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FOREWORD

Recovery of payloads from high altitude oiten requires the
deployment of parachutes on trajectories that are essentially
vertical and toward the earth. The parachute opening shock force
developed by a parachute deployed in this manner exceeds the
opering shock force of the same parachute system deployed
horizontally at the same altitude and velocity. As the deployment
trajectory angle varies from horizontal to vertical, the opening
shock force increases to a maximum. Hence, the vertical
trajectory has special significance. This report develops an
analysis to permit the calculation of opening shock forces in
vertical deployment. The validity of the rule of thumb that “"the
vertical deployment opening shock force exceeés the horizontal
shock force by one "g" is tested, and criteria are developed.

Examples are used to demonstrate applications of the approach
and a method of calculating the inflation time of solid cloth
parachutes in vertical fall is developed.

The author wishes to express his appreciation to Mr. Hensel
Brown of the Strategic Systems Department for his valuable
assistance. Mr. Brown developed the computer programs and
conducted numerous background calculations for this report.

Approved by:
( oy g
\ ?,\J{-{A/&\

br.~d. E. GOELLER, Head
Underwater Weapons Division
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INTRODUCTION

Parachutes are used to reduce the impact velocity of many
falling objects. Often the parachute systems are initiated while
moving in a trajectory which is parallel to the earth's surface.
Many methcds of calculating parachute opening shock force use the
horizontal attitude as a basis for analysis. However, in the
recovery of systems which have been allowed to free fall from high
altitudes, the trajectory deviates markedly from the horizontal
and approaches the vertical direction. The opening shock force of
a vertically toward-the-earth deployed system is known to exceed
the horizontal deployment shock force for the identical system and
operational altitude and velocity.

Vertical trajectories are of special interest since the
opening shock force is a maximum value. The purpose of this
report is to develop a method for calculating the drag area,
velocity and shock factor profiles, opening shock force, time of
occurrence of the shock force during canopy inflation, and the
distance of fall for parachutes deployed in a vertical toward-the-
earth trajectory. This report is an extension of Reference 1,
NSWC TR86-142, "Notes on a Generic Parachute Opening Force
Analysis", which describes a technique of calculating the opening
shock force of several types of horizontally deployed parachutes.
In the interest of clarity readers should familiarize themselves
with Reference 1, as it is to be used extensively in this report.

A method of calculating the inflation time of solid cloth
parachutes in vertical fall is developed and horizontal and
vertical inflation times for identical deployment conditions are
compared. Criteria required for inflation time analysis of other
types of parachutes are presented.

There is a rule of thumb used in calculating the opening
shock force of vertically deployed parachutes. The rule states
that "the vertical mode opening shock force is equal to the
horizontal mode opening shock force, plus one g". Examples
demonstrate that the vertical deployment mode inflation reference
time is less than the horizontal deployment mode inflation
reference time for the same system, velocity and altitude. The
theory indicates that the vertical deployment mode opening shock
forces exceed the rule of thumb.
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APPROACH

The analysis is based upon the application of Newton's second
law of motion to particle trajectories of inflating parachutes in
the horizontal and toward-the-earth vertical modes. Equations for
the horizontal deployment of parachutes with dynamic drag-area
signatures of the form CpS/CpS, =(1-7) (t/ty)] +71 were developed
in Reference 1. The same dynamic drag-area signatures are to be
incorporated into the vertical deployment analysis. The exponent
j determines the type of parachute. A value of j=1 is indicative
of geometrically porous ribbon and ring slot types of caropies.
solid cloth parachutes have a value of j=6.

Y

2
F=%pV CS
A o

+(S,V,a)

FIGURE 1. VERTICAL TRAJECTORY POINT MASS FORCE SYSTEM

W—%pVZCoS=—-—-—=-—V-—- ()




NSWC TR 87-96

DEVELOPMENT OF THE VELOCITY ~ TIME EQUATIONS

With reference to Figure 1.

2
gpV-CoS
dVvV = — —]d
(" W ) ‘
CoS (t)i
={1- — + (2)
CoSo ( v to N
gPV3iCoSo  Vsto ! (t )1 »
ov=(g- 1-v){—) +7)) at
(g w v\

where the quantity 2W/(pg Vg t  Cp S_) has been shown in Reference
1 to be a ballistic mass ratio scale®factor.

2W
tM= ——M—
Le 3 VatoCoSe (3)
v 1 v2 t i
Zdv=2% (9 - ((1 -7 (—) + r» dt (4)
V=V, 1=0 MVito to

DEVELOPMENT OF THE DISTANCE-TIME EQUATION.

Application of the variable dynamic drag area and ballistic mass
ratio equations to the velocity distance form of equation (1)
yields.

S v
vdV
Tds =3 . (5)

— — 2 i
T (- () + )
sto [+]

At any instant during the inflation process the shock factor R
has been shown to be:

’

_ [V \? CoS .
xi“ (Vs) CoSo 6 :
|
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and the instantaneous shock force is:
Fi=XiFs (7

where Fy is the steady-state drag force of the fully open
rarachute at the line stretch velocity, Vg.

1
Fo= 3pv3 CoSo (8)

The opening shock performance in the vertical and horizontal
deployment modes shall be demonstrated by examples.

Example 1l: Compare the horizontal and vertical deployment
mode opening shock forces for a flat circular solid cloth
parachute of 35 feet Dy diameter and 30 gores. Deployment
conditions are:

a. System weight = 200 1lb.

b. Density altitude = 3,000 ft.

c. Line stretch velocity = 340 fps.

d. Drag coefficient = 0.75

e. Dynamic drag area exponent, j=6
f. Initial drag area, v=0

HORIZONTAL OPENING SHCCK FORCE

g

a. Parachute surface area

v
So:'a-og

A2yt
LT

T
]

So =l4’-(35)2

.
A

L0

So = 962.1 ft?
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b. Parachute drag area:

CoSn =0.75x962.1

CoSo = 721.6ft 2

c. Air density, p= 0.0021753 slugs/ft>

d. Steady-state drag force

1
Fs= -z—pvicos0

1
Fs = —- % 0.0021753 (340)2 7216

Fs = 90726.7 |b.

€. In order to determine the ballist.c mass ratio, the
inflation time t, must be known. Two methcds for calculation of
the horizontal deployment reference time are available. One is
via equation (9) from page A-7 of Appendix A and the other via
equation (10) from page 5-61 of Reference 2.

gPVO CoSo
12
W AMoe - Aso k(c_'P'P.> 9)
= _ﬂ—- < 2 -1
paVsCoSo

to

From Table 2, page A-15 of Appendix A, the following inflated
shape data were obtained for a 30-gore sclid cloth flat circular
parachute. See Fiqure 24 of Appendix A for shape nomenclature.
Steady-state inflated canopy radius:

22 = 0.668: -E‘- = 0.827; g = 0.6214; -2- = 0.7806
Do a a a

. 0.668x 35

R

a = 11.69ft

AV PAVS RS BAPL L VA0 S N IASTASTAS LAY

AT TR R I NTT R
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Steady-state mouth area:

N/a — b/a\?
— a2, (N/8a—Db/s
Amo = a2 ( b'/a ) ]
2 70.827 — 0.6214\¢
Amo =T (11.69) [1 —\'—67—806-—) ]

AMo = 399.53 ft2

WAL e.s . OIS S e

Steady-state canopy volume of air tc be collected, yo geometric.

= 3-753[:+ be]
a a

. 0 - 3
e
= Vo= 2 w(11.69)3[o.ez14 + 0.7807]
bt 3
A
f 3
Yo = 4690.83 ft
A
) The MIL-C-~7020, type ITI canopy cloth airflow constant is k= 1.46
E. and the average pressure coefficient is taken to be C.P. = 1.7
then:
14 x 200
to = X [‘ S 1)
0.0021753 x 32.2 x 340 x 721.58
wy K1 = 32.2 x 0.0021753 x 4890.23 721.58
- 2x200 0.0021753 x 1.7 \1/2
L 399.53 — 962." (1.46) (———-2———)
o to = 0.773 sec.
Ny
s~

7l

. 23

Knacke, Reference 2, presents the inflation tine as

2T
i
-
|5
(<]

P\‘

0 8x35

}.‘r tr = X

!! where n=8 for solid cloth
e parachutes

ty = 0.824 sec.
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While equation (10) is more convenient than (9) to use, equation
(9) gives the effects of altitude, mass, and cloth rate of
airflow; both values are estimates of the inflation time.
Equation (9) was theoretically derived. Equation (10) was
empirically developed by other experimenters from numerous field
test data. The parachute system of Example 1 for standard air
density at an altitude of 1000 feet yields values of t,=0.839
seconds and t¢=0.824 seconds. The closeness of the theoretical tg
and the empirical tf values indicates that the application of the
criterion listed below is a reasonable approach to the inflation
time calculation.

a. Average pressure coefficient
b. Cloth permeability

c. The trajectory velocity is taken as the canopy inflow
velocity

d. The ratic of the instantaneous mouth area to the steady-
state mouth area is equal to the instantaneous drag-area ratio

e. The ratio of the instantaneous pressurized canopy area to
the canopy surface area, Sg,is equal to the instantaneous drag-
area ratio

f. The volume of air to be collected during the inflation
process is represented by A

As a demonstration of the cloth rate of airflow effects in
equation (9), replacement of the canopy cloth of example 1 with a
high rate of airflow, three momme silk cloth (K=7.43) yields an
inflation reference time of t5=99.76 sec. under the example 1
operational conditions. This time exceeds the time of fall from
3,000 feet and the system would appear to an observer as a partial
inflation. The same system deployed horizontally at 20,000 feet,
at constant dynamic pressure, has an inflation reference time of
to=1.5 sec. When the area term

Vs
Amgy — Asok(9%2> = Q0

\

equals zero, the irflation reference time ics infinite, (eq. 9).

As the area term approaches zero, to increases exponentially. It
is possible for the irnflaticn time to be extended to the point
that the parachute system is not practical even though the area
ratio is not zero. Parachute canopies without cloth airflow, k=0,
always inflate.
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When using generalized expressions such as equation (10), it
is important to know the mode of operation for which the formula
was determined. The identical parachute used in finite mass,
intermediete mass, or infinite mass systems experiences a
variation in inflation time due to its mode of use. At the time
to all inflations have collected the same volume of air. Finite
mass inflations experience a significant velocity reduction during
the inflation process which limits the rate of airflow into the
canopy and extends the inflation time. 1Infinite mass deployments,
on the other hand, can be nearly constant velocity which maintains
a higher rate of mass flow into the canopy and decreases the
inflation time. Actual constant velocity infinite mass operation
produces the minimum inflation time. The inflation reference
times, for the parachute of Example 1, are plotted in Figure 2 as
a function of weight-to-drag-area ratio for equatiorn (9). The
finite mass and infinite mass limiting ballistic mass ratios for
so0lid cloth parachutes are referenced on the graph.

The trends of Figure 2 show that the principal variation of
the inflation reference time occurs in the finite mass mode of
operation. By the transition from finite mass to low intermediate
mass a near minimum inflation reference time is reached. This
quickly converges to an essentially constant value for the high
erd of the intermediate mass and infinite mass regimes. Similar
trends for other types of parachutes are a reascnable extension of
the premise since it is based on variable rates of flow filling a
constant volure.

RBallistic Mass Ratio for t0 = 0.773 sec.

M = 2w
- pgVstoCpSo

M = 2 x 200
0.0021753 x 32.2 x 340 x 0.773 x 721.58

M = 0.0301

Since the ballistic mass ratio is less than the limiting
value of 0.1907, the inflation performance ig in the finite mass
range of operation and ty = tf. The following formulae were
obtained from Table 12 o? Reference 1 for values of j=6 and
T = 0.
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The time of occurrence of the maximum shock force during
canopy inflation.

: t 21m\'7
% o at Ximax = (—'4 )
t /21 x 0.0301\""7
T at Xi mex \—‘—_4 )
. A —
o st X, . = 07685

The maximum shock factor:

6:7
) ' max 49 4
x. = 18 (21x0030 67
imax ~ 49 4

Ly
i'} Xi max = 0.0672

Maximum shock force in the horizontal mode of deployment.

Fm‘“ ) ximax F.

Frnax = 00672 x 90,726.7

Fmax = 61 ’

The magnitude of the opening shock force varies with the
inflation reference time of the parachute in the {finite mass
regime of operation. 1n the field there i often a variation in
the measured inflation time from the nominal calculated value,
which resulte in a variation in opening shock force. A survey of
horizontal opening shock forces was made via the foregoing
technique for assigned ve s of tp from 0.5 through 1.0. The
results are plotted in Figure 3 for the horizontal deployment mode
forces and the "1g added" rule of thumb. The particular values of
to and tg for example (1) mark the range of the nominal expected
performance.
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A method of calculating "t," in the verticel mode of
deployment is required so that the horizontal and vertical
inflation reference times can be compared for identical systems
deployed at the same altitude and velocity.

The inflation reference time "t_ " in the vertical deployment
mode can be determined from the basi¢ mass flow equation used to
calculate the horizontal deployment "t,". Following tlye method of
Section 1V of Appendix A for solid cloth parachutes.

dm = Minflow ~ Mouttlow

pgy=pVN“—pAw
dt
Instantaneous cancpy mouth area.

Am = Amo(—) FOR =0

As = Aso('-'—\ FOR :=0

Instantaneous cloth rate of airflow.

n
Pz Kk (C_PB) Vzn CFSlIFTz
\

Where the instantaneous velocity ig detertnmined by eaguation (4) for
= 0,

t / 2 6
Ve Ydve Ly - <X 2N\ @)
V=Vs 1o MV t |\t
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The calculated canopy volume, ¥, calcr is determined from equation

(11).
(¢ o R 6 . 6 CPp" 2
v = ydV = Y [VAmo[Ll) - Asof) k{=R)} ve™|d1 {11)
Ocalc V=0 t=0 t, t, 2

A program for calculating t, for solid cloth parachutes and
the opening shock force profile during the inflation of several
parachute types is provided in Table 1. Equations (4), (11), and
(12) are programmed together with the vertical deployment opening
shock equations (2) through (8) in FORTRAN IV language. The
included examples were calculated via the program using a VAX 780
computer. The program operates in two modes. Mode 1, for solid
cloth parachutes, calculates the vertical deployment reference
time t, for the parachute system parameters and operational
deployment data, and then calculates the opening shock profile
during inflation. A typical data print out is shown in Table 2.
It is recessary to estimate an initial value of "to". The program
calculates the canopy volume for the estimated time and compares
the Yo calc to the volume derived from the canopy geometry. If the
calculated volume is not within specified limits, the program
adjusts "to" by equation (12) and reiterates the program until the
calculated volume is within the specified limits.

t, * t, 0 geometric (12)
V, calc.

Mode 2 of the program calculates opening shock profiles for input
values of ty. Mode 2 analysis of other types of parachutes is
possible by the selection of the proper values of "3" (1/2, 1., 2,
3, 4, 5, cr ¢) and "r". The opening shock force variation for
examples (1) and (2) are plotted in Figures 3 and 4. The nominal
to for n=0.632 was calculated by the program in mode 1 and the
force-time survey was calculated in mode 2.

Figure 3 illustrates that parachutes deployed in a vertical
toward-the-earth trajectory inflate faster than the same system
deployed horizontally at the same altitude and velocity.

Inflation reference times for parachute types other than
s01id cloth canopies can be developed from the mass flow equation.
This reguires that the flow through the canopy be expressed in a
form similar to the solid cloth canopy cloth permeability, P,
where the rate of flow per unit area is a function of the pressure
differential across the cloth or grid.
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TABLE 1. INSTANTANEOUS DRAG AREA, VELOCITY, OPENING SHOCK FORCE, AND
DISTANCE OF FALL OF A PARACHUTE DEPLOYED IN VERTICAL FALL.

THIS PROGRAM CALCULATES THE INSTANTANEOUS DRAG AREA. VELOCITY,
OPENING SHOCK FORCE. AND DISTANCE OF FALL OF A PARACHUTE DEPLOYED IN
VERTICAL FALL.

THE PROGRAM COPERATES IN TWO MODES:

MODE ' - CALCULATES THE INFLATION TIME AND PERFORMANCE PROFILES FOR SOLID CLOTH
PARACHUTES (TO INPUT AS INITIAL ESTIMATE) (10PT = 1)

MODE 2 - CALCULATES THE PERFORMANCE PROFILES FOR VARIOUS TYPES OF PARACHUTES ().

INFLATION TIME INPUT IS REQUIRED (IOPT = 2)

INPUT. 10PT - 1 (FOR MODE 1)
- 2 (FOR MODE 2)

INPUT NEEDED FOR BOTH MODES

RHO - AIR DENSITY AT GIVEN ALTITUDE (SLUGS/FT3)
vS - VELOCITY AT SUSPENSION L INE STRETCH (FT/SEC)
CDSO ~ DESIGN DRAG AREA (FT2)
TO - 10PT=1 INITIAL GUESS FOR INFLATION REF. TIME (SEC)
10PT=2 ACTUAL INFLATION REFERENCE TIME. (SEC)
W = WEIGHT (LUS)
J - =6 FOR FLAT CIRCULAR PARACHUTE

=1 FOR RIBBON TYPE OF PARACHUTE

INPUT NEEDED FOR IOPT = 1 ONLY

AMO - STEADY-STATE MOUTH AREA. (FT2)
ASO -~ CANOPY DESIGN SURFACE AREA. (fT2)
LS ~ CLOTH PERMEABILITY CONSTANT
ce - PRESSURE COEFFICIENT
N -~ CLOTH PERMEABILITY EXPONENT
VO - GEOMETRIC VOLUME (FT23)
REAL#4 N
TODEN=100000

3 PRINT #, "INPUT 10PT’
READ(S. #, END=100) I0PT
PRINT =, ‘INPUT RHO. VS, CDSO, TO, W, J°
READ(S, #)RHO, VS, CDSO., TO. W, J
IF(IOPT EGQ. 2) GO TO 3
PRINT #, " INPUT AMO. ASO. YK, CP, N, VO~
READ (5. #)AMO, ASO, XK, CP. I.. YO
3 DT=T0/TODEN
TAU=0
¢=32 2
S=0
X=TAU
CDS=TAU#CDSO
FS=. S#RHO#VS##2+CDSO
F=TAUSFS
vOoL=0
IPASS=0
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TABLE 1. (CONT))

DT=10. «#DT
IF(IOPT . EQ 2) GO TO0 8
7 V=VS§
VoL =0.
1=0.
XM=(2. #W)/ (RHO#C#CDSO#VS#TO)
6 DV (G-Vaa2/ (XM#VSHTO)®(T/TO)#%J)«DT
DVOL=(V#AMO# (T/TO) 48 J-ASO#(T/TO)##JaXK# (CP#RHO/2 )#=aN
1 #Vaa(2 #N)I=DT
voL=vOoL+DvOL
V=V+DV
T=T+DT
IF(T.GE. TO) GO TO 4
GO TO &6
4 IF(VOL. GT. (VO-10. ) AND VvOL LT (VO+10 )) GU TO 8
TO=TO#(VQO/VOL)
IF(IPASS. GT. 50) STOP
IPASS=IPASS+!
GO 10 7
8 CONTINVE
T=0.
vevs
DT=DTY/10.
WRITE(6, 10) RHO, VS, CDSO: W, TO, XM, U, FS
10 FORMAT (1H1, ‘DENSITY="1PE12 S, 2X, 'V(S)=‘OPFB. 1. 2X, ‘'CDS0='FB 2,
1 2X, 'W='F7.1,2X, 'T(0)='Fé&. 3, 2X, ‘M="1PEL12 5.,2X. 'J='12, 22X,
2 ‘FS='1PE12 %)
IF(IOPT EQ 1) WRITE(&. 11) AMO, ASO. XK, CP, N, VO, VOL
11 FORMAT (1HO, 4X, ‘AW 2, OPFB 2. 7K, ‘ASO="', OPF8 2. 5X, ‘K=', OPFB 3. LX
4 ‘CP=',0PF7 3,5X, 'N=',0PFA 3, 1X, ‘VO=',1PEL12.5,7X, 'VOL="1PEL12. 5)
WRITE(S, 20)
20 FORMAT (1HO, 2X, ‘TIME ‘2., ‘TIme RATIO’, 2X, ‘VEL RATIO', 2X., ‘DRAG AREA
1RATIO’. 2X. ‘'SHOCK FACTOR ‘., 33X, ‘SHNCK FORCE ‘. 2X. ‘DIST OF FALL")
30 FORMAT(1X,F6. 2,2F12 S5,F17 7, 1P2E14 5,0PF15 2)
LCOUNT=S
3% IF(T/TO0 €T. 1 S1) GO TO S
IF(LCOUNY LT S4) GO TO 38
WRITE (&, 37)
37 FORMAT (1H1)
WRITE(6, 200
LCOUNT=3
38 LCOUNT=L_COUNT+1
WRITE(H,30) T.T/T0,V/VS,CDS/CDSO, X, F.,S

TOLD=T+ 02
IF(DT.GT. Q0 02) TOLD=T+DT
40 T=T+DT

IF(T.GT. TOLD)Y T=TOLD
TCVTO=(1 -TAU)#(T/TO)==a) + TAU
CDS=CDSO#TOVTO
DV=(G-Va#22TOVTO/ (XMeVYSeTO) ) #DT
DS=V#DV/ (G-Va4224TOVTO/ (XM#VS#TQ))
vs\V+DV
S5=5+DS
X=(V/VS)#a2#CDS/CDSO
F=XaFS
[F(T LT TOLD) GO TO 40
€0 10 35

1NO STAQP
END
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w = 200 LB
V¢ = 340 fpus.
10 Alt, = 2,000 FT
T =

M = 0.0465
VERTICAL DEPLOYMENT

9 .
HORIZONTAL DEPLOYMENT
PLUS "1g”
HORIZONTAL DEPLOYMENT

8 -

OPENING SHOCK FORCE
THOUSANDS OF POUNDS
~
1

4$
__\1\4 1 1 1 1 s
5 6 7 8 9 1.0

INFLATION REFERENCE TIME

Y

SEC.

FIGURE 3. OPENING SHOCK FORCE IN THE HORIZONTAL AND VERTICAL DEPLOYMENT MODES AS
A FUNCTION OF INFLATION REFERENCE TIME FOR SYSTEM WEIGHT OF 200 POUNDS
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The various t, and t¢ times noted on the graph are the
particular solutions for the deployment conditions of example 1.
All of the ballistic mass ratios, M, in the calculations are less
than the limiting value (Mp,=0.1907) for finite mass operation.
Also, the calculated opening shock forces are less than the
suspension line constructed strength (Fo=16,500 1lb) which
indicates a practical system for the opening shock requirement.
Examination of the inflation times for equations (9) and (11) for
n=0.5 demonstrates that the vertical deployment parachute
inflati.n time is reduced even though the system parameters of
deployment altitude and velocity were identical. The reason for
this is that parachutes are energy dissipators. 1In the horizontal
deployment mode the additional added potential energy of the
system weight falling a short distance during inflation is not
included in the calculations. In the vertical mode considerably
more potential energy is absorbed into the system resulting in
less trajectory velocity reduction during inflation and hence 2
shorter inflation reference time.

In field tests the inflation reference time often varies from
the calculated value. One cause of this is the variation of
airflow through the cloth as it is -manufactured and/or handled.
The cloth airflow constants (k, n) would have to be true average
values for each parachute which requires so many fabric tests as
to be unreasonable. The effects of varying n for a constant k are
shown in Figure 3 for equation (1l1). As n increases from 0.5 the
rate of cloth airflow is augmented, extending the inflation
reference time and reducing the opening shock force.

For any constant inflation reference time, the vertical
deployment mode opening shock force exceeds the "rule of thumb”
value.

Example 2: Investigate the feasibility of retarding a 2000-
lb. payload using the parachute system of example 1.

Figure 4 presents a horizontal deployment analysis using the
methods of example 1 for assigned values of to from 0.3 to 0.8
seconds. The vertical deployment analysis, using the program
modes of Table 1 was conducted using the same to range. The
particular inflation reference times for tne conditions of example
2 was computed by equation (9) and equation (11). The increased
system weight caused a reduction in all values of to as expected
from Figure 2. The inflation time calculated from equation (10)
is unchanged from Figure 3 since equation 10 does not adjust for
weight variation.
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FIGURE 4. OPENING SHOCK FORCES AT THE INFLA /ION REFERENCE TIME t = t, IN THE HORIZONTAL
AND VERTICAL DEPLOYMENT MODES AS A FUNCTION OF INFLATION REFERENCE TIME
FOR A SYSTEM WEIGHT OF 2000 POUNDS
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The analysis ballistic mass ratios exceed the finite mass
limiting value (M;=.1907). This indicates that the maximum
opening shock force occurs during the over inflation phase of
deployment. Calculation of the opening shock force at t=t,
produces shock magnitudes in excess of the suspension line
constructed strength resulting in system failure prior to reaching
the calculated to. The parachute of example 1 is not a practical
application for the heavier weight of example 2.
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SUMMARY AND CONCLUSIONS

A method of calculating the opening shock force of vertically
deployed, toward-the-earth parachutes has been developed. The
analysis utilizes a dynamic drag-area signature of the form CpS/Cp
So = (1-1) (t/tg)) +7 and is applicable to several types of
parachutes. Unlike the closed form analysis of Reference 1, a
furnished computer program is required for solution. The program
has two modes of operation. Mode 1 is for the solid cloth canopy
family of parachutes. The particular inflation reference time for
the system and deployment condition is computed, and this value is
used to calculate the instantaneous drag area, velocity, force
profile, and distance of fall during the inflation process. Mode
2 requires inflation reference time as input data, and is used for
all types of parachutes. This mode is convenient for conducting
surveys to evaluate expected opening shock force variation as a
function of inflation time. Vertical opening shock forces
calculated by this technique exceed the rule of thumb. A time
step of dt=t0/100000 in the program gives acceptable results.

The inflation reference time of a parachute system in
vertical fall is less than the inflation time of the same system
deployed horizontally at the identical altitude and velocity.

The inflation reference time of a given parachute system, for
constant launch conditions, depends upon the syvstem weight. For
low weight finite mass assemblies the inflation reference time is
extended due to the trajectory velocity reduction during
inflation. The inflation reference time reduces rapidly as the
system weight increases. After the finite mass to intermediate
mass transition most of the inflation reference time decrease has
been realized. As the system approaches the infinite mass
condition the inflation reference time approaches a constant
value.

Parachutes of light construction, such as personnel designs,
deper upon the reduction of trajectory velocity during inflation
for ; ccessful operation. As the system weight is increased the
ve' iy reduction is not realized and the opening shock forces
w.  cventually exceed the parachute constructed strength,
resulting in failure.

A closed form inflaticen reference time equation for
horizontal deployment is presented. This equation demonstrates
that the inflation distance (Vgty) is a function of altitude,
canopy cloth permeability, and system mass and area ratios. The
particular inflation reference time solution for example (1) is in
cluse agreement with the empirical approach. While more
complicated, the theory accounts for more variables and is
worthwhile as in the example of the use of the three momme silk
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cloth at sea level and 20,000 feet. Usually, the inflation

distance is considered only as a velocity-time effect. The

closeness of the theoretical and empirical inflation time values '
at low altitudes indicates that the method of application of the /
following parameters, in the filling time calculation, are

reasonable:

a) Use of the trajectory velocity as the canopy inflow
velocity

b) Use of the cloth permeability, P, to determine
instantaneous cloth airflow rates

¢) Correlation of the instantaneous mouth inflow area, and
instantaneous pressurized canopy surface area with the drag area
ratio variation

d) Canopy volume of air, Yo, which is to be collected in the
inflation process.

- ._lfx‘\l:

As the cloth rate of airflow exponent “n" increases from 0.5,
the rate of cloth airflow increases and the canopy inflation time
is extended.
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o TECHUIQUE FOR THZ C.LCUL-TIOL CF THE CRIUTUG-3HOCY FORCES FCR
SEVIE.I TYPFI OF 3CLID CLOYY P-F-ZUHUTTS
w. P. Lud s
aval Crérives Latorztory
Silver Sprirg, Maryl-d
Abstract z1lritude ircra2ses, efrects of =ltitude o
cp2rnirg-shock forca, firit. -d i-0i-ile
An analytical method of caloulatirg ma23s oparuatiorn, ard inflatic distacce,

parachute openirg-shock forces vased upon
wind-turnel derived drag aren tire sigra-
turvs of several solid clo*th
types ir conjurctlon with a
and retardition system steady
eters has been developed. le
analycing the inflation time,
cloth airflow properties and o
elasticity are ircluded. The
mass ratio ard altitude or the mzgr
ard time of occurrsnce of the raxinum
operniing shock are consistent with obserwved
field test phenomena,

-
a
S

I, Introductiorn

In 1965, the ‘laval Ordnance Laboratory
(IOL) was engaged in a prodect which
utilized a 35-foot-diameter, 10-parcent
extonded-skirt parachute (type T-10) as
the seocond stage of a retarazation syster
for a 250-pound payload. Deployment of
the T-10 parachute was to be accomplished
at an altitude of 100,C00 feet. In this
rarefied atmosphere, the problen was to
determine the second stage deplcymert
conditions for successful operation. A
search of avallable field test i~formation
irdicated a lack of data on the use of
solid cloth parachutes at altitudes above
33,000 feet.

The approach to this probler was as
follows: Utilizing existing wird-tunrel
data, low-altitude rield test dzta,
reasonable assumptions, a unigue engi-
reerirg approach to the inflation tire
and opening-shock provlem was evolved thas
provided satisfactory results. 3Basically,
the method combines a wind-turnel derived
drag area ratio sigrature as a function
of deployment time with a scale factor and
NHewton's second law of motlon to analyze
the velocity and force profiles during
deployment. The parachute deployment
sequence 1s divided into two phases.
first phase, called "unfolding phase,”
whera the canopy is undergoing charges in
shape, ig cornsidered to he inelastic ns
e oparnchute irflates inisia2lly to its
steoady-state 2erodynamic size for the
first time. At this point, the "elastic
panse” 1s erntered wnere it is considered
that the clasticity of the parzchute

ar.

The

.

R

apnijied forcec
roegehedl full

until the ¢
infration.

znoby has

The developed cequations nre in arreo-
rortowith the ohgaerynd perfornanee of
solud cloth prracthuten in the Jield,
tre: decrense of ntflation !

aurh

an He

A-2

II. CDeweloprent of Velocity Patio and
rcrce Ratio Equations During
“rhe Unfolding Phzazo of
Pzrachute Deplomort
Tne parachute deployment would take
vlace ir 2 horicontal attituda v accord-
anre with liewton's second law of motion.

wF = ma
1l 2 W oav

It was recogrized that other factors, such
as included 2ir mass, apparent mass, and
their derivatives, also contritute forces
acti v on ths system., Since defirition
of t.ese parameters was di cult, the
aralysis was conducted in tne~ sirplified

iii

forr shown above. Comparisor of calculated
rasults z2rnd test results irdicated that

+ne omitzed t=rms rave a srall effect.

t \'
_ =W a7’
{ CDSdt = 7;; ?5
] Vg

altiplyirg the right-hand side of egua-
tier (1) =y

v_t C.S
] = -8 o D ¢
Vst S

oCD o)

nd rearranging

(4]

(1)

~J

Ir. ordrr Lo integrate tho lofi-hand term

o” equation (?), the drag aron ratio must

o dofined for the type of parashute under
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annlysis as & function of deployment

LT

vaterenee tine, %,

e~ UNFOLOING PHASE —ere—— ELASTIC PHASE

o Y
TIME RATIO t/v,

FIG. 1 TYPICAL INFINITE MASS FORCE-TIME HISTORY OF A
' SOLID CLOTH PARACHUTE IN A WIND TUNNEL

Tigure 1 illustrates a typical solid
clotn parachuts wird-tunnel infinite mass
force-time history after snatch. In
inZinite mass deployment, the maximun size
aré maximum shock force occur at the time
of full inflation, ty. However, te is
i¥zppropriate Jor analysis since it is
deperdent upor. the applied load, structural
strangth, and waterlels elasticity. The
referance tims, t,, vhere the parachute has
at*aired its steagy-state aerodynamic size
for the first time,is usec as the basis for
perlormance celculations.

At any instant during the unfolding
phzs2, the force ratio F/Fq can be deter-
m}:ad as a furction of tha time ratio,
/¢

-

2
T o= wEe_ Qg
K oY CD“

-~

R

nco the wind-tunnel velocity and density
e constant cduring infinite mass deployment

£
Sire
or

“

«  CpS
Fe  CpS,
150
F 100
[{8:}} 50
% o0 ez T T
TIME {SEC)

FIG. 2 TYPICAL FORCE.TIME CURVE FOR A SOLID FLAT PARA.
CHUTE UNDER INFINITE MASS CONDITIONS.

A3

4
on ~

e N
120 T~

o eam

% om0 030
TIME (SEC)

REPRODUCED FROM REFERENCE (1)

FIG. 2 TYPICAL FORCE-TIME CURVE FOR A 10% EXTENUVED
SKIRT PARACHUTE UNOER INFINITE MASS CONDITIONS.

!

150+

4

F '100;.
)

(L8 50

1

0

0 006 010 0.20 0.30
TIME (SEC)
REPRODUCED FROM REFERENCE (1)
FIG. & TYPICAL FORCE-TIME CURVE FOR A PERSONNEL
GUIDE SURFACE PARACHUTE UNDER INFINITE
MASS CONDITIONS

(Le)

. |

0.12 0.18

0.0!4
TIME (SEC)

o 0.04

F1G. 5 TYPICAL FORCE-TIME SIGNATURE FOR THE ELLIPTICAL
PARACHUTE UNDER INFINITE MASS CONDITIONS

e /] .
7

/

)

] 0.02 0.04 0.08 0.08
TIME (SEC)

FIG.6 TYPICAL FORCE-TIME SIGNATURE FOR THE RING
SLOT PARACHUTE 20% GEOMETRIC POROSITY UNDER
INFINITE MASS CONDITIONS

Tefirite rass opening-shock signatures
¢ ssveral typ2s ot parachutes are pre-
garted in Tigures 2 through 6. Analysls
o <res2 sigratures usirg tha force ratio,
?/?§, - tire rutio, t/t,, technique
trdlogted o sirllarity in the performance
of 4o various sclid cloth types of

T A et sk st a M e LR AP WP ¢
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parachutes which vere examired, The geo-

" metrically porous ring slot pariachute
displayed a complately different signature,
ag vas expected, These data are illus-
trated in Figure 7. If an initial bourdary

22 l[
20

‘ !

1 o
—EQ. 4, 90

——~EQ.4 =02 ‘/

16 [=— o PERSONNEL GUIDE sunMTb'

O RING SLOT CANOPY

18

1.4 fmmemmee & ELLIPTICAL CANOPY
- © SOLID FLAT CANOPY
sa 12 % 10% EXTENDED SKIRT
oa 1 o =]
:? 1.0 Q
- (s}
0s -
0
x
/«:
04 o
1
_ )
0.2 '//
o
Ox __46@/
QM f—- Q
0.2

0 04 0.8 o8 1.0 1.2 1.4

th,

FIG. 7 DRAG AREA RATIO VS. TIME RATIO

condition of CDS/CDS° = 0 at time t/to = 0

is assumed, then, the data can be approxi-
mated by fitting a curve of the forrm

S 6
sef

€Sy \to

A more realistic drag arcz ratio expres-
sion was determined wnich ircludes the
effect of initial area at lire stretch.

e 06 ]

wmere n ig the rotio of the projected
rouath aren at line streteh to 4he steady-
ctate projected frontal aren. Expandirg
cquation (4

A4

R IR S C R

At the tinc that equaticn (&) was mscer-
tained, 1% suggested that ths geonmetry of
the deploying parachute was independent
of density and velocity. It was also
postulated that although %this expression
had been determined for the infinite mass
condition, it would alsc te true for

the finite rass case, “his phenomenon
has sirce teen indeperdently observed and
confirmed dy Berndt and Tz lzese in
referance (2).

Since ire drag arez rztilo was determined
from actual parachute deploymsnts, it was
assumed trhat the effects o apparent mass
and irclud=d mass on the derloyment force
history were accommodated.

The rignt-hand term of equation (2)
contains the expression

4

pgvstocDSo

This term can be visuulized as shown in
Figure 8 to be & ratio ¢ the retarded
mass (includirg the parasrute) to an
assccieted nmass of atmosprerz contained
in a right circular cylirder waich is
gererated ¥ moving an inflated parachute
of area Cpi, for a distarcs ezual to the
produzt of “gt, through ar atrosphere of
dersity, o.

CYLINDER

FACE AREA
Co%

e

W/g

. /\
~
oo
\\\//’ Me W
P9VstaC0S0

FIG. 8 VISUALIZATION OF THE MASS RATIO CONCEPT

The mass ratio, M, is +he scele factor
\ 3 3
vnich controls the velocity and force
profilayg during parashuie duploymaent,
gubstitusing i and CD::/CDSo irto equa-
t}on (?), integratirg, and solving for
/e

'S

1

1]1-nﬁ(t’ r(1=n e\ » ! _(/)
14— -]+ -] +q?=
M7\, 2\ o

Xi<
L

e b L B L L IEL L STE (Pl AT e A v N T ey ey
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© The inatantaneous shock factor is dufined

X, = —p- - 3_.___D__
8 3PVg CpS,

If the altitude variation during deployment
i3 amall, then, the density may be consid-
ered as constant

CnS 2
x, = e Ul (JL)
cho Vs

from equations (5) and (7)
L]

t Y t 3
(1-11)’(:-) +27)ll-n)(;.—) +n? ()
® = —
o =m?eY att-afs\ )2
a2 -5

III. Maximun Shock Force and Time of
Occurrence During the Unfolding Phase

The time of occurrence of the maximum
instantaneous shock factor, xj, is diffi-
cult to determine for the general case.
However, for » = 0, the maximum shock
factor and time of occurrence are readily
calculated. For n = O

LB
=@

Setting the derivative of xs with respect
to time equal to zero and solving for

t/t° at x, max
py -
t\ 1\ 7
(o @) o
to/ @ %1 max 4
and the maxirum shock factor is
[
16 f2am\7
*i max ™ 49 (‘;‘) (10)

Equations (9) and (10) are valid for value.
2 U s — (0.19), sirce for larger values

of i, the maxlr~um shock force occurs in
the elastic phage of inflat!on.

Flgures 9 and 10 illustrate the velocity

and force profiles generated from cgquabich
(7) and (8) ror initial projccted arra
ratios of n = O, and 0,2 with various mans

ratios.

IV. Methods for Carlculation of
the Reference Tire, t,

Tne ratio concept is an ldeal nmethod to
analyze the effects of the varlous param-
eters on the velocity and forcc profilen
of the opening parachutes; houweover, &
reans of caleulating t, is required Y afore
specific values can te computed, IHeihods
for.computing the varying mass flcw irnto
the inflating canopy moutil, the varyirg
rass flow out threugh the varyins inflated
canopy surface arez, and the volume cf
air, V_, which must bz collected during
tne inflation process are requirsd.

Figure 11 represents a solid cloth-
type parachute canopy at some instant
during infletion. At any given instant,
the parachute drag area 1s proportionel
to the maximum inflated diameter. Also,
tre maximum diameter in conjunction with
the suspension lines determines the inflow
mouth area (A-A) and the pressurized
canopy area (B-B-B). This observatior
provided the basis for the following
assumptions, The actual canopy shape is
cf nminor importance.

e, The ratio of the instantareous
mouth inlet area to the steady-state
routh erea is Iin the same ratio as the
instantaneous drag arca.

R R il
cDso

AMO

b. The ratio of the instantaneous
pressurized cloth surface area to the
ceropy surface area is in the same ratio
ac the instantaneocus drag area.

s _ %S

—— —

Se - CpSg

¢. Since the suspension linesin the
unpressurized area of the canopy are
straight, a pressure differential has not
developed, and, therefore, the nct ajr-
flow in this zone is zero.

Based on the foregoing assumwptions,
the mass flow equation can be urittonr

dn = m inflow - m outflow

4L o pVA, - PAD
Pap ™ P Phs

TS S e e e U et AR P LA R AU AN AR N P
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FIG. 17 PARTIALLY INFLATED PARACHUTE CANOPY

From equation (3}

Chs €
g (_E.) ; forn =20
CDSc to
From equation (7)
v
Vo= B-‘_)ﬂ=o

(11)

BYAN AN ANANALARLAY A AR R YA YR LR

to
. arl 8 :
M 14 (-.l‘g (—t:_) _——.___1_ - dt
So RV,
2 t'c 1 + R (-—)
T\~
o o (12)
Inrtegratirg:
Voo C e e 1
Yo © AEU\SVOL in [1 + ;F]
Lo
n G . 2n
R cfp t \s
’ to 1+ 1 (_.t-)
o M to (13)

Measured values of n indicate a data
range fron 0,574 tnrough 0.771. A
convenient solution to the reference tire
eguatiorn evolves wnen n is assigred a
value of 1/2. Integrating equation (13)
and usirg

' oW
Vstoh = .
8PLrg
' CnS
LET K, = i Do
24 Cpp 1/2
- A. k[
ﬁ‘o So 5
2 Ky
to = ~~lﬂi_.‘ e -1 (1“)
€PV5pSo

Equaticr. (14) expresses the unfolding,
reference tine, ty, i1 terms of mass,
altitude, snatch velocity, airftlow char-
acteristics of the cloth, and the steady-
state parazhute geometry. HNote that tre
term gp'' /v is the ratio of the included
air mass to the mass of the retarded
rhardwere., Multiplying both sides of
eguatior (14) by Vg demonstrates that

t,to = a constant which iIs
? a functior of altitude

Figures 172 and 13 indicate the
sle unfoldiag Lime and unfoldicg

para-

conul

distarce for valuirs of n = 1/ and n =
0.O325F,  llote tie: varjation and coiver-
pence wita riclngs altitude.  The opondrg-

stiozy forze §5 strorply Influcpeo] by
troe Lf)atton tiree,  Recaune of this, the
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value of t, calculated by usirg a2 real-
istic value of r should be used in the
lower atmosphere.

CLOTH MIL C 7020. TYPE 1IN
ISFOOT. 1C . EXTENOED SKIRT CANOQPY

100 Cp - 115
As an example ol tris method o oparing-
shocr analysis, let us examine the eftect
of altitude on the cpening-shock rorce o
a T-10-type parachute retardirg a 230-
pound weight from a snatch velocity of 80
Vg = 400 fcet per second at sca level. =
Conditions of constart veloclity ard con- bof }
stant dynamic pressure are investigated. w EQUATION {13)
The results are prescnted in Figure 14. 5 | n: 063246
! At low aititudes, the opening-shock force 4 60
) is lesc than the steady-state drag force: z
; however, as altitude rises, the opening 4 CONSTANT VELOCITY =
shock cventually cx«ceeds the steady-state Q i . 400F PS
drag rorce at some altlitude. Tnis trend = ANO
is in agreement witnh fleld test odservatiors. w sob CONSTANT
) DYNAMIC
V. Correction of t, for :_: PRESSURE
Initial Area Effects 2 o= 190 L8/FT2
)
' The unfolding reference time, tg,, 20k o
) calculated .y the previous methods assumss €QUATION [14] n,l
that the parachute irflates from zero drag 2
area. In reality, a parachute has a drag
| I o i A
o 00 0 100 200 300
. UNFOLDING DISTANCE (FEET)
» Vit
kad B €1G. 13 EFFECT OF ALTITUOE ON THE UNFOLDING OIS
CLOTH MIL-C-7020; TYPE 11} TANCE AT CONSTANT VELOCITY AND CONSTANI
H 35 FOOT. 10% EXTENDED SKIRT CANOPY DYNARIC PRESSURE FOR n > 1/2 AND n * 0.63246.
8o} Cp- 1.15
100 T
p £ 10 Fmax |
‘ w L I _f
[ - / k]
- ol ]
o - 1
3 [ ] : | -
w ' -
o -
3 (7] ‘ ,"‘f
= o )” f
2 %0 z 1 MAX
b = CONSTANT VELOCITY, 400 £ P.S. g |
$ S L CONSTANT DYNAMIC PRESSURE z L - consTant
£ 40 2 - ! DYNAMIC
= - F b i
5 q= 190 LB/FT 8 ' PRESSURE
= | CONSTANT
3o~ o | VELOCITY
? “ !
IJ '
’ |
IJ 200
~ 0 1 s 1 1 L
é — €0. 113} 100 200
ok : )7"""“7“ FORCE (THOUSANDS OF POUNDS)
ne - \
N FIG 14 VARIATION OF STEADY STATE DRAG. F. ANO MAXI.
P, \\L MU OPENING SHOCK WITH ALTITUDE FOR CONSTANT
4 - L 1 STA YNAMIC P A
:,, b o2 oa 0% 08 o et VELOCITY AND CONSTANT DYNAMIC PRESSURE
UNFOLDING TIME (SEC) Lrrn Y thne .’mgir-ring of irfla-ion. Onre
« 1, ~~ 548 peen caloulated, a rorrection car
2 zppliced, based upon what 1g rro.r acout
v F1G. 12 EFFECT OF ALTITUDE ON THE UNFOLDING TIME tre iniaial conditions.
;- "1, AT CONSTANT VELNCITY AND CONSTANT
> DYNAMIC PHESSURE FOR n» 1/2 AND n = 063276
2
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-n -re ini*ial projectec

1/3
v, =L .
S ‘o .
A calculatcd
L 1/3
t =1-—E) Y
Ocerrected . Scalculated

(15)

Case B - «ne: =he i-itial drag area
g

15 known
CDSO r'o
cns \°
t, = Dt t
i (CDSO> Ocalculated
s, \ 170
LO = {1 - | —= to
correc*ed CDSO calculated

Tne mass rz-ic should -ow be adjusted for
the correc-ed -4 t27or2 velccity and force

- o~ 3 =
profiles &r2> de’ernm

vI. Openirg-Sreck Ferce, Velocity Ratio,
ard I-fla%tio~ Time Durirg the
Elastic Pnase of Parachute Inrflation

The mass ratio, !, is an important
pzrameter ir parzachu‘e aralysis. For
values of ¥ << 4/21, the maximum opening-
shock force occurs early irn the inflatior
process, and ‘he elastic propertlies of
the cancpy ar= rot sigrificart. As the
~a§s ratic :puroannes o= 4/7%, the
ragritude of the cpz-ing-shock force
ircreases, 2:d *the *lr2 of occurrence
r.appens later ir the deployment sequence.
For mass ra“ios ™ > L4/21, the maximum
stozk force will occur after the referance
*ire, to. Parachutcos docligrned for high
~ass ratio cparatic~ rmust provide a
structure cf suTficient corstructed
strcagth, Fa, 52 tnat the actual clor-
gatfon of % <arcpy urder load Is less

bt Lot

Y ar
A4

"  adiall et U L B A
I T O O ERAESCAY U UIPCAE CSRE AN SR SR S A W e Y

“nar tne maximum externsibility, € ol

tre materials, nax’
Cavelcprent of the aralysis i+ the
-las*lc ghase of inflatior (g sirilar to
ne techrnique used ir the unfoldi:g phase.
2wtor's secornd law of motlon is us-d,
tofFetner with tre drag arca ratio sigra-
> ard wass ratio

sdar:
S0t | (t)
CDSO ‘o

wrien ls still valigd, as shown i Figure 7

t \

. \b .

1 L dt = Vv =dx

e t s V7
o J o v
[¢] ©

Intezrzting and solving for X

Vg
v 1
\" r 7
s _ﬁ + i (_t_) - 1
Vo ™ to
nners fS is tre velocity ratio of the
s
ur:foldirg process at tire % = t,.
Vo B 1
o)
S 1+l _(.];,-_YL)._-*_"\_Q;_—..:'.).-'-,]Q
M 7 2
(18)
Trne f:starntaneous shock factor in the
clzstin prase btecomes
CDS (v )2
Xy =—-—-(—
v
CDS0 Vs
t 6
To
e (1%)

re erd point or the inrflation process
ceperds upor the applicd loads, «lasticitr
o tre carory, and the constroectel str -t
0. tne parachute. A Llincar load <lc pation

DS Y ) LR NS N}
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relationship is utilized to determine the
maximum drag area.

. rax
F ¥,
F e
e = —2% (20)
l:‘C

The force, F, is initially the instanta-
neous force at the end of the unfolding
process

o's (21)

where Y5 is the shock factor of the
unfoldinrg phase at t = tg

1

> E
1+3 [Ll,;_ﬂl~ 402 -n nQ]
M 7 2

(22)

Since the inflated shape is defired, the
drag coefficlent 1s considered to be
constant, and the instantaneous force is
proportional to the dynamic pressure and
projected area. The maximum pirojected
area would te developed if the dynamic
pressure remained constant during the
elastic phase. Under very high mass
ratios, this is nearly the case over this
very brief time pzriod; but as the mass
ratio decreases, the velocity decay has
& more significant effect. The simplest
approach for all mass ratios is to
determine the maximum drag area of the
canopy as if elastic irflatlon had
occurred at constant dynamic przssure.
Then utilizing the time ratlo c:otermined
as an end point, intermediate srock
fastors can be calculated from zguation
{19) and raximum force assessed.

The iritial force, XoFg, causes the
canopy to increase in projected area. Tne
new projected area in turn increases the
total force on the canopy which produces
a secondary projected area ircrease. The
resulting series cf events are resisted
by the parachute materials., Trne parachute

must, therefore, te constructed of suffi-
civit strengtic ©o prevent the €longatic
of the materials from exceeding *the
rmaxirun elongatiocn.
L_F
€ = _O__S_ €
o F max (23)

Thne rext rforce in the series at constant g

A
- » 1
Fy ¥ Fe —~
he
virere
A
g (1 + ¢ )¢
A )
(4

Subsequszrt elongations 1rn ine system can
be shour to oe

2

™
]

1 o (v Co)

€0

n

2,2
€ (1 + e, (1 + co) )

The required canopy cornstructed strength
can be determined for a giver set of
deploy=ant conditions. Tne lirniting value
of the saries (€g) determines the end
point tire ratio.

t A\ C.S
(i) e R G
t, CpSe
ta C5%ma\ 1 .
(—‘)=( 9") =1+ et?
[o} CDSc

(24)

Figurs 19 illustrates the raximum drag
o

area ratlo as a funciion ol €

i
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F1G. 15 MAXIMUM DRAG AREA RATIO VS, INITIAL
SLONGATION
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VII. Application of Cloth Permeabllity
to the Calculation of the Inflution
Time of Solld Cloth Parachutes

The mass outflow through the pressur-
‘aued weglen ef an Lnflating solid cloth

parachute at any instant is dependent upon
the canopy area which is subjected to alr-
flow and the rate of airflow through that
area. The variation of pressurized area &s
a function of reference time, t,, was
earlier assumed to be proportional to the
instantaneous drag area ratio, leaving the
rate-of-airflow problem to solve. The
permeability parameter of cloth was a
natural choice for determining the rate of
alrflow through the cloth as a function of
pressure differential across the cloth,
Heretofore, these data have been more of

a qualitative, rather than quantitative,
value. A new method of analysis was
developed wherein a generalized curve of
the form P = k(AP)M was fitted to cloth
p2rmeability data for a number of different
cloths and gives surprisingly good agree-
ment over the pressure differential range
of avallable data. The pressure differ-
ential was then related to the trajectory
conditions to give a generalized expression
vhich can be used in the finlte mass ratio
range, &s well as the infinite mass case,
The permeability properties were trans-
formed into a mass flow ratio, M', which
shows agreenment with the effectlve porosity
coricept.

Measured and calculated permeability
pressure data for several standard cloths
are illustrated in Figure 16. This method
has been applied to various types of cloth
between the extremes of a highly permeable
3-momme silk to & relatively impervious
parachute pack container cloth with -
reasonably good results, see Figure 17.

. The canopy pressure coefficient, C,,
is defined z2s the ratlio of the pressurg
differential across the cloth to the
dynamic pressur2 of the free stream.

c. =8P _ P(internal) - P(external)
P g 1/2 pv2

(25)
vhere V is based on equation (7).

The paraeability expression, P = k(AP)n
‘vecomes

n

2
P = k(C, A-) (25)

Although some progress has heen made
by Malzig ard others on the measurement ot
the variation of the pressure coefficlent
on an sctual inflating canopy, this
dimension ard its veriation with time are
still darz areas at the tima of this
uriting, At the present time, a constant
average value of pre-.ure coefficlent is

ugsed in theac calculations., Figure 18
presents the effect ot pressure coeflfllcient
and altitude oa the unfolding tiwe for
constant deployment conditions.

It 48 well kKnown that the inflation
time of s0lid cloth parochutes decreases
28 the operational altitudce increases,
This efrfect can be explained by consid-
ering the ratio of the mass outflow
through a unit cloth area to the muss
inflow through a unit mouth area,

M! = mass Ilow ratio =
. inflow

mass
waere

s;u_sﬁ_ (per. ££° cloth orea)
P rt2_sec

mass outflow =
and

mass inflow = V _%ggg_ (per £t% inflow area)
fte=gec

3000 =0
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"B," are selected in such a manner that
point "A" is in a low-pressure zone below
the knee of the curve, and point "B" 1is
located in the uppsr end of the high-

pressura z—one, as snown in Figure 22.

The two standard measurements of 1/2
inch of water and 20 inches of water
appear to be good data points if both are

100
s CLOTH, MIL-C-7020, TYPE (It
k= 1.46042; n = 0.63246; C,* 1.5
sor M =M FLOW RATIO MA‘SS OUYFLOW
ASS MASS INFLOW
-
w
w
"5
LT
[+
8
g
g
P
(=4
-
<
®
0 0.01 0.02 0.03 0.04
MASS FLOW RATIO
[

FIG. 20 EFFECT OF ALTITUDE ON MASS FLOW RATIO AT
CONSTANT VELOCITY

q
CLOTH, MIL-C-7020, TYPE 1t
k = 1.46042; n = 0.63246
CP = 115

SEA LEVEL

20 K FEET

(4

-

-]
Y

LOW RATIO m*
o
-]
- B

SOK FEET

100 K FEET

400 600
VELOCITY (F.P.S.

FIG. 21 EFFECT OF VELOCITY ON MASS FLOW RATIO AT
CONSTANT DENSITY

I AP 18
F1e

FIG. 22 LOCATION OF DATA POINTS FOR DETERMINATION
OF “k” AND “n”

gvailable on the same sam leﬁ "Subst%~“
tuting the data from points “A" and "B

into P = k(aP)" :

Ps
.. ) -
&n(;;i)
P, __Pp (39)

k =
(aPy)"  (app)"

VIIX. Determination of the
Parachute Included Volume
and Associated Alr Mass

Before the reference time, to, and

inflation time, tg, can be calculated,
the volume of atmosphere, Vo, which is
to be collected during the inflation
process nmust be accurately known. This
requirement dictates that a realistic
inflated canopy shape and assoclated
volume of atmosphere be determined.
Fi e 23 was reproduced from reference
(5). The technique of using lampblack
coated plates to determine the airflow
patterns around metal models of inflated
canopy shapes was used by the investigator
of reference (5) to study th~ stability
characieristics of contemporary parachutes,
i.e., 2942, A oy-product of this study
is that it is clearly showm that the
volume of air within the canopy bulges
out of the canopy mouth (indicated by
arrows) and extends ahead of the canopy

-~ nem, This volume must be collected during
the inflation process. Another neglected,
but significant, source of canopy volume
exists irn the billowed portion of the gore
panels.

A-13
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VENT PARACHUTE
REPRODUCED FROM REFERENCE (5)

FIG. 23 AIRFLOW PATTERNS SHOWING AIR VOLUME
AHEAD OF CANOPY HEM

The steady-state canopy shape has been
ovserved in wind-tunnel and field tests to
be elliptical in profile. Studies of the
irflated shape and included volume of
several parachute types (flat circular,

10 percent extended skirt, elliptical,
henispherical, ring slot, ribbon, and
cross) are documented in references (6)

and (7). These studies demonstrated that
the steady-state profile shape of inflatead
canopies of the various types can be
approximated to be two ellipses of common
mejor diameter, 2z, and dissimilar minor
diameters, b and b', as shown in Figure 24.
It was also shown that the volume of the
ellipsoid of revolution formed by revolving
tae profile shape about the canopy axis
was a good approximation of the volume of
atmosphere to be collected during canopy
inflation and included the air volume
extended ahead of the parachute skirt hem
together with the blllowed gore volume.

3
- b , b!
Vo_g i [_8 ' E] (31)

—N ——‘ BILLOWED GORE

EQUIVALENT BILLOW VOLUME
EXTENDED AIR VOLUME

REPRODUCED FROM REFERENCE (6)
FIG. 28 PARACHUTE CROSS SECTION NOMENCLATURE

- Tables I and II are summaries of test
results reproduced from references (6) and
(7), respectively, for the convenience of
the reader.
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TABLE | SUMMARY OF PARACHUTE SHAPE TEST RESULTS
FOR 12-GORE AMD 16-GORE CONFIGURATIONS

Parachute No of Sutpenmon Velocity Scale Factor X N Aaxes Ratio Volume 1n? v,
Tyoe Gores | Lire Length FIR ] .  u g d L4 L vh v v v,
inchey mph  lpy o, o, 0, t H 3 3 ) 3 < ° "
Fia1 Circular 12 M 50 73 645 650 856 ©115 8817 14932 | 4476 4481 6980 156
16 k) 50 73 | 663 66% 820 5558 9039 14597 { 4450 4100 7325 | 165
10% Extended 12 34 Foo 147 | 663 692 881 6424 8860 15284 | 3926 4400 6783 | 173
Skt 16 34 17 25 654 649 785 5580 8502 14082 | 4051 3920 6197 153
Eiptical ”? 3 1% 10 916 812 5626 9657 15283 3322 5405
16 34 17 25 875 800 6169 8163 14332 2726 4405
Hemisphercal 12 34 125 183 996 1254 | 10005 9080 19085 6224 B6G6
1% 34 % o 994 118% 9129 9380 18509 5921 8170
Ringiot 12 34 25 37 607 654 851 6566 87135 1530 31800 3650 5903 156
16% Geomatric 12 4 100 147 616 663 922 6566 8735 1530 3800 4198 6166 162
Porouty 12 i) 200 29) 637 686 918 6566 8735 1530 3800 4624 6826 190
16 1 5 37! 611 658 827 6004 8890 14894 | 1800 1763 5685 | 150
16 3 100 147 | 617 654 864 6004 8890 14894 | 1800 1985 6030 | 159
16 34 200 293 645 695 844 6004 8890 14894 L 3800 4430 6897 182
—_— r
Arbbon 172 34 25 3 586 632 859 6558 8768 15326 | 31800 3323 5335 140
24% Geometrc 12 M 100 147 615 661 8137 6598 8768 15326 | 3800 3714 6162 162
Porority 1?2 34 200 293 832 681 an 6558 8768 15326 | 1800 4280 6683 176
16 M 25 37 | 603 650 797 5570 8578 14148 | 3800 438 5358 [ 141
16 34 100 147 €26 674 791 5570 8578 14148 | 3300 31804 5983 157
16 k7 200 293 648 698 781 5570 8578 14148 | 3800 4164 6656 175
Cro1s Chute 34 25 37 1o 943 | 1 24¢ 4867 12776 21643 1928 3768 5798 30
wiL - 264 k2 100 147 707 540 | 1 270 8867 12776 21643 1928 3810 5712 296
34 200 293 716 547 | 1285 8867 12776 21643 | 1928 4212 5925 Jo7
47 2% 37 759 680 | 1113 8494 12512 21006 | 1928 4052 6868 | 156
47 100 147 129 57 | 1205 8494 12512 21006 | 1928 3973 5958 | 303
4 1200 2931 775 592 | 1110 8494 12512 21006 | 1928 4292 7303 | 379
REPRODUCED FROM REFERENCE (6!
TABLE 11 SUMMARY OF PARACHUTE SHAPE TEST RESULTS
FOR 24-GORE AND 30-GORE CONFIGURATIONS
Parpehuty No of Suspenuion Velocity Scate fartor K N A«es Ratio Votume in ? v,
Troe Gores | Line Length meh tos | 25 2 : b 0 b b v v v v,
o i b - -~ - " o -
inches o, o, i H FI ‘
Fla1 Circulary 24 4 S0 ’3 677 679 795 5758 8126 1 3884 4362 4695 7273 197
30 34 \b 25 668 €69 82? 6214 1806 14020 4342 4626 1027 162
10% Extended® 28 34 190 1a7 | 665 648 83 | 5943  arm 14720 ! 4138 a4d6 6930 167
Skt 30 34 17 25 | 650 633 825 | 6259 196.  1a1z7 ) m 4076 6269 140
1
Ring Siot 18% 24 ko 25 kR 663 665 8 5800 9053 1485) 359 3878 5031 168
Geometricalty 24 34 100 147 680 6682 ' 819 5800 9053 14853 | 399 4079 5510 ' 181
Porous 28 34 200 293 ! 694 696 i 809 5800 9053 14853 } 3591 4270 6924 193
30 h7) 2% kH 677 678 | 88 , 5800 9053 14853 3582 3826 6404 179
30 b ) 100 147 684 685 802 : 5800 9053 14853 3982 4023 6588 184
. 10 34 200 793 ! 698 699 800 ; 5800 9093 14853 3582 4260 7012 | 1 96
.
T
A-bbon 24% u 34 25 37 671 673 . 7110 | 5980 8187 14167 - 359 3591 5968 166
Geometricolly rel 34 1 100 147 676 678 813 5980 8187 14167 | 3591 3927 6197 170
Porous H 34 L 200 291 687 689 804 | 5980 e187 14167 | 3591 4061 6389 119
30 34 25 37 655 657 782 ! 6071 846) 14484 3582 1396 5666 | 1SR
30 34 100 147 669 670 784 €021 2463 14434 4582 3622 6022 168
0 34 287 29 677 679 823 6021 8463 14484 3582 4002 6796 b 1%

“Since thit parachuts way bresthing during the ta1t t1eversl photowsphs were taken 4t rach sneed The dgls wete irduced 'tom the phatograph which moit
r0010n3bly 3ppeared 1o tepresent the squiibiuim 11a1s

REPRODUCED FROM HEFFRENCE (70
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X. List of Symbols P

Steady-state proJectedqarea of the
inflated parachute, ft-

Inslantaneous canopy mouth area, rt2 q

Stgady-state inflated routh area, s
ft
Acceleration, ft/sec? So=Aso
Maximum inflated paracnute diameter
of gore mainseam, ft t
Minor axis of the ellipse bounded %o
by the major &xis (23) and the vent
of the canopy, ft
Minor axis of the ellipse wnich te
includes the skirt hex of the
canopy, ft
Effective porosity u
Parachute coefficient of drag v
Pavechute pressure coefficient,
ra_ateg intermal and external v
pressurimiaP) on canopy surface to
the dyn c pressure of the free v
stream ©
Nominal diameter of the aerodymamic vs
decelerator = ‘[3537;, rt
Instantaneous force, 1lbus !o
Steady-state drag force that would
be produced by a fully cpen para- ,
chute at veloclity Vg, 1lbs W
Constructed strength of the para- Xg
chute, 1bs

X
Maximum opening-shock force, 1bs o
Gravitational acceleration, ft/sec2 P
Permeability constarnt of canopy n
cloth
Mass, slugs c
Mass ratio - ratio of the mass of
the retarded hardware (includirg rax
parachute) to a mass of atmosphere
contained in a right circular ¢s
¢ylinder of length (Vgtg), face area
(CpSe)s and density (o) S F

Mass flow ratio - ratlo of atwmo-
sphere flowing through a unit cloth
area to the atmosphere flowing
through & unit inlet area at
arbitrary pressure

Permeability constart of canopy
cloth

Cloth permeability - rat2 of alr-
{low through a clotn at an arbdi-
trary dlfferential rressure,
r-3/1t?/sec

Dymaric pressure, 1z/°37

Irstantancous infle.ed canopy
surface area, ft-

2
Canopy surface area, f:°

Irstantaneous time, sec

Reference time wher t-2 parachute
nas reached the desizr drag area
Tor the first time, sec

Tenopy Inflation tirme wnen the
Irn{lated canopy has rsached {ts
~aximum prysical sizz, sec

Air velocity throuzn cloth in
effective porosity, ft/sec

Fictitious theoreticzl velocity
used in effective porosity, ft/sec

Instantaneous systen velocity, ft/sec

Systen velocity at the time t = ¢t

’
It/sec °

System velocity at the end of
suspension line stretch, ft/sec
“"olume of air which must be collec-
ted durirg the irnfla<icr process,
rt

Hardware weight, 1lbo

Instantarieous shock racstor
Shock factor et the tisze t = to

tir density, slug,s/:‘t3

Fatio of parachute projected mouth
arca at lire stretch to the steady-
state projectec are=

Instantaneous elornga“ion

Maximum elongatior

Initial elongatio~ at the begirning
of the elastic phzse of inflation

Pare-hute safety fazter = Fc/Fnax
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Appendix B

A GUIDE FOR THE USE OF APPENDIX A

At first reading, Appendix A may appear to be a complicated sys-
tem of analysis because of the many formulae presented. Actually,
once underztood, the technique is straightforward and uncomplicated.
The author has attempted to simplify the algebra wherever possible.
This appendix presents, in semi-outline form, a guide to the
sequence of calculations because the analysis does reguire use of
formulae from the text, not necessarily in the order in which they
were presented. Also, the user can be referred to graphs of per-
formance to illustrate effects.

In order to compute t,, other parameters must be obtained from
various sources.

I. Determine System Parameters
l. CpSpy, drag area, ft2 obtained from design requirement.
2. Vg, fps, velocity of system at suspension line stretch.
3. o, slugs/ft3, air density at deployment altitude.

4. W, lb, system weight (including weight of the parachute)
from desicn requirements.

5. Vo, ft3, this volume of air, which is to be collected
during inflation, is calculated from the steady-state inflated
shape geometry of the particular parachute type. The nomenclature
is described in Figure 24,p.A-14. When Dg or Dp is known, a can be
calculated from data in Table I and Table II, p. A-15, for various
parachute types and number of gores. Then the geometric volume Vg,
can be calculated by Eqguation {(31), p. A-14, with appropriate
values of b/a and b'/a from the tables.

6. Amo- ft2, steady-state canopy mouth area
e 232 |1 (NGE-b/V ]
Amo = T3 E < b/ ) J (B-1)

8-1
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2
S where N/a, b’3, and b'/3 are available from Tables I and II for the
’ particular type of parachute and number of gores.
3 , s
.{ 7. Aggsr ft¢, canopy surface area = ?DO
i
El 8. C,, pressure coefficient, see Figure 18, p. A-12, A
" constant Bp = 1.7 for all altitudes seems to yield acceptable
. results.
\
% 9. Constants k and n are derived from measurements of the air
~ flow through the cloth. Only k is needed for Equation (14), but n
W) is also required for Equation (l13). These parameters can be deter-
mined for any cloth using the technique described beginning on
. p. A-12. The two-point method is adequate if the AP across the
l, cloth is in the range of AP for actual operaticon. Check-points of
3 cloth permeability can be measured and compared to calculated
'ﬁ values to verify agreement. If the data are to be extrapolated to
fs operational %4P's greater than measured, a better method of deter-
N mining k and n from the test data would be a least squares fit
o through many data points. This way errors due to reading either
-ji of the two points are minimized.
>
4 II. Step 1
o
. Calculate the reference time t, by use of Equations (13) or
" (14), p. A-7. 1If the deployment altitude is 50,000 feet or higher,
- Equation (14) is preferred due to its simplicity. For altitudes
K, from sea level to 50,000 feet, Equation (13) is preferred. Figure
% 12, p. A-8, shows the effect of altitude on to and can be taken as

-

a guide for the user to decide whether to use Equation (13) or (14).
) One should keep in mind that the opening shock force can be a

. strong function of inflation time, so be as realistic as possible.

X If Equation (13) is elected, the method in use at the NSWC/WO is

: ‘ to program LCguation {13) to compute the parachute volume, V5, for

"o an assumed value of t,. Eguation (14), because of its simplicity,
can be used for a first estimate of t, at all altitudes. The com~
putcd canopy volume is then compared to the canopy volume calculated
from the geometry of the parachute as per Equation (31), p. A-14.

" If the volume computed from the mass flow is within the volume

: computed from the geometry within plus or minus a specified delta

p volume, the time ty is printed out. If not within the specified

) limits, to 1s adjusted, and a new volume calculated. For a 35-foot
Do, T-10 type canopy, 1 use plus or minus 10 cubic feet in the
volume comparison. The limit would be reduced for a parachute of
smaller Dy

7 ,l., (.’ I

-
> RSl Ral IO

If Yo calculated = Y,y geometry t 10, then print answer.

4

If ¥, calcuiated # Y, geometry t 10, then correct t, as follows:

Yo geometry

"t V, aalculated {8-2)

82
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The new value of t, is substituted in the 'do loop" and the
volunie recomputed. This calculation continues until the required
volume 1is within the specified limits.

I111. Calculate t, corrected for initial area. The t, of Section
11 assumes that the parachute inflated from a zero initial area.
If this is a reasonable assumption for the particular system under
study, then the mass ratio can be determined from Lquation (6),

p. A-4. For n = 0 if the value of M 2 0.19, then a finite state
of deployment exists, and the time ratio of occurrence and the
maximum shock factor can be determined from Egquations (9) and (10},
respectively, on p. A-5. If n # 0, then the limiting mass ratio
for finite operations will rise slightly as describea in Appendix
C. Figures C-1 and C-2 illustrate the effects of initial area on
limiting mass ratios and shock factors respectively. If the mass
ratio is greater than the limiting mass ratio (Mp), then the
maximum shock force occurs at a time greater than t, and the
elasticity of the materials must be considered (see Section VI).

If n # 0, then the reference time,to, will be reduced, and
the mass ratio will rise due to partial inflation at the line
stretch. Figures 9 and 10, p. A-6, 1llustrate the effects of
initial area on the velocities and shock factor during the
"unfolding"” inflation. Equation (15), p. A-9, can be used to
correct t, calculated for the cases where n = Ai/Ac. 1If the initial
value of grag area is known, Eguation (16), p. A-Y, can be used to
correct t_ and rechecked for limiting mass ratios versus n in
Appendix 8.

IV. Opening shock calculations in the elastic phase of inflation.
It has been considered that from time t = 0 to t = ty the para-
chute has been inelastic. At the time t = to the applied aero-
aynamic load causes the materials to stretch and the parachute
canopy 1i1ncreases 1in size. The increased size results in an
increase in load, which causes further growth, etc. This seguence
of events continues until the applied forces have been balanced by
the strength of materials. The designer must insure that the
constructed strength of the materials is sufficient to resist the
applied lcads for the material elongation expected. Use of
materials of low elongation should result in lower opening shock
forces as CpSpax 1S reduced.

When the mass ratic of the system 1s greater than the limiting
mass ratio, the elasticity of the materials and material strength
determine the maximum opening shock force. The maximum elongation
fmax and the ultimate strength of the materials are known from
tests or specifications. The technique begins on p. A-9.

At the time t = tg, calculate the following quantities for the
particular values of M and n.

a. Vg/Vg from Equation (18), p. A-9,
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b. X, from Lquatien (22), p. A-10.
c. €5 from Equation (23), p. A-10.
d. Determine CpSmax/CpSg from Figure 15, p. A-10.

e. Calculate the inflation time ratio tf/ty from Equation
(24), p. A-10.

g. Calculate the maximum shock factor from Equation (19),
p. A-9.

g. Calculate the opening shock force ., = XFg where
F, = 2ovic
s " 7°Y5CS,

h. Calculate filling time, tg(sec)

v ()

V. 1In order to simplify the required effort, the work sheets of Table
B-1 are included on pages B-5 through B-9 to aid the engineer in
systematizing the analysis. The work sheets should be reproduced to
provide additional copies.
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Table B-1. Opening Shock Force

CALCULATION WORK SHEETS L <kqp
%QD Qb
£ ()
1. Parachute type - N
2. System parameters
a. System weight, W (1b) w ib.
b. Gravity, g (ft/sec?) 9 f1/s8¢2
¢. Deployment altitude (ft) fr.
d. Deployment air density, ¢ (3Jugs/fr3) P slugs/f3
e. Velocity at line stretch, Vg4 (fps) v, fps.
f. Steady state canopy data
(1) Dismeter, D, (ft) 0o fr.
(2) Inflated diameter, 23 (ft); 28 . , 2y f1.
D
“ n.2 °
(3) Surtace area, S, (ft<); LUQ A5, .2
(4) Drag area, CpS, (ft2); Cp x 3, CDso f.2

(5) Mouth area, Agb (ftz)
2 N/E - b/a Y
Ao * 73 [' (‘:r‘) ] Ao s

(6) Volume, ¥, * (£t3)

g. Clorh data

(1) k z Calculate using technique beginning on k -

(2) n p. A-12. Note: Permeability is usually n -
measured as ft3/f1¢/min.
For these calculations
permeability must be
expressed as ft3/ft?/sec

* Data for these calculations are listed in Tables 1
and 2, p. A-15,

8-6
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Table B-l1. Opening Shock Force S
' %,
(cont'd) Oy

(3)  egayi determine maximum elongations from
pull test data of joints, seams, lines, etc. Use
minimum £ .. determined from tests.

{ (4) Cp; pressure coefficient C

h. Steady state drag, Fg (1lb), Fg = %pv}coso F (b.

{. Parachute constructed strength, Fc (1b); deter-
mined from data on efficiency of seams, joints, lines. Fe ib.
Constructed strength is the minimum load required to
fail a member times the number of members.

3. Force calculations

a. Calculate t, for n = 0; eq. 14, p. A-7.

PNo cos"
Ly - . -
oo —e | W LA Ao k(TP7y 3
pgvscoso € 2 -1
Check Figure 13, p. A-8, for advisability of
using eq. 13, p. A-7.
b. If n = 0, proceed with steps c through e.
If n¥ 0, go to step f.
c. Mass ratio, M; eq. 6, p. A-4
w M -
Mo ———
poVst CoS,
d. If M < 4/2]1 for n = 0, then finite mass
deployment 1s indicated.
) (1) Time ratio at Xy paxi 2. 9, P. A-5
v
' 1
K] . (zm)’ t -
E to.xi 4 b ox;
9 max max
>
h‘l
"l
(2) Max shock factor, x; eq., 10, p. A-5
O s
x, = 16 [2mm)7 X -
Imax 49 ( 4 imax

o 8-6
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Table B-1. Opening Shock Force 4QQ
(Cont'd)
(3) Max shock force, Fp,, (1b)
Fonax. = X max. Fs Fenax tb.
e. If M > 4/21; then intermediate mass or infinite
mass deployment is indicated and the elasticity of
materials is involved. Calculate the trajectory con-
ditions at time t = t,.
(1) Velocity ratio @ t = t, forn =20
, o _ __1 v -
| J P %

(2) Shock factor XO Qt = to for n =0

2
X __1_= Xg. xo -
° 1 2 Vs
[|+-m]

(3) 1nitial elongation, t£,; eq. 23, p. A-10

X F
€ © °o_$ €max o -
FC
Cpirax CpS
(4) Determine —=T2X from Figure 15, p. A-10 D max -
CpSo CoS,
(5) Calculate inflation time ratio, tg¢ ; eg. 24,
pP. A-10 _—
/ 1 to
t' CDsmax 6 ‘1 -
'o CDso ‘o

(6) Calculate maximum shock factor, x; p..5 eg-

19, p. A-9 (t,)e
‘o X . -

= max

\.imu Vs L _‘i. 7 i 2 i |
v, ™M 1 {
o ° )

(7) Calculate maximum shock force, | L,
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Table B-1. Opening Shock Force

(cont'Qd)
e ()
(<] to

f. If n # 0, correct t, for initial area effects;

(8) Inflation time, sec =

eq. 16, p. A-9 C.S.\'/6
t, = [1- CLS. 1o calculated
g. Mass Ratio, M, eq. 6, p. A-4 \"0%
I .\ N
pPaVgt, CDSo

h. Calculate limiting mass ratio, My
1 9 2. 3 1
27— - = +—n+-—-
M =300 [14" 18777

If M < M; , tinite mass deployment is indicated and X{ max

can be determined by eq. 8, p. A-> by assuming values
of t/to and plotting the data using the methods of
Appendix C.

i. If M > M, then intermediafte mass or
infinite mass deployment is indicated and the
elasticity of materials is involved. Calculate

the trajectory conditious at time t = t,.

(1) Velocity ratio @t = t, for n #0; eg. 18,
p. A-9
A
Vv, 2
S - -
1*1_(1 gLi’qj1 q)+nz
M 7 2
(2) Shock factor X, @ t = t  for n £ 0; eq.
22, p. A-10
2
1 Ve
o[ o] T
M| 7 2
(3) Initial elongation, €51 €q. 23, p. A-10
onS €
€ = — Max
o Fc
CDSn&x
(4) Determine === from Figure 15, p. A-10
CDSQ

% Sec.

<|<
w |lo
!

CDsmax —

Cps

AV, AV LAILY LA
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Table B-1. Opening Shock Force

(5) Calculate inflation time ratio, ;L 3 £Q.
p. A-10 1 0
t_( . CDsmn(
t¢.a Dso

(6) Calculace maximum shock fa~tor, x

eq. 19, p. A-¢ t,\ 6

i max’®

Xiu.ﬂ:- Vs Y t, 7 112
v, (f) "J

(7) Calculate maximum shock force, Fmax(lb)

(8) Calculate inflation time, tg(sec)

Y=% | —
%

8-9

24,

(Con

'max

Fmax

t¢
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The calculated canopy volume, Y, calcr is determined from equation

{11).
v t d
8 6 . n n i
Y = ‘.?:l\( = g VAmo, LY~ Aso AR ﬂ V2 dt (11} ‘
Ocalc V=0 1=o0 t 1, 2 :

A progrem for calculating t, for solid cloth parachutes and
the opening shock force profile 3uring the inflation of several _
parachute types is provided ir Table 1. Equations (4), (11), and |
(12) are progrummed together with the vertical deployment opening i
shock equations (2) through (8) in FORTRAN IV language. The

included examples were calculated via the program ueing a VAX 780

computer. The program operates in two modes. Mode 1, for solid

cloth parachutes, calculates the vertical deployment reference

time t, for the parachute system parameters and operational

deployment data, and then calculates the opening shock profile

during inflation. A typical data print out is shown in Table 2.

It is necessary to estimate an initial value of "ty". The program
calculates the canopy volume for the estimated time and compares

the Yo calc to the volume derived from the canopy geometry. If the
calcufated volume is not within specified limits, the program

adjusts "to" by equation (12) and reiterates the program until the
calculated volume is within the specified limits.

\
1. =1 M‘. {121
o o Vv, cale.

Mode 2 of the program calculates opening shock protiles for input
values of t,. Mode 2 analysis of other types of parachutes is
possible by the selection of the proper values of “3" (1/2, 1, 2,
3, 4, 5, or 6) and “¢“. The opening shock force variation for
examples (1) and (2) are plotted in Figures 3 and 4. The nominal

*“g to for n=0.632 was calculated by the program in mode 1 and the
?512 force-time survey was calculated in mode 2.

[

ﬂ'h* Figure 3 illustrates that f .chutes deployed in a vertical
?'%g toward-the-earth trajectory inflate faster than the same system
%ﬁ,‘ deployed horizontally at the same altitude and wvelocity.

! Inflation reference times for parachute types other than

&E*’ 801id cloth canopies can be developed from the mass flow equation.
4 This regquires that the flow through the canopy be expressed in a

pﬁ@‘ form similar to the so0lid cloth canopy cloth permeability, P,

.ﬁ”ﬂ where the rate of flow per unit area is a function of the pressure

LAY differential across the cloth or grid.
Do

" h 1
’&,‘ 13 Change
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TABLE 1. INSTANTANEOUS DRAG AREA, VELOCITY, OPENING SHOCK FORCE, AND
DISTANCE OF FALL OF A PARACHUTE DEPLOYED IN VERTICAL FALL.

THIS PROGRAM CALCULATES THE INSTANTANEOUS DRAG AREA, VELQCITY.
OPENINC SHOCK FORCE.AND DISTANCE OF FALL OF A PARACHUTE DEPLOYED IN
VERTICAL FALL.

THE PROGRAM OPERATES IN TWO MODES:
MODE 1 - CALCULATES THE INFLATION TIME AND PERFORMANCE PROFILES FOR SOLID CLOTH
PARACHUTES (TO INPUT AS INITIAL ESTIMATE) (IOPT = 1)

MODE 2 -  CALCULATES THE PERFORMANCE PROFILES FOR VARIOUS TYPES OF PARACHUTES (3).

INFLATION TIME INPUT IS REQUIRED (IOPT = 2)

INPUT. 1I0PT -~ 1 (FOR MODE 1)
~ 2 (FOR MODE 2)

INPUY NEEDED FOR BOTH MODES.

RHQO - AIR DENSITY AT GIVEN ALTITUDE (SLUGS/FT3J)
vs - VELOCITY AT SUSPENSION LINE STRETCH. (FT/SEC)
CD80 - DESIGN DRAG AREA (FT2)
TO - 10PT=1 INITIAL GUESS FOR INFLATION REF. TIME (SEC)
10PT=2 ACTUAL INFLATION REFERENCE TIME. (SEC)
W - WEIGHT. (LKS)
J - =& FOR FLAT CIRCULAR PARACHUTE

=1 FOR RIBBON TYPE OF PARACHUTE.

INPUT NEEDED FOR IOPT = 1 ONLY

AMO - STEADY-STATE MOUTH AREA. (FT2)
ASO - CANOPY DESIGN SURFACE AREA. (FT2)
[ - CLOTH PERMEABILITY CONSTANT.
cep - PRESSURE COEFFICIENT
N - CLOTH PERMEABILITY EXPONENT.
vo - GEOMETRIC VOLUME. (FT3)
REAL#4 N
TODEN=100000.

9 PRINT s, "INPUT IOPT’
READ(3, =, END=100) 10PT
PRINT #, 'INPUT RHO.,VS.CDSO. T0.W. J°’
READ (3, #)RHO, VS, CDSO, TO. W, J
IF(1I0PT. EQG 2) GO TO 3
PRINT #. ‘INPUT - AMO., ASO. XK, CP, N, VO
READ (Y, »)AMO., ASO, XK, CP, N, VO
3 DT=TO/TODEN
TAU=0.
@=32. 2
S=0.
X=TAU
CDS=sTAU#CDSO
FS« J#eRHO#VS»#24#CDSO
F=TAU#FS
vOL=0
IPASS=0
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