures

Figure 19. Effect of Da on pressure field for Re ¼ 1,000, H=B ¼ 2, L=H ¼ 15, hp ¼ 0.50, / ¼ 0.9.
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tend to move toward the interface, as in the case of a jet impinging on a regular
surface.

Figure 20 shows fully developed velocity profiles at the channel exit. As
expected, with a lower permeability, penetration of the flow into the porous medium

Figure 20. Velocity profiles at channel exit for Re ¼ 1,000, H=B ¼ 2, L=H ¼ 15, hp ¼ 0.50, / ¼ 0.9.

Figure 21. Effect of Da on Cf for Re ¼ 1,000, H=B ¼ 2, L=H ¼ 15, hp ¼ 0.50, / ¼ 0.9.
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becomes more difficult, resulting in lower velocities inside the porous layer and
higher velocities in the clear-medium region. Figure 21, finally, shows the friction
coefficient variation along the impingement wall. As can be seen, with an increase
in Da, Cf value increases. The increase in the permeability results in easier pen-
etration of the fluid into the porous substrate, so that the impinging jet reaches
the collision plate with greater velocity. This generates a higher velocity gradient
in the stagnation region, which, in turn, results in higher values of Cf.

5. CONCLUDING REMARKS

For confined laminar impinging jets, it can be concluded that the addition of a
porous layer covering the collision surface contributes to a reduction of the amount
of recirculating flow, as the flow become more evenly distributed as it passes through
the porous material. The influence of porosity on the flow pattern has been shown to
be very low in comparison to the permeability (Da), fluid-layer height (H=B), and
porous-layer thickness (hp) effects.

These findings could be used to advantage when designing engineering equip-
ment. The use of selected porous materials, in terms of their properties and geo-
metric parameters, could reduce undesirable recirculation zones, promote quick
flow redistribution, and adjust pressure to required levels.
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