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Analysis of Deployment and Inflation
of Large Ribbon Parachutes

D. F. McVey* and D. F. Wolf}
Sandia Laboratories, Albuquerque, N. Mex.

A method for predicting deployment and inflation of reefed ribbon parachutes is presented. The
method is based on integration of axial and radial momentum equations developed in the paper.
Axial and radial forces are assumed to be describable by drag and radial force coefficients. Comput-
er solutions of the equations are compared to measured parachute loads and to parachute mouth
and maximum diameters from tests of 23- and 76-ft-diam conical ribbon parachutes. Comparison of
load histories indicates that snatch loads depend to a large extent on deployment bag design and
packing influences. Computed loads and parachute size histories for the inflation process compared
favorably with flight data. The concept of a radial force coefficient appears to have considerable
merit as a means of computing inflation for most types of parachutes.

Nomenclature

B = apparent mass coefficient
Cp = drag coefficient based on inflated diameter
Cr = radial force coefficient

D =drag,1b

ec =ratio of minor axis to major axis for canopy equals 0.6 —
constant '

F  =force, b

g = acceleration of gravity, fps2

L; = arclength along inflated portion of canopy, ft

L, = arclength along uninflated portion of canopy, ft

= suspension line length, ft

= mass, slug

= apparent mass, slug

= total mass, slug

= number of suspension lines

= dynamic pressure, 1b/ft2

= radial dimension, ft

= reference area, ft2

= time, sec

tension, lb

radial component of reefing line force, lb
velocity, fps

coordinate along flight path, ft

flight path angle, below horizontal, deg

B inflated canopy half angle, deg

6, = one-half suspension line included angle, deg
6, = overinflation angle for reefed canopy, deg
A¢ = constructed geometric porosity, percent

Age = geometric porosity corrected for canopy strain, percent
€ = strain
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p = air density, slug/ft3
p = density, slug/ft3
Superscripts

= first derivative with respect to time
= second derivative with respect to time
= designates apparent mass

’
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Subscripts
b  =refersto parachute bag
c = refers to parachute canopy mass point
f = refers to forebody
l = parachute lines or linear
LS = linestretch
max = maximum valve
= unstrained
= refers to parachute

= refers to radial direction
= refers to parachute skirt mass point
= refers to flight path direction
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I. Introduction

IN general, adequate analytical methods have not been
available to the parachute engineer for design and tradeoff
studies. As a result, many parachute development pro-
grams have relied on expensive full-scale testing, i.e., de-
sign by testing. The work reported in this paper is part of
a continuing program to develop analytical parachute de-
sign techniques that will permit reduction in the number
of system field tests. Specifically, this paper discusses the
development of mathematical models of deployment and
inflation of ribbon parachutes. The analysis described
considers the deployment sequence starting at first mo-
tion of the parachute bag through snatch load and infla-
tion of an arbitrary number of reefed stages.

Heavy-duty ribbon parachutes have received consider-
able attention at Sandia Laboratories over the past 17
years.1-8 These efforts have been primarily experimental;
hence, a large quantity of full-scale flight test data for a
wide range of parachute sizes and types are available. For
comparison with the analytical methods, detailed infor-
mation on deployment and inflation of a 23-ft-diam
conical ribbon? parachute, and a 76-ft-diam concical
ribbon® parachute was extracted from the available data.
The 23-ft parachute contains 32 gores with a calculated
geometric porosity of 23%. Continuous lengths of 9000-1b
slotted webbing are used for the radials and 23.75-ft sus-
pension lines. Continuous horizontal ribbons with rein-
forced selvage vary in strength from 3000 b at the vent to
1000 1b at the skirt. A single stage of reefing is utilized.
The 76-ft parachute contains 80 gores with a calculated
geometric porosity of 16%. The 80-ft suspension lines are
constructed of 3000-lb webbing, and three layers of 1500-
Ib 2-in.-wide ribbon are used for the radials. Horizontal
ribbons vary in strength from 2000 lb at the vent to 460 lb
at the skirt. The parachute was tested with both one and
two stages of reefing. Although the results of the analysis
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are compared with the flight data obtained from the two-
ribbon parachutes, the methods are general and can be
applied to a wide range of parachute systems.

The purpose of this paper is to present the development
of the analytical methods and compare the mathemat1cal
models with flight test data.

II. Analysis

In the development of the governing equations, the
parachute deployment sequence is broken into two phas-
es. The first phase, which deals with deployment initia-
tion through bag strip and continues until the parachute
suspension lines and canopy are fully extended, includes
the snatch load. The second phase begins with the para-
chute extended and includes the parachute inflation pro-
cess.

In the solution procedure, the parachute is separated
into finite mass elements which are _connectéd to each
other and to the vehicle by nonlinear springs. Mass fluxes
are permitted between the mass elements as required by
the deployment and inflation. Momentum equations are
derived for the elements in directions parallel and nor-
mali to the flight path. Time-rate of change of the mo-
mentum is then equated to the aerodynamic and gravita-
tional forces acting on the parachute and vehicle. The re-
sulting nonlinear, simultaneous, ordinary differential
equations are solved on a digital computer.

Deployment and Bag Strip: Phase I

The system considered during deployment and bag strip
is shown in Fig. 1. The assumptions applicable during this
phase are as follows:

1) Lines are deployed first.

2) Drag of parachute bag and deploying lines are small
compared to the drag of the pilot parachute.

3) The pilot parachute is fully inflated before deploy-
ment begins.

4) The apparent mass of air associated with the pilot
parachute is neghglble compared to the mass of the pilot
and bag.

5) Time derivative of the apparent air mass is small in
relation to the mass flux of the lines and canopy from the
bag.

6) Both the vehicle and bag follow the same trajectory
path.

7) The parachute radial momentum is neghglble during
Phase .

Phase I Governing Equations—For the case of a control
volume losing or gaining mass, the momentum equation
(for one-dimensional motion) may be written*

ZF = '—(MV) + Py} absVrel (la)
TF = M%V + ——(V £ Vape) (1)

where

+  isfor the system losing mass

—  isfor the system gaining mass

MV = system momentum

Vabs = the absolute velocity of the mass added or removed from
‘the system

Vrer = the velocity of the mass added or removed relative to the
control volume. '

A similar formulation of the momentum equation was
used by Toni® to examine bag strip time; however, the

INormal direction corresponds to the parachute radial dimen-
sion.

§Forebody mass includes any portion of the lines and canopy
that have been deployed from the bag.
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Fig.1 System for snatchload computatiqn.

snatch loading was not considered.
Considering Fig. 1 and writing the mass of the fore-
body$§ and bag as

My = my + pil, My =my — pil,

M; = pyl, My = ~-p,l,
Equation (13) may be written as

BFy = my, + pll.o(éf—jéb) 3)

Note that the elements of line mass are moving at a ve-
locity %; when they attach to the forehody. -

By subst1tut1ng the external forces associated with grav-
ity, tension in the lines and aerodynamlc drag into Eqgs.
(2) and (3) and by using the appropriate mass and mass
flux equations

Ony + Pulo)iy = (mg + pyl)g siny — £=(CoS) 57 =T (4)
(Wlb - lea)%b = (Wl,;, -0, lo)g siny
- _%i(CDS)bkbz +T “le.a(?;f - 90.'17) (5)
Tension is obtained by solving for strain in the lines
= ((x; ~x,)/1,) =1 (6)

and by obtaining the load [(P(¢)] from the load-strain di-
agram of the suspension line material. Tension is then

T = N[P(e)] (7)

The line strip velocity lo is obtained by equating the
impulse applied to the lines to the change in momentum
of the lines as they exit the bag. Referring to Fig. 3

Impulse = A Momentum
(T = F)AL = p,ax (% — %)

50r
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Fig. 2 Separation dlstance between forebody and bag, 23-ft
parachute.
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Fig.3 Diagram of packed pax_'achu‘teﬁ

where Ax, is the unstretched length of line stripped in
time At, and F, represents mternal bag forces caused by
ties and/or friction

lim Ax l
At=o At _ °

and B ®)
= (T = F))/ p,(3; — %))

Equations (4-8) along thh the point mass ballistic tra-
jectory equation for the fhght path ‘angle v are solved on a
digital computer. Input data include the load-strain curve
for the suspension line raterial; the stretched out para-
chute linear mass density dlstnbutlon pilot parachute
drag, mass, and inflation time;- vehlcle mass and drag;
and the initial trajectory condmons

Snatch Load Data Comparzson—Detalled comparisons

of the bag strip and snatch loads were made for several
full-scale tests of poth the 23- and 76-ft-diam para-
chutes. The bag strip and time to full chute extension
were matched accurately for both systems A typical com-
parison is shown in Fig. 2. For the comparisons, the inter-
nal bag force was taken equal to 200 b for the 23-ft para-
chute and 100 1b for the 76-ft parachute The internal bag
force results largely from- breakmg loops of nylon tape
which tie the suspension linés to the bag and i insure order-
ly deployment. The 23-ft pack contains 58 loops of 200-1b
tape (breaking férce ~400 Ib), and the 76-ft pack contains
64 loops of 550- 1b tape (breakmg force ~1000 1b). Bag in-
ternal force was obtained by’ equating the total impulse
required to bregk all the ioops to the impulse of an aver-
age force F; acting over the entire ‘bag strip time. A sketch
of a typical bag is shown in Fig. 3.

When computing snatch loads, it is usually assumed
that the canopy acts as either a’concentrated mass!! or as
a distributed mass® with some given linear density distri-
bution as a function of canopy length. Initial calculations,
assuming that the canopy acted as a concentrated mass
| throughout the snatch period, yielded loads 2 to 2.5 times
greater than measured. Computed times to peak snatch
load were also several times greater than observed. This
led to the conclusion that "the dlstrlbuted mass assump-
tion was most appropnate

Gross Average
Mass Distribution 0,351
0.0615 J\
T o ' .
El 1,236
é Modified Average
= Mass Distribution 0.721
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Fig.4 Mass distributjons, 23-ft parachute.
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Fig.5 Mass distributions, 76-ft parachute.

Load calcylations were made for the mass distributions
shown in Fig. 4 and 5 for the 23- and 76-ft-diam para-
chutes, respectively. The gross average mass distributions
were obtained by assuming that the entire canopy mass
(excluding radials) was: distributed in a linearly decreas-
ing manner over the ‘length of the canopy. The average
mass distributions were obtained by concentrating the
mass of the skirt bard, ‘reefing line (or lines), reefing
rings, and reefing line cutters in.an appropriate- width at
the bottom' of the canepy and distributing the remaining
mass (excluding radials) - over the remaining ' canopy
length. The modified average distribution in Fig. 4 differs
from the average distribution in that two-thirds of the
canopy mass (excluding radials and the skirt mass) is ar-
bltrarlly assumed to be concentrated in the first 2 ft of the
canopy length. A mass distribution ‘of this type wauld re-
sult if, as a result of packing, the canopy tends to stlck
to gether during deployment.

The snatch load was found to depend strongly on two
factors: 1) the time required for the canopy retalmng flaps
and bag lacings to react and release the canopy (after
being cut) so that it can act as a distributed mass rather
than a concentrated mass; and 2) the canopy mass distribu-
tion function, i.e., the manner in which the canopy is dis-
tributed and packed in the bag and how strongly it tends
to stick together after the bag is cut. These factors are
discussed in the following ‘paragraphs.

Data from Maydew and Johnson? on peak snatch load
as a function of dynamic pressure at line stretch are com-
pared with computations in Fig. 6. The lower curve in the
plot represents the computed snatch g as a function of dy-
namic pressure with distributed canopy and bag mass.
This curve is valid for mass distribution, b or ¢, of Fig. 4,
It is apparent that the curve lies below most of the data.

Several iterations with the computer code indicated
that the only way the peak g of Fig. 6 and the load rise
time could be matched was when the canopy and bag
acted as a concentrated mass for a period of time. This
time was determined in the following manner. It was hy-

30
20
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Bag Response Time
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Average Bag
. _,K_Response Time
~§

Snatch Load Curve for
Bag Response Time < Time
from Bag Cut to Line Stretch

«Flight Data (Ref 2)

Maximum Forebody Snatch. Acceleration (3)

¥l Time from Bag Opening Cut o Beginning
of Line Stretch (mllhseconds)

0! ‘ 1 L

0 1000 2000

Dynamic Pressure at Line Stretch (psf)

Fig. 6 Comparison of computed and measured snatch load
variation with dynamic pressure, 23-ft parachute. ‘
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Fig.7 Snatchload histories, test 352.
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pothesized that a time interval would be required for the
canopy retaining flaps and bag to relax sufficiently to re-
lease the canopy after being cut. This time interval was
denoted as the ‘“bag response time.” In general, this time
should decrease as dynamic pressure increases because the
pressure acting on the inside of the bag forcing the lacing
open would increase. Along with other factors, bag re-
sponse time is also influenced by lacing load, pack densi-
ty, and pack design. Curves for five bag response times
are shown on Fig. 6. Four other times are also indicated
along the lower curve in Fig. 6. These four times corre-
spond to the interval (here called “cut delay”) between
the time the canopy retaining flaps are released by a cut-
ter attached to the suspension line at 21.8 ft and the time
at which the skirt extraction (line stretch) begins. Cut-
delay time decreases as bag velocity and dynamic pressure
increase. If, at a given dynamic pressure, the bag response
time is less than the cut-delay time, the maximum snatch
g will lie on the lower curve. If however, the bag response
time is greater than the cut-delay time, the bag will act as
a concentrated mass for an interval (Atf,,) equal to the
difference in the two times. For example, at 2500 psf, the
cut-delay time is about 0.006 sec. The two data points at
about 19 g and 2500 psf are nearly on the 0.006-sec bag re-
sponse time curve. For these points, the canopy and bag
did not act as a concentrated mass. The flagged point at
27 g’s lies on a bag response time curve of about 0.011 sec.
Thus, the canopy and bag would act as a concentrated

Mass m
Distribution (nilisec
Averaged 0.0
Averaged 5.0
Modified 5.0

Gross Averaged 0.0

VLS: 1617 ftfsec

. 2
4 2597 ot

g 2140 1b

Forebody Snatch Acceleration (g}

i 1 1 1 i
=0.260 0.270 0.280 0.290 0.300
Time (sec) from Release

Fiz. 8 Snatch load histories, test R-02.
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Fig. 9 Comparison of computed and measured snatch load
variation with dynamic pressure, 76-ft parachute.

mass for Atp, = 0.011 — 0.006 = 0.005 sec. In a similar
manner, at 1000 psf, the g-level for the flagged point can
be obtained by letting the bag and canopy act as a con-
centrated mass for At,, = 0.018 — 0.012 = 0.006 sec.

The most likely variation of bag response time for the
23-ft parachute pack configuration is shown by the dashed
line on Fig. 6. This indicates that average bag response
time decreases from about 0.020 sec at 300 psf to about
0.008 sec at 2500 psf. Note that the average bag response
time curve would probably intersect the curve for bag re-
sponse time less than bag cut time at about 3500 psf. At
this point, the pressure force in the bag would probably
release the bag immediately.

Timewise variations of snatch load for two of the tests
analyzed are shown in Figs. 7 and 8. Load curves are
shown for the case of bag response time less than bag cut
time (At = 0.0) and for the appropriate At,, as inter-
preted from Fig. 6. It is noted that the curves for At,, =
0.0 tend to rise slower, peak lower, and have a longer
decay than the measured data. The influence of altering
the canopy mass distribution while keeping the skirt den-
sity constant is to alter the shape of the decay side of the
8 vs time curve. In general, comparison of the histo-
ries is reasonable. The modified average mass distribution
seems to give better agreement at low dynamic pressure;
on the other hand, the best agreement at high dynamic
pressure would be obtained by the average distribution.
As previously mentioned, the modified average attempts
to account for the tendency of the nylon to stick together
after being packed at high pressure. As would be expect-
ed, this tendency would be most apparent at low dynamic
pressure. The result of ignoring the mass concentration at
the skirt may be seen by comparing the snatch load histo-
ry for the gross average mass curve with that of the aver-
age curve with the same At,,.

Comparison of measured and computed peak g versus
dynamic pressure data for the 76-ft-diam parachute
discussed by Holt3 is given in Fig. 9. The mass distribu-
tion shown in Fig. 5b was used. Computed curves of peak
snatch load for a bag response time of 0.050 sec and for
the case of bag response time less than or equal to bag cut
time are given. Bag cut time occurs when the canopy re-
taining flaps are released when 71 ft of the 80-ft suspen-
sion lines have been stripped from the bag. The 0.050-sec
bag response time seems to represent a good average of
the data. This is in reasonable agreement with the time
that would be estimated from Fig. 6 for 150- to 250-psf dy-
namic pressure. It is noted that the percentage scatter in
the 76-ft parachute snatch load data is somewhat greater
than in the data for the 23-ft parachute; greater variation
in packing may have caused the difference. Also intense

/interference from the B52 drop aircraft could be a factor

in the scatter because the parachute is static line de-
ployed near the aircraft. No data are available on snatch
load histories for the 76-ft parachute.

The previous paragraphs have pointed out that observed
variation in snatch loads could be explained in a consis-
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Fig. 10 Trajectory coordinates for inflation model.

tent manner by packing and bag influences as represented
by a bag response time. Further work is under way to de-
termine the parameters that influence the bag response
time and to define methods of computing this important
parameter. Until more complete data are available, it is
probably reasonable to use bag response times of the mag-
nitudes indicated by Fig. 6 for design with high-density
(35-45 1b/ft3) packs. It is also recommended that a linear
mass distribution close to the actual be used in calcula-
tions when modeling deployment and snatch load histo-
ries.

Inflation: Phase I1

The derivation of momentum equations which describe
the motion of the forebody and parachute starting at line
stretch and ending with the parachute fully inflated is
discussed in this section. The method of analysis is an ex-
tension of a simpler model derived by Wolf,” which was
based primarily on the earlier work of Weinig® and Toni.?
The approach differs from methods developed by Hein-
rich® and others in that it utilizes momentum equations
rather than a conservation-of-mass equation”to describe
the motion of the parachute canopy.

The major assumptions made for the inflation analysis
are listed below:

1) The parachute canopy is modeled as two lumped
masses, each with two degrees of freedom.

2) Aerodynamic forces are approximated by the sum of
quasi-steady and fluid inertia forces.

3) Quasi-steady forces include a drag force proportional
to parachute cross-sectional area and a radial force pro-
portional to the inflated canopy area forward of the maxi-
mum radius point.

4) Fluid inertia forces proportional to axial and radial
acceleration are included.

5) The portion of the canopy from the skirt to the max-
imum radius point is approximated by a conical frustum,
while the canopy aft of the maximum radius is approxi-
mated by an oblate spheroid with constant eccentricity.

6) Elastic forces are obtained from static load-strain
data for the materials used in the parachute.

7) The forebody and parachute are assumed to follow
the same ballistic path.

Phase II: Governing Equations—The form of the mo-
mentum equation utilized is defined in Eq. (1b) for a
system of variable mass. Trajectory coordinates used in
the inflation model are defined in Fig. 10. Six degrees of
freedom are required: three flight path coordinates (fore-
body, parachute skirt and parachute maximum radius
point), two radial coordinates (parachute skirt and para-
chute maximum radius point), and the flight path angle.

Fig.11 Schematic of elastic components in inflation model.
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Fig. 12 System forces during inflation.

Masses representing the forebody, parachute skirt, and in-
flated parachute canopy are connected by elastic members
as illustrated in Fig. 11. Forces on the respective masses
age shown in Fig. 12. Canopy geometry is defined in Fig.
13.

Motion of the forebody along the flight path is de-
scribed by Eq. (9)

meXy = myg siny — T, cos8; — %iCDfJQfZS, 9)
Rate of change of flight-path angle is obtained from the

equation for conservation of momentum normal to the
flight path, as in Eq. (10)

m; + m, + mxc’));aéf = (m; + m,)g cosy (10)

All points on the axis of symmetry of the system are as-
sumed to follow the same ballistic path.

Conservation of momentum [based on Eq. (1b)] for the

mass concentrated at the parachute skirt is given by Eqs.
(11) and (12): i

mg¥s = —T, cosf, + T) cos§, + mg siny + mx, — x,)

(11)
and

(my + mp, )R, = T, sing, ~ T, siné, — Ty, + my(R, — R,)

—mps'R, (12)
Because the angle of the uninflated portion of the canopy
is generally small, apparent mass or fluid inertia effects
have been eliminated from Eq. (11). Forces required to
accelerate mass from the skirt velocity to the canopy ve-
locity are assumed to be provided at the skirt.
Similar momentum equations for the inflated canopy
mass point are given by Eqgs. (13) and (14):

(m + my)¥, = T, cosé, — % Cpe S, 5.

+ m,g siny ~m,.'x,  (13)

On, + mg, )R, = —T, siné, —r}ch’Rc
+ %CRa'ccz (25, sin 6,) cos 8, (14)

In calculating the momentum flux effects associated with
the apparent air mass terms, the simplifying assumption
is made that the skirt and canopy exchange mass only
with the surrounding air and not with each other. Refer-
ence area for the quasi-steady radial force is taken as the
area of the inflated portion of the canopy forward of the
point of maximum radius, or 2S, sinf,..

A simplified mass distribution for the parachute is as-
sumed in the inflation analysis. This distribution is shown

Fig. 13 Canopy geometry for inflation model.
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Fig. 14 Effect of porosity on full-open drag coefficient based
on projected area.

in Fig. 4a for the 23-ft parachute and in Fig. 5a for the
'76-ft parachute. Half the suspension line mass is assumed
to be concentrated at the skirt, and the remaining half is
assumed to be attached to the forebody.

Apparent mass terms in the equations of motion are ex-
pressed in the usual way as a coefficient times a charac-
teristic mass of fluid

’mxc, = Byccp°°(4/3)7TRc3

Mps = BrePoTR L, COSH,

Mpe' = BreP=TR[(4/3)e, + sind, cosé,]

Mass flux terms are obtained by chain-rule differentia-
tion. Although Ibrahim?!! has shown that geometric poros-
ity has a significant influence on the magnitude of appar-
ent mass coefficients, sufficient data do not exist to de-
scribe the porosity effect numerically. Therefore, esti-
mates made in the simpler model? for numerical values of
the mass coefficients are reduced here by a factor of two
for the more porous ribbon parachutes. Numerical values
used in this analysis are

B, = 0.25
BRS = BRC = 05

Examination of test data and films for the 23-ft and
76-ft parachutes indicated that the effects of porosity
would have to be included in the quasi-steady force coeffi-
cients. In addition to the expected increase in drag with
decreasing canopy porosity, an unexpectedly fast inflation
was observed for the less porous 76-ft parachute. The fast-
er inflation was most noticeable immediately after disreef.
Based on test data for the two ribbon parachutes and a
limited amount of wind tunnel data from Ref. 12, a highly
simplified force coefficient model which includes geomet-
ric porosity effects was formulated. Also, because of the
large unit strains (10 to 20%) which occur during the in-
flation of these parachutes, the coupled effect of strain on
geometric porosity was estimated (for the dynamic model)
from the relation

e = (g + €0/ (1.0 + €,)

The linear variation of drag coefficient based on pro-
jected area with porosity shown in Fig. 14 was inferred
from the data. Although the simple linear variation is not
highly accurate over the entire porosity range, it at least
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Fig. 16 Reefed parachute geomefry defining overinflation
angle.

provides a reasonable estimate of the level and slope of
the curve in the region of interest for ribbon parachutes.
Full open drag coefficient was used-throughout the infla-
tion.

A somewhat less straightforward, but still very simple,
model of the radial force was formulated. During an equi-
librium-reefed stage, the outward radial aerodynamic
force must be in equilibrium with the inward component
of the canopy elastic force. Equating these two force com-
ponents for the steady-state condition results in the fol-
lowing approximate relation between radial force coeffi-
cient and drag coefficient

Cr/Cp = 1/(2 cos?s,)

On the basis of reefed-shape data taken from flight and
wind-tunne) tests, the force coefficient ratio was inferred
to vary with porosity as shown in Fig. 15.

In addition to the direct effect of porosity on radial
force coefficient, a second porosity effect was included
which was particularly noticeable at disreef. At disreef,

. the uninflated canopy for the very porous 23-ft parachute

quickly becomes colinear with the suspension lines. This
results in a reduction in the canopy inflated area and a
slowing of the inflation after disreef. The angle of the un-
inflated canopy for the less porous 76-ft parachute always
remains somewhat larger than the suspension line angle
after disreef. A large acceleration and rapid inflation after
disreef occur as a result. Although this complicated effect
of porosity on canopy shape indicates that additional can-
opy degrees of freedom are probably required for a de-
tailed description, a simple correction to the existing
model was formulated, again on the basis of reefed-shape
parachute data. The additional canopy angle appeared to
be approximately equal to the reefed overinflation angle,
6, (Fig. 16). The variation of 6, with porosity for reefed
parachutes was inferred to be linear, from the data shown
in Fig. 17. Radial motion of the skirt and inflated canopy
was constrained in the dynamic model so that 6, = 6, + 6,
throughout the inflation.

In order to provide starting conditions for numerical so-
lutions to the equations of motion, initial values of skirt
and canopy radius were taken from test data and all ve-
locity components relative to the forebody were taken to
be zero. Inflation is assumed to start at the skirt and pro-
ceed until the vent is inflated with no tension in the cano-
py. Once the vent region is inflated, elastic constraints are
imposed throughout the remainder of the inflation.

Data Comparison—Solutions to the equations of motion
were compared with available shape and load data for the
23-ft ribbon parachute and the 76-ft parachute. Shape and

O Reference 12
15 @ 1st Stage 76-Ft Diameter Parachute
0, 12.5 -38'3>‘gc x 2nd Stage 76-Ft Diameter Parachute
+ 23-Ft Diameter Parachute

1=
|4 ol

w
H

Qverinflation Angle

§

0 I | § b .
0 10 20 30
Geometric Porosity Including Strain

Fig. 17 Effect of porosity on reefed canopy angle.
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Fig. 18 Computer reading of parachute shape from test film,
23-ft parachute.
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Fig. 19 Nondimensional radii vs. time, 23-ft parachute, test
359.
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Fig. 20 Forebody acceleration data, 23-ft parachute, test 359.
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Fig. 21 Nondimensional radii vs. time, 23-ft parachute, test
352. ’

parachute dimensional data were obtained from com-
puter-generated plots of digitized flight film frames, an
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Fig.22 Forebody acceleration data, 23-ft parachute, test 352.
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Fig. 23 Nondimensional radii vs. time, 23-ft parachute, test
R-11.
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gig. 24 Forebody acceleration data, 23-ft parachute, test
-11.

example of which is shown in Fig. 18. Force measure-
ments were taken from forebody accelerometer data.
Comparisons of actual and predicted data for three tests
of the 23-ft parachute are shown in Figs. 19-24. The data
span the range of dynamic pressures over which the para-
chute was tested. The comparisons of predicted loads and
shapes with the experimental data are good, considering
the preliminary state of development and simplicity of the
inflation model. The slight overinflation predicted by the
dynamic model is probably caused by the absence of any
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Fig. 25 Comparison of computed and expenmental forebody
acceleration data, 23-ft parachute, as a function of dynamic
pressure. .

canopy radial forces resulting from tension in horizontal
ribbons. The rapid decrease in predicted force in the
reefed stage suggests that the porosxty correction to drag
coefficient caused by canopy strain is probably excessive.
A more realistic correction including the effective porosity
concept of Heinrich® should improve the prediction. No
serious attempts were made to “fing tune” the numerical
solutions by adJustmg the force and mass coefficients:
Such “curve fifting”” would seem pomtless without addi-
tional independent calculation or measurement of these
terms. Maximum force data in the reefed and full- -open
stages for a large number of tests of the 23-ft parachutes
are compared with predicted forces in Fig. 25. Although
the trends with dynamlc pressure are good, the force lev-
els are slightly low for both stages. ‘An excessive drag coef-
ficient correction assoc1ated with canopy strain is agam
the probable cause.

Data from a test of the 76-ft parachute are compared
with predicted geometry and load data in Figs. 26 and 27.
Again, some oyerinflation is predicted, although the
steady shape is approximately correct. Because of the
“double vent” construction of the 76-ff parachute,® the
geometric porosity for the first stage of inflation is in-
creased somewhat, but is not known accurately. Based on
the data presented in Figs. 15 and 17, an estimated first-
stage porosity of Az = 20% was used for the analysis. Also,
the close proximity of the drop aircraft apparently caused
arather erratic first-stage inflatign. -

III. Conclusions

1) A dynami_c model has been derived which predicts

LOF Deployment Conditions
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Velocity: 727 ft/sec
.9 d ted
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Fig.26 Inflated shape for 76-ft barachute, test B-5.
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Fig.27 Forebody accelelfatiqn data, 76-ft parachute, test B-5.

deployment and spatch loads. Variations in peak snatch
loads for high-density parachute packs are explained in a
consistent manner by bag influences as represented by a
bag response time. Further work is needed to define the
parameters that influence the bag response time ‘and to
define methods of computing this important parameter.

2) A dynamic inflation model has been derived which
prediets reasonably well the variatjon of canopy shape and
aerodynamic load with time for reefed ribbon parachutes.

3) Independent calculation and/or measurement of the
force coefficients and apparent mass coefficients which
appear in the equatxons ‘of motion are requlred to improve
the accuracy of the inflation model
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