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cies compared with present results and it is suspected that the
structural data are slightly different. However, the predicted
flutter velocities are practically the same and the agreement is
better than 0.5%.

Conclusions
The harmonic gradient and the source distribution methods

for computing supersonic aerodynamics are compared using
the F-18 as a test case. For rigid-body modes, good agreement
in pressure distributions is observed except for high reduced
frequencies and near the wing tip. For oscillating flaps and
control surfaces, the SPIP program requires a large number of
source points to give the proper pressure jump across the hinge
line, while the ZONA51C code handles the sharp pressure
change quite satisfactorily without requiring additional ele-
ments to be placed near the hinge line. Flutter results for the
F-18 wing agree very well between these two aerodynamic
methods.
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Calculated and Experimental Stresses
in Solid and Ring Slot Parachutes
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Introduction

[ N the late 1960's and early 1970's Mullins and co-
workers1'3 developed a finite-element code called CANO
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(canopy stress analysis) to calculate the canopy shape,
stresses in the horizontal ribbons, and forces in the radial
members and suspension lines for ribbon parachutes. Re-
cently, Garrard and co-workers4'6 developed modified ver-
sions of CANO and compared the stresses and shapes calcu-
lated using these codes with experimental results for ribbon
parachutes. Also, Sundberg7 developed a new parachute stress
analysis code called CALA (canopy loads analysis) that has
many assumptions in common with CANO but exhibits better
convergence reliability.

CANO has become the standard code for parachute stress
analysis and has been used to design a variety of high-
performance ribbon parchutes8 and, more recently, solid
parachutes.9 However, one of the basic assumptions underly-
ing both CANO and CALA is that the canopy is under uniax-
ial stress in the circumferential direction. This is a good as-
sumption for ribbon parachutes but not for solid or ring-slot
parachutes. Garrard and co-workers10"12 measured stresses in
both solid and simulated ring-slot parachutes, and the purpose
of this Note is to compare these measured results with those
obtained using various versions of CANO. To the authors'
knowledge, such comparisons have not been reported. CANO
and CALA have been shown to yield similar numerical results
when applied to the same parachute; therefore, comparisons
between CALA and the experimental results should be about
the same as for CANO.

CANO requires as inputs 1) the uninflated canopy geome-
try, 2) the material force/deformation relationships for all
canopy elements, 3) the axial load on the canopy, and 4) an es-
timate of the pressure distribution on the canopy. Outputs of
CANO are canopy shape and forces and stresses in canopy ele-
ments. CANO begins its solution at the skirt and iteratively
solves algebraic equilibrium and force/deformations relations
from the skirt to the vent, trying to match two boundary con-
ditions (one somewhat arbitrary) at the vent. CANO
iteratively varies two parameters, skirt radius and magnitude
of the differential pressure disibution curve, to try and con-
verge to a solution. Since CANO starts at the skirt and tries to
match a boundary condition at the vent, errors in shape at the
vent can sometimes lead to errors in structural loading or con-
vergence problems.

The solution method of CANO is as follows. The axial com-
ponents of the suspension line loads balance the axial force in-
put. Suspension line loads are determined by an iterative solu-
tion of the equilibrium and force/deformation equations for
the suspension lines. Once suspension line loads have been de-
termined, computations on the canopy proceed from the skirt
to the vent. The pressure on a horizontal element is balanced
by the hoop stress on the ends of this element. This hoop stress
is, in turn, in equilibrium with the loads in the radial elements
connected to the ends of the horizontal element. The suspen-
sion lines comprise the elements attached to the lower side of
the horizontal element at the skirt. The loads in the suspension
lines are known as they were calculated previously
to balance the axial load. The loads and geometry of the skirt
horizontal element and the radials attached to the upper side
of this element are then calculated using equilibrium and com-
patibility between the stretched and geometrically determined
length of the horizontal element. These form a coupled set of
nonlinear algebraic equations that must be solved numerically.
The skirt radius is iteratively adjusted until equilibrium and
geometric compatibility are achieved. Then, the calculations
proceed to the next horizontal element. The forces in the
radials attached to the lower side of the horizontal are known
from the calculations performed on the previous element, and
the geometry and forces in the horizontal and the radial ele-
ments attached to its upper side are determined in the same
manner as for the skirt horizontal. Calculations proceed se-
quentially to the vent.

Once the vent is reached, the force due to the pressure on
the vent hole is calculated. If the calculated axial force compo-
nent due to the radials converging at the vent is not between 25
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Fig. 1 Measured and calculated stress, solid parachute. Curve I:
CANO3, conventional vent slope and zero skirt angle; curve II:
CANO3, conventional vent slope and ir/M skirt angle; curve III:
CANO, conventional vent slope.

and 75% of the pressure force on the vent hole, then the mag-
nitude of the differential pressure coefficient distribution is
adjusted and the calculations for the entire canopy repeated.
If the axial force lies between the specified limits, the vent
length is calculated both from the canopy geometry and the
force/deformation relationship for this element. If these two
lengths are not sufficiently close to one another, the magni-
tude of the skirt radius is modified and the calculations for the
entire canopy repeated. If they are acceptably close, CANO is
considered to have converged. CANO is described in detail in
Ref. 5.

In the study of ribbon parachutes,4'6 canopy shapes pre-
dicted using CANO and measured shapes were found to differ
substantially. This was due to differences in the slope at the
vent and the angle that the horizontal ribbons made with the
radials. By using the standard version of CANO, the slope at
the vent can be varied by changing the allowable limits to the
axial component of the force in the radials at the vent. How-
ever, in the standard version of CANO, it is impossible to
change the angle the horizontals make with the radials. Since
the standard version of CANO does not accurately model the
angles the horizontals make with the radials, a modified ver-
sion of CANO called CANO3 was developed.4'6 This version
has an option for including verticals and allows a more ac-
curate simulation of the shape near the skirt. It has been found
that a skirt angle of ir/M (M is the number of gores) gives a
good approximation of the canopy shape. In CANO3, the ver-
ticals are simulated as concentrated loads, not as fictitious dis-
tributed loads as in a previous modification of CANO3. The
details of the modified versions of CANO, including the
boundary conditions, are given in Ref. 6. Source code for
various versions of CANO can be obtained from the senior
author of this paper.

Comparison of Calculated and Experimental Results
The data from the solid parachute were taken from Ref. 10.

The parachute was a 46-in.-diam, bias-constructed, solid, flat,
circular parachute made up of 24 gores. The canopy was con-
structed of 1.1 oz/yd2 rip-stop nylon of effective porosity of
4% (MIL-C7020-1), and the suspension lines were constructed
of 100-lb nominal breaking strength nylon cord. Stress and
drag were measured in the wind tunnel, but the pressure distri-
bution was not. The stresses were measured in the warp and
fill directions using Omega sensors and were then resolved into
the circumferential direction. The parachute was simulated for
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Fig. 2 Measured and calculated stress, simulated ring-slot
parachute. Curve I: CANO, conventional vent slope; curve II:
CANO3, conventional vent slope and zero skirt angle; curve III:
CANO3, conventional vent slope and ir/M skirt angle; curve IV:
CANO3, modified vent slope and ir/M skirt angle.

a dynamic pressure of 7.1 psf using CANO and CANO3.
Measured drag and a pressure distribution taken from Ref. 13
were used in the simulation The calculated circumferential
stress was nondimensionalized by dividing by the product of
the dynamic pressure and the nominal diameter. This non-
dimensionalized stress a* is plotted vs nondimensionalized dis-
tance from the apex 5* in Fig. 1. Since the shape of this
parachute was not measured, only the conventional vent-slope
boundary condition was used. If the shape had been known, it
would have been appropriate to modify the vent-slope bound-
ary condition. The results obtained using all versions of
CANO are surprisingly good, given the assumptions.

In Ref. 11, stress measurements were performed on a 59-in.-
diam slotted parachute with 24 gores constructed of the same
type of material as the solid parachute just described. The
parachute was block-constructed, and simulated slots were cut
with a hot knife. Although the parachute was originally con-
structed to simulate a ribbon parachute, the construction was
similar to a ring slot. Stress and drag were measured at dy-
namic pressures of 4.16, 5.2, 6.24, and 7.28 psf. Steady-state
pressure distributions were also measured on this parachute.12

In Fig. 2, the experimentally determined nondimensional
stress is plotted vs 5* for all four dynamic pressures. The
shape of the stress distribution is the same for each dynamic
pressure. Stress was calculated using CANO with the conven-
tional vent-slope boundary condition, CANO3 with zero-
assumed skirt angle and conventional vent-slope boundary
condition, CANO3 with skirt angle ir/M and conventional
vent-slope boundary conditionj and CANO3 with skirt angle
7r/Mand the vent slope adjusted to give the best approxima-
tion of the shape based on visually matching the calculated
and measured shapes. All of the calculated stress distributions
were the same general shape as the measured distributions, but
CANO3 with an adjusted vent slope and skirt angle 7r/Mgave
the best numerical results.

Conclusion
Although CANO was not originally written for solid and

ring-slot parachutes, comparison with experimental results in-
dicates that canopy stresses are predicted accurately enough
for design purposes. CANO is intended for use only with cir-
cular canopies, and there is still a need for a code predicting
stresses in noncircular canopies.
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