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Impulsively Started Flow About a Rigid Parachute Canopy
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The temporal evolution of the flowfield in the near wake of a parachute canopy is studied computationally with
a finite element method. The canopy is assumed to be rigid and impermeable, and the flow is started impulsively.
The separated shear layer surrounding the canopy creates a starting vortex ring. As time evolves, flow instabilities
cause the vortex ring to become convoluted and eventually lead to the breakup of the ring. This phase of the flow
lasts for approximately 16D/U, where D is the mean projected diameter of the canopy and U is the freestream
velocity. After the initial phase, the flow goes through a transition phase before settling into its steady state. In the
steady-state phase, the drag and base pressure coefficient become nearly constant. The computed drag coefficient
matches very well againstexperimental data. The steady-state phase is reached after a time period of approximately
45D/U. During the steady-state phase, vortex shedding is observed in the near wake despite the nearly constant

drag coefficient.

Introduction

HE long-term objective of this study is to gain a better under-
standing of the unsteady flow in the near wake of a parachute
canopy. It is well known that the wake of bluff bodies is three-
dimensional and unsteady even when the body is planar or axisym-
metric. The problem becomes even more complex when the interac-
tion between the unsteady freestream and the flexible canopy fabric
is considered. To simplify the problem, the starting flow around a
rigid parachute canopy is considered here. Although there are sev-
eral experimentalstudiesonrigid parachutecanopy modelsin steady
flow, there appear to be no experimental data for the starting case.
Discrete vortex methods have also been used to model the flow
behind steady and transient bluff bodies."? The majority of these
simulations are either planar or axisymmetric. Even though the dis-
crete vortex methods have been used to examine the starting flow
about two-dimensionalbodies, such as flat and cambered plates,’~>
to date, only few vortex method simulationshave dealt with the case
of parachutelike geometries. Frucht and Cockrell® used an axisym-
metric vortex code to simulate the flow around rigid cup geometries
similar to parachute canopies. Although the computed mean drag
compared satisfactorily against experimental data, quasi-periodic
local peaks in drag coefficient were observed. Strickland’ devel-
oped a robust axisymmetric vortex method for the simulation of
unsteady flow over parachutes. This approach resulted in favor-
able predictions of drag for disks, rings, and hemispherical shells
in steady and transient motion as long as the flow is axisymmetric ?
Shirayama and Kuwahara® devised a discrete vortex method that is
capable of nonaxisymmetric simulations. However, their computed
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dragfor a disk was underpredictedby 25%. Therefore, it appears that
Navier-Stokes solvers are needed to capture accurately the three-
dimensional flow in the near wake of parachute canopies.

In the present study, the impulsively started flow around a
thin, rigid, impermeable canopy is computed by using a three-
dimensional stabilized semidiscrete finite element formulation'*!!
of the time-dependent Navier-Stokes equations of incompressible
flows. The sharp edges of this canopy geometry resultin very large
velocity gradients, and a stabilized formulation is needed to treat
the flow in the vicinity of the canopy skirt. The evolution of the near
wake from the formation of the starting vortex ring, to its break-
down, and the eventual attainment of the steady state was followed.
The computed data not only illuminate the complex fluid behavior
accompanyingthe transition from axisymmetry to three dimension-
ality, but also provide quantitative measures of the starting vortex
ring such as its vorticity distribution. Moreover, this flow allows for
the verification of the computational formulation that is used in the
more sophisticated fluid-structure interaction computations in our
parachute modeling effort. A byproductof the simulationdescribed
herein is an assessment of the time needed to reach the steady state.
The computational work presented here took advantage of the re-
searchcode thatis currently in use by the Airdrop Technology Team
at the Natick Soldier Center. Further details of the computations are
described in the next section.

Numerical Formulation

Governing Equations
The flow was assumedto be ata low speed, thus the Navier-Stokes
equations of incompressible flows were utilized. Let  C R"¢ and
(0, T) be the spatial and temporal domains, respectively, where
ny is the number of space dimensions, and let I' denote the
boundary of Q. The spatial and temporal coordinates are denoted
by x=(x,y,z) and t € (0, T). The Navier-Stokes equations for
incompressible flows are
ou
p(g—l—u-Vu—l—f) —V-0=0

on 2 and

‘u=0



JOHARI, STEIN, AND TEZDUYAR 1103

on 2, where p, u, f, and o are the density, velocity, body force, and
stress tensor, respectively. The stress tensor for a Newtonian fluid
with dynamic viscosity p and the strain rate tensor €(u) is defined
as follows:

o(p,u)=—pl+2ue(u)

where p is pressure and / is the identity tensor.
For the flow under consideration, u was modified locally using a
Smagorinsky turbulence model' as follows:

Mmodified = M + ,O(Cl’le)zv 2¢e:e

Here, C is a constant equal to 0.15, and /4, represents the element
length scale. The variations of /2, depend on the local mesh refine-
ment. The boundary I" is composed of T', and I'j, corresponding
to the Dirichlet- and Neumann-type boundaries, respectively. The
initial condition for the velocity is specified as u(x, 0) =uy on €2,
where u is divergence free.

The flow solutions presented in this paper were obtained using a
stabilized semidiscrete formulation for the Navier-Stokes equations
(see Refs. 10 and 11). We use an unstructured mesh of linear tetra-
hedral elements for spatial discretization and central differencing
for time integration.

Numerical Model

For the rigid canopy, the geometry of the canopy had to be fixed
at the outset. The canopy geometry was derived from the finite
element solution of a structural model,'* where a constant pressure
distribution was imposed on the inner face of a flat circular canopy
with an effectively zero thickness. There are 24 suspensionlines that
limit the movement of the canopy. The resulting canopy geometry is
that of the structural model after reaching static equilibrium, that s,
the sum of forces being zero. The inflated canopy geometry (without
the suspension lines) and the mesh used for the structural finite
element solution are shown in Fig. 1. The projected diameter of
the canopy, determined from the projected area /(44 yjeciea /)5
is equal to 70% of the original flat circular diameter. The distance
between the canopy mouth and the apex is equal to 42.5% of the
mean inflated diameter. Both the projected diameter and depth of
the inflated canopy are within 5% of the observed values for full-
scale solid cloth flat circular canopies."* Thus, the rigid canopy
closely resembles an inflated canopy in steady descent. Henceforth,
all diameters for the inflated canopy refer to the mean projected
(frontal) diameter of the rigid canopy, hereafter denoted by D.

A three-dimensional tetrahedral volume mesh was generated us-
ing unstructured mesh generation software based on the strategies
described by Johnson and Tezduyar."” The mesh surrounding the
canopy is shown in Fig. 2, where the significantly increased mesh
density is clearly visible from the side view. The mesh consists of
129,970 nodes and 805,797 tetrahedral elements. This mesh was
selected as a result of an analogous study of an impulsively started
flat disk.' It turns out that in the case of a disk, increasing the mesh
refinement by a factor of two (from a similar number of nodes and

)

=S4
R
o

2%
%%
% o

V00,
5%

=

2=\
ez
LA
L
LT

77
77

2
17

7
/7

177

Fig. 1 Two views of the inflated rigid canopy with the structural model
mesh superposed.
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Fig. 2 End and side views of the mesh.

elements) does not make any significant changes to the flow evolu-
tion or the initial or steady-state drag values. Therefore, the current
mesh refinement was deemed sufficient to resolve the primary flow
featuresin the near wake during the startup and steady-stateperiods.
The adequacy of the mesh is furtherdemonstratedby the close agree-
mentbetween the computed drag and base pressure coefficients with
the experimental data.

The computational domain consisted of a rectangular box hav-
ing a square cross-sectionof 5.7D on each side and 17D long. The
rigid canopy is located 5D from the inflow. A Dirichlet-type bound-
ary condition is used at the inflow where a uniform velocity is pre-
scribed. Atthe outflow, atraction-freeboundarycondition(n - o =0,
where 7 is the unit normal vector) is imposed. Free-slip boundary
(n-u=0) conditions are prescribed on the four sides where the
normal velocity component is set to zero. The canopy surface is
treated as a no-slip boundary. The origin of the Cartesian coordi-
nate system is placed at the mouth of the canopy, with the positive
z axis (which is aligned with the symmetry axis) in the freestream
direction. A mesh refinement zone covers a rectangular volume of
1.5D square cross section extending from 2.14D upstreamto 7.14D
downstream of the canopy mouth. The blockage ratio of the canopy
within the computational area is 2.4%, which is comparable to a
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physical model in a large wind tunnel. Thus, significant blockage
effects would not be expected.

In the computations, the flow about the canopy is started impul-
sively at time 7 = 0.0, at a Reynolds number of 1.4 x 10°. Here, the
Reynolds number is based on the mean projected diameter D and
the prescribed freestream velocity U. Time step sizes ranging from
0.0036D/U t00.036D /U were employed to investigate the effects
of varying the time step size. Only very minor differences were ob-
served with different time step sizes, and the trends were identical
among all cases. A time step size of 0.0143D /U was chosenin this
study to keep the total computational time reasonable. The compu-
tations were carried outon a CRAY T3E-1200, for 5900 time steps,
resulting in the flow evolution within a time period of 84.3D /U
after the flow initiation.

Results

The development of the starting flow around a rigid parachute
canopy can be divided into three phases based on the drag and
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Fig. 3 Velocity vectors in a cross-sectional plane during the a) startup
and b) steady-state phases of the flow development.

flow characteristics. The first phase, which begins with the onset of
simulation, is characterized by the formation, growth, and breakup
of a starting vortex ring in the near-wake region. The second phase
covers the transition from the starting flow to the steady-statephase.
In the third phase, the flow settles in its steady state with regular
vortex shedding. In this phase, the drag and the pressure at the apex
of the canopy remains nearly constant in time. Velocity vectors
from a cross-sectional plane during the startup and the steady-state
phases are shown in Fig. 3. Although the flowfields are quite similar
on the upstreamside of the canopy, the flows in the near-wakeregion
are quite different. The presence of the starting vortex ring creates
a strong reverse flow within a recirculation bubble terminating at a
stagnationpointaway fromthe canopy surfacein the startup velocity
field. On the otherhand, the separated flow causes a large open wake
with relatively small velocities in the steady-state regime.

Startup Phase

A starting vortex ring rolls up in the near wake of the canopy
shortly after the flow initiation. The vortex ring is axisymmetric
at first and grows by the entrainment of vorticity shed from the
separated shear layer formed at the perimeter of the canopy. Self-
inductionof the ring transportsit away from the canopy. To visualize
the externalstructureof the starting vortex ring, pressureisosurfaces
are utilized. The advantage of displaying the pressure isosurfaces
instead of components of the vorticity vector is the masking of the

1.43 2.86
4.29 5.71
8.57 10.0
11.4 12.9
14.3 15.7

Fig. 4 Evolution of the canopy starting vortex ring as depicted by
pressure isosurfaces; numbers indicate the nondimensional time.
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Fig. 5 Development of the azimuthal vorticity field in two perpendicular planes; numbers indicate the nondimensional time.

separated shear layer. A sequence of images in Fig. 4 reveals the
evolution of the starting vortex ring depicted by pressure isosur-
faces. The pressure coefficient, C, =2(p — p«)/pU?, of the ren-
dered surface is chosen to be —1.75, which corresponds to 93% of
the minimum C,, in the vortex core at the time 1.43D /U . The mini-
mum pressure in the vortex core remains roughly constant (10%),
whereas the vortex ring is still symmetric. The vortex ring remains
axisymmetric up to a nondimensional time of T =tU /D =9, af-
ter which the ring experiences the Widnall instability'” and waves
develop on the ring. There appear to be only a few waves on the
starting ring as compared to the larger number of waves typically
presenton the core of free vortex rings. This is due to the thick vor-
tex core created in the canopy wake.!” Saffman'® states that, in free
vortex rings, the appearance and growth of the azimuthal waves is
followed by a rapid localized (nonuniformin space) breakdown. We
also observe that for the starting vortex ring, one side of the vortex
ring moves closer to the canopy causing the vortex ring to break
apart. Thereafter, complex vortex interactions ensue and the rem-
nants of the starting vortex ring are shed at 7 ~ 16. After the onset
of instability and the ensuing asymmetry, the pressure in the vortex
core becomes dependent on the azimuthal position along the core.

Pressure on the rear side of the canopy is strongly affected by
the starting vortex ring. Pressure at a point outside the viscous core
of a vortex scales with the minimum pressure in the vortex core
divided by the distance squared. Then the proximity of the ring to
the canopy is directly correlated with the pressure distribution on
the canopy. As will be seen, the minimum pressure in the starting
vortex core remains nearly constant. Thus, as the ring moves away
from the canopy, pressure on the canopy should increase with the
square of the distance between the ring core and the canopy surface.
The base pressure coefficient Cy, (i.e., at the apex of the canopy)
does increase to a maximum value whereas the vortex ring retains
its coherence. The highest C,, on the convex surface of the canopy
remains approximately at the apex until appreciable asymmetry ap-
pears. The pressuredistributionon the concavesurface of the canopy
remains fairly constant throughout as the starting vortex forms and
then disintegrates.

The vorticity field in two perpendicularplanes was extracted from
the computed data to provide a different perspective of the starting
vortex ring. The azimuthal component of vorticity field, which is
normal to the two planes, is shown in Fig. 5. The axial and radial
extentof theimagesis 3.5D in each direction. The images on the left
side correspond to the azimuthal vorticity in the y-z plane whereas
the images on the right side are from the x-z plane. The two planes
relate to horizontal and vertical cuts in the images of Fig. 4. The
darkest shades indicate the highest absolute values of azimuthal
vorticity. It is evident that the vorticity field is quite axisymmet-
ric before the image correspondingto a time of 7 = 10, consistent
with the pressure surfacerendering. Asymmetry of the vorticity field
becomes appreciable by T = 11.4, where the lower portion of the
vortex in the x-z plane has moved closer to the canopy surface and
becomes detached from the feeding shear layer. The inward move-
ment of the lower portion of the vortex continues until coherence
of the vortex core is lost. At the same time, the upper portion of
the vortex enlarges and moves further away from the canopy. These
features are quite similar to those observed in the experiments of
Balligand and Higuchi'® with a starting disk (see Figs. 57 and 58 in
Ref. 19). Meanwhile, the vortex core in the y-z plane has become
diffuse and elongated. The azimuthal vorticity field has lost its ring
structure completely in the image correspondingto 7= 12.9. The
remnants of the starting vortex ring are shed by 7 ~ 16, and smaller
vortices form very close to the canopy surface. After the starting
vortex is shed, streamwise vorticity filaments become prominent in
the y-z plane of the wake.

Even though the vorticity distributionin the y-z plane appears to
be more symmetric than that in x-z plane initially, the former also
becomes asymmetric by the time the starting vortex gets shed. The
appearanceofinstability waves create this uneven feature, which has
alsobeenobservedin the developmentof the wake behind a sphere 2°
A recentinstability analysis has shown that the most unstable mode
in the steady wake of spheres and disks is helical >!

The development of the canopy drag Cp and base pressure co-
efficient Cyy, is plotted in Fig. 6 during the first phase of the start-
ing flow. Because of adjustment of the flow to the impulsive start,
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Fig. 6 Drag (—) and base pressure coefficient (- - -) during the
starting phase.

the canopy drag experiences large amplitude oscillations during
0 < T < 1. Drag decreases from a very large value (due to the im-
pulsive start) to a minimum, whereas the base pressure increases to
a maximum positive value at 7 &~ 7. As argued earlier, pressure on
the canopy surface should increase with the square of the starting
vortex core distance from the canopy. The pressure coefficient at
the apex increases and becomes positive at T ~ 3 as the vortex ring
moves from the immediate vicinity of the canopy. As the starting
vortex ring loses its coherence, the base pressure decreases result-
ing in a drag increase. The observed decreasein the drag coefficient
and rise in the base pressure coefficient at early times are consis-
tent with the starting flow about a disk!® and a two-dimensional
plate?

The asymmetry of the starting vortex ring after onset of the in-
stability induces a side force on the rigid canopy. The low-pressure
region associated with the portion of the vortex closest to the canopy
inthe x-z plane (see Figs. 4 and 5) drives the principalorientationof
the side force. The side force coefficient, normalized by the dynamic
pressure and the canopy projected area, along with its orientation, is
shown in Fig. 7 during the startup phase of the flow. The side force
coefficient increases monotonicallyto a peak value of 0.4 at T =14
and then subsides rapidly as the starting vortex ring breaks up. The
side force orientationis confined to a narrow range of angles around
180 deg, confirming the effect of the vortex ring asymmetry.

The minimum pressure in the vortex core is plotted in Fig. § at
four azimuthal angles around the vortex. The pressure coefficient
in the vortex core, which is equalto —1.9 at T = 1.43, experiences
several oscillationcycles with an amplitude of approximately £10%
before the vortex ring breakup. The minimum pressure in the vortex
coreis nearly uniformin the azimuthal directionuntil 7 ~ 9, beyond
which appreciabledifferencesare observeddue to the instability and
eventual disintegrationof the starting vortex ring. The minimum C,,
in the vortex core cannot be followed sensibly beyond the time of
T ~ 16 because of the appearance of multiple minima.

The progressionof the axial and radial position of the vortex core,
Zeore /D and reore /D, respectively,is shown in Fig. 9. The vortex core
is found from the minimum pressure point. The axial location of
the vortex is with respect to the mouth of the canopy; the apex is
located at 0.425D. The position of the vortex core at four azimuthal
angles around the ring is plotted to show the initial symmetry and
the subsequentloss of coherence of the vortex ring. The instability
of the ring becomes apparent when the vortex core is approximately
one-half of a projected diameter away from the canopy apex. The
instability and subsequent breakup of the vortex ring is signified by
the appreciable divergence of the vortex core location around the
ring. The radial position of the starting vortex core ranges from 0.5
to 0.7D during the axisymmetric phase.

The peak azimuthal vorticity in the core of starting vortex ring is
plotted in Fig. 10 at four azimuthal angles around the vortex. The
vorticity in the shear layer rolls up into a distinct vortex core after
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Fig. 7 Side force coefficient and its orientation during the starting
phase.
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Fig. 8 Minimum pressure coefficient in the starting vortex core at four
azimuthal angles.

a time of 7' =0.5. The azimuthal vorticity decreases continuously
while the starting vortex ring is axisymmetric. The decreaseis due to
the diffusionof vorticity as the vortex expands. The close agreement
of the vorticity values at different angles before the ring instability
further indicates the symmetry of the vortex. The divergence of the
peak vorticity values around the ring starts at 7 ~ 10, in excellent
agreement with the data in the minimum C, plot of Fig. 8. The axial
and radial locations of the maximum azimuthal vorticity, which
provide the trajectory of the vortex core, are quite similar to those
obtained from the minimum pressure location in Fig. 9.
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Fig. 9 Axial and radial position of the starting vortex core derived
from the minimum pressure.
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Fig. 10 Maximumazimuthal vorticity in the core of the starting vortex
ring.

Becauseof the symmetry of the vortexring in the azimuthaldirec-
tion before the onset of instabilities, the mean vortex core trajectory
can be found from either the vorticity or pressure field. The mean
vortex core trajectory is plotted in Fig. 11 from the initial rollup to
the time of 7 = 10. The canopy contour along a radial is also shown
in this Fig. 11. The data from the pressure and vorticity fields cor-
respond to the same time instants during the development of the
wake. The vortex core positions from the minimum pressure appear
to be inward and slightly further downstream of those from the peak
azimuthal vorticity. Also note that the vortex core moves almost
solely in the downstream direction up to a time of T ~2, before
expanding in the radial direction.
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Fig. 11 Mean trajectory of the vortex core during the axisymmetric
period: filled symbols e indicate the data derived from the maximum
vorticity and open symbols o the data from minimum pressure; canopy
outline along a radial is also drawn on the plot.
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Fig. 12 Location of the stagnation point in the near wake during the
starting phase.

A consequence of the presence of the starting vortex ring in the
starting phase is the formation of a recirculationbubble with a stag-
nation pointaway from the canopy surface. The off-surface stagna-
tion pointis clearly discerniblein the symmetric flowfield of Fig. 3a.
As the starting vortex ring evolves, the bubble enlarges, and the stag-
nation point moves farther away from the canopy. The stagnation
point remains on the symmetry axis until a time of T ~ 13, after
which it moves away from the z axis and disappears shortly after
T ~ 14. The latter time corresponds with the loss of ring coherence.
The motion of the stagnation point is shown in Fig. 12, where the
distance between the canopy apex and the stagnation point is plot-
ted. The stagnation point moves about 1.5D away from the apex
while the flow is still symmetric. It moves another 0.5D farther
before vanishing. The breakup of the starting vortex ring and the
ensuing three-dimensional flowfield is the cause of the stagnation
point disappearance.

Steady-State Phase

The evolutionofthe flowfield following the initial phaseis marked
by a transition phase before the flow settles in its steady state. The
computed drag and base pressure coefficient history for the entire
computational period are shown in Figs. 13 and 14, respectively.
During the transition phase, the drag coefficient increases to a max-
imum value of 2.33 at T =18.5 before leveling off at a plateau at
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Fig. 14 Time history of the base pressure coefficient.

0.5 T T

04

03

02

side force coefficient

0.1 r

0.0 L

tu/D

360 T T T T T T

315 b

270 N pA

225

180 M

W By
" Y

0 : . . . . . .
0 10 20 30 40 50 60 70 80

tu/D

—
2

side force orientation (degrees)

Fig. 15 Time history of the side force coefficient and its orientation.

1.47 £ 0.02. The drag coefficientis nearly constant for times greater
than about 7 =45. The steady-statedrag coefficient is within 5% of
the published data for a rigid canopy in uniform flow.?? The agree-
ment between the published data and the steady-statedrag becomes
even better when the latter is corrected for blockage, using the stan-
dard blockagecorrectionschemes. The base pressure coefficienthas
amaximum at 7 ~7 and a minimum at 7 =~ 15. The base pressure
coefficient settles in its steady-state value of —0.43 &= 0.02 for times
greater than 7 =50. This value of the steady-state base pressure
coefficient is quite close to the commonly accepted value of —0.45
for rigid bluff bodies such as cups and disks.

The side force coefficient for the entire simulation period is plot-
ted in Fig. 15 along with its orientation. The initial peak in the side
force coefficient, due to the asymmetry of the starting vortex ring,
is followed by a second peak during the transition phase at a time
T ~17.5. This peak force is due to the formation of a small-scale
vortex tube very close to the canopy. The position of this vortex
tube matches the side force orientationduring the second peak. Also,
the latter peak occurs nearly at the same time as when the peak in the
drag coefficient is observed. The maximum side force is about 20%

Fig. 16 Two views of the vortex shedding pattern as revealed by
constant pressure surfaces at a time of 7 =77.
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of the drag. As the flow settles into its steady state, the side force
coefficient approaches a nearly constant value of 0.016 +0.009 for
times greater than 7 =45. This value is about 1% of the mean
drag coefficient. The orientation of the side force changes from the
180-deg value during the startup phase to a range covering the entire
360-deg domain during the steady state. The sharp vertical lines in
the plot are due to the crossing of the angle from 0 to 360 deg and
vice versa.

The nearly constantcanopy drag during the steady-state phase of
the flow brings into question whether vortex shedding was captured
in the computations. To answer this question, constant pressure sur-
faces in the near wake of the canopy at time 7 = 77 are rendered in
Fig. 16. Two nearly perpendicular side views of the fluid volumes
having pressure coefficients less than —0.6 are shown in Fig. 16.
The geometry of these surfaces indicates crescent-shaped patterns
for vortex tubes shed from the canopy at quasi-regular intervals.
The lack of streamwise vortex filaments in Fig. 16 is due to the
visualizationscheme that masks weaker vorticity filaments and the
separating shear layer.

Conclusions

One of the most valuable findings of this study was that the stabi-
lized semi-discretefinite elementformulationutilized here is clearly
able to compute the unsteady flowfield accurately even in the pres-
ence of sharp edges and creases associated with an effectively zero
thickness parachute canopy model. Most grid-based formulations
cannot handle the very large velocity gradients near the canopy lip.
The close matching of the mean drag and base pressure coefficient
during the steady state is an indicator of the accuracy of the afore-
mentioned formulation.

Furthermore, there are several remarkable observations regard-
ing the starting flow in the near wake of a rigid canopy. A sur-
prisingly long time of 45D /U is needed for drag to settle into
the steady-state value. Similarly long times to reach steady state
were observed in the experiments of Chua et al.®> for the case of
a starting two-dimensional flat plate and in the computations of a
solid disk.'® Another observation concerning drag is the existence
of the dip at T ~9. Again, similar minima have been observed
for disks and flat plates. The distribution of vorticity in the start-
ing vortex is quite axisymmetric at 7 ~ 1 despite the highly con-
voluted shear layer feeding the vortex. Apparently, the azimuthal
modulation of the canopy lip, visible in Fig. 1, does not appre-
ciably affect the starting vortex ring symmetry. Although the rea-
sons for this observation are not clear, we suspect that viscosity
(real or artificial) has smoothed the creases in the feeding shear
layer.

In conclusion, the flowfield in the near wake of a rigid, imperme-
able parachute canopyis studied computationallyfor an impulsively
started flow condition utilizing a three-dimensional finite element
formulation. The separating shear layer surrounding the canopy
rolls up into a symmetric starting vortex ring. As time evolves,
the vortex ring moves away from the canopy, and its diameter in-
creases. A Widnall-typeinstability causes the vortex ring to become
wavy and convoluted. This leads to the breakup of the starting vor-
tex. Complex vortex interactions follow, and the remnants of the
starting vortex ring are shed. This phase of the flow takes about
16D/ U.

After the initial phase, the flow goes through a transition phase,
where the drag reaches a local peak before settling into its steady
state at a time of 45D /U . In the steady-state phase, the drag and
base pressure coefficients remain nearly constant. The computed
steady-state drag coefficient matches very well against available
experimental values. Vortex sheddingin the form of crescent-shaped
filaments is observed despite the relatively constant drag coefficient
in the steady-state phase.
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