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Subcritical flow past a circular cylinder surrounded by a porous layer
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A study of the flow at subcritical Re=3900 around a circular cylinder, surrounded at some fixed
small distance by a porous layer with a hydraulic resistance typical for that of textile materials, has
been performed by means of direct numerical simulations. The flow in the space between the porous
layer and the solid cylinder was found to be laminar and periodic, with a frequency locked to that
of the vortex shedding in the wake behind the cylinder. Time averaged flow velocities underneath
the porous material were in good agreement with experimental data from laser Doppler
anemometry. © 2006 American Institute of Physics. [DOI: 10.1063/1.2189284]

Due to its relevance for many technological applications,
the turbulent flow past a circular cylinder has been exten-
sively studied by numerous authors,' and is still a topic of
current investigations. The numerical simulation of such
flows remains to be a challenging task. Breuer” presented
results of large eddy simulation (LES) of high Reynolds
number (Re=140 000) flow past a circular cylinder. Travin
and co-workers’ reported results on detached-eddy simula-
tions of the flow at Re=50 000, 140 000, and 3 X 10°. Singh
and Mittal*> calculated the flow past a circular cylinder for
Re=100 to 107 by means of two-dimensional (2D) LES. In
literature, special attention is paid to the flow around a cyl-
inder at subcritical Re=3900, both through numerical (e.g.,
Refs. 6-10) and experimental studies (e.g., Refs. 11 and 12).

Embroidering on the studies mentioned above, the
present paper deals with the flow configuration depicted in
Fig. 1. It consists of a solid circular cylinder of radius
r,=0.5D,, surrounded at some small and fixed distance
8,=r.~(ry+38,) by a thin porous layer of thickness &, and
outer radius r,=0.5D,_ and with a hydraulic resistance typical
for that of textile materials. This configuration is of practical
relevance in for instance filtering and separation technology
and as a standard reference configuration for testing protec-
tive and insulating properties of clothing materials.”> De-
pending on its hydraulic resistance, the general characteris-
tics of the outer flow around the porous layer are expected to
be similar in nature to those of the flow around a solid cyl-
inder. However, not much is known about the interaction
between the unsteady, turbulent flow outside the porous cyl-
inder and flow inside the fluid gap between the porous and
the solid cylinder. An experimental study of the velocity field
around a fabric covered cylinder has been reported by Wa-
tanabe and co-workers,14 who studied the influence of the
porous layer permeability on the velocity of the flow under-
neath the porous layer. Experimental results on heat transfer
to a fabric covered cylinder have been reported by Kind and
co-workers."> Gibson'® presented numerical computations of
the air flow and heat transfer to a fabric-covered cylinder. A
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numerical study of free and mixed convection around a cyl-
inder surrounded by porous material, focusing on situations
where there is no or very little external air flow, was pre-
sented by Bo and Nakijarna.17

In a previous paper,18 we reported simulations of the
subcritical turbulent fluid flow, heat and mass transfer for this
geometry by means of the Reynolds averaged Navier Stokes
(RANS) approach, as well as scaling rules for the flow char-
acteristics as a function of the Reynolds number, the Darcy
number—which is a measure for the hydraulic resistance of
the porous layer—and the geometric ratios Ig=6,/D, and
Ic=6./D,. The RANS approach raised several questions re-
garding the nature of the flow underneath the porous layer,
especially regarding laminarization and (un)steadiness. In or-
der to address the questions of laminarization and (un)steadi-
ness of the flow underneath the porous layer in a geometry
such as in Fig. 1, the aim of the present work was to inves-
tigate the interaction between the periodic, subcritical turbu-
lent flow outside the outer cylinder, and the flow inside the
fluid gap between the two cylinders. For this, we used direct
numerical simulations (DNS). As in most DNS studies of the
flow around a solid cylinder, we chose a Reynolds number,
based on the free stream velocity u.. and the porous cylinder
diameter D., of Re=3900. The thickness ratio of the fluid
gap was set as Ig=35,/D.=5X 1072, In the porous material,
the Navier Stokes equations were extended with an addi-
tional momentum sink term according to Darcy’s law. For
the hydrodynamic permeability k and thickness &, of the po-
rous layer, values of practical interest for applications in test-
ing clothing material have been used, leading to Da=k/5?
=2X 107 and Ie=5x 107,

The three-dimensional computational domain was
similar to that used by Ma et al.’ and Tremblaylo in their
studies of the flow around a solid cylinder. At the inflow
(x==5D,) plane, a potential flow of constant velocity u., has
been imposed, and at the outflow (x=14D,) plane a convec-
tive boundary condition was used. Periodic boundary condi-
tions were imposed at the y=4D,. and y=—4D, planes. The
spanwise length of the simulated cylinder was @D,, with
periodic boundaries imposed on the sides. Since we treated
the porous layer as a fluid zone, no boundary conditions had
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FIG. 1. Schematic description of the problem.

to be imposed on the inner and outer interfaces of the porous
layer. We applied an unstructured, nonuniform finite volume
quadrilateral grid, with local grid refinement in the vicinity
of the cylinder and in the near wake region, which was
boundary fitted to the solid cylinder surface and the inner
and outer porous layer surfaces. There were three layers of
body fitted cells within the porous layer thickness of
0.005D,. The momentum sink term was set to be uniform
within each grid cell, based on the velocity in that cell. The
dimensionless distance from the first grid point to the cylin-
der surface was assured to be y*<<1. Similar to the grid used
by Tremblay,lo the Ax and Ay grid spacing size in the very
near wake region were approximately 0.008D,. In the far
field a lower grid resolution was used. The Az grid spacing
was constant over the entire domain as Az=0.031D,. The
number of grid cells outside the porous layer was approxi-
mately 5 10°. In the fluid gap between the cylinder and the
porous layer there were an additional 1.5 10° grid cells. A
second-order central differencing scheme was used for spa-
tial discretization of the flow equations. For time discretiza-
tion, a second-order implicit scheme was used. Simulations
were run with a constant time step Ar=0.001D./u... The
simulations were carried our for nine vortex cycles, after the
flow had developed, discarding the transient development
phase. Although probably insufficient for achieving a proper
statistical description of the outer flow, this was sufficient for
obtaining a proper description of the low frequency flow
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FIG. 2. Time history of the transverse velocity component v, in the wake at
x/D=3 and y/D=0 (solid line) and the tangential velocity component v,
inside the fluid gap at ®=45° and (r—r,)/(r,—r.)=0.5 (dashed line). The
applied scaling for the tangential velocity has been reported in Ref. 18.

inside the fluid gap. To make sure that the chosen grid reso-
lution was sufficient for DNS of this complicated flow, the
applied numerical scheme and computational mesh have
been tested extensively in a separate study,19 in which results
obtained for the flow around a solid cylinder at Re=3900
have been found to compare excellently to DNS and experi-
mental data from literature.

As expected for the relatively low permeability studied
here, the main characteristics of the flow around the porous
cylinder at Re=3900—based on the porous cylinder
diameter—were very similar to those of the flow around a
solid cylinder at the same Re.'? The Strouhal number for the
porous and solid cylinder was 0.212 and 0.218, respectively.
The length of the recirculation bubble is somewhat shorter
for the porous case: Lgy/D=1.12, as compared to 1.32 for the
solid cylinder.19 The flow inside the fluid gap (i.e. in the
space between the outer porous layer and the inner solid
cylinder) was found to be laminar and periodic. The dynam-
ics of this inner flow is due to the vortex shedding phenom-
ena in the wake of the outer flow. In Fig. 2, a comparison
between the velocity at a point inside the fluid gap and the
velocity at a specific location in the wake is presented. We
can observe that the inner flow exhibits a periodic behavior
and that its frequency is locked to the frequency of the wake
oscillations due to the vortex shedding phenomenon. How-
ever, only the low Strouhal frequency is pronouncedly
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FIG. 3. Tangential velocity v, at the fluid gap centerline (left) and the radial velocity v, through the porous layer (right), both as a function of angle. The

applied scaling for the velocities has been reported in Ref. 18.
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present in the flow inside the fluid gap, whereas the higher
frequencies seem to be filtered out. Please note, that the mag-
nitude of the flow velocity inside the fluid gap is orders of
magnitude smaller than that of the velocity in the wake.
Figure 3 presents the tangential velocity component
along the centerline at (r—ry)/(r,—r,)=0.5 inside the fluid
gap (left) and the radial velocity component through the po-
rous layer (right), both as a function of angular coordinate
O. Both velocities are scaled with the free stream velocity,
with Re and with the dimensionless hydraulic resistance
Dalc=k/(8.D,.). Details on the scaling rule used here are
reported in Ref. 18. In the left-hand part of Fig. 3, the time-
averaged dimensionless tangential velocity is presented, to-
gether with three of its instantaneous time realizations. These
time realizations were taken at instances corresponding to
the maximal, intermediate, and minimal value, respectively,
of the tangential velocity at ®=45°. The inset figure is a
simplified representation of the periodic inner flow behavior
from Fig. 2, with the three time realizations indicated by
black dots. The velocity distribution in the fluid gap at dif-
ferent time instances confirms the periodic nature of that
flow. The two extreme time realizations are symmetric with
respect to ®=180". The velocity profile at the intermediate
time instant is very similar to the time-averaged velocity
profile. The latter is in very good agreement with our time-
averaged experimental data obtained by laser Doppler
anemometry.18 In the right-hand part of Fig. 3, the radial
velocity, i.e., the velocity component perpendicular to the
porous layer, is presented as a function of the angular coor-
dinate. The time-averaged radial velocity component is pre-
sented together with an instantaneous time realization at
t=t3. For ® <50° and ©®>310° the radial velocity compo-
nent is positive, meaning that the fluid flows from the outer
area into the fluid gap. For 50° <® <310° it flows from the
fluid gap into the outer area. As to be expected, the long
time-averaged radial velocity is symmetrical with respect to
®=180°, and the amount of fluid flowing towards the fluid
gap is equal to the amount of fluid leaving the fluid gap. The
small asymmetry visible in the time-averaged curve in the
right-hand side of Fig. 3 is probably due to an insufficiently
long averaging time (nine vortex shedding cycles only). Ana-
lyzing the instantaneous radial velocity distribution at r=t5,
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FIG. 4. Upper left-hand figure: Pressure difference between the wake and
the fluid gap as a function of time, in two monitored points in the upper
downstream (®=135°, solid line) and lower downstream (®=225°, dashed
line) parts of the cylinder. Lower left-hand figure: Velocity through the
porous layer (in the same two points, as a function of time). Right-hand
figure: Schematic illustration of the locations of the two monitored points.

we can explain the wavy behavior of the flow inside the fluid
gap. The instantaneous radial velocity distribution is non-
symmetrical due to the countercurrent vortex shedding at the
downstream surface of the porous layer, which causes a pres-
sure difference between the top and the bottom part of the
cylinder. In the presented graph, the outgoing fluid velocity
is higher at the bottom part (6 >180°) of the porous cylin-
der, which is due the vortex being formed and shed at this
part.

Figure 4 shows the strong correlation between the in-
stantaneous pressure difference over the porous material
(nondimensionalized with the free stream dynamic pressure),
and the radial velocity through the porous material (nondi-
mensionalized as in previous figures; see Ref. 18), at two
locations in the downstream top and bottom part of the cyl-
inder. These two points have been indicated in the pictogram
at the right-hand side of the figure and are located at
©®=135° and ®=225°, respectively. As mentioned above, the
periodic behavior of the flow inside the fluid gap is due to
the vortex shedding at the back surface of the obstacle. The
radial velocity component exhibits strong correlation to the
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pressure difference Ap=p,—p, between the fluctuating pres-
sure p, in the wake and the fluctuating pressure p; inside the
fluid gap. Taking into account the fact that the pressure varia-
tions inside the fluid gap are much smaller than those in the
wake due to the large pressure drop over the porous layer
(p1<<p,), we can conclude that the velocity through the po-
rous layer directly correlates to the pressure fluctuations in
the wake.

Figure 5 shows profiles of the absolute value of the
(scaled) tangential velocity component |v,] inside the
fluid gap. Instantaneous profiles at four different locations
(®=45°, 135°, 225°, and 315°) at one instant in time are
presented together with the time-averaged ones. The time
instant presented here corresponds to t=t; from Fig. 3, i.e.,
the time instant of maximal |v,] at ®=315°. At this time
instant, due to the interaction with the wake vortices, most of
the entering fluid passes through the lower half of the fluid
gap, as can be seen from the larger velocities at @=315°
than at @=45°. Of course, due to the long-term symmetry,
the time-averaged velocity profiles for @=45° and ©@=315°
are identical, as well as those for ®=135° and ®=225°.
Please note that in the upper part of the fluid gap the tangen-
tial velocity is of the same order of magnitude at both moni-
tored locations (®=45° and 135°). Only a little fluid has left
the gap between these two locations. In the lower part,
the tangential velocity is significantly higher at ®=315° than
at ®=225° This imbalance of the tangential momentum
confirms that most of the flow leaves the fluid gap in the
space between these locations. The general shape of the
tangential velocity profiles illustrates the laminar character
of the flow inside the fluid gap. The nonzero value of v at
(r=ry/(r,.—ry)=1 1is due the nonzero permeability of the
outer wall, allowing for tangential flow inside this wall. In
the upstream locations (@=45° and ®=315°), where the
fluid is entering the gap from the outside, the tangential
velocity maximum is pushed inward and occurs for
(r=rg)/(r.—ry,)<0.5. Similarly, in the downstream locations,
where air is flowing out from the fluid gap, the tangential
velocity maximum is located at (r—r,)/(r,—r,) >0.5.

In conclusion, we found that in the case of a subcritical
turbulent flow around a cylinder surrounded by a porous
layer with a hydraulic resistance typical for that of textile
materials, the flow underneath that porous layer is laminar
and periodic, with the frequency locked to the Strouhal fre-
quency of vortex shedding. The velocity through—and as a
consequence the velocity underneath—the porous layer is
driven by the pressure oscillations in the wake behind the
obstacle.
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