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Abstract

Ram air parachutes have been fairly popular with the sports community owing to their high efficiency and
control. In the past pew years, defence organizations throughout the world have been considering, quite
seriously, of deploying these parafoils in their operations. In the near future, large ram-air parachules are
ezpected to provide the capability of delivering 21-ton payloads from altitudes as high as 25,000 ft. Compared
to the drop tests, to evaluate the performance of these parachutes in the developmental stage, the numerical
simulations provide a much cheaper alternative. In this direction, efforts have been made to model the
dynamics of ram-air parachutes using advanced finite-element techniques. Two sets of numerical studies are
conducted. The first one involves the simulation of the steady gliding flight of the parafoil at the desired
configuration. Resulls of the simulations are compared with the wind tunnel data available from previous
ezperimental studies. In the second set of simulations, the efforts are directed to study the dynamics of the
parachute during the inflation stage. In the early stages of the canopy inflation the parachute is modeled as
an ezpanding boz, whereas at the later stages the bor transforms to a parafoil as it expands and glides. Time

histortes of the forces acting on the parafoil in the ezpansion process are also recorded.

1 Introduction

Ram-air parachutes are quite commonly used by
the sports parachute community. Compared to the,
conventional, circular-canopy parachutes these ram-
air parachutes offer significantly higher controllabil-
ity and efficiency. Military organizations also utilize
them to drop personnel, stores and light payloads with
high reliability and accuracy. Larger version of these
parachutes are being designed that will provide the ca-
pability of delivering 21 ton payloads from altitudes as
high as 25,000 ft with increased accuracy and reduced
impact. Such parachutes will be an order of magnitude
larger and will have a wing-loading three times larger
than the existing ones.

The design of such large parachute systems involves
a series of challenging problems [1, 2, 3]. During the
inflation stage, one would like to have a reasonable es-
timate of the opening forces so that a suitable mate-
rial can be chosen. The inflation of a parachute is a

complex process involving turbulent low over rapidly -

deforming, porous membranes and an interaction be-
tween the parachute structure and payload. The sta-
bility of the canopy and its interaction with the cables

in the inflation stage is another issue that plays a vital
role in the design of the parachute.

In this article we present finite element flow simu-
lation techniques to model the various stages of flight
of parachute systems. In one of the studies, the per-
formance of the ram air parachute in a steady gliding
flight is computed. Later, the methodology is used
to model the inflation stage of the parachute from a
box-like configuration to a full blown parafoil. The
air flow around the canopy is governed by the incom-
pressible, 3D Navier-Stokes equations. The dynamics
of the canopy is governed by the Newton’s law of mo-
tion. The forces acting on the canopy are calculated
from the simulated flow field. At the initial stage of
canopy inflation the parachute is modeled as a falling
expanding box, whereas at the later stages, the box
transforms to an expanding, gliding parafoil. To han-
dle the inflation of the canopy in solving the fluid-
flow equations, we employ the Deformable-Spatial-
Domain/Stabilized-Space-time (DSD/SST) finite ele-
ment formulation [4, 5]. All the computations reported
in this article are carried out at the Army High Per-
formance Computing Research Center on the Thinking
Machines CM-5 massively parallel computer [6].



2 The Governing Equations

Let  C R™¢ and (0,T) be the spatial and temporal
domains respectively, where n,q is the number of space
dimensions, and let I' denote the boundary of 2. The
spatial and temporal coordinates are denoted by x and
t. The Navier-Stokes equations governing incompress-
ible fluid flow are
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Here p, u, f and o are the density, velocity, body force
and the stress tensor, respectively. The stress tensor is
written as the sum of its isotropic and deviatoric parts:

o=-pl+T, T=2ue(u),

1
e(w) = 5 (V) + (Vu)T), 3)
where p and p are the pressure and viscosity. Both the
Dirichlet and Neumann-type boundary conditions are
accounted for, represented as

u=gonly, n-og=honTy,

(4)

where I'; and 'y, are complementary subsets of the

boundary I'. The initial condition on the velocity is
specified on :

u(x,0) =ue on 0,

(5)

where ug is divergence free.

3 Finite Element Formulation

Consider a finite element discretization of § into sub-
domains ¢, e = 1,2,...,n., where n. is the number
of elements. Based on this discretization, for velocity
and pressure we define the finite element trial function
spaces S§ and S*, and weighting function spaces V}
and V,’,‘. These function spaces are selected, by tak-
ing the Dirichlet boundary conditions into account, as
subsets of [H!*(Q)]"~¢ and H'*(Q), where H!*(Q) is
the finite-dimensional function space over . The sta-
bilized finite element formulation of Eq. (1)-(2) is writ-
ten as follows: find u* € S} and p* € S} such that
vwh € Vi, ¢t € Vh
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Remarks

1. In the variational formulation given by Eq. (6),
the first three terms and the right-hand-side con-
stitute the Galerkin formulation of the problem.

2. The first series of element-level integrals are the
SUPG and PSPG stabilization terms added to
the variational formulations [7, 8]. In the cur-
rent formulation Tpspg is the same as 15ype and
is given as

- ((ﬂ#)z + (‘,{;))_% ™

. The second series of element-level integrals are
added to the formulation for numerical stability
at high Reynolds numbers. This is a least-squares
term based on the continuity equation. The co-
efficient 4 is defined as

h

= 2 | ut || z, (8)

where
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and Re, is the cell Reynolds number.

Both stabilization terms are weighted r‘esidua.ls,
and therefore maintain the consistency of the for-
mulation.

‘4 Numerical Simulations

All the computations reported in this article are carried
using equal-in-order trilinear basis functions for veloc-
ity and pressure. The non-linear equation systems re-
sulting from the finite-element discretization of the flow
equations are solved using a matrix-free implementa-
tion of the Generalized Minimal RESidual (GM RES)

technique [9] in conjunction with diagonal precondi-
tioners.

4.1 Steady-state glide at Re 107

The cross-section of the parafoil is a Clark-Y airfoil
with a rounded leading edge. The aspect ratio is 3.0
and ratio of line-length to span is 0.6. The finite ele-
ment mesh consists of 291,437 nodes and 279, 888 hex-
ahedral elements. No-slip condition is imposed on the
parafoil surface; zero-shear stress and zero-normal ve-
locities at the side boundaries, velocity at the inflow
boundary and traction free conditions at the outflow



boundary are specified. At every time-step 1,129, 248
nonlinear equations are solved. A simplified version of
the algebraic Baldwin-Lomax [10] turbulence model is
incorporated:

(10)
(11)

He = p12|w|,
l = kn(l — exp(—-n*/A4T)),

where p; is the eddy viscosity, w is the vorticity vector,
k = 0.41 and A* = 25.0 are constants, n is the wall
distance to the wall, and nt is the same distance in
wall units. In the present computations, this distance
is measured from the closest node on the surface. The
z-axis is along the chord while the y-axis is along the
span of the parafoil; ¢ is the chordlength while b de-
notes the span of the parafoil.

Figure 1 shows the chordwise pressure distribution
on the parafoil surface at midspan (y/b = 0) for various
angles of attack. The chordwise pressure distribution,
close to the tip of the parafoil (y/b = 0.45) are shown
in Figure 2. We observe that the pressure distribution
at the midspan is quite similar to that for a 2D airfoil,
while the 3D effects are quite significant close to the
tip and lead to a net loss of lift. The 3D effects are due
to the leakage of leakage of fluid around the tips from
the lower to upper surface. Figures 3, 4 and 5 show
the spanwise distribution of pressure on the parafoil at
various chordwise locations for several angles of attack.
The pressure (load) distribution is almost elliptic with
the effect of cells quite significant close to the leading
edge. However, it should be pointed out that this might
be an artifact of our modeling the parafoil as a closed
section, without a cut at the leading edge. In a real
flight, the leading edge of the parafoil traps a stagnant
vortex that results in a flatter pressure distribution.

Figure 6 shows the variation of the lift and drag
coefficients with angle of attack. A factor of 0.5h/c
is added to the drag coefficient to account for the in-
let [11}, where, h is the inlet height. Here, h/c = 0.1
is used. The variation of the lift to drag ratio is shown
in Figure 7. Compared to the experimental data, our

results overpredict the L/D value. This can be at-

tributed to several reasons. Our results do not account
for the line and payload drag. Close to the stall angle,
the flow starts separating from the parafoil surface. It
is well known that the current turbulence model is not
valid in flows with recirculating regions. Additionally,
the effect of a cut at the leading edge of the parafoil is
not very well known.

Figures 8 and 9 show the pressure distribution on
the parafoil surface obtained with two different meshes.
We observe a good agreement between the two solu-
tions and this establishes the convergence of the solu-
tion with respect to the meshes. Figure 10 shows the
pressure distribution on the surface of the parafoil for
one of the cases.

4.2 Simulation of inflation dynamics

The inflation of a ram-air inflated gliding parachute
takes place in three stages [12]. In the first stage, the
canopy expands with little cell inflation. The canopy
then pitches forward to and inflates because of the air
that rushes into the separate cells of the gliding wing.
This causes the canopy to take form resulting in a loss
of drag and generation of lift. The parachute then tran-.
sitions to equilibrium glide.

In these computations, the parafoil falls under grav-
ity, inflates and settles to a steady gliding angle. The
pitching motion of the canopy is not accounted for in
the present simulation. A partially inflated box of
dimensions 48.0 x 33.4 x 12.0 ft3 (chord x span x
thickness) transforms to a gliding parafoil at a pre-
scribed rate. The box expands by factors of 1.5 in
the chordwise and 6.5 in the spanwise directions. The
cross-section transforms from a rectangular one to a
NACA 0025 section. Figure 11 shows the surface mesh
of the parachute during this transformation.

The finite element mesh consists of 170,950 nodes
and 161,856 hexahedral elements. This results in a
nonlinear equation system of 1, 304, 606 equations that
have to be solved at each time step.

At t = 0.0 s the computations begin with an initial
condition corresponding to the steady-state past a box
at 10° angle of attack and a velocity of 112 ft/s. At
t = 2.0 s the box transforms completely to a parafoil
but the computations continue till ¢ = 3.5 s. The
parafoil /payload system weight is 22,000 {bs.

Figures 12 and 13 show the time histories of the
projection area and the velocity of the parafoil, respec-
tively. Initially, the box generates very little lift and
accelerates under the action of gravity. As it expands
rapidly, very large aerodynamic forces are generated as
shown in Figure 14. At the end, the parafoil attains an
almost steady gliding angle of attack of approximately
4° as shown in Figure 15.

5 Conclusions

A very powerful tool for investigating the performance
of the ram-air parafoils has been developed. It has been
applied to study the steady-state gliding performance
and also the inflation dynamics of such parachute sys-
tems. Reasonable comparisohs are observed between
the computed solutions and the wind tunnel and drop
tests.
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Figure 1.

Steady-state simulations at Re = 107 for various

angles of attack: chord-wise pressure distribution on the paral
surface at y/b=0.00 (midspan).
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Figure 2. Steady-state simulations at Re = 107 for various
angles of attack: chord-wise pressure distribution on the pan
surface at y/b=0.45.
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Figure 3. Steady-state simulations at Re = 107 for various
angles of attack: span-wise oressure distribution on the pan
surface at x/c=0.02.
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Figure 4. Steady-state simulations at Re = 107 for various Figure 7. Steady-state simulations at Re = 107: lift/drag (L/D)
angles of attack: span-wise pressure distribution on the ratio as function of angle of attack.
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Figure 5. Steady-state simulations at Re = 107 for various Figure 8. Steady-state simulations at Re = 107, at a = 6°
angles of attack: span-wise pressure distribution on the chord-wise pressure distribution on the parafoil surface at
parafoil surface at x/c=0.50. y/b=0.00. Comparison of the solutious on Mesh i {291.437
nodes) and Mesh 2 (594.587 nodes).
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Figure 9. Steady-state simulations at Re = 107, at a = 6°:
Figure 6. Steady-state simulations at Re = 107: drag and lift span-wise pressure distribution on the parafoil surface at
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168

Projection amih‘t iqua:aﬁ %
888388888

S
8

[=]

"

0.5 1 1.5 2 2.5 3 34
Figure 10. Steady-state simulations at Re = 107, at o = 2°: pr;"ssllrc Time (s)

distribution on parafoil surface. Figure 11. Transfoemation of the box Lo a parafoil: time history of 1
Projection area.

=]

140 1
O
e o
120 sept—ry, o Mann“udn ol H'E!DCIT';" L2kl
:
=
3 60
= e
>
40 / \
S ‘\
‘-‘-_-"_‘_'— ------------ -
%9 o5 1 15 2 25 3 35
Time (s)

Figure 13, Transformation of the box 1o a parafoil: time history of L
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