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ABSTRACT

The present study examines numerically a three-dimensional (3D) laminar and
stationary flow around an idealized metal foam cell shaped as an empty cube with
cylindrical edges. The physical configuration adopted consists of an isolated cell
placed inside a plane channel crossed by air as a working fluid. The numerical
investigation is carried out using the dimensionless Navier-Stokes equations
resolved by finite volume method. The flow configurations given for several
Reynolds numbers are described entirely using 2D and 3D maps. The plane maps
give streamlines at the side and top fiber planes: the vertical side of the cell is
normal to the flow. In addition, the critical locations and zones characterizing the
flow are also localized: the saddle points, separation nodes, attachment points, foci
of the recirculation zones, and the attachment lines. For the Reynolds number in
the range 75 < Re <500, the results show that the topography of the streamlines
at the vertical plane in the middle of the lateral fibers of the cell (z = 5,3D;) is
developed into arc-shaped vortex rollers in the gap. In the wake, two saddle points
reveal the zones of influence of these spiral structures, formed by two vortices (Bt
and Nw) and zones of upwash and downwash. At a high value of Re (Re =500),

the upwash weakens but does not disappear. Two recirculation bubbles are
associated with the two saddles, in the gap and the wake of the upper fibers,
parallel to the flow. At Re =500, the distribution flow loses its symmetry and
displays matter transfer between the two recirculation. The displacement of the
saddle point in the wake is 9.65 times that in the gap. No vortex shedding is
observed in the wake of cell due to the nullity of the frequency shedding
(f = 0).The results indicate also that decreasing the pore diameter favors
recirculation inside the cell gap. These recirculation lengths (L,,,L;,) located
respectively in the wake of planes z = 5,3D, and y = D, reduce the drag
coefficient in equal proportion (51%) in the range 75 < Re < 500. It appears that
the wake of the lateral fibers of the z=5.3D, plane contributes better to the drag
coefficient. We consider that the predominance of downwash associated with the
instability of saddle point S.2 in the wake when Re increases leads to a decrease
in the drag coefficient in the wake.
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Pressure coefficient

been used largely. In the literature numerical studies on

A great number of Works on flow and heat transfer in
metallic foam has been carried in the three past decades.
Almost studies has been carried out experimentally and
numerically using macroscopic approaches. In Madani et
al. (2007) one could find an extensive literature study on
the experimental works in the field. Numerically, the
Representative VVolume Elementary method (RVE) has

flow and heat transfer in metallic foam in the microscopic
level are rare Ferfera & Madani (2020). Note that multi-
functional exchangers for hydrogen production
intensification are among industrial fields where metallic
foam appliance is promising. This is showed by the results
obtained by Abaidi and Madani (2020) using RVE method
in studying reactive flow in vaporeformer. Based on data
using by authors cited above, the aim of this study is to
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Nomenclature
drag coefficient

Cp  pressure coefficient

D¢  fiber diameter

Dp  pore diameter

G cell form factor

Lry recirculation length in plane y = Dp
Ly;  recirculation length in plane z = 5.3Dp
p pressure

Re Reynolds number, Re = pu(LDP

S Saddle point

u,v,W  velocity components

Up inlet velocity

U\V,W  dimensionless components of velocity
X:¥,Z  system coordinates

X,)Y,Z  dimensionless system coordinates
Greek symbols

A variation

&£ porosity of metal foam cell

H dynamic viscosity

Y fluid density

explore the flow behavior inside metallic foam at the
microscopic level using Representative Cell Unit (RCU).

This work is part of the studies on the flow around
obstacles. In this context, we examine the structure of the
flow over a metal foam cell. Metal foams are three-
dimensional cellular structures with a porosity exceeding
70%. In this sense, experimental and numerical studies
have been carried out by many researchers. Saha (2004)
completed a numerical study of three-dimensional laminar
flow around a cubic configuration for 20 < Re <300. He
concludes that the drag coefficient decreases and that the
recirculation length increases as the Reynolds number
increases. Backer (1979) experimentally demonstrated that
horseshoe vortices are developed as the Reynolds number
increases and the vortex system becomes complex and
unstable. Abu-Qudais et al. (2001) analyzed two-
dimensional laminar flow through a parabolic body. The
obtained results show that pressure and skin friction
increase with increasing Reynolds numbers. Visbal (1991)
carried out a three-dimensional numerical study of the flow
in the laminar regime through a cylindrical obstacle placed
on a horizontal plate. The objective of this work is to study
the formation of horseshoe vortices in stationary and
periodic cases. He demonstrates that the saddle point which
is formed in the front of the obstacle could be a point of
attachment to the flow. Hwang and Yang (2004) examined
numerically the vortex structures around a cubic obstacle
placed in a parallelepiped channel at a moderate Reynolds
number. They indicate that when the flow approaches the
cube, an adverse pressure gradient occurs, generating a
three-dimensional separation of the boundary layer and
thus allowing the formation of horseshoe vortices. They
add that when the Reynolds number increases further, the
vortex system becomes more complicated, and the vortices
increase in pairs. Liakos & Malamataris (2014) studied the
three-dimensional stationary laminar flow around a cube
placed in a parallelepiped channel. The results indicate the
appearance of a tornado-like vortex next to the cube for all
Reynolds numbers. Upstream of the obstacle, a horseshoe
vortex is formed at Re = 1266. Launay et al. (2019)
examine experimentally the interaction of emerging
parallelepiped obstacle with free surface laminar flow. This
generates three flow structures: a horseshoe vortex in front
of the obstacle, two recirculation zones on the side

surfaces, and a wake downstream. They prove by means of
image velocimetry measurements (P1V) that the elongation
of the obstacle, measured by the ratio (length/width),
induces an adverse pressure gradient that relaxes the
horseshoe vortex in the longitudinal directions. Klotz et al.
(2014) used laser-induced fluorescence visualization (LIF)
and particle image velocimetry (PIV) to experimentally
examine the 3D flow structure in the wake behind a cube
placed in a channel for Re varying from 100 to 400. The
results reveal the existence of three regimes: an
axisymmetric flow regime, another with two counter-
rotating vortices, and a hairpin vortex detachment. The
wake consists of four pairs of counter-rotating vortices
with orthogonal symmetry. Behera and Saha (2019) use the
D.N.S. (direct numerical simulation) method to study the
characteristics of the 3D flow through a square cylinder at
Re = 250. The authors show that the flow field behind the
obstacle indicates the presence of two symmetrical and
asymmetrical detachments for six boundary layer

thicknesses (5) varying from 0 to 0.30, contrary to
d
perception, which suggests that the coexistence of these
two modes of detachment does not occur only at a high
Reynolds number. They added that increasing the thickness
of the boundary layer could eventually produce a
symmetrical detachment in the wake of the flow. Islam et
al. (2014) investigated a numerical simulation of a 2D flow
through a square cylinder upstream and a flat plate located
downstream for Re between 75 and 200. The results
obtained using the Boltzmann method (LBM) indicate that
the development of the wake and vortex behind the
cylinder depends considerably on the spacing ratio between
the cylinder and plate and the Reynolds number (Re). They
also showed that the root-mean-square of the drag and lift
coefficients, for all spacing values, increases as the
Reynolds number increases. Ma et al. (2019) used a
physical model similar to that used by Islam et al. (2014).
They proved that the rapprochement between the two
obstacles eliminates the vortex detachment and reduces the
drag force. Kumar & Singh (2019) studied numerically 2D
flow characteristics in the wake of a cylinder function of
the blockage ratio (BR) and Reynolds number (Re). The
study is based on the volume method using the Ansys
Fluent simulation code. They conclude that at a fixed
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Reynolds number, the drag coefficient increases when the
blockage ratio increases, and at a fixed blockage ratio, it
decreases when the Reynolds number increases. Jiang &
Cheng (2020) examined the flow separation around a
parallelepiped body for Reynolds numbers between 40 and
400 using the direct numerical simulation method (D.N.S.).
According to the study, the established models show that
the separation of the flow does not occur at the sharp
corners of the obstacle, for both time-averaged and
instantaneous, for a range of moderate Reynolds numbers
(10-400). However, it emerges downstream of the leading
edge at a distance equivalent to a quarter of the length of
the parallelepiped when the Reynolds number reaches the
critical values of 100.36 and 96. They found that the three-
dimensionality of the flow, which is developed at Re >
165.7, affects the location of the saddle point, but has
almost no influence on the location of the separation point.
Chen et al. (2022) numerically studied the 3D flow over
two stationary side-by-side circular cylinders in the case
with Re =500 and a spacing ratio (s/D) varying from 1 to
5. The study revealed the existence of five flow regimes
that essentially depend on spacing ratio: single bluff body

S = S =1.2— in-
flow at /3 1.1, deflected flow at A 1.2-1.8, flip
flopping flow at % =2-2.4, hybrid flow at %:2.5, and

antiphase flow at % =2.7-5. Mishra et al. (2021) carried

out a numerical investigation using the method of
stabilized finite-element computations of a two-
dimensional (2D) steady laminar flow around a cylinder
symmetrically placed in an extremely narrow channel.
Whatever Reynolds number values in the range between
Re =4 and Re =400, the imposition of a blocking rate equal
to 0.9 delays the appearance of the adverse pressure
gradient along the cylindrical surface. The separation of the
laminar boundary layer occurs only at Re=27.8. The wake
of the flow varies in a non-linear way with the Reynolds
number. The works above are studies on flows around not
very complex geometries. In this context, the present work
deals with a numerical analysis on a three-dimensional
laminar steady state around an isolated ideal cell of a
metallic foam with a geometrical configuration completely

different from those presented in the literature review. To
our knowledge, the geometric aspect of the metal foam cell
has not been used as an obstacle to the supposed three-
dimensional flow in steady state. To this purpose, we study
the effect of the Reynolds number on the topology of the
streamlines and the wake of the flow behind the cell in the
Reynolds range 75<Re <500 . Then we describe the
distribution of the pressure coefficient and the drag
coefficient along the periphery of the fibers.

2. MATHEMATICAL FORMULATION OF
THE PROBLEM2.

2.1 Physical Model

It consists of a parallelepiped channel (Ixhxw) in which
an open cell of a metallic foam type cellular material is
interposed according to the model proposed by Lu et al
(1998). The dimensions values of the channel are Ly = 47
Dp Ly =5.9 Dp and L,=9.7 Dp- The cell has a cubic form

with a porous diameter of 3.4 mm. The fibers constituting
the edges are cylindrical, each with a diameter D =04

mm. Porosity (e) the pore diameter (DP)' and the

diameter of the fiber , characteristics of the cell geometry,
are related by Eq. 1 given by Bhattacharya et al. (2002).

)

., /11 L 1)
Dp 3z G

G is a form factor that takes into account the variation of

the ligament cross section with porosity. It is given by the
Eq. 2

—(1-£)/0.04
-e)

G=1- 0]

The cell is positioned at the coordinates x =20Dp,

y =0.and z =418Dp as shown in Fig. 1. It

constitutes, in this case, an obstacle to the flow assumed to
be laminar and steady state

Air

\}rﬂ'

X

Fig. 1 Geometrical configuration of the physical system
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2.2 Governing Equations and Boundary Conditions

The fluid enters through the left of the channel and
flows in the channel to the cubic foam located at a distance
from the inlet. It interacts with the foam and flows to the
outlet of the channel. The fluid considered is air, which is
supposed to be incompressible. In this case, the calculated
Mach number ( Ma ~ 0.0063) is too lower than 0.3. This
assumes that air is an incompressible fluid. It enters the
channel at an ambient temperature and a uniform velocity

g - The following assumptions are also adopted:

The laminar regime is in a steady state.
puODp
Y7
Ug is that of the flow at the entrance to the channel. It

(In the Reynolds number Re =

, the velocity

remains constant during the flow. The dynamic viscosity
of the air calculated at T=300K is 1.789.10°° kg/m.s. It also
remains constant during the flow process. For the range of
Re in this study (Madani et al. 2007) through out an
extensive literature study show that the regime in this case
is laminar steady.

® The volume forces are negligible.

Based on these assumptions, the dimensionless three-
dimensional continuity and Navier-Stokes equations
governing the flow past the cell foam may be written as
given by Egs. (3, 4):

Ui -

oX;

W e 1o, @
oX ; oX; Re ax?

J J

The dimensionless variables used in these equations
are given by Eqs 5:

zZ u
X=X IY:y IZ:7|U:71V:V1
Dp Dp Dp Ug up
p
W=— and P=—n (5)

U; : the three Cartesian velocity components (U ,V W)

along the X,Y and Z directions ; DP : diameter pore; Ug

- inlet velocity supposed to be the characteristic velocity ;
p : the density of the fluid. The Reynolds number based

on pore diameter of the metal foam cell is given by Eq. 6
- puODP
Y7

Re (6)

The boundary conditions used are written as follows
Egs (7-12):

« Inlet: (U,V,W)=(10,0) )

2748

P=0

outlet : pressure outlet

N _N_W_, 8)
oX oX oX
+ Canal walls:
- Upper and lower walls at Y =0 or Y =—_
Dp
U =V =W =0 (adherence at the walls) 9)
-Sidewalls at Z=0o0rz =i U=v=W=0
Dp
(adherence at the walls) (10)
Cell edges:
-U =0 (Adherence at edges in longitudinal direction x )
(11)
-V =W =0 (Edges are points of stagnation in the flow.
) (12)

3. NUMERICAL PROCEDURE

Dimensionless equations (3) and (4) associated with
boundary conditions (7-12) are solved using the Ansys
Fluent 18.2 software. A grid distribution scheme produced
by the ICEM CFD software is used to generate a
structured grid of hexahedral for control volumes and
quadratic for faces (Fig. 2). We adopted the "Standard"
scheme for pressure interpolation. The space
discretization of the diffusive-convective terms is of the
second "UPWIND "type. The link between the pressure
and the velocity fields is assumed by the SIMPLE (Semi-
Implicit Method for Pressure-Linked Equations)
algorithm. The under-relaxation coefficients are 0.3, 1.1,
and 0.7 for pressure, density, and momentum,
respectively. The convergence criteria for the continuity

equation and the velocity components are 1076,

4. MESH

VALIDATION

INDEPENDENCE AND

In order to ensure the independence of the numerical
solution with respect to the mesh, we analyzed the effect
of four meshes, one on the drag coefficient and the other
on the maximum pressure coefficient along the upper
upstream transverse fiber (Table 1). As it can be seen in
Table 1, the variation decreases as the mesh becomes
denser. The percent variation of the drag coefficient
decreases by 0.03% between mesh 2 and mesh 3, and by
0.005% between mesh 3 and mesh 4. The percent variation
of the maximum pressure coefficient (stagnation)
diminishes by 0.026% between mesh 2 and mesh 3, and
by 0.005% between mesh 3 and mesh 4. Therefore, mesh
2 is adopted in this study because the deviations of drag
and stagnation pressure coefficients for this mesh and
other meshes are very small. Furthermore, this mesh (M.2)
occupies less space in the computer's memory.
Consequently, the convergence of the iterative process
is accelerated and the simulation time is much reduced
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Fig. 2 Mesh distribution of the physical model

Table 1 Effect of grid density on grid independence
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Q.Zhou et al (2019)
A.G. Kravchenko et P.Moin (2000)

06 E

Present work
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0.0 £

02 F

af

Fig. 3 Comparison of the longitudinal velocity with
those calculated by Zhou et al. (2019) and
Kravchenko and Mon (2000)

The percentage variation is given by Eq. (13)

‘A%‘ (percentage variation) = (lv(i/_PVPlxlooJ (13)

Where VC and VP successively represent the current

values and previous values.

In order to validate the code calculation, we resort to
the cylindrical bodies in tandem, as the geometry of the
metallic foam cell in the present study is entirely absent in
the bibliography of three-dimensional flow physics. The
studies of Zhou et al. (2019) and Kravchenko and Moin
(2000), have been employed to validate our numerical
simulation model. Zhou et al. (2019) investigate the three-
dimensional flow over two tandem circular cylinder at

Number of cells | Number of nodes Co Cp max ‘ACD %‘ |ACP.max %|
Mesh 1 1801345 1853347 0.91297 1.93007
Mesh 2 1975785 2031547 0.91392 1.93062 0.104 0.028
Mesh 3 2150225 2209747 0.91420 1.93010 0.030 0.026
Mesh 4 2387947 2387947 0.91415 1.93000 0.005 0.005
W ' | o | | 3 Re =103 and L/D (spacing ratio)=1.25—6 .

Kravchenko and Moin (2000) studied numerical
simulations of flow past a circular cylinder at a subcritical
Reynolds number, Rep =3900 using the technique of

large eddy simulation. Figure.3 compares the
dimensionless longitudinal velocity U of the two
references with that of the present study. It seems clear
that the curve of the present work evolves in a more
quantitative and qualitative way than those of the
comparison references. Zhang et al. (2022) examined an
experimental and numerical study of three-dimensional
flow around two tandem cylinders arranged vertically in
the flow. The physical evolution of the curve given in this
work look like qualitatively and quantitatively that given
by the above reference (Fig. 4)

35 prerrrre e e I
E —— Xiang-Fei Zhang et al (2022)

3 —— Present work
30 F e

SE® *

Drag coefficients
- N~
in =

1
|}
]
\
|
| ]
\
]
-
-
\
\.\
1 1

05 3

Fig. 4 Comparison of the drag coefficient
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Fig. 5 Three-dimensional perspective of velocity components: (a) u, (b) v and (c) w for Re=300
| and the lateral fibers affect the structure of the flow
Ll because vortex zones are created in these locations due to
G the stagnation effect generated by the fibers of the cell.
':':;:'::; It is clear that the upper and lateral fibers, located
-7.693¢-002 respectively at Yy = DP and z =5.3DP planes,
::;:::f considerably modify the shape and value of the flow
v ety structure, particularly in the gaps and wake of the metal
-1.539¢-001 foam cell. The iso-surface of u; the x component of the
-1.731e-001 velocity is given in Fig. 6; it corroborates the results
[m s*-1]

Fig. 6 Iso-surface of the longitudinal velocity u, for
Re=300

5. RESULTS AND DISCUSSION

In this section, we present the results obtained
according to the structure of the streamlines. These results
are completed by the drag coefficient, the pressure
coefficient, the saddle point, and an analysis of the effect
of the porosity of the foam (&= 0.88,&=0.90, &= 0.92
and e= 0.94 )on the longitudinal velocity. The numerical
simulations were carried out in Reynolds range
75<Re<500.

5.1 Three-Dimensional Perspective Flow

Figures 5 shows a three-dimensional perspective
illustration of the wvelocity component's streamline
distribution around and inside the metal foam cell for Re
= 300. The streamlines deform in the third dimension due
to the shear of the flow caused by the vertical and
horizontal fibers. The trajectories separate upstream of the
horizontal fiber in contact with the flow and then describe
spiral-type vortex zones downstream of the second
horizontal fiber and near the fibers parallel to the flow. It
should be noted that the gaps delimited by the upper fibers

presented above.
5.2 Flow Structure in Plane z=5,3DP (Middle Of
Right Cell Fibers)

In Figs 7, we analyze the effect of Reynolds numbers
(Re = 75, Re = 275, Re = 350, and Re = 500) on the
streamlines distribution at z=5,3DP. At Re = 75 (Fig.

6a), in the sector of the first upper corner, the values of the
streamlines shaped similar to a parabola decrease as they
approach this corner, reflecting the appearance of
localized vortices, particularly in the vicinity of the upper
fiber. Under the effect of the adverse pressure gradient, a
separation node D is noted at coordinates

(x.y.2) ~(21.15Dp,0549Dp,,5.3Dp ) for Re =275 (Fig.

6b). Above this point, the axially curved lines contain a
vortex zone that extends, approximately 0.38Dp in the

wake. Below the same point, another recirculation zone is
formed and tends to extend, particularly as it approaches
the point of reattachment R. An arc-shaped vortex roll is
established in the lower downstream corner due to the
interaction of the reversal flow and the latter. At Re=350
(Fig. 6c), the streamlines detach at coordinates

(Xz21.35DP,yzl.05DP) , located at the trailing edge of
the horizontal fiber. The shear layer wraps around in the

wake and forms a first spiral-shaped vortex structure that
is arranged at the top, behind the downstream fiber. This
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Fig.7 Streamlines in plane at z=5.3 Dy (a) Re=75, (b)=275, ,(c)=350,(d)=500

aspect of this structure is named B¢ by Krajnovi¢ (2011)
and Sumner et al. (2017). Vortex By is that it is the mean
flow field in the vertical z=5,3DP symmetry plane,

which typically presents a vortex with its focus point
downstream of the trailing edge. A second spiral structure
composed of a counterclockwise vortex, named Ny by
Krajnovi¢ (2011), develops from the separation point D.
Nw Vortex is associated with the presence of a saddle point
in the symmetry plane, which separates downwash-
dominated and upwash-dominated flow regions, Vortex
Nw is therefore a consequence of the presence of this
saddle point and of the existence of upwash. A saddle
point S.1 detects the two vortex zones and the downwash
and upwash of the flow located in the upper half-plane.
The saddle point S.2, which manifests at coordinates

(xy.2) ~(21.29Dp,047Dp, 5.3Dp, ) , is attributed to the

interaction of the downwash flow coming from the vortex
Nw and the upwash flow located in the lower half-plane of
the wake. The separation point (D) moves down to the
coordinate yzO.43DP. At Re=500 (Fig. 6d), the

separated flow force is stronger; the separated flow region
at the trailing edge, at coordinates

(xy.2)~ (21.07 Dp.1.11Dp,5.3Dp ) extends further and
pushes the saddle point S.1 approximately 0.294Dp, into
the wake. The saddle point S.2 is located at y = 0.34Dp , at

Re = 500. It moves downward by 0.13Dp in the Reynolds
range 350 < Re <500 due to the weakness of the upwash.

Within this context, Zhang's work demonstrates that
the saddle point reaches its maximum (Y = 0) at the same
Re number (Re = 500). Despite the slowness of S.2, the
representative profile of the saddle point S.2 as function of
Re (Fig. 8) varies similarly to the curves reported by
Zhang et al. (2017) and Zhao et al. (2021). As a result, the
vertical fibers of the cell behave similarly to tandem
cylinders since the wake characterized by the saddle point
S.2 retains a topography very similar to that of the
cylinders arranged in tandem. Furthermore, the
appearance of the wake sector generated by saddle point
S.1 is entirely distinct from the wake configuration of
other geometries that we have consulted in numerous
biographical works. This represents a characteristic of the
cell.
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S.2(X,Y)=(21.32,0.385) at Re=150
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Fig. 8 Displacement of the saddle point S.2 in the wake as a function of Re

5.3 Flow Structure in Plane y= DP (Middle of Upper
Cell Fibres)

Figures. 9 shows the effect of Reynolds number
(Re=75, Re=275, Re=350, and Re=500) on the
streamlines distribution at y:DP . At Re = 75, the

saddle point S.gap, Which appears in the gap at coordinates
(x, Y, z) r (20.33DP, DP,4.85DP)configures two

upwash and downwash flows and two symmetrical,
uniform, and stable zones where recirculation is almost
non-existent. The detachment of the streamlines
downstream creates a pair of arch-shaped vortices

centralized at focal points (Xz21.17DP,Zz4.47DP)and

(Xz21.16DP,z z5.23DP). In the wake, the separation lines

S.I.1 and S.1.2 completely isolate the two recirculation
zones from upwash and downwash flow. Hence, the

saddle point appears at (x,y,z)~ (21.17DP, DP,4.85DP) .

As Re increases from 275 to 350, shear layers create two
symmetrical recirculation bubbles or vortices in the wake
of the two numbers of Re. The upper recirculation,
clockwise in direction, displays negative vorticities.
Whereas the lower recirculation, counterclockwise in
direction, exhibits positive vorticities. Streamlines reveal
that there is no fluid exchange between the two
recirculation bubbles. For Re = 500, the evolution of the
longitudinal velocity versus the transverse direction shows
an asymmetry between the two bubbles (Fig. 10). The F2
focus has moved by 0.096 Dp relative to the F1 focus. The
upper recirculation bubble is stronger than the lower
recirculation bubble. The streamline profiles illustrate that
fluid particles move from the lower bubble to the upper
bubble, indicating a transfer of matter between the two
vortices. The longitudinal distribution of recirculation
bubbles conforms globally to those reported by Palau-
Salvador (2008) in the case of a flow over two tandem
cylinders, in which one cylinder is located downstream of

the other. Two symmetrical recirculations with oval
shapes are located within the gap. Above the midline, they
contain negative vorticities in the clockwise direction.
Below, positive vorticities are present in the
counterclockwise direction. There is no interaction
between the two counter-rotating cells as Re increases.
The saddle point S.1 indicates a minimal displacement that

is worth 0.18 D in the 75 < Re < 500 range.

Increasing Re does not influence the structure of the
streamlines because the fibers lock in the development of
the flow. In the same interval of Re, the saddle point S.2
indicates a displacement (Xs 2) of 1.74DP in the wake,

which is 9.65 times that marked by S1 in the gap,
according to the curve in Fig. 11. Contrary to the flow
around tandem cylinders (Li et al., 1991; Shang et al.,
2019; Afgan et al., 2023) the flow configuration in our
case does not show any vortex shedding in the wake within

the Reynolds range. In this steady state case [ 2 Zoj the
at

strouhal number St=0. Therefore, shedding frequency
f =0. This means that vortex shedding does not occur

around the porous cell.
6. PRESSURE COEFFICIENT

Along the ABCD circumference, located on the lateral
fibers of the cell, in the graphical configuration Fig. 12,
the pressure coefficient evolution is plotted along LD/Dp
at z = 5.3 Dp for four values of Reynolds number (Re =
75, Re = 250, Re = 350, and Re = 500). As can be seen,
the stagnation effect of the vertical fiber AB reduces the
pressure coefficient Cp by 32.55% in the Reynolds range.
The fluid movement is increased by the curvature of the
fiber AB, leading to a sudden decrease in the pressure
coefficient. Beyond point B, the flow decelerates and
causes an increase in the curve up to the vicinity of point
C, where it undergoes a minimal decrease until
reaching negative values, which reflect the separation of the
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Fig. 9 Streamlines in plane at y= Dy (a) Re=75, (b)=275, (c)=350, (d)=500
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Fig. 12 Cp versus LD/DP (Lp = Ly ,p:at 2=53Dp ), in the range 75 < Re <500

streamlines at this location. Despite showing very limited
growth, the profile remains generally linear along the CD
fiber. The Reynolds effect on the flow structure behind the
CD fiber is almost negligible. The evolution of the
pressure coefficient is qualitatively in accordance with the
curve reported by Richards et al. (2001) and Haupt et al.
(2011). The contours clarify the evolution of the pressure
coefficient, particularly in the wake. At Re = 75, this
coefficient shows positive values in the fiber curvature
downstream (Fig. 13). Consequently, no separation is
marked, and the streamlines remain attached to the CD
fiber, as shown in Fig. 7.a. The growth of the pressure
coefficient in the wake generates minor recirculations,
which remain localized in the immediate vicinity of point
D. Negative pressures become more apparent as the
Reynolds number increases (Zhang et al., 2017). At
Re=500, negative values become more pronounced,
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particularly in the upwash and downwash sectors located
upstream of saddle point S.2, as shown in Fig. 14.

Figure 15 illustrates the effect of Reynolds number
(Re=75, Re=250, Re=350, and Re=500) on the evolution
of the pressure coefficient versus Lp/Dp, at y=Dp. This
figure shows that this coefficient increases as the Reynolds
number decreases. The parabolic profile on the periphery
AB indicates that the pressure coefficient reaches its
maximum values due to the effect of stagnation of the
upstream transverse fiber AB (Table 2).

The unblocking of the fluid particle flow at curvature
B favors the inertial effect. Consequently, the pressure
coefficient decreases sharply until it reaches negative
values. The favorable pressure gradient away from the cell
contributes to the growth of the pressure coefficient on the
lateral sides of the BC and DA fibers. The profile marks
a slight decrease in the curvatures C and D, then linearizes
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|

!

Fig. 14 Contours of pressure coefficient in plane Cp, at Re=500

Fig. 15 Cp versus LD/DP (LD = LA—)D ,at y = DP), in the range 75 < Re <500

Table 2 Maximum values of the pressure coefficient
along the upstream horizontal fiber

L
Re /Dp Cp max
75 0.543 2.294
250 0.574 2.069
350 0.543 1.916
500 0.543 1.637
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on the rest of the periphery of the fiber CD. The curve of
the pressure coefficient as a function of Reynolds,
represented Fig. 15, illustrates a good qualitative
agreement with the work completed by Hu et al (2018) and
Paterson & Apelt (1990). At Re = 75, the contours
decrease in the perimeter of the curvature C due to the
reattachment of the streamlines (Fig. 16). Downstream of
the CD fiber, the pressure coefficient increases slightly.
Hence, a saddle point appears in the sector surrounding the
downstream fiber. The increase in Reynolds (Re = 500)
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generates negative values at the curvature C, thus
marking the separation of the flow. As shown in Fig. 17,
the contours mark a growth in the wake until the
coordinate x = 21.67 Dp .This causes the saddle point to

move within the wake.

7. EFFECT OF OF THE FOAM PORE
DIAMETER ON THE LONGITUDINAL
COMPONENT VELOCITY

Figure 18 illustrates the evolution of the longitudinal
component velocity versus X in the middle of the upper

fibers plane of the cell. The values considered, 1Dy, 2Dp
,2.5DP ,and 3DP correspond to the respective porosities

£=088,6=090,£=092, and &=094. Mostly
unperturbed upstream, the flow stagnates completely at
the fibers for all pore diameter values (Dpore)' In the gap

of the upper fibers, the profiles decrease as the pore
diameter decreases. It is therefore clear that the strength of
backflow weakens as the pore diameter increases. This
result qualitatively agrees with the one obtained by Saha

(2004). It is observed in the case p _=2.5Dp, and
pore
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Fig. 19 Evolution of drag coefficient CD and recirculation length (L, Lry) vs Re

Dpore = 3Dp @ small decay near the downstream fiber.

Hence, the appearance of less recirculation zones favors
the recovery of the velocity downstream of the cell.

8. EFFECT OF Re ON THE DRAG
COEFFICIENT

The drag coefficient decreases significantly as the
number of Reynolds increases for Re values Re <120 and
continues to decrease until Re=270, then reaches almost
constant values as Re increases (Fig. 19). This evolution
highlights the stability of the drag coefficient values. The
drag coefficient decreases because the viscous forces
weaken as the Reynolds number increases. This
contributes to the reduction of the boundary layer
thickness, which consequently leads to the reduction of the
drag coefficient. These results are in agreement with those
reported by Saha et al. (2004) and Clift et al. (2013). These
latter report mathematical relations, reflecting the
evolution of the drag coefficient, of the following form

:ﬁ(“aReb) where a and b are constants. In the
Re
present work, the coefficient a and b are estimated to be
equal to 0.23 and 0.698 respectively. For the coefficients
a=0.125 and b=0.72, Cliftetal. (2013) report a similar
equation representing drag coefficient in the wake of the
sphere for Re <1000 .The range deviation between the two
equations varies approximately from 28.68 % to 35.59%.
The drag force is a consequence of the flow, since it is
related to the momentum deficit in the wake. It appears
that the structure of the wake, particularly the recirculation
zones, leads to a specific value of the drag soefficient.
Figure 19 shows clearly the existence of a relationship
between the recirculation lengths Ly; andLyy, located

)

respectively in the wake of planes z =5.3DP and
y= DP (Fig. 7.d and Fig. 9.d), and the drag coefficient.

At the periphery of the downstream lateral and transverse
CD fibers located in the respective planes z = 5.3DP and

y = Dp (Figs 12and 15), the low pressure associated with

the Reynolds number creates recirculation zones.
Recirculation lengths are inversely related to the drag
coefficient. In other words, an increase in recirculation
lengths signifies a decrease in the drag coefficient. These
recirculations reduce the drag coefficient in equal
proportion (51%) in the range 75< Re <500, although

Lry is 2.2 times Ly . It appears that the wake of the

lateral fibers of the z=5.3Dp plane contributes better to the
drag coefficient.

This study shows that the predominance of downwash
associated with the instability of saddle point S.2 in the
wake when Re increasing leads to a decrease in the drag
coefficient in the wake.

9. CONCLUSION

The present work is aimed on a numerical study of a
three-dimensional, steady flow in a laminar regime around
a cell of metallic foam of cubic shape disposed in a
horizontal channel.  Dimensionless  Navier-Stokes
equations are resolved using the Ansys Fluent 18.2
software. The effects of the Reynolds number and porosity
of the foam on the streamlines distribution and the
aerodynamic coefficients are deeply analysed. The main
results are summarized as follows .The three-dimensional
perspective flow configuration reveals that the streamline
structure is notably altered by the upper and lateral fibers

located at z = 5.3Dp and y = Dp.
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At z :5.3DP (lateral fibers)
- A clockwise spiral vortex named Bt by Krajnovic
is generated by the rolling-up of the shear layer from
Re =275 . Below, a downwash is formed by counter-
rotating vortices named Nw, which is developed from the
separation point D. The interaction between the base
vorticity and the wall boundary layer creates upwash.

The saddle point moves downward by 0.13Dp

in the Reynolds range 350 <Re <500 due to the
weakness of the wupwash. This displacement is
comparatively slow compared to the findings by Zhao et
al. (2021) , where the saddle point reaches its maximum at
the lower wall (Y = 0). This corresponds to the complete
disappearance of the upwash at the same Reynolds number

(Re =500). As aresult, the lateral fibers of the z=5.3Dp,

plane significantly retard the disappearance of the upwash,
despite the fact that the general appearance of the wake
largely resembles that of the cylinders arranged in tandem.

At y=Dp (upper fibers)
- Two saddle points S.1 and S.2 mark the
respective appearance of two recirculation bubbles in the

gap and the wake. Point S.2 extends 1.74Dp into the

wake, i.e., 9.65 times the gap displacement of S.1. The
wake configures two flow distributions:

A stationary and symmetrical flow when
Re <500 . Stationary, asymmetrical flow when Re > 500 .

Compared with flows around cylinders arranged
in tandem, the vortex shedding is completely absent in the
wake of the cell due to the steady-state.

* The decrease in pore diameter favors recirculation in
the cell gap

* An increase in recirculation lengths (Lyz and Lyy )

implies a decrease in the drag coefficient. These
recirculations reduce the drag coefficient in equal
proportion (51%) in the range 75< Re <500 , although
itis 2.2 times . It appears that the wake of the lateral fibers
of the z=5.3Dp plane contributes better to the drag
coefficient.

We consider that the predominance of downwash
associated with the instability of saddle point S.2 in the
wake when Re increases leads to a decrease in the drag
coefficient in the wake.
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