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Unsteady Flow About Porous Cambered Shells

Turgut Sarpkaya* and Paul J. Lindseyt
Naval Postgraduate School, Monterey, California 93943

A numerical simulation was carried out through the use of the vortex-element methods to investigate the
characteristics of an impulsively started uniform flow, decelerating at prescribed rates about a two-dimensional
cambered porous shell, with an included angle of 120 deg, for the purpose of understanding the effects of
porosity on the conditions under which wake recontact occurs.

Nomenclature
4b = chord length of the cambered plate
Cd = drag coefficient, D/(2pbU%)
Cp = pressure coefficient, (2Ap/pV^)l/2

c = radius of the circular cylinder
D - drag force per unit length
/ = imaginary number
m = offset of the arc center in the circle plane
q = velocity vector
p = pressure
R = radius of the camber
R { } = real part of a complex quantity
Re = Reynolds number, 4bUQ/v
r = radial distance
T - normalized time
T* = time at onset of deceleration
t = time
U = velocity
U = acceleration
U0 = steady ambient velocity
Us = velocity at separation point
u = x component of velocity
V\ = tip velocity
V2 = velocity at the inner edge of the shear layer
Vn = velocity normal to the camber
Vt = tangential velocity component
v = y component of velocity
w = complex potential function
z = x + iy, a point in the physical plane
zn = location of the nth vortex
zt - tip coordinate in the physical plane
At = time increment
Tn = circulation of the nth vortex
2a = included camber angle
j8 = porosity coefficient, (0</3< 1)
6 = Rosenhead's smoothing parameter
f = £ + /*?, normalized location in circle plane
fo = nascent vortex position in circle plane
f/ = position of camber edge in circle plane
fv = position of a vortex in circle plane
0 = counterclockwise angular position
Bs = angular position of separation point
v = kinematic viscosity
p = density of water
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Introduction

T HE genesis of the investigation is the understanding of the
reasons leading to the collapse of large parachutes and the

effect of flow through the porous canopy on the prevention of
the wake recontact phenomenon. Large parachutes have been
observed to collapse during periods of rapid deceleration, sub-
sequent to their initial inflation, with a resulting loss of drag
and payload. Spahr and Wolf1 noted that as the parachute
assembly decelerates, the momentum in the wake is in some
cases more than sufficient to cause the wake to overtake the
canopy. The return of the wake to its generating body is a
commonly encountered complex phenomenon in decelerating
or oscillating flows.2 Thus, the understanding of the physics of
a passive control mechanism (blowing through a porous wall
to push the wake away) for the prevention of wake recontact
is of fundamental importance. It is with this realization that
Sarpkaya et al.3 have recently undertaken a numerical and
experimental study of the separated time-dependent flow
about two-dimensional rigid cambered shells, with included
angles of 120, 180, and 240 deg, through the use of the vortex-
element methods.4 They have shown, among other things, that
following the onset of deceleration and wake return, the differ-
ential pressure near the axis of the camber becomes increas-
ingly negative. Had the model been flexible (as in the case of
a parachute), the part of the canopy that first comes into
contact with the wake would have collapsed as a result of the
particular differential pressure to which it is subjected. Evi-
dently, the collapsed shape would not have remained symmet-
rical (since the wake is normally asymmetrical), as evidenced
by field experiments1 with large axisymmetric parachutes.

It has long been recognized that the flow through the porous
canopy, if managed properly, can help to minimize or elimi-
nate the collapse phenomenon by eliminating the negative dif-
ferential pressure across certain sections of the canopy. The
present investigation was undertaken to study in detail the
effect of porosity on a two-dimensional rigid, but porous, shell
in order to bring the highly idealized problem a step closer to
reality. In the following, the fundamental concepts used in the
introduction of flow through a porous wall and the results
obtained with various porosities through the use of the vortex-
element methods are described in some detail.

Flow Through Porous Screens
The amount of flow through a porous material depends on

the ratio of the open area; the shape, size, and elasticity of the
threads; the moisture content of the material; the differential
pressure across the canopy; the angle of approach of the ambi-
ent flow; and the magnitude, direction, and state of flows on
the upstream and downstream faces of the wall.

In order to incorporate the effect of porosity into the analy-
sis, one has to know at least the flow rate through the canopy
as a function of the local differential pressure, assuming that
the other parameters cited earlier are of secondary importance,
or that their effects may be incorporated into a flow coefficient
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relating differential pressure to the normal velocity of the flow
rate. This seemingly simple search for a reliable (theoretical
and/or experimental) equation is anything but simple. The
following is a brief description of the previous investigations
of flow through screens.

A fairly detailed review of the flow through screens is given
by Laws and Livesey.5 There are a number of investigations
(see, e.g., Graham6) that have dealt with the flow past fairly
porous screens for the purpose of understanding, managing,
or generating isotropic turbulence. Often the resistance
through the screen was of minor importance. Others (see, e.g.,
Taylor,7 Taylor and Davies,8 Wieghardt9) who examined the
flow through infinite screens expressed the resistance as
Ap - l/2pKU2. Koo and James10 and Cumberbatch11 investi-
gated the flow past finite screens set in infinite flows by replac-
ing the screen with a source distribution and adjusting the
stream function to yield the correct mass and momentum flux
across the screen. However, the effects of body shape, flow
separation, vortex formation, flow magnitude and direction
downstream of the body, and deceleration of the flow were not
investigated. It is clear that there is an enormous amount of
research done on the flow through screens and yet there is very
little information that could be extracted from this research for
use in connection with a finite porous canopy. Payne12 re-
viewed the data from many researchers in an effort to relate
the geometric porosity (open area ratio) to the differential
pressure and developed an equation in terms of a dynamic
pressure loss term and a viscous loss term, as

However valuable, this study did not deal with the effects of
flow direction. This prompted the undertaking of an experi-
mental investigation to establish the proper relationship be-
tween the pressure drop, the flow rate, and the flow direction
on the actual samples of canopy materials used in parachutes.

The purpose of the experiments was twofold: to find the
differential pressure vs flow rate relationship, and to find the
variation, if any, of this relationship with the downstream flow
direction. For this purpose, canopy samples were mounted
smoothly on top of a rectangular opening on one of the walls
of a small wind tunnel. A rectangular pipe (2 in. x 6 in. in cross
section and 30 in. long, equipped with flow straighteners) was
attached to the tunnel wall, directly in front of the opening, to

Table 1 Characteristics of the canopy samples
Military specification

A
B
C
D

Nylon
Nylon
Nylon
Kevlar

l . lOoz
4.75 oz
7.00 oz
3.00 oz

None
(MIL-C-8021D-Type I)
(MIL-C-8021D-Type II)
None

Table 2 Pressure coefficient
for canopy samples

Min. Mean Max.
A
B
C
D

20.3
33.0
39
61.5

22.9
36.7
42.8
66.3

27.3
43.0
48.9
73.3

Table 3 Geometrical relationships
m 2a b R

Model
Model
Model

A
B
C

0.500
0.707
0.866

120
180
240

0.866
0.707
0.500

2
V2

2/V3

blow measured amounts of air through the sample cloth. The
pressures upstream and downstream of the screen were
recorded for each flow rate through the screen and through the
tunnel. Observations have shown that the canopy sample did
not bulge measurably during the experiments, even at the dif-
ferential pressures encountered by a parachute beginning to
descend at a speed of about 600 mph (880 ft/s). This was
primarily due to the proper construction and sandwiching of
the circumference of the canopy sample to the tunnel wall.
However, this is not meant to exclude the possibility that at
high pressures the slight cambering of the sample may have
stretched it and thereby increased its porosity slightly, leading
to a relatively smaller differential pressure for a given flow
rate. In fact, this was checked by conducting the experiments
first with increasing and then decreasing flow rates. No at-
tempt was made to wait a long time after the completion of the
experiment with ascending pressures to see if the material
would return to its original unstretched shape, or whether
fibers used in the construction of the canopies would develop
a permanent set beyond certain differential pressures and re-
tain their deformed shape. This leads to the possibility that a
once-used parachute may fall faster than a never-used one.

Of the seven available canopy materials, four samples were
chosen and tested to provide a range of data. The characteris-
tics of the four samples are shown in Table 1. The identifying
letters are used for later reference.

During the course of the experiments, the flow on the down-
stream face of the sample was systematically changed to see if
the differential pressure across the sample would increase for
a given flow rate through the sample. The results of tests on the
effect of flow on the downstream face of the samples have
emphatically and somewhat surprisingly shown that the flow
through the screens investigated is not affected by the presence
or absence of the downstream flow. This apparently simple
finding is of extreme mathematical and practical importance.
It simplifies, for a first-order of approximation, the analysis
and the possible management of porosity to minimize the con-
sequences of wake recontact. It does not, however, resolve the
more fundamental question regarding the effect of flow accel-
eration or deceleration on the flow through the screens.

The steady-flow results obtained with the four canopy sam-
ples have shown that13 the pressure coefficient Cp, defined by

remains nearly independent of velocity for a given canopy.
Table 2 shows the minimum, mean, and maximum values of
the pressure coefficient for the different samples.

Analysis
Conformal Transformations and Velocity Potential

The calculation of the velocity of any one of the vortices and
the force acting on the body requires a conformal transforma-
tion (in which the camber becomes a circle), a complex velocity
potential representing the vortices, their images, and the two
dimensional irrotational flow around the body, and the use of
the generalized Blasius theorem.

The flow in the circle plane (Fig. la) may be transformed to
that about a cambered plate (Fig. lb) through the use of

b2 1 -2m2

t+m m (0

It is to be noted for later use that w = - 0Uz represents the
velocity potential for a uniform flow of velocity fMJ past a
porous shell in the z plane. Table 3 summarizes the relation-
ships between m, a, b, and the radius of the camber.

The complex velocity potential w in the circle plane that
describes the ambient flow [/(assumed to be time dependent),
Ticq clockwise-rotating vortices (called q vortices), Tkp coun-



504 T. SARPKAYA AND P. J. LINDSEY J. AIRCRAFT

Fig. la Circle plane. Fig. Ib Physical plane.

ter-clockwise-rotating vortices (called p vortices), and the im-
ages of all of the p and q vortices in the circle plane may be
written as

(2)

in which Tkp and $kp represent, respectively, the strength and
location of the kth p vortex, Ykq and $kq the strength and
location of the kth q vortex, and c the radius of the cylinder;
an overbar indicates a complex conjugate. The need for the
separate identification of the p and q vortices and for the
singling out of the nascent vortices in each shear layer (i.e., TQp
and r0^) will later become clear.3'14 The first term on the right
side of the equation represents the velocity potential for a
specified fraction /3 of the uniform flow U past through the
camber (i.e., -pUz), and the second term represents the po-
tential for the flow going around the camber plus the doublet
in the circle plane, as per circle theorem.

Complex Velocities of Vortices
The convection of the vortices and the calculation of the

forces acting on the body require the evaluation of the veloci-
ties at the vortex centers in the physical plane. Using Routh's
rule,3'14 one has

- ux Wv = T7

4ir/'2(fv)
(3)

in which the last term in Eq. (3), for a p vortex, for example,
reduces to

(4)

Similar results may be obtained for other vortices.
The fact that the flow separates tangentially with a finite

velocity at the edges of the camber (Kutta condition) may be
expressed by requiring

df
at f = f t = (5)

Thus, inserting Eq. (2) in Eq. (5), one has

1 1 \ iT0a 1
27T V&-Jbp

1

^ 27T

- upn +

Equation (6) may be decomposed into two parts as

(6)

2*-
1 1

27T

f/ -
(7)

where the terms containing the strength of the nascent vortices
represent the velocity induced at the tip of the camber by the
nascent vortices, and the term in parentheses, (- Uto + iVto),
represents the velocity at the tip due to flow through the cam-
ber, flow around the camber, doublet at the center of the circle
in the f plane, and all of the wake vortices (and their images),
excluding the nascent vortices.

Equation (7) represents two coupled equations for the
strengths and positions of the nascent vortices. Thus, the solu-
tion of the said equations does, in general, require an iteration.
However, this iteration may be avoided by noting that the
velocity induced by a nascent vortex and its image at the oppo-
site tip is very small and certainly negligible. Thus, Eq. (7), for
one of the nascent vortices, may be reduced to

1 1
(8)

A similar expression may be written for the other nascent
vortex.

Flow Through the Porous Wall
The only analytical work that dealt only with steady uni-

form flow past a two-dimensional porous plate of width 4c
(held normal to the flow) was carried out by Inoue.16 The flow
was started impulsively from rest at a constant velocity of U.
Inoue made no attempt to relate the differential pressure
across the plate to the flow rate. According to his method, the
complex function for a plate normal to the flow is given, in our
notation, by

-E 27T
(9)

in which 13 (0</3< 1) is an artificial porosity coefficient. The
first term on the right side of Eq. (9) represents the contribu-
tion of the uniform flow /3C7, the second term represents the
potential flow around a plate of width 4c, and the remaining
terms represent the contributions of the discrete vortices (in-
cluding the nascent vortices). Clearly, &U is the uniform part
of the flow that passes through the screen, regardless of the
differential pressure distribution prevailing along the screen.
Inoue did not examine the pressure distribution along the plate
and confined himself to the comparison of the calculated flow
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kinematics with sample flow pictures, presumably obtained
under conditions similar to those encountered in the numerical
calculations. Thus, his results correspond to screens with
nonuniform and unknown porosity distributions.

Computational Details
With the realization of the fact that the flow through the

camber must be related to the prevailing differential pressure
and that the direction of the flow in the wake has no measur-
able effect on the differential pressure vs dynamic head, a new
method had to be devised that would properly account for the
effect of porosity.

The present method takes advantage of the simplicity of
Inoue's method and accounts for the local dependence of the
flow on differential pressure. For this purpose, the value of 0
is chosen (e.g., j8 = 0.25) so as to make VnatO = 0.0 propor-
tional to \/Ap. The variations in the flow across the camber
beyond and above that given by Inoue's method are accounted
for through the use of discrete vortices placed along the cam-
ber. A number of sample calculations have shown that the use
of 118 body vortices (one every degree) on a 120-deg camber
will be more than sufficient to account for the additional cross-
flow effects smoothly. The first vortices were placed one de-
gree from the tips, and no vortex was placed at 6 = 0. The
midpoints between the vortices were used as the control points
to calculate the velocity normal to the camber. At each control
point, the differential pressure was calculated,3'15 and then Vn
was found from

K.-4-. (10)

for a given Cp (see Table 2). The normal component of the
velocity induced by the uniform flow based on 0 was sub-

Fig. 2a Flow about a 120-deg cambered shell at T = 8.64 (Cp = 22.9
and b =0.049).
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tracted, and then the strengths of the body vortices were deter-
mined by equating the remaining velocity to that induced by
the body vortices at the control points. Once the strengths of
the body vortices were determined, the velocity induced at each
vortex in the wake was calculated, the velocity of the ambient
flow was updated, and all of the wake vortices were convected
for a time interval Af using a second-order modified Eulerian
scheme. The procedure was then repeated, up to any specific
time (in this analysis T= 25). The method of introduction of
the nascent vortices has been described in detail by Sarpkaya
et al.3 and will not be repeated here. Suffice it to note that in
the present calculations only the constant-Af method rather
than the variable-A/ method was used. The wake vortices were
never merged together, no matter how close they came, and
were only removed from the simulation if they contacted the
camber. To prevent abnormally high induced velocities from
occurring due to the proximity of one vortex to another,
whether body or wake vortices, Rosenhead's17 smoothing
scheme was used, i.e., the complex velocity at a point was
multiplied by

(11)

where \Zk —Zj \ is the distance between the vortex centers and
5 is the attenuation factor. In this analysis, 6 was chosen to be
0.05. A detailed discussion of Rosenhead's scheme is given by
Sarpkaya.4

The method described above is quite general and could be
used to investigate the effect of porosity on any canopy. Be-
cause it was deemed sufficient to explore the physics of the
phenomenon, only two porosities were used in the numerical
experiments. The first corresponded to the characteristics of
the canopy sample A (Cp = 22.9, with 0 = 0.045, see Table 2),
and the second to a canopy that is much more porous than any
of the samples tested, with an assumed Cp =4.45, which re-
quired an initial value of 13 = 0.25 at T = 0.5 at 0 = 0.

Discussion of Results
The numerical experiments were carried out for a number of

time-dependent normalized velocities, chosen on the basis of
the physical experiments carried out in a vertical water tunnel
with nonporous cambers.3'15 The variations of velocity and
acceleration with time were either represented by suitable func-
tions or left in digitized form for use in the calculations. A
sample velocity history is given by

0 < T < 10, VR = 1 (12a)

10<r*<18, VR =0.5 + 0.5cos[0.1257r(r- 10)] (12b)

where

U0-Ut

dt

» H Tand T =

(12c)

(12d)

Fig. 2b Differential pressure distribution at T = 8.64 (Cp = 22.9 and
6=0.049).

Clearly, Eq. (12a) assumes that the flow is accelerated impul-
sively from rest to a constant velocity. In general, this is not
possible, and the measured and calculated forces differ at
small times because of the differences between the measured
and assumed initial acceleration histories.3'15 Suffice it to note
that, other than numerical experiments, there is no mechanical
or traveling-shock system capable of generating a truly impul-
sive flow. Efforts to generate impulsive or uniformly acceler-
ated flow at high Reynolds numbers or accelerations in a liquid
medium are hampered by the generation of compression and
rarefaction waves and regions of intense cavitation. These are
some of the difficulties of the experiments with impulsive
flows.
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Fig. 3a Flow about a 120-deg cambered shell at T = 11.29 (Cp = 22.9
and b =0.049).
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Fig. 3b Differential pressure distribution at T = 11.29 (Cp = 22.9 and
£=0.049).

Fig. 5a Flow about a 120-deg cambered shell at T = 8.64 (Cp = 4.45
and b =0.25).
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Fig. 5b Differential pressure distribution at T = 8.64 (Cp = 4.45 and
6=0.25).
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Fig. 4a Flow about a 120-deg cambered shell at T = 15.36 (Cp = 22.9
and ft =0.049).

Fig. 4b Differential pressure distribution at T = 15.36 (Cp = 22.9 and
b =0.049).

Equations (12a-12d) require the specification of the initial
velocity UQ and the terminal velocity Ut or Ut/U0. In general,
the fall-velocity history of a given parachute depends on nu-
merous parameters, such as the mass of the parachute system,
physical characteristics of the ambient medium (air density,
temperature, and viscosity), a characteristic diameter of the
parachute, physical characteristics of the canopy (e.g., config-
uration, porosity distribution), gravitational acceleration, and
the magnitude and direction of the initial velocity. Thus, one
cannot arbitrarily specify the velocity history. Clearly, the in-
stantaneous position of the wake relative to a given canopy
(wake recontact) depends not only on the initial velocity and
the rate of deceleration of the parachute but also on the dura-
tion of the deceleration or on the amount of reduction in the
fall velocity, i.e., on Ut/U0. Nevertheless, the understanding
of the physics of the wake recontact problem may be enhanced
through the use of a sufficiently realistic and yet relatively
idealized velocity history. It is with this objective in mind that
Eqs. (12a-12d) were used in the calculations. Even though the
velocity ratio Ut/U0 was varied systematically, only the results
obtained with Ut/UQ=l/6 are reported herein.

Figures 2-4 show the evolution of the wake and the differen-
tial pressure distribution at times T = 8.64, 11.29, and 15.36
for Cp=22.9 and 0 = 0.049 (sample A). The comparison of
these figures with those presented by Sarpkaya et al.3*15 for the
nonporous case shows that the effect of porosity, however
noticeable, is not large enough to produce a significant down-
stream displacement of the wake vortices. The importance of
this conclusion lies in the fact that even the most porous para-
chute canopy used by the industry is not sufficiently porous to
minimize the consequences of the wake return for certain com-
binations of the governing parameters, as evidenced by the
field experiments.1
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The next step in the analysis was to show the beneficial
effects of porosity when it can be made sufficiently large.
Figures 5-7 show the evolution of the wake and the differential
pressure distribution at times T = 8.64, 11.29, and 15.36 for
CP=4A5 and /3 = 0.25. It is evident from a comparison of
Figs. 2a, 3a, and 4a with Figs. 5a, 6a, and 7a that the wake is
significantly displaced downstream and that, as seen in Figs.
5b, 6b, and 7b, the differential pressure 2A/?/pt/0

2 (i.e., the
pressure inside the camber minus the pressure outside) is less
negative than those shown in Figs. 2b, 3b, and 4b. Figure 8
shows the evolution with time of the differential pressure at
0 = 0 for the porous (Cp=22.9, 0^=4.45) and nonporous
cases.3'15 It is seen that the case of Cp =22.9 has differential
pressures only slightly less in magnitude than the nonporous
case, whereas the more porous case (Cp = 4.45) has signifi-
cantly smaller differential pressures. In other words, the effect
of flow through the porous wall is to increase the base pres-
sure.

Figure 9 shows the drag coefficient as a function of Tfor the
two porosities cited earlier. Apparently, for £^=0.049, not
only the differential pressure at 6 = 0 but also the net force
acting on the entire camber becomes negative at some time
during the course of the evolution of flow. For the case with
Cp = 4.45, the deceleration of flow brings, as expected, a grad-
ual decrease in Cd, followed by an increase that reaches its
maximum toward the end of the deceleration period. Never-
theless, the drag remains positive even though the differential
pressure at 0 = 0 goes through negative values. For T >18,
however, the wake continues to approach the camber because
of the mutual induction of the counter-rotating vortices on
both sides of the camber, and Cd decreases once again, but
only temporarily. Subsequently, the drag recovers, primarily

Fig. 6a Flow about a 120-deg cambered shell at T = 11.29 (Cp = 4.45
and b =0.25).

-60 -50 --10 -30 -20 -10 0 10 20 30 40 50

Fig. 6b Differential pressure distribution at T = 11.29 (Cp = 4.45 and

due to the combined effects of the terminal velocity and the
wall bleeding. At larger times, the drag coefficient is expected
to oscillate about a mean value. The comparison of the two
drag curves also shows that the effect of the larger porosity is
partly to delay the decreases in Cd and partly to attenuate the
oscillations superimposed on it. Apparently, flow through the
porous canopy can substantially modify the wake and delay or
inhibit the occurrence of negative differential pressures. How-
ever, the porosity required to achieve the desired result may be
at the expense of reduced drag or increased terminal velocity.
It is clear that the wake structure modification to inhibit para-

{ " ' » » * M i V J \ \ X ^

Fig. 7a Flow about a 120-deg cambered shell at T = 15.36 (Cp = 4.45
and b =0.25).

Fig. 7b Differential pressure distribution at T = 15.36 (Cp = 4.45 and
b =0.25).
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porosities.
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Fig. 9 C</ vs time for high (Cp = 4.45, b = 0.25) and low (Cp = 22.9,
b = 0.049) porosities.

chute collapse should be achieved partly through modifica-
tions to the geometrical configuration and partly through the
use of nonuniform porosity. The relatively idealized calcula-
tions presented herein also suggest that both Ut/U0 and the
normalized distance s/D covered by the parachute during its
deceleration period should be made as large as practically pos-
sible to minimize wake recontact.

Conclusions
A numerical investigation of an impulsively started steady

uniform flow, decelerating at prescribed rates to another
steady state, about a two-dimensional cambered porous shell
with an included angle of 120 deg has been carried out using
the vortex-element methods. The results have shown the fol-
lowing.

1) Initially, two highly stable symmetrical vortices form and
continue to grow, giving rise to relatively large drag forces.
During the period of deceleration, however, the vortices move
toward the camber and give rise to regions of negative differ-
ential pressure and even to negative drag forces, depending on
the intensity and duration of the deceleration and the magni-
tude of flow through the porous wall. Had the model been
flexible (as in the case of a parachute), the central part of the
camber would have collapsed as a result of the particular decel-
eration it is subjected to.

2) For cambers with relatively small porosities, the pattern
of vortex shedding is much the same as that for rigid cambers.
A small downstream motion of the vortex pair is discernible,
but no striking changes take place. The effect of the increased
porosity, however, is to move the vortex pair markedly down-
stream and attenuate and delay the consequences of the flow
deceleration relative to the less porous case. Nevertheless, it is
possible to find deceleration rates and Ut/U0 values for which
strong wake recontact and parachute collapse will take place
regardless of the degree of porosity (within practical limits, of
course, without substantial or unacceptable sacrifice in termi-
nal velocity).

3) Flow through a porous body should be regarded as one
of the passive means to modify the structure, as well as the
behavior of the wake of a body undergoing rapid deceleration.
Other forms of wake manipulation need to be explored in
addition to the use of increased porosity. The results of the
numerous calculations with other rates of deceleration and
U(/UQ ratios suggest that both Ut/U0 and the relative distance
s/D covered by a parachute during its deceleration period
should be made as large as possible in order to minimize the
occurrence of negative differential pressures along the canopy.

4) The type of wake modification explored in this work
needs to be pursued further in order to incorporate into the

analysis the flexibility of the canopy. Furthermore, physical
experiments with rigid as well as flexible screens (with variable
porosities) or with actual canopy samples will provide an excel-
lent opportunity to improve the predictions of the numerical
method used.

5) Fast numerical experiments can be carried out with the
model developed herein. It would have been extremely diffi-
cult, if not impossible, to achieve similar results with space
discretization methods, within comparable CPU times. Thus,
the investigation reported herein shows the power as well as the
limitations of the vortex-element methods through the use of
a highly complex separated time-dependent flow.
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