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ABSTRACT

Parachute model tests offer the possibilities of
efficiently conducting parametric performance studies.
Meaningfunl model experiments must, however, consider besides
the effects of Reynolds and Mach Numbers, those of porosity
as well as structural characteristics particularly when non- -
steady processes shall be investigated. 1In the following
the model stiffness index is defined and its effect upon
static and dynamic performance characteristics investigated.
Quantitative data and stiffness indexes of cloth samples and
parachute models are determined. A new technique of construc-
tion is described which provides parachute models with a lower
stiffness index than previously available. Results of wind
tunnel and catapult experiments with parachute models of
different stiffness indexes are shown and, when possible,
compared with results of full size tests.

This document is subject to special export controls and each
transmittal to foreign governments or foreign nationals may .
be made only with prior approval of the Vehicle Equipment

Division (FDF), Air Force Flight Dynamics Laboratory, Wright-

Patterson AFB, Ohilo.
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SYMBOLS

effective porosity

drag coefficient

tangent force coefficient}
diameter of lower strip curvature
diameter

maximum width of the suspended strip specimens
or model canopies

strip stiffness index

maximum projected diameter of the inflated
parachute

canopy skirt elongation

force

gravity

length of strip specimens

mass

area

dimensionless filling time, t/tf
time

velocity o

weight; width of strip specimens
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angle of attack
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angle of suspension line cone or angle of ribbon
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g standard deviation

Subscripts:

a apparent

c canopy

cl cloth

eff effective

f filling

i included, inlet

o] noﬁinal, total

P parachute, projected
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I. INTRODUCTION

Classical and contemporary experiments have shown
that the aerodynamic and dynamic performance characteristics
of ballistic and lifting bodies can satisfactorily be pre-
dicted from results of model experiments provided that the
conventional model similarity laws are obeyed. Considering
as a classical example model studies of conventional airplane
wings, one notices that such vings are investigated in view
of their steady state aerodynamic characteristics as well as
in respect to aero-elasticity phenomena in which aerodynamic
and strucural forces are coupled through elastic deformations.

.Following this convention, terms concerning steady state and

non-steady performance characteristics shall be used in the
following to express characteristics in which a)~tho elasticity
is neglected, and b) in which interaction between a<rodynamic,
structural forces, and elastic deformations occur. As well
known, influential similarity conditions for steady state
aerodynamic measurements are the Macli- and Reynolds-Numbers

.and for low density considerations eventually the Knudson-

Number. The more complicated relationships which occur when
aerodynamic and elastic forces interact are explained in
Ref 1.

Under consideration of these and other similarity
conditions, the results of model experiments are transferable
to the performance data of prototype objects over a surpris-
ingly wide range of environmental conditions. For example,
in Ref 2 1t is shown that aerodynamic data of the Apolio
capsule obtained in wind tunnel studies and experiments in a
firing tube with models having a diameter of merely 0.95 cm
agree perfectly with those obtained from full size Apollo
missions. Slgnificant for these tests, however, is that all
models as well as the prototype space capsule are for all
practical purposes rigid bodies for which the steady state as
well as the non-steady aerodynamic phenomena, belonging to the
field of dynamic stability,are well understood (Ref 3).

Contrary to these very satisfactory results of model

technique is the fact that the’ performance characteristics
of parachutes obtained in wind tunnel tests differ in many
cases considerably from those observed in full size drop
tests. This discrepancy has been recorded in view of the
steady state performance, steady descent, as well as in the
non-steady phase, usually called the parachute inflation.
Considering first the recorded discrepancies related to the
steady state performance and assuming that parachute models
and prototypes have been tested under suitable Mach and
Reynolds. Number conditions and also that the test results

- have been properly evaluated, the question arises as to the

R
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accuracy of the recbrdings obtained during the testing of
the full size parachute. These recordings are obviously

- somewhat difficult to make because unknown wind currents as

well as possible glide angles and dynamic stability phenomena
may have influenced the performance characteristics. In
support of the practical parachute experiments and in view

- ¢+ of the characteristic trim angle of the various parachute
. types, the term, effective drag coefficient, CD

= C .
Ser T/cos _

has been introduced (Ref 4) many years ago. However, in
spite of careful consideration of the possible glide and

‘other environmental conditions it has so far been impossible

to establish for parachutes the same satisfactory agreement
between actual prototype performance characteristics and those
predicted on the basis of model tests as customarily obtained
for other more conventional aerodynamic objects.

The efforts to predict the non-steady parachute
inflation characteristics on the basis of model tests date
at least back to the year 1941 (Ref 5). However, in general,
a satisfactory agreement between results of model tests and
observations of full size tests has so far not always been
established.

The question arises then, why do parachutes behave
in these respects so differently from other more conventional
objects. 1In the search for possible reasons, one notices
quickly that parachutes have at least two additional features
not commonly found in aerodynamics and dynamics of conven-
tional airborne vehlcles, nsmely, porocsity and flexibility.
These two parameters enter certainly into performance char-

~acteristics of model as well as full size parachutes, and

the question is merely under which condition and how their
influence is felt.

One may assume that in the steady state condition
a possibly existing, varying deformation of the parachute
canopy 1s relatively small, and that this phase 1is primarily
governed by the steady state aerodynamic coefficientsand the
parachute size. The coefficlents are strongly influenced

by the porosity of the parachute material (Ref 6), and the

relationship between coefficients and porosity as well as
the dependency .cf porosity from Mach and Reynolds Number
effects is fairly well understood (Ref 7). However, even
under careful consideration of all these facts, the results
of parachute model tests and full size tests under steady
state conditions still disagree, and it appears to be justi-
fied to investigate a possible relationship between the
model flexibility and average inflated size of the model and
to compare the characteristic flexibility of model and



prototype parachutes. Therefore, it is one objective of the
following discussion to investigate this relationship and

at least find an indication whether or not the flexibillty
of model parachutes dces influence thelr steady aerodynamic
coefficients.

The non-steady performance phases encompass the
dynamic stability and the inflation process of the parachute.
The dynamic stability is strongly influenc 2d by the steady
~ state coefficients as well as by the shape and deformation
of the canopy profile under moderate or strong oscillatory
motion. In this view the instantaneous shape is, of course,
influenced by the canopy deformation or flexibility. The
problems of dynamic stability are fairly well understood, and
ways and means are known to achieve satisfactory dynamic
stability of parachutes (Ref 8).

In the other non-steady phase, durin; the inflation,
a parachute canopy evolves from the form of an elongated,
somewhat cylindrical sack to a thin shell having an approxi-
mate form of a semi-ellipsoid or a hemisphere. The inflation
process 1s governed by the balance of the mass in- and out-
fluxes which in turn depend on the effective canopy porosity.
The relationship between porosity and Mach and Reynolds
Numbers is known (Ref 7) and can be introduced in the
respective equations which simulate the parachute opening
process. However, there is a possibility that parachute
models as well as full size Earachvtes may have a random
-tendency to open faster or slower depending on their in-
herent stiffness of, if one may use the term loosely,
elasticity. Stiffness, elasticity, or degree of flexibility
have so far not been established quantitatively and can
therefore not be introduced in the respective equations.
If now model tests show that the model stiffness character-
istics influence significantly the opening process, then the
predictlon of opening characteristics of full size parachutes
based on results extracted from model tests will be a very
difficult if not unsolvable problem as long as the stiffness
characteristic of model and full size parachutes cannot be
related to each other.

In order to gain some knowledge in this area, the
opening characteristics of models with different stiffness
or flexibility will be established and, when possible, com-
pared with those ‘reported from full size tests. In order
to pursue this on a quantitative basis, a stiffness index
will first be derived and the comparison of the models and
the full size parachutes will be accomplished on the basis
of these stiffness indexes.
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II, STIFFNESS INDEX

There are indications that canopy stiffness
features influence the opening characteristics of full size
as well as model parachutes. 1In view of the questions con-
cerning the validity of model tests, it is first of all
necessary that the stiffness or flexibility characteristics
of parachutes te suitably defined. Unfortunately no previous
publication on this subject has been found; therefore, an
original attempt was made to express the degree of canopy
stiffness or flexibility in terms of characteristic dimen-
silons. In view of this necessity, Fig 1 shows an attempt
to characterize the contour of parachutes when freely sus-
pended. Using initially the ratio of maximum dlameter,
Dmax’ and the nominal diameter, D , as characteristic, one

finds for a 28 ft prototype parachute and a conventionally

built 5. ft parachute model, the ratlos of Dmax/Do of 0.09

and 0.29 respectively. This indicates that the prototype
parachute 1s much more flexible than the geometrically
similar model built out of the same parachute cloth. Several
other measurements were made, and in all cases the models
proved to be much stiffer than the prototype parachute.

Conceptually it was postulated that mode” flex-
ibility or stiffness would influence the opening character-
istic of parachutes and one possibility of checking this
assumption is to perform parachute opening experiments with
models of a different degree of flexibility. Since conven-
tionally built models on hand were relatively much stiffer
than a related full size parachute, it was the first objective
of this study to build much more flexible parachute models.

The basic parachute cloth cannot be altered because
the porosity features of the material must be preserved, and
it is probably beyond the state of the art to weave "model

cloth". However, it appeared to be possible to build more

flexible models by using different types of seams, more
flexible suspension lines, and other modes of suspension
line fastening. Therefore, the first attention was directed
toward the elements which composed the parachute canopy, and
this leads to the study of stiffness of model strips.

Figure 2 shows a characteristic model strip while
Fig 3 indicates an experiment in which the model strips
display certain stiffness characteristics. The ratios of
maximum diameter versus length or width of the strip reflect
again the stiffness or flexibility of the strip and for the
time being shall be called stiffness indexes.

Lt



A large number of sample strips with different
seams and various suspension lines attached to the strips
were investigated in this manner and the results as well as
the scheme of the seam arrangement are shown in Fig 4. One
notices that the strips without finished seams have the lowest
stiffness index, and furthermore that the strip which was
cut with a heated sharp edge is at least as flexible as the
strip cut with a scissor. Cutting with a heated edge¥* pro-
vides seared edges of the strip which prevents the material
from fraying. Since the lightest nylon cloth with a 1.1 oz
weight per square yard is for model building the most
important material, additional experiments were made with
longer strips of this type. The results of these tests are
shown in Fig 5. In both figures it can be seen that the
strips without finished seams and stitched down suspension
lines or bands have the lowest stiffness indexes. It should.
be mentioned that in these strip tests care must be exercised
to exclude or diminish deformation effects due to static
- electricity charges, which in these tests were removed by
humidifying the surrounding air.

Reviewing the results of the strip and canopy
measurements, one notices that the larger canopies and the
longest strips are more flexible than smaller canopies and
shorter strips. Also 1t appears reasonable to assume ti.at
model canopies built on the principle of the most flexible
strips will provide parachutes with a relatively low stiff-
ness index. Parachute models have been built in many different
ways. Most of them were built somewhat similar to full size
parachutes which then result in relatively stiff models with
stiffness indexes at least four times as high as the one of
the related prototype parachute. Therefore, it was decided
to employ the hot-knife-cut technique in the fabrication of
model canopies. Also, new fabrication methods had to be
developed particularly for the fastening of thin and very
flexible suspension lines. After several attempts to develop
suitable construction methods, the particular design details
shown in Fig 6 produced the most satisfactory one. It will
be noticed that in this fabrication method, the suspension
lines can slide over the canopy cloth in a somewhat similar
fashion as the suspension lines of full size parachutes. The
model suspension lines are merely anchored at the canopy vent
and skirt. The parachute canopy itself has instead of a skirt
seam or band merely a seared edge. This technique has also
been expanded to fabricate ringslot canopies as shown in

Fig 7.

Parachute ‘models made in this fashion had the
appearance of much higher flexibility, and they were also
considerably lighter than conventionally built models. In
view of the fact that in inflation tests primarily the
enclosed alr has to accelerate the material of the canopy,

* see appendix
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the specific weight of the canopy surface is probabliy alc
very important. Therefore, a weight term was Introaunaed
into the parachute canopy stiffness index ir forim of the
ratio of the weight per unit area of tho r

divided by the unit weight of the canony cioor . s
index of the parachute canopy assumes then e Soam
D . W
n = max c
- ' W
DO S o ¢l

One notices that this is basically a stiffnesas-weishy char-
acteristic which for convenience shall At i oan s RINT-
ness index. These so derived values hogoenbarx ey
related terms are shown in Table I, and IFieo 2 oF g ceaphically
the stiffness indexes cf flexible and conventlional models of
the prototype parachute together with ithe rawge ~ovoprad by

the data obtained from the strip tests. I'rom Table 1 nand

Fig 8 one notices that the stiffness index of the wmoct flexible
model parachute is approximately 1.065 as high as thce one of

the prototype, whereas the conventionally bullt <anopy had a
stiffness index approximately three times as high. The weight
savings on the ringslot parachute is even higher which results
in a considerable reduction of the ringslot canopy stiffness
index.

Since for dynamic testing & certain ¢
is required and no further weight savings and/or
fabrication methods were-conceived, the mest 1
chute models are considered to be the end resul
efforts at this time.
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ITI. THE EFFECT OF MODEL STIFFNESS

After parachute models with lower stiffness indexes
became avallable, studies were made in which the performance
characteristics of conventional and new, more flexible models
were established, compared with each other, and when possible
also compared with recordings obtained from full size tests.
These comparative studies were made in view of drag, in-
flation, opening force characteristics, and parachute squidd-
ing. 1In the following these groups of experiments will be
described and analyzed.

A. sShape and Drag Studies

The possible effect of model stiffness upon the
canopy profile and projected area is, of course, the feature
most easlly detected. Comparative profile and frontal views
of solid flat circular, conventional, and flexible models are
shown in Fig 9. As can be seen, the depth to diameter ratio
of the two models varies noticeably and in other tests with
different size models and different numbers of suspension
iines, the more flexible model of the circular flat as well
as the ringslot type parachutes were always more flat as
illustrated in Fig 9.

The average value of the depth to projected diameter
ratio of the flexible model is about 7% lower than the one
of the identical but conventiocnally built models. An evalua-
tion of the projected areas at zero angle of attack showed
that the frontal area of the parachute model with the lower
stiffness index was in the average 8% larger than the one
of the stiffer model.

Following these geometric studies, comparative
tentative force measurements on conventional and flexible
models were made. The measurements indicated that the

- tangential force at the approximate trim angle of 20° of

the two models was for the flexible model on the average

8% higher than the one of the conventional or stiffer model.
The figure of 8% and the approximate trim angle of 20°

need verification through more exact three-component measure-
ments. A

The'U. S. Army Natick Laboratories conducted drop
tests with a 100 ft flat circular, solid cloth parachute
(Ref 9). These tests were carefully observed and the engineer-
ing staff of the U. S. Army Natick Laboratories reported an
average value of effective drag coefficients of CD = 0.90 "
eff
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with minimum and maximum values of 0.86 and 0.93. These
results shall now be compared with older wind tunnel results

in view of the findings concerning the effect of model para-
-chute stiffness.

In Ref 6 the coefficients of flat circular para-
chutes as function of effective porosity have been established

by means of conventionally built or relatively stiff parachute

models. Figures 10 and 11 represent the essential results

~concerning the stability and drag characteristics.

The 100 ft parachutes were made from standard parachute
cloth, MIL-C-7020 Type II, which specifications require a nominal
porosity of 130 + 30 cubic ft per square ft and per minute.

The nominal porosity is related to a_differential pressure of
1 inch of water column (= 2.60 1b/ft2). The actual parachute
descends with less differential pressure. Consequently the

~effective porosity during the parachute descent is less than

the one which corresponds to the nominal porosity. Assuming
that this difference amounts to 10%,one finds for the ad-
Jjusted porosity from Figs 10 and 11 the trim angles and the
related tangent force coefficients. For inhe three effective

‘porosities, corresponding to the nominal porosities of 100,

130, and 160 cubic ft per square foot and per minute, one
obtains, after correcting the values by 8% in view of the
described area increase, the coefficients of effective drag
Cp = 0.86, 0.905 and 0.94 respectively. These wind tunnel
eff | Lo :

results compare now very favorably with those measured

from full size field tests. It may be mentioned that in
these tests the Reynolds Numbers of the godel experiments and
the full size tests amounted to 4.2 x 102 and 1.7 x 107;
respectively.



A
B. Area-~ and Velocity-Time Histories During

Model Parachute Inflation

The governing terms in the equation of motion,
representing the process of parachute inflation, are the
instantaneous values of projected and inlet areas, canopy
volume and velocity, as well as their time derivatives.

i The influence of canopy stiffness upon the inflation process,
w " if it exists, must be noticeable in these quantities.
Therefore, wind tunnel experiments under finite mass condi-
tions were made with conventionally built and highly flexible
models with the objective to establish possibly existing
differences.

Wind tunnel inflation tests of parachutes with a
finite suspended mass are described in Refs. 5, 10, and 11l.

e T

Figure 12 shows the experimental arrangement used
in Ref 11 which, while still available, was also used for the
performance’ of the inflation studles concerned with the
effect of model stianess

For the wind tunnel tests schematically shown
in Pig 12, the equation of motion of the suspended finite
mass (Ref 11) amounts

o dmi dm
Tt = 3P0 (v = 1 =W+ g = ) (et + ) -
dv
(mp + mi'+ m,) FE -

or in terms of force upon suspended weight

_ dav - _ 1 _ 2 _ My a
F=m,qp+ Wy = ZJQ CDS(VW v)© + (vW v) (g=+ T ) -

dv
(mp +m, +m ) I -
These equations show the characteristic values of area,
velocity, volume, and instantaneous force itself. The con-
tributions of the various terms to the resultant force are
shown in Ref 11, and it may be stated that the effect of
each one is significant and has to be considered.
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Reviewing then the results of the respective tests,
Figs 13, 14, and 15 show the individual area-time recordings

‘of experiments with conventionally built model parachutes

(Ref 11). sSimilarly Figs 16, 17, and 18 present individual
area-time recordings obtained from experiments with highly
flexible models under the same -environmental conditions.

In the following figures, Figs 19, 20, and 21,

the average area-time curves of the conventional and more
flexible models are compared. One notices that in all cases
the rate of growth of the projected area of the more flexible
models was in the early phase of inflation smaller than the
one of conventional models. 1In the final phase,  the so-calied
overinflation of ‘the-more fiexible model was considerably :
higher than the one of the conventional or more stiffer

. modeis. ' The projected area of the parachute models, related
- “to the instant T=1, was measured in the wind tunnel at a

wind velocity Ofbapgroximately 50 fps. They amounted to
3.0 £t2 and 3.25 f'te for the conventional and flexible models
respectively.

For further comparison, the average area-time
history, reported by Berndt (Ref 12) and Berndt and DeWeese

(Ref 13), of full size parachutes are marked in Figs 19, 20,

and 21. As shown, the stiffness index of the full size
parachute is considerably ‘smaller than the one of the most
flexible model parachute. Therefore, the slower rate of area
growth of the prototype parachute compared with-the one of
the two models fits the concept that parachutes with lower
stiffness indexes have a slower area increase. At the

lowest velocity the model characteristic fits the full size
parachute best. It is also seen that the velocity influences
the rate of area growth of the models. This effect, however,
cannot be explained at this time. .

In summary from these measurements one can conclude
that the stiffness index of a parachute influences signifi-
cantly the slope of the area-time relationship.

Further characteristic terms in the equation of
motion are the velocity-time functions. For the conventional
parachute model, Figs 22, 23, and 24 show the relative
velocity versus time at three different snatch velocities
(Ref 11) while Figs 25, 26, and 27 show the velocity-time
histories recorded = with thé more flexible model. For easier
comparison, these velocity characteristics are combined in
Figs 28, 29, and 30.

These velocity curves show characteristics as one
can expect,frbm-the:areaetime_relationships. Corresponding
to the rate of projected area growth, the system velocity
of the stiffer model increased initially Jaster and then
slower than the one of the more flexible model.

10
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Figures 31 and 32 aie sequence pictures taken from
a high speed motion film snowing in profile and projection
the stiffer 2rnd the more flex cible models during the period
of inflation. These figures demonstrate clearly the character-
istics which one gets from analyzing the area- and velocity-
time histories.

C. T“"ce-rlm, “lStOFleS
.-. - Porce- t*me or acceleratlon time histories were
influenced by the effects of the model or prototype parachute
stiffness. By means ox‘fhe test arrangement shown ‘n Fig 12,
numerous force-time recordings were made, and Figs 33, 34,
~and ‘35 show individual data points and curves representing

_‘averages of experimentzal data obtained with the more flexible

model, 7 = 0.60. Similar measurements were made with the
conventional model, 7 = 1.04, and in Figs 36, 37, and 38

- the results ol both series of tests arve compared. The

‘similarity of the force- tvme histories was evident, and the

;‘maxlmum parachute force of the flexible model was 30 to 40

per cent lower than the one of the stiffer model.

It will be noted that in the force-time diagrams
the conv renticnarly built models snowed in the initial phase
an extremely strong force oscillation. This should not
be considered realistic, because this phenomenum was probably
caused by mechanical vibrations and electric noise. In
subsequent tests the test apparatus was improved and the
recordlngs ‘assumed 2 more steady form.

All curves showing the characteristics of the
‘inflaticn process-are related to the dimensionless filling
time, T = t/t . The filling time, tf, is defined in accordance

with Ref 12° as that instant at which the parachute canopy
initially reaches the same progected area as it will assume
‘at-the steady state cdescent.: Figure 39 shows the average
filling times obtained. with the conventlonal and the flexible
parachute models. This characteristic time differs consider-
ably for the two parachutes, which can be assumed to be caused .
by the difference of model stiffness. It should be mentioned,
‘however, that the definition of filling time in this manner
refers to a geometric conditicn and, as shown in Figs 25
through 30, is, in general, not the instant at which
equilibrium is reacbed
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1V. PARACHUTE SQUIDDING STUDIES

Another, but so far insufficiently explained para-
chute performance, is the so-called squidding. 1In full size
experiments. this phenomenon has been observed in numerous
cas&s.  Usually squidding occurs if the surface loading of

" “"the parachute is too high, the nominal or. effective porosity

exceeds certain limits, and in cases of relatively high re-
lease velocities. Some indications also have been obtained
that the stiffness of the parachute skirt influences the
squidding characteristic or the so-called critical speed.
In view of these known facts, free flight model tests were
made in which the two parachute models were injected into
calm air by means of a parachute catapult. Between the
parachute canopy and suspended weight, strain gage force
sensors were arranged and force-time recordings during deploy-
ment, inflation, and descent were obtained. The descendlng
parachute models were also photographed with a high speed

motion picture camera.

The objective of these tests was to find possibly
existing inflation characteristics related to model stiffness
indexes to see if the often observed squidding phenomenon
could be reproduced in model tests, and under which conditions

this squidding would occur.

‘ Figures 40 and 41 show the previously mentioned
force recordings. Referring to Fig 40, it was physically
otserved that under the test conditions as identified, the
conventional model, 77: 1.04, inflated regularly and in a
relatively short time. Under the same test conditions, the
flexible model,‘n = 0.60, failed several times to inflate
fully prior to ground impact. “elated to these: observations,
one notices in the three diagrams reproduced in Fig 40
significant differences. One sees that in the case where
the flexible parachute did inflate, the force onset and the
peak forces were lower and the time to reach equilibrium
force conditions ‘longer than the respective values of stiffer
models. In summary, the flexible parachute, when it inflated,
had a lower but longer force-time history. In cases where
the parachute model with the lower stiffness index failed
to inflate, the sensor indicated at ground impact an abrupt
force reduction to zero from a level much higher than that
corresponding to steady state condition. From the indicated -
.ime scale, it can also be concluded that the average speed
ot the squidding parachute during the filling distance was
much higher than in the cases when the same parachute did

inflate.

12
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Another, but sc far insufficiently explained para-
chute performance, is the so-called squidding. In full size
experiments- this phenomenon has been observed in numerous
caseés. ‘Usually squidding occurs if the surface loading of

" ““the parachute is too high, the nominal or effective porosity

exceeds certain limits, and in cases of relatively high re-
lease velocities. Some indications also have been obtained
that the stiffness of the parachute skirt influences the
squidding characteristic or the so-called critical speed.

'In view of these known facts, free flight model tests were

made in which the two parachute models were injected into
calm air by means of a parachute catapult. Between the

parachute canopy and suspended weight, strain gage force
sensors were arranged and force-time recordings during deploy-

ment, inflation, and descent were obtained. The descending
parachute models were also photographed with a high speed

motion picture camera.

The objective of these tests was to find possibly
existing inflation characteristics related to model stiffness
indexes to see if the often observed squidding phenomenon
could be reproduced in model tests, and under which conditions

this squidding would occur.

: Figures 40 and 41 show the previously mentioned
force recordings. : Referring to Fig 40, it was physically
observed that under the test conditions as identified, the
conventional model, = 1.04, inflated regularly and in a
relatively short time. Under the same test conditions, the
flexible model, 7) = 0.60, failed several times to inflate
fully prior to ground impact. “elated to these: observations,
one notices in the three diagrams reproduced in Fig 40
significant differences. One sees that in the case where
the flexible parachute did inflate, the force onset and the
peak forces were lower and the time to reach equilibrium
force conditions longer than the respective values of stiffer
models. In summary, the flexible parachute, when it inflated,
had a lower but longer force-time history. In cases where
the parachute model with the lower stiffness index failed
to inflate, the sensor indicated at ground impact an abrupt
force reduction to zero from a level much higher than that
corresponding to steady state condition. From the indicated -
~-ime scale, it can also be concluded that the average speed
ot the squidding parachute during the filling distance was
much higher than in the cases when the same parachute did

inflate.
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V. SUMMARY AND CONCLUSION

The preceding results indicate a moderate influence
of the model stiffness index upon the coefficient of effective
drag and a relatively strong influence upon the significant
time functions, the measured forces or related acceleration,
and the parachute squidding characteristics.

The coefficient of effective drag, C s increased

D
“eff
by approximately 8% when the stiffness index of otherwise
identical parachute models decreased from 7 = 1.04 to 0.60.
Introducing this drag increase as a correction factor to
earlier measurements performed on models with at least

7 = 1.04 provided wind tunnel coefficients which were
practically the same as the coefficlients obtained in field
tests with ‘100 ft parachutes. All tests were made in the 5
incompressib%e flow regime at Reynolds Numbers of 4.2 x 10
and 1.7 x 10/,

- The profiles of the model with the lower stiffness
index were wider and lower than the ones of the stiffer model.
The projected area of the more flexible model was approximately
8% larger than the one of the stiffer model. The force
measurements were made at the approximate trim angle of 20°.
However, these tests were of an exploratory nature and more
complete measurements are desirable.

During the inflation the time histories of area,

‘velocity, and force showed a strong dependence upcon the model
- stiffness index. The area-time history of the flexible

model at low wind tunnel speed approximated surprisingly

close the characteristics of the full size curve. In finite
mass wind tunnel tests the peak forces of the stiffer model were
30 to 40% higher than those of the more flexible model.

In free flight tesis where the models were ejected
by means of a catapult, the model with the lower stiffness
index went into a squidding condition whereas the stiffer
model inflated regularly. The maximum inflation forces of
the stiffer mecdel were also in these tests higher than those
of the more flexible models. .

As a consequence of these findings, one must conclude
that without careful consideration of the stiffness index,
the inflation characteristics of model parachutes are not
nécessarily valid information on which basis the opening
performance of full size parachutes can be predicted.

14
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END RIBBON: MIL-T-5608E - 12 in strips
Class B, Type 2.
MIL-T-5603 - 24 in strips
Class A, Type 3.

Fig 2 Strip Fabrication Details
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SUSPENSION LINE IN
TENSION OVER

— STITCH!NG PREVENTS

LINE SLIPPAGE VENT
SUSPENSION
LINE
| GLUE
2IG~ZAG
STITCHING
DETAIL A (SKIRT) DETAIL B (VENT)

Fig 6 Flexible Solid Flat Parachute
Construction Details

20



DOUlSIN uonedlges  IND  d4uy

o Buzynn 9.0 ownudesed 1osbuy B o SiERd £ b1

g ivi3d
v WL3d |
1075 onpoLS rovats 4
Arnuisans werol|
I/,/ 3dvi |_<U_._.mm>..)/ .—|||_
Wegeo— "
Y~ yss A\ Huzoo
, 7 S
u 800 1015 |
ONHOLILS SVZ-9iZ- | |
INM NOISNZISNS . |
| . e,
wel : 2
& are0 A\ T 3 F s
. « ; / | | |ursso Ul
B g | urso ]
a Ik B

S3dVL VOILN3IA

S

2l




-

suswinads diuls pue sainydeded 1g|4  plOS

E]slellN nm_ucmamsm JO uosiyedwo) xo9pu] ssauyns g bi4

(u) Wbus dinlS Ppue USBWEIQ [BUIWON SINyTeded

9FE 5 09 ¥S 8y gy 9t  OF re_ 8l ( 2
| 2o
5 . , 20
| sz VAN
LY T LA/
: y A 50
. e . —
//,lrﬁlﬁ -
/.1 | OGMGM.N__
S oL x
™ 1 A%

a1nudeJed 1Bl4 PIOS

182 aleds Iind ¢

14"
S|epPoN  2axald O
S|9PO  |BUOIIUSAUOD @ .,/ 4
. \ : 0og481
di 7 \
eyleg dans Y, . : -
\
N

R T S LT U e




A3120|9A
€= a1nydeuEd 1814 PlioS 8409
3|qIXa|4 puB ‘B ‘[BUOIUSAUOD

Jiy sd} OGIEUIR

8C € JO SPPON ‘qf

88" Xgﬁﬁu\;

23




+-CIRCULAR FLAT
x-10%e¢ FLAT EXTENDED
SKIRT
©-PERSONNEL GUIDE
SURFACE -~
0 ~ \\
Q :
o 3 I i
(o) Q02 Q.04 0.06 O.QB 040 012

C
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Fig.31 Seguence Pictures of the Filling Process.
of a Conventional, 3 ft Parachute Mode|,
7 = 1.04, Snatch Velocity of 70 fps, Sus-
pended Weight of O5 Ib. (Continued)
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Fig.32 Sequence Pictures of the Filling
Process of a More Flexible, 3 ft
Parachute Model, 7 = 060, Snatch
Velocity of 70 fps, Suspended
Weight of 050 lIbs.
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Squidding Inflating

Fig42 Seauence Pictures of Free Flying Para-
chutes: One Model Inflating, One Model
Squidding, both under Similar Surface

Loading and Mass Ratios, 0025 sec
Intervals.



*22J/38 Ly°E =

fyqorn uotk ' dogsdiy mvh\uo T

.M.m.ug@mJHLHHE ‘adel, UCTAN #x

LM 1 2dAI ‘020l-D-TIN

Jo pajonajsuod sstdourd TTV

pue sdiisidaldedeu)d

00°T *% 9L 4T 091 A *AUOH AR
ot°0 JATHS on' Y o1 2t°0 “Xot1d 2 51
T

12°0 i€ €1°g 000G 60°0 *AUOD 60-2d g2
29°0 e 'l ot 62°0 *AUOD 09
Ge*o L€ e g €0T €20 "XaTd 09
29°0 L€ 2Ll |16 g2°0 | -Auod gt
Gh*0 e 0€°*H 156 9€°0 "XoTd 8t
#0°T L€ G0°6 ©9 oh°0 " AUOD 9¢
09°0 AT oI 1€ g1°o *X9Td 9t
00°* ¢ e 00°€T L2 08°0 *AUOD G'51
LT°T € tl°G 2 T.°0 *xoTd G1
€60 Li* € £G°2 2 2lL'0 *XaTd Al
26 2 ¥ b vt

cg °q

", os M 7% 3dAL
u . " 7M. x*Wa . V14 QoS
X8pu| SS8UHIS

[edisAuqd Adoued
J1gvl

60




APPENDIX

In the following section additionsl information

ls presented which was obtained in the course of the
They contributed to the overall accomplishment

study.
but were not directly utilized in the construction of
highly flexible models.
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Table II. Suspension Lines Tested for Stiffness (L = 36 in.)

D Wt.

Description J2X | am/rt Comments
100 1b MIL-C-5040C 4
Type 1A .07 10.433 Smooth ‘
100 1b MIL-C-5040C
Type 1A ¢.10 0.433 Twisted and kinked ;
2Ca 1b braided Round suspended
fishline (with core) 0.08 Joc.crl profile
20a 1b braided fish- 0.C7- i "Necked" suspended
line (without core) 0.08 |C.cok profile

12 1b braided
fishline (with core) 0.09 10.033 | = —emmmmmmmmeeeo

12 1b braided fish-

line (without core) 0.07 |0.037 S
Nylon 210
20 1b 0.11 [0.123 |  cmmmmmmme-

10 1b braided
nylon fishline 0.08 |===-- Not available

2® 1b braided nylon

fishline (with core) .08 ]0.071 | = —-mmemmmmmeo
2Cb 1b braided nylon ) Chosen for model
fishline (without core)] 0.07 ]O.064 canopy construction
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it it A s g

without core

Table ITI. Suspension Lines with Optimum Flexibility
Dmax
Crose- 1
Description Sectional
Dimension = 18 in|L = 36 in
(inches)
Nylon 21C 0‘03[. | 0.12 0.07
(20 1b) D0.053 . y
]
12 1b braided ny- 0.020
lon fishline ﬂcr- 0.12 0.10
without core
20a 1lb braided -—1 r—aot.a
nylon fishline " C.11 0.07
without core
20b 1b braided o029
nylon fishline ‘1 r 0.12 0.07
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TABLE IV

CGonstruction Details of
Conventionally Built Model Canopies

Solid Flat
DO No. Stre¥gth Formation
Hem on Skirt o of
(in) | Gores : Susp. Ins.
(lbs) Gores
12.5 64 - 50 Solid Canopy
15 28 c—) 100
1.1
16 28 GG— 100
19 ol > 100 _ =
36 28 10 =D
48 28 [ a— 100 =2
48 6l G—) 100

60 n > 100 ==
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Hot Knife Unit
/

Fig47 Hot Knife Cloth Cutting Technique
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