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FOREWORD

This work was performed under US Army Natick Labora-
tories Contract No. DAAG 17-73-C-0174 during the period
of 20 April 1973 and 30 June 1974, The Project Number was
iF162203AH86, "Exploratory Development of Airdrop Systems'.
The Task No. was 04 and the Work Unit No. was 032 titled
"Opening Performance oi Large Cargo Parachutes". Mr.
Edward J. Giebutowski of the Airdrop Engineering Laboratory

served as the Project Officer.
The purpose of this effort was to improve the pre-

dictability of the opening performance of large cargo
parachutes as used by the US Army.

1i




5

II.

III.

IV.

VI.

CONTENTS

Introduction . . . « . +« .« « . ¢ .

Model and Equations for Opening Performance
Calculations . . . . . . . . . .

A. Concept for Extraction of Inflow
Functions .

B. The Terms of the Equations of Moticn
and Continuity . .o

1. Filling Time .

2. Included and Apparent Masses . .
3. Shape Assumptions . . . . . .
4. Canopy Volume
b,

Drag Ccefficient .

C. Opening Performance Calculation Method .

Analysis of Individual Test Cases
Inflation Analysis of Large Parachutes .
Review of the Numerical Inputs .
References . . . . . . . . . . . .

Appendix . . . . .

it




ILLUSTRATIONS

Figure
L. Force= Tlme Hlstory for C-9 Parachute,
Test 44, v 255 ft/sec, W, = 439 1b . . . .
2. System Velocity Ratio Based on Force :
Approximation (Fig 1) . . + ¢ o + o o o o o o
3. Area-Time Relationship for C-9 Parachute,
Test 44 . & + o o s o o o o a o s 8 & o o = o =
4, ,JInlet Area RatLo for Test 44, Based on
PrOJected Area Approximation (Fig 3) . . . . . .
5. Dimensionless Volume Derivative for Test 44,
Based on Area Approximation (Fig 3) . . -
6. Net Inflow Velocity for Test 44, Based on
Fig 3 a a a a4 L2 o« a o > o -] L] L a a L L L o L o
7. Net Inflow Function for Test 44, Based on
Figs 2 and 6 . . . . « .+ & o ¢ o o o « o o o o o
8. Calculated Force-Time Histories with te = 0.92
sec and tg = 0.76 8€C . . .+ & o ¢ ¢ @ « 4 o & o a
9. Calculated and Measured Force-Time Histories

for a 3 Ft Model Parachute, Test 2, )
v, =50 fps, Wp = 0.51b . . . . . . . . . .
S
10. Calculated and Measured Force-Time Histories
for a 3 Ft Model Parachute, Test 6,
v, = 70 fps, Wp = 0.51b . . . . . . . .

11. Calculated and Measured Force-Time Histories
for a 3 Ft Model Parachute, Test 10,
v, = 85 fps, Wy = 0.3 1b . . . o o o o 2 o o o

12. Calculated and Measured Force-Time Histories
for a 28 Ft Parachute, Test 1, v, = 225 fps,

Wy = 203 1b . o & 6 6o o v 4 s s % e e e e o @ o
13. Calculated and Measured Force-Time Histories
for a 28 Ft Parachute, Test 9, v, = 306 fps,
WL = 220 1b o o ') |3 L] o [ o o a L) o o ] a -] L]

iv

Page

10
11
13

14
23
24
&
26

27




gr

ILLUSTRATIONS (CONT.)

Figure

14.

15.

16.

17.

18.

19.

20.

21.

22.

232

Measured and Calculated Force-Time Histories
for a 28 Ft Parachute, Test 44, v = 255 ft/sec
WQ = 439 1b . . . . . . ] . . ] . . . . ] ] .

Calculated and Measured Force-Time Histories
for a 28 Ft Parachute, Test 39, v, = 272 ft/sec
W = 439 1b . . . . . . N

Calculated and Measured Force-Time Histories
for a 28 Ft Parachute, Test 43, v_ = 275 ft/sec
WL = 439 1b [ 2 * [ 2 . L] . L . [ 2 L] L] [ 2 .

Averaged Measured Force-Time Histories for
G-12D Parachute, Wp = 2200 1b . . . . . . . . .

Empirical Projected Area-Time Function for
Calculation of Opening Performance of Large
Parachutes (Combination 11) . . . . . . . . .

Empirical Inflow-Time Function for
Calculation of Opening Performance of Large

Parachutes (Combination 11) . . . . . . . . . . .

Calculated Force-Time History for 64 ft, G-12D
Parachute Based on Empirical Inputs, Figs 18
and 19, Compared with Averaged Force-Time
History, Wy = 2200 1b, v, = 205 ft/sec . . .

Calculated Force-Time History for 64 ft, G-12D
Parachute Based on Empirical Inputs, Figs 18
and 19, Compared with Averaged Force-Time
HLstory, Wy = 2200 1b, v_ = 240 ft/sec . . .

Calculated and Measured Maximum Forces for
the 64 ft, G-12D Parachute, Wy = 2200 1b .

Calculated and Measured Force-Time Histories
for 100 ft, G-11A Parachute Based or Empirical
Inputs, Figs 18 and 19; Wy = 5410 1b,

= 136 ft/sec . . . . . o . 0 e e e e

Page

28

30

36

37

38

39

40

. Ll

43




Figure

24,

25.

26,

28.

29.
30.
31.
32.
33.

34,
35.

36.

ILLUSTRATIONS (CONT.)

. Page

Calculated and Measured Force-Time Histories

for 100 ft, G-1lA Parachute Based on Emplrlcal

lnputs9 FLgs 18 and 19 Wﬂ 5410 1b, >
177 ft/sec . . . . . o o e o 4 s o .

Calculated and Measured Force-Time Histories
for 100 ft, G-11A Parachute Based on Empirical
Inputs, Flgs t8 and 19; Wl 4550 1b

v, = 168 ft/sec . . . . e 4 o w4 .

Calculated and Measured Force Time Histories

for 100 fc, G-1lA Parachute Based on Emplrlcal
Inputs, Flgs 18 and 19; W£ = 4550 1b, : :
v = 187 ft/sec . . . s e e e o m.e o o o, e

Calculated and Megsured Force-Time Histories

for 100 f£t, G-11A Parachute Based on Empirical -
Inputs, Flgs 18 and 19; WQ = 4550 1b, -

vg = 197 ft/sec R s 6 e 5 e 5 o o 4 o o a

Calculated and Measured Maxlmum Forces for the
100 ft, G-11A Parachute . . . ... s + o o .o @2 o =

Area and Inflow Functions for-Combination 1....
Area and Inflow Functlons for Comblnatlon 4 ,., ¢ e
Area and Inflow Functlons for Comblnatlon 5 e e e
Area and Inflow Functions for Comblnatlon 6 ;;;.,
Calculated and Measured Average Force-Time
Histories feor a 3 Ft Model Parachute,
ve = 50 ft/sec, Wy = 0.5 1b, Combination 4 . . .
Calculated and Measured Force-Time Histories
for a 28 Ft Parachute, Test 1, v_ = 225 ft/sec,
Wp = 203 1b, Combination & s e o o o o 8.0 o e o
Calculated and Measured Average Force-Time ‘.f ‘
Histories for a 64 Ft G-12D Parachute, Vg = 205
ft/sec, Wy = 2200 1b, Combination 4 . . U . . . .

Estimation of Snatch Velocities for 64 Ft,
G-12D Parachut® . . o ¢ o « o = o s o o a o o o o o

vi

44

46

47

48
52
54
56
58

60

61

62

68




o

Table
I.

II.

I1I.

Iv.

VI.

VII.

TABLES

Percent Deviation from Measured Maximum Forces,

Frax? for Various Area-Time and Inflow-Time

Func tions . . . . L] . . L] L] [ L] . . L] . . . .

Area and Inflow Function Descriptions for
Combinations Shown in Table I . . . . . . . .

Coefficients of T® for Polynomial Approximations
to Area and Inflow Functions for Combination 11;
Numerical Inputs for Computer Calculation . . .

Coefficients of T" for Polynomial Approximations
to Area and Inflow Functions for Combination 1;
Numerical Inputs for Computer Calculation .

Coefficients of T® for Polynomial Approximations
to Area and Inflow Function for Combination 4;
Numerical Inputs for Computer Calculation .

Coefficients of T" for Polynomial Approximations
to Area and Inflow Functions for Combination 5;
Numerical Inputs for Computer Calculation . . .

Coefficients of T" for Polynoimial Approximations

to Area and Inflow Functions for Combination 6;
Numerical Inputs for Computer Calculation . . .

vii

Page

33

34

50

53

55

57

59




CnS
©p9);

A O

Mo

max

[l )

s wnw 3

SYMBOLS

drag coefficient

drag area

initial parachute drag area
diameter

inlet diameter

opening force

maximun opening force
acceleration due to gravity
suspension line length

mass

area

dimensionless time

time

outflow velocity

effective porosity

volume

velocity

net inflow velocity

weight

trajectory angle

air density

viii




Subscripts:
a apparent
i £ filling
% i included
% in inflow, inlet
i 2 load
% max value at T = 1.0, when used with DP’ Sp’ \Y
1 o initial, nominal
| P projected, parachute
8 snatch
ss suspension system
T total

ix




ABSTRACT

The concept of a parachute opening shock calculation
is shown which is based on the simultaneous solution of the
equation of motion and the continuity equation with
numerical inputs concerning the development of the pro-
jected area and the 1nflow velocity. Several area-time and
velocity-time functions were extracted from wind tunnel and
field test data and used for calculating a variety of test
cases for which force-time recordings were available.

When these functions were used to calculate force-time
histories for the test cases from which they were extracted,
the calculated histories closely matched the measured ones.
A unique set of functions was not found; however, one set
was established which in many cases provided acceptable
predictions of maximum forces and force-time histories for
parachutes of 3 ft to 100 ft diameter and velocities between
50 ft/sec and 300 ftr/sec.

Another set of functions, closely related to the
one covering the wide range, was established which matched
the large parachutes particularly well.




1. . INTRODUCTION

The performance of an inflating parachute is governed
by a complex -interaction of aerodynamic; dynamic, and elastic
forces. Seeking to analyze the opening process and to pre-
dict the opening force has been a problem of continuing
interest. The first known analysis'was published in 1927
(Ref 1) and was followed by a considerable number of other
attempts and Refs 2 through 18 are merely a sample listing.
To date, the most extensiveIStudy in which maximum calculated
opening forces of solid cloth parachutes are compared with
field test data is presented in Ref 19. 1In this study open-
ing forces were calculated and compared with field test
results for a 28 ft solid flat cifculariparachute under
various surface loadings,_Speeds,-and'altitudes, and the
results showed good agreement with the field test data.

The concept of the method used in Ref 19 was to cal-

culate the instantaneous forces based on the continuity equation

and the equation of motion considering the effective porosity
of the parachute cloth and disregarding the effects of gravity
upon the trajectory during the inflation process. Linear
functions of the inflow velocity and the development of the
projected area versus time were used as empirical inputs.
Also, a mechanical model of the inflating canopy was chosen
which consisted of a truncated cone capped by a hemisphere.
This method gave good approximations of the measured maximum
forces of the 28 ft solid_flat-paraéhute with 200 1b, 440 lb,
and 820 1b suspended loads over a speed range of 150 fi/sec to
450 £t/sec and an altitude range of 6000 ft to 21,000 ft.

" In Refs 20 and 21, the method of Ref 19 was used, but
the'equatidns of motion were expanded to include the effect
of gravity upon the trajectoryo The maximum forces calcu-
lated for the preViously‘inVestigated cases of the 28 ft

1




parachute gave essentially the same results as shown in

Ref 19. However, when this method was used for calculating
opening forces of 64 ft parachutes with 2,200 1b suspended
loads, the calculated results differed significantly from
field test measurements.

Tn the following, a method of opening force calcula-
tion is presented which is somewhat similar to the one of
Ref 19, however, the functions of inflow velocity and area
development are non-linear with respect to time and reflect
more realistically the everts which occur during the infla-
tion of the parachute canopy. Basically they are extracted
from available field test data.

When the area and inflow functions were extracted from
a particular test and introduced in the system of equations,
the calculations provided force-time histnries which very
closely matched the field test recordings of that particular
test. This is some proof that the method of calculation
closely reflects the aerodynamics and dynamics of the
inflation process.

An attempt was then made to find a set of unique func-
tions which would be useful to calculate parachute opening
processes of 3 ft to 100 ft parachutes. This attempt was
partially successful, and characteristic functions were
found, which, in connection with the established method,
provide force-time histories of 3 ft, 28 ft, 64 ft, and
100 ft parachutes that match force-time recordings of

actual tests with a reasonable degree of accuracy.




II. MODEL AND EQUATTONS FOR OPENI_NG- PERFORMANCE CALCULATIONS

As formulated Ln Ref 19 and revrsed Ln Ref 20 the
motlon of the parachute load system durlng Lnflatlon is

governed by the_follow1ng equations:
2

D
_3% = ( My + Mas+ mp) gcose v (C Sy + Cop Tr__t)

M+ | 2m; (1)
mr e \dT T 4T )
and |
& - (ml'+ Me +Me ) gsing | (2)
dt My =~ |

The filling time tg follows from integration of the contin-
uity equation, which can be'expressed“as

vln' .
Lo d -y

The opening'force,ias stated in Ref 20, is

- l,
| F%m&(gcose—%%) "
Thus a calculation of the opening performance of a parachute-
involves srmultaneous solution of Eqns {L), (2), and (3) for

tes ¥, and©. The’ meortant variables for which functions
must be formulated are the parachute area, the included and
apparent masses,. and the 1nflow velocrty 1 A measured
relatlonshlp for the proJected canopy area,;sp,'ve time
coupled with Ldeallzed shapes Wlll provrde the means to
'evaluate all the varlables but the inflow veloclty



A. Concept for Extraction of Inflow Functions
A method for extracting inflow functions from field
} test measurements was developed in a Master's Thesis by

Uotila (Ref 22). The continuity equation may be written
as

2
dV _nd 2
dt 4 ”
i' with Vin* being a net inflow velocity which is essentially
; the value in parentheses, multiplied by the system velocity,
v, of Eqn (3).

The system velocity, v, can be found from the relation-

(3)

ship

1, T
V=== deT (6)
2 o

provided that t. and F(T) are known.

The numerical values in Ref 22 were related to 28 ft
solid flat parachutes obtained from the USAT data bank
(Ref 23). In Ref 22, one particular test, USAF Test No. 44,
was analyzed in detail. The suspended weight was 439 1b,
the snatch velocity was 255 ft/sec and the altitude at snatch
ﬁ was 6075 ft. The filling time as defined in Ref 9 was
i te = 0.93 sec.

The force, taken from Ref 23, is shown vs dimension-
less time in Fig 1, together with a 9th order least-squares
polynomial approximation. This polynomia! was usecd to

find an approximation toc the system velccity, assumirng
horizontal flight. The resulting system velocity, ncn-
dimensionalized by the snatch velocity, is shown in Fig 2.

From the same test, the area-time data is shown ir Fig 3,
including a numerical approximation as weli as an average
suggested in Ref 9.
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Assuming that the canopy profile is described by the
so-called Minnesota shape, the wvolume of the canopy is
given by (Ref 22)

“oEEVEERE

)

where

Vo = 5 (Do)

] 2
‘ - 1d
S, = 2

In Eqn (7) it is assumed that L, = D, for simplicity.
With some suitable expansion, Eqn (5) provides the
inflow velocity

Y Se (10)
Vo Tt 6 Sn gT(%/%,)

The area-time history, Fig 3, combined with the

E mechanical model provides the time histories of the normal-
ized inlet area, Fig 4, and combined with Eqn (7) gives the
volume-time and finally the volume derivative-time function,
Fig 5.

; From Eqn 10 combined with the numerical apprcximations
f to time histories of the area and volume follows the net

' inflow velocity v, * as shown in Fig 6.

in
A dimensionless inflow function can then be formed

‘/h: = \%;nx S !
vV VLS, (_én' %‘,) ﬁ(%) (11)
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which is shown in Fig 7. It should be kept in mind that

all these derivations are made for USAF Test No. 44 (Ref 23).
In Figs 3 and 6, Berndt's average (Ref 9) is used for
comparative purposes and is specifically identified. The
dashed curve near T = 0 in Fig 7 is drawn through Vin*/v =1
to comply with physical initial conditions.

With the time histories of the projected area, volume
or mass, apparent mass, and velocity as well as the filling
time, tes known, the instantaneous force can be calculated
numerically from Eqns (1) and (4). If t. is taken from
Ref 23, it encompasses the time interval from the peak of
the snatch force until the projected area of the inflating
canopy equals that of the canopy during steady state descent.
As pointed out in Ref 19, this period is, in general, not
the time requir=d by the continuity equation to establish
an included air mass equal to the mass during steady state
descent, because the filling of the canopy most probably
does aot begin at the instant of peak snatch force.

Figure 8 then indicates the force calculation using
Eqn (4) and the data bank time of tg = 0.92 sec. One notices
a certain similarity of the general trend of the calculated
and recorded forces; however, the maximum forces differ
significantly.

As a next approximation, one may calculate a filling
time by means of the inflow function, Fig 7, and one obtains
a filling time of 0.76 sec. However, since the inflow function,
Fig 7, was derived using the reported filling time, and this
time should also be used in determing the mass derivatives
dmi/dt and dma/dt, the calculated force-time history using
te = 0.76 sec must be considered to be merely an approximation.
However, using this calculated filling time gives an agree-
ment between measured and calculated force-time histcries

12
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which is very encouraging, and the method appears to deserve
further refinement.

The simultaneous solution of the equations of motion
and continuity with the removal of the inconsistency concern-
ing the filling time will be discussed in the following.

B. The Terms of the Equations of Motion and Continuity
The preceding chapter indicates the strong influence
of the filling time. Also, a meaningful opening shock
calculation should not depend on a filling time selected
from experience or available field test data with the hope
of good luck. Therefore, an attempt will be made in the
following to develop a method in which the final force-time
history results from a simultaneous solution of the equation

of motion and the continuity equation. The inputs concerring
area-time and inflow-time functions shall be extracted from
closely observed field tests and carefully considered
bounidary conditions. Also, the terms of aerodynamic drag,
canopy volume, mass and apparent mass shall be reviewed.

1. Filling Time

The filling time as defined in Ref 9 is the time from
peak snatch force until the instant the projected area first
reaches its steady state value. Therefore, some of the
snatch process, including any dynamic effects due to
elasticity, as well as bag strip, breaking of tie cords,
and other matters occur during the time period so defined.
Therefore, during a certain portion of the filling time
in accordance with Ref 9, the parachute is not inflating
in the usual sense. Considering the parachute to contrihute
only drag during some initial period of the filiing time
thus seems a reasonable descrintion of events. From fieid

15




Vo s Aty

test data, it is estimated that this period extends from
0 <T=< 0.15, and during this time Eqns (1) and (2) take
the form of

dv _ o — oV [(CoS) +(CoS);
at = 2(m, + m,, +m,) L 12)

and

d9 _-gsin
o v a

with (CDS)i representing the initial drag area of the
parachute.

2. Included and Apparent Masses

The second point of interest concerns the interpretation
of the included and apparent masses. The physical meaning
of the included mass is that mass of air which moves with
the system at system velocity. For a fully inflated para-
chute, a reasonable approximation should be that the entire
canopy volume consists of air which is at rest relative to
the parachute, and thus the included mass at full inflation
would be

m; = /0 Vimax (14)
T=]

However, during the filling process there is an inflow
to the canopy and the entire canopy volume as given h»; the
canopy model (Ref 19) cannct contain stagrant air. The
model and the shape of an inflating sactuwal parachute
suggests that the portion which appears like an air filled
dome is most likely the portion of the canopy contairing
stagnant air. A function describing the vciume of this
portion of the canopy would thus seem to be an appropriate

s




formulatlon for included mass, i.e.
| o m /Cvmax 3 Qa
(D P

) {15)
Wux

Apparent mass is a means of representing a fluid dynamic
force due to the éhange of kinetic energy of the extermal
flow field. The formulatlon of apparent mass in earlier
studies of opening processes is based on measurements made
on a fully inflated parachute (Ref 8) with a coefficient
that increases from zero to one as thé.parachute inflates.
This coefficient introduces a variation of the apparent:
mass in accordance with the shape of the inflating cancpy.
It should be kept in mind that in the linearized opening
shock theory (Ref 19), the area ratio, Sp/SOD increased
linearly and that the results of such calculations fit
measured maximum forces quite well. Therefore, as a first
approximation a similar approach is made; namely, a depend-
ence of the apparent mass on the'stagnant‘vo1ume, and thus
on the included mass, multiplied with an area ratioc factor,
If the measurements of Ref 8 are expressed in terms of
the included mass and this factor, the apparent mass is

=3(De ¥ m
me " F () ™ -

3. Shape Assumptions

Another reconsiderationm of the calculation model was
concerned with the idealized shape assumption. The field
test projected aréa measurements from Ref 23 indicate that
the projected drea at full inflation amounts to Sp =
(0.42) So The Minnesota shape model, which is used™in
several publications including Ref 19, requires that the

projected area at full inflation amount to S {0.405) 85

pmax
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Using the Minnesota shape model with the measured area
c¢ivves from Ref 23 would cause an inconsistency. Therefore,
the idealized shape formulated to describe the latter stages
of inflation in Ref 9 was used. Using Spmax = 0.42 S, and
this profile of the inflating canopy, the volume of the
inflating parachute amounts to

V=1 {(.661)0,3 + DL+ B - eeshe)- %ﬁf

(17)
2 T
-dVLi-¢
and the inlet diameter 1is
d™ Ls Dy (18)

Le + B — 665D,

4. Canopy Volume

From the interpretation of the included mass in the
equation of motion and the imbalance of the inflow and
outflow in the continuity equation, it follows that there
has to be a distinction between the canopy volume and the
"included" volume. Consequently, the canopy volume has to
be calculated from Eqns (17) and (18) whereas the included
mass follows from Eqn (15).

5. [Drag Coefficient

In earlier studies, for example Ref 19, it was assumed
that the drag coefficient of the inflating canopy couid he
assumed to be constant when related to the cloth area of
the inflated portion of the canopy. This assumption was
reconsidered and sample calculations shcwed that =z varying

drag coefficient caused such a small variation of the total
canopy force that the refinement did rnot justify the added

18




complicatinon. Therefore, in all following calculations a
constant drag coefficient of CDp = 1,786 was used (Ref 20).
C. Opening Performance Calculation Method

From the preceding discussion the numerical inputs for
a calculation of the opening performance of a parachute are
the descriptions of the projected area and inflow velocity
as functions of dimensionless time as well as the physical
data of the parachute-load system and the initial conditions.

The principle of extracting area and inflow velocity
functions for use with this calculation method has been
discussed in Section IIA. However, due to the various

refinements since adopted, a brief summary is given below,

The inlet area T d2/4 is derived from the projected
area test records. The inflow velocity then follows from
the derivative of the volume, Eqn (5).

During the time period 0 £ T < 0.15, the motion of the
system follows from Eqns (12) and (13), and no inflow functicn
is peeded. For a computer program, the inflow function
during this interval is set to zero.

For the period 0.15 & TS 1.0, the inflow velocity
follows from the derivative of Eqn (17) and is given by

Vo= 33 L {I %308 9 + 20,V [La +% (50, -%F &

+ D2 [132(Le+ 2-0e)-2] a0

2V[L gt B-(ees)Dp -5 <7 201

= A / a5 d(d d(d)
2dV L~ 4 = 4\7|_T$_,'q_"‘4 d7
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The inflow function is then vin*/v, where v is determined
from the equations of motion in conjunction with a specified
filling time.

The opening force for a given parachute application,
following this method, is found by solving the following
equations:

For 0 < T < 0.15:

%t\i-_- gcos© - PV [Co5a + (CoS)i)

2 (mﬂ+ mss + mP) (26)
['-:
i
éje.. = —_Q__S‘ne
at v (b
and for T > 0.15
dv _(my+m +r_r_]9) - Av(CoSe+C nDe )
__-_( - gcos® — 22V \Cooa+ Cop 73
dt my 2my
- v 1 dmi +;|m‘. (22)
dO =-(My+ M+ Mp) 3sin 23
dt ( My P) VQ 23
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where

m; = 7 24
i (me )3 (24)
.,=; af D. 2 ’
Ma - g(ﬁf&;\) mﬂ | o (25)
My =M+ M, + M +m; +Ma (26)

The continuity equation is, in integral form,

. " ordf (VY. ‘
Vi ~Vieaw = te [, S (8 )var O
Thus the parachute is assumed to-ihflate from an initial-
volume to a final volume during the period 0,15 £ T = 1.0.
The initial, very small volume of air is assumed to be
captured instantaneously<and is found from the equations
describing the idealized shape at T = 0.15. |
The volume and inlet diameter are given by Eqns (17)
and (18). The filling time is found by selecting values
for tg and solving Eqns (20) thfough-(iﬁ) until Eqn (27) is
satisfied. Once the filling time is known, the motion 1s
found from Eqns (20) through (23), and the opening force is
given by o '

F.ﬂmg(qcas@ “é‘?f?é) 8

21




ITI. ANALYSIS OF INDIVIDUAL TEST CASES

To examine the suitability of the calculation method,
several opening performance calculations were made using
data related to a number of parachute drops and wind tunnel
tests for which simultaneous measurements of opening force,
projected area, and filling time were available. These
individual tests represented a wide range of surface loadings
and initial conditions. As the first step, a net inflow
function was calculated for each case, using the data,
initial conditions, the area curve, and the filling time
from the measurements of the particular test. The next
step was to perform a calculation of the opening force,
using as inputs the measured area curve and the calculated
inflow function.

These calculations were made for three wind tunnel
tests of a 3 ft wmodel parachute with a 0.5 1b suspended
load (Ref 24), two airdrops of a 28 ft solid flat circular
parachute with 200 1b suspended load (Ref 23) and three
airdrops ¢f a 28 ft parachute with a 439 1b load (Ref 23).
The value of (CDS)i in Eqn (19) was selected as

(CoS)i = (0.0)Co, Sppe (29)

based on an examination of Ref 25. 1In all cases, the filling
time determined by integrating the continuity equation using
the calculated inflow functions differed from the measured
values by less than 2%. This indicates that the numerical
procedures used for extraction of inflow functions from
measured data are sufficiently accurate.

The results of the force calculations are shown in
Figs 9 through 16. Note that although dimensionless filling
time is plotted, since the filling times differ by lesc
than 2%, the real time comparison would be essentially the
same.
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In these individual test cases, the calculations follow
the general trend of the measured force-time relationships
quite well,_although_infcases the magnitudes of calculated
and measured maximum forces are somewhat different. The
general conclusions that cah be drawn from Figs 9 through 16,
however, support the validity of the calculation method.

More evaluation of carefully recorded field tests and more
comparison is necessary before broader conclusions can be
drawn. But the results show the best general force-time
agreement for solid cloth parachutes that the authors are
aware of. Maximum force calculations agreeing to a certain
extent with measured maximum forces have been accomplished
before; the advancement appears to be the accomplishment
of matching force-time histories. A somewhat similar result
for ribbon parachutes was achieved just recently by McVey
and Wolf (Ref 26) who based their method on the same equation
of motion and the momentum equation of finite sections of
the parachﬁte canopy. Thelr numerical input is based on a
ratio of radial force to pressure drag coefficient Cr/CD
as function of geometric porosity XG

_ The presented calculation method is based on the funda-
‘mental equatlons of motion and continuity. As empirical
inputs one needs area- and inflow-time functions. Tdeally
one should have one set of functions which are suitable for
all applications of parachutes of the same type over a large
range of initial velocity and surface loading. - An attempt
to achieve this gcal is described in the next chapter. The
limited amount of complete experimental data available was
a disadvantage. For further advancement of this method more
evaluation of test records is needed; first for the establish-
ment of .good averages of parachute performance characteristics,
and secondly for the extraction of area and inflow veloelty
time Functions. The specific test information needed are the
‘data for snatch velocity, force-time histories, and area-time
histories.
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IV. INFLATION ANALYSIS OF LARGE PARACHUTES

In the preceding chapter force-time histories were
calculated for 3 ft and 28 ft solid cloth parachutes for
which area-time relationships and filling times were
available from wind tunnel or field tests. When these
area-time curves and the related filling times were intro-
duced into the general theory, the results were very good
as showr. in Figs 9 through 16.

The ultimate goal, however, was the establishment of
unique dimensionless time histories of area and inflow
functions which would provide inflation data valid for a
wide variety of small and large parachutes, different sur-
face loadings and initial velocities. Unfortunately, area-
time histories of parachutes 64 ft or 100 ft in diameter
were not available when this study was undertaken.
Therefore, a number of 64 ft or 100 ft examples were
calculated using area-time and inflow-time functions from
tests with available experimental data. The general results
are shown in Table I, and Table II indicates the combinations
of numerical inputs. All force and velocity data related
to 64 ft and 100 ft parachutes were obtained from Ref 27.

It can be seen that in a number of cases an individual
set of area and inflow functions also covers cases with
different functional conditions. For example, combinations
1, 4, 6, and 11 fit maximum opening forces of 3 ft as well
as 64 ft and 100 ft parachutes. The term "fit" is applied
when the deviation of the maximum measured and calculated
forces is less than or equal to + 10% of the measured
maximum force.

The maximum measured forces of the 64 ft G-12D znd
100 ft G-11A parachutes, as shown in Table I, are average
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values of field tests (Ref 27) for which merely a few
examples were available. The averaging process for the

64 ft parachute is described in the Appendix, and the
results of this averaging process are shown in Fig 17.

The maximum forces for the 100 ft parachute are based on
averages of three field tests with 4,550 1b weight and two
field tests with 5,410 1b weight.

Tables I and II indicate under combination 11 the
results when an empirical set of area and inflow functions
is used. This set was established after a considerable
number of test cases were calculated and some experience
was gained on the way these two functions influence the
final force-time history. The area-time and the related
inflow velocity-time functions are shown in Figs 18 and 19
and closely resemble some of the natural functions extracted
from individual experiments. Their significance is that
they match very closely the force-time history as well as
the maximum forces of the 64 ft parachute as shown in Figs
20 and 21.

Looking at Fig 21 one may get the impression that the
fit is not so good for the higher velocity. However, in
this case the reported filling times for v = 205 ft/sec
and 240 ft/sec are 2.94 sec and 3.70 sec, respectively.
According to the presented theory, at the higher velocity the
filling time would be expected to be shorter. Since the
opposite is reported, one may suspect that the drop test
results have been affected by random performance :Ia-tors
which were not accounted for in the theory. This is supported
by Fig 22, which indicates that two drop tests have sus-
piciously low opening forces. The filling times for these
two tests were unusually long, which irn an averaging process
involving merely four tests raised the average filling time
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and lowered the average force considerably.

In this case one might even conclude that the calcylated
maximum forces are a better indication  of average maximum
field test forces than the establlshed average value. Figure
- 22 indicates otherw1se a very good agreement between calculated
and measured openlng forces_of the 64 ft parachute with
2200 1b suspended weight. _

For the 100 ft parachute, G-11A, only the results of five
applicable field tests were available, and these are repro-
duced as well as possible in Figs 23 through 27. It will also
be noticed that the forces are plotted against real time.

This was necessary since it was impossible to determine

from field test recordings the points of T= 0 and T = 1.
The figures indicate also that in all cases, the measured
and calculated force-time histories show considerable
differences, whereas the calculated and measured maximum
forces agree quite well (Fig 28). The only exception is

the test with lowest snatch velocity. However, the measured
force for this velocity is suspiciously low as can be seen
in Fig 28. Furthermore, the discrepancies between calculated
and measured forces is probably enhanced, since it was '
1mposslb1e to establish a dimensionless time scale.

The calculatlons for the 100 ft parachute, shown in
Figs 23 through 28, were carried out with the empirical
combination No. 11, the same as used for the 64 ft parachute.
In view of the small number of field tests and the agreement
between calculated and measured maiimum forces, the method
described in the first part of this report and the numerical
input No. 11 appear to be'usefulkfor the G-11A parachute
as well as the G-12D parachute. Once more and better field
test data become available, the case of the 64 ft and 100 ft
parachutes should be reviewed in order to establish a more
unique numerical input for large cargec parachutes,
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V. REVIEW OF THE NUMERICAL INPUTS

Throughout this study it was found that in many cases
for which a reliable area-time history existed, the calculated
and measured force-time history and the maximum forces agreed
satisfactorily. This proves that the method of calculation
is, in principle, correct.

The study did not provide a unique area-time history
which covered all cases under consideration. However,
several time functions of area and inflow velocity were
established which provided good matches for certain para-
chute applications.

For example, the combination No. 11 appears to be
very suitable for applications involving the 64 ft and
100 £t parachute with surface loadings (W/So) in the order
of 0.58 to 0.69 lb/ftz. Because of this significance, the
coefficients for the area-time and inflow-time polynomial
functions which were shown in Figs 18 and 19 are tabulated
in Table III. These coefficients defined the polynomials
used as the numerical inputs to the calculation procedure
described previously. The polynomial fits with least mean
square error when compared with the respective functions were
selected by means of a computer subroutine. The order of the
polynomial is determined by the computer up to a maximum of
10. It was found that allowing higher order curve fits did
not significantly change results. It is very likely that
carrying the coefficients out to the number of figures shown
is not necessary, but in all calculations the coefficients
were used as tabulated.

Other combinations of area-time and inflow-time func-
tions alsoc gave results that matched several test conditions.
From Table I, the best of these were combinations Nos. 1,
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TABLE TIT
COEFFICIENT OF T" FOR POLYNOMIAL
APPROXIMATIONS TO AREA AND INFLOW
FUNCTIONS FOR COMBINATION 11
NUMERICAL INPUTS FOR COMPUTER
CALCULATION
n SpISO vi:/v
: 0 0.0 : 5.2738316591
| ] 1 10,2971001416 - 68.0062803176
*- 2 - 6.5123855649 398.9198845511
_~3 73.2524253316 - 789.1636783155
y - = 377.1619626323 - 3727.8438477437
5 1048.4266537647 27891.6563064437
6 -1682.6596027555 - 78666.2022355702
7 | 1561.9500310581 121237.1222637268
8 - 778.5894164219 -107103.9511908507
9 161.4535189751 50971.3938078692
0 | 0 eeeee-e-- - 10148.8700778727
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4, 5, and 6, which are plotted in Figs 29 through 32. The
polynomial coefficients of these functions are shown in
Tables IV to VII. A selection of any one of these com-
binations would depend on the application, and Table I
could be used as a guide.

Of all combinations examined, No. 4 comes the
closest to being unique, considering maximum forces, force-
time histories, and filling times. Plots of force vs
dimensionless time derived using this combination for 3 f¢t,
28 ft, and 64 ft tests are shown in Figs 33 through 35. As
shown in the figures the calculated and measured filling
times did not always agree perfectly. The force-time fit
in Fig 33 for the 3 ft model is excellent, and that in
Fig 34 for the 28 ft test is not as good, but certainly an
improvement over previous calculation methods.

Comparing Fig 35 and Fig 20 for the average of 64 ft
G-12D parachute at a snatch velocity of 205 ft/sec points
out that there is little difference in combinations Nos. &
and 11. Combination No. 11 basically follows from combina-
tion No. 4 with the objective of better matching the force-
time history of large parachutes.

Since combinations 4 and 11 are very similar, Figs 23
through 27 are, in principle, similar to the match of
measurea force-time histories and those calculated from
combination No. 4.
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TABLE TV

COEFFICIENT OF T" FOR POLYNOMIAL

APPROXIMATIONS TO AREA AND INFLOW
FUNCTIONS FOF. COMBINATION 1

.
J

NUMERICAL INPUTS FOR COMPUTER

CALCULATION

n Sp/ Sq \7NAY

o) 0.0085739969 6.84209453

1 - 0.31427321955 - 123.8394952045
2 6.3387516302 1135.0720745963
3 - 37.0038652454 - 6430.731274966

4 104. 764925497 23432,3178700899
5 -154.8224168382 -55290.2921097623
6 114.8199749927 84389.7972216229
7 - 33.3718099606 -82060.9779314171
8 | eeeeee-- | 48718.4278991739
S |  mmmemeees -15967.8323568559
10 | emeeeee-e- 2191.5147999854
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Combination 4
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TABLE

COEFFICIENT OF T" FOR POLYNOMIAL
APPROXIMATIONS TO AREA AND INFLOW
FUNCTIONS FOR COMBINATION 4
NUMERICAL INPUTS FOR COMPUTER

CALCULATION

n So/ S VAV
E 0 0.0085739969 7.6102494894
?“ [ 1 - 0.3142731955 - 137.8804577755

2 6.3387516302 1262.5925586515
3 - 37.0038652454 - 7164.1424886181
] 4 104.764925497 26219.421218405
5 -154.8224168382 -62319.421952C669
B 114.8199749927 96114.9720397033
4 7 N -94799.4705938455
8 | W -e------ | 57370.0070345635
; S | eeeeee-- -19300.8977513466
o N R 2747.4930266612
|
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TABLE MT

COEFFICIENT OF T" FOR POLYNOMIAL
APPROXIMATIONS TO AREA AND INFLOW
FUNCTIONS FOR COMBINATION 5 -

]

NUMERICAL INPUTS FOR COMPUTER

CALCULATION

,‘ S "

| n qp/ So leV

; C 0.0085759969 6.6577605215

1 - 0.3142731955 - 119.2167880803
2 6.3387516302 1081.9969705553
3 - 37.0038652454 - 6136.8437811568
4 104, 764925497 22643,3875232526
S -154.8224168382 -54643.8108733129
6 114.8199749927 86082.7160893832
7 - 33.3718099606 '-87234.6065837992
8 | = eeeae--- 54590,095479002
9 ) eeseaee -19136.4518480873
10 | eeeeeea- 2866.2244175343
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Combination 6
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TABLE ¥IT

COEFFICIENT OF T" FOR POLYNOMIAL
APPROXIMATIONS TO AREA AND INFLOW
FUNCTIONS FOR COMBINATION 6

NUMERICAL INPUTS . FOR COMPUTER

CALCULATION

E —

¢ ' "

| n Sp/ Sq vValv

b =

’ 1 0.2587228945 212.2913975

£
z -  6.7185301374 - 2572.9163183196
3 74.4319328532 14896.5925286787
4 - 417.6595768408 - 50085.2323580175
5 1423.0523996844 104458.8079783111
o) -3110.5320124241 -136903.029764805
7 4361.9076977697 109598. 5899542635

g 3 -3771.3389266408 - 48932.3026501951

" 9 1822.0746849681 9330.3670098386
10 - 375.012364099 | =00 eece--aa-

F

!
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8.

0 Measured, t.:=0. 344 sec
o Cclcubted t,:O 218 sec
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Fig 33 Calculated and Measured Average
Force- Time Histories for a 3 ft
Model Parachute, v,=50 ft/sec,
- W=0.51b, Combination 4
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3.0

O Measured, t,=1.025 sec

© Calculated, t,=0.924 sec

A Linearized Theory (Ref 19), t:1067 sec
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Fig 34 Calculated and Measured Force -
Time Histories fora 28 ft

Parachute, Test 1, v, =225 ft/sec,
W, =203 Ib, Combination 4
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rig 35 Calculated and Measured Average
Force-Time Histories fora 64 ft,

G-12D Parachute, v,=205 ft/sec,
W =2200 Ib, Combination 4
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APPENDIX

Experimental Data for lLarge Parachutes (Ref 27)

In order to establish the necessary average informa-
tion for the G-12D parachute, the behavior of the low cost,
64 ft oparachute deployment phase was anaiyzed. The
available information included force telemetry data,
cinetheodolite data, and high speed films. Study of the
films and the force traces showed a consistent pattern of
force peaks which allowed the determination of maximum
snatch force on the force iraces. Correlation between the
films and the corresponding cinetheodolite data provided
the values for snatch velocities. For the standard G-12D
parachute, which had no film coverage and hence no corre-
lation between the force traces and velocity data, the
same characteristic pattern c: force peaks was evident
during the deployment phase. The occurrence of maximum
snatch force was then determined on the force traces by
assuming the peaks represented the same events as in the
case ©f the low cost parachute.

Having established the beginning of the time scale
in this manner, average force traces for the G-12D parachute
were constructed by averaging the force values and the dimen-
sionless time values at several characteristic points of the
force traces. Reported filling times were used as the
basis for the dimensionless time scale. Averaged froice
traces were established for the two groupings of data, those
with release velocities of 130 kncts and these with 150
knots, and were shown in Fig 17. The average vepcrted filling
times were 2.94 sec and 3.70 sec for the 130 knot and
150 knot release velocities, respectively., Since a larger
number of tests was available for the 130 knot airdrops,
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the average filling time and average initial conditions for
this group were used to calculate inflow functions for the
G-12D parachute.

The snatch velocities for the individual airdrops were
determined by examining the cinetheodolite velocity data
during the deployment phase of the airdrop. The point where
the velocity began to deviate markedly from the behavior
of the earliest portion of the velocity-time graph was
chosen as snatch. The snatch velocities determined in this
way were compared with the snatch velocities for the low
cost parachute airdrops (Fig 36), and in a few cases were
adjusted slightly to compare more favorably with the behavior
indicated by Fig 36.

The data for the 100 ft G-11lA parachute with 4550 1b
load did not include any reported filling times, and it was
impossible to make any estimate of values for the filling
times. Therefore, no averaged force-time history was
constructed. In one case, film coverage of an airdrop of
the same system was available with a corresponding measured
force trace. This force trace had very peculiar behavior
during the inflation, and this airdrop was not considered.

For the other tests, the deployment was analyzed, and
a characteristic behavior of the force trace during this
period was established allowing the determination of the
instant of snatch by examination of the force traces. The
corresponding cinetheodrlite data was correlated with the
force traces, and the snatch velocities were determined.

The G-11A airdrops with 5410 1b included reported
filling times and snatch velocities and these data have
been used in the preceding text.
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© Low Co:st, 64ft Parachute (Measured)
971 9 G-12D Parachute (Estimated)

(o)

o) 200 220 240 260 280
v, (ft/sec)

Fig 36 Estimation of Snatch Velocities
for 64 ft, G-12D Parachute
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