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FOREWORD

Retardation systems used for very high altitude at low dynamic pressures or
for low altitude cargo delivery often require exceptional test equipment and/or
facilities. As tests become more complex, higher developmental costs are
incurred. This report describes a technique which theoretically permits
parachute systems to be tested under more convenient conditions of altitude,
velocity, and system mass resulting in the same conditions of opening shock
force and parachute stress distribution.

Several unique properties of solid cloth parachutes are developed along
with the criteria for alternate altitude testing. Method3 of calculation are
provided and test techniques proposed.
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INTRODUCTION

The flight testing of solid cloth parachutes sometimes calls for unique
test conditions such as very high altitudes for extremely low dynamic pressures,
or heavy payloads, such as cargo, tested at low altitudes. Each of these
conditions may require exceptional test equipment and/or facilities such as
balloon-borne and rocket-assisted high-altitude vehicles or large cargo aircraft
for low-altitude heavy payloads.

These requirements can add significantly to the overall test program cost
and complexity. In order to reduce development test costs and complexity, a
theoretical study has been conducted to determine the possibility of altering
the test conditions in a manner which would permit the use of lower cost test
assets and still obtain the same pirachute opening shock forces and stress
distributions. The results of this study show that if the system mass and
test velocity are varied, as shown in the accompanying method for a constant
Ballistic Mass Ratio (BMR) scale parameter, the opening shock force and stress
distributions are constant for all altitudes. .. >

The examples in the study indicate that high-altitude testing may be
accomplished at low altitudes by reducing the test velocity and increasing the
payload mass, and low-altitude cargo parachute systems may be tested by reducing
the payload weight and increasing the test velocity and altitude.

In the case of the modified high altitude testing, a test method is
proposed which improves test observation and control. Modified cargo testing
permits several test vehicles to be mounted on the wing racks, of an A7 type
aircraft for example, with properly weighted existing test vehicles for the same
total weight of one conventional test from a C-130 aircraft. Eventuaily full
systems tests may be desired; however, parachute development time and costs can
be reduced by alternate altitude testing.

As the study progressed, several unique effects of altitude on solid cloth
parachute performance were developed. These effects are:

a. The Ballistic Mass Ratio as a scale parameter.

b. Variation of opening shock force at variable and
constant Ballistic Mass Ratios.

c. Parachute stress distributions.

I:-
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d. Average steady-state pressure coefficients and the
variation as a function of the inflation time ratio, t/to.

e. Parachute inflation distance and inflation reference time.

f. System impulse as a function of Ballistic Mass Ratio.

g. Parachute performance as related to the inflation time
ratio, t/to, for a constant Ballistic Mass Ratio.

Although the study was specifically for solid cloth parachutes, the results
may be considered as guideposts for trends in the testing of other types of
parachutes.

APPROACH

The study is based upon two conditions: (a) the premise that the Ballistic
Mass Ratio satisfies stated criteria required for a genuine scale parameter, and
(b) an opening shock force analysis which was presented at the fourth AIAA
Aerodynamic Decelerator and Balloon Technology Symposium in 1973. Since this
paper is to be used extensively, it is included as Appendix A of this report for
the convenience of the reader. Appendix B provides a worksheet for use as a
guide on how to most effectively use Appendix A. The development of the subject
matter is to be a combination of theoretical development combined with examples
to demonstrate the results.* It is suggested that for best un.erstanding of
this report the reader should review Appendix A first. Essential formulae from
Appendix A are reviewed below as a basis for development.

THE BALLISTIC MASS RATIO AS A SCALE FACTOR

A method of scaling parachute inflation and steady-state performance has
been a long-sought element of parachute-system analysis. In the search for a
scaling parameter, a most important requirement must be kept in mind. That is,
that for any quantity to be a valid scaling parameter, it must relate to the
variables which affect performance.

In model testing of airplanes, missiles, ships, etc., in wind tunnels and
towing basins, Reynolds number, Froude number, and Mach number are acccepted
scale factors. These parameters, together with ballistic coefficient
(W/CDSo) and surface loading (W/So), have not provided a general
correlation of parachute test data. A viable scaling parameter for general use
in deployable decelerator testing has not been developed, although some

•*Where formulae from Appendix A are cited, the parenthesis in the right hand
margin of the page denotes the appendix page and formula number, respectively.
Hence, (A7-13) reads as page A7 formula 13. Formulae marked with a single
number in parenthesis pertain to the presented development.

2
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experimenters have successfully modeled particular cases. A look at the methods
of testing gives us a clue as to why the aforementioned scale factors do not
apply to parachute deployment. In the testing of airplanes, missiles, ships,
etc., a rigid model is constructed and mounted in the test facility where data
is recorded at one or more constant velocities. Thus, three parameters which
are important to parachute testing are eliminated. First, the geometry of a
deploying parachute undergoes dramatic changes as compared to the constant
geometry of a rigid model. Second, the deploying parachute geometry i3 a
function of deployment time. Third, the velocity profile obtained during a
parachute deployment is dependent upon the mass of the assembly being retarded.

Transient geometry, time, and weight are not factors in the aforementioned scale
parameters. This leads to some very important conclusions:

a. Reynolds number, Froude number, and Mach number are valid scale factors
for airplanes, missiles, ships, etc., because they contain the variables which
affect performance.

b. These established scale parameters are unsuitable for parachute
deployments because they do not contain important variables which affect
parachute performance.

c. For any quantity to be valid scale parameter in any process, it must
contain those variables which affect system performance.

A fundamental example of a "mass ratio" scale factor can be developed by h
means of a theoretical horizontal point mass trajectory. For simplicity, only
the steady state (constant drag area, CDSO) will be considered; however, the
developed mass ratio is also applicable for parachute deployments.

Example 1: Determine the velocity profile of an automobile which is being
retarded on a norizontal road by a fully deployed parachute. Assume negligible
automobile aerodynamic drag and road friction forces.

With raference to Figure 1. 1

-F - ma

12 D
F V o2CDS°

1 2 _WdV- CDS° g dt

pgCDSo- t .V

2W o dt Vs 2

Integrating and solving tor the velocity ratio

Vs = pgVIsD° (I)

2W

3
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/F

+a

W

FIGURE 1. RETARDED AUTOMOBILE
OF EXAMPLE 1

The quantity 2W/pgVstCDSo is in effect a ratio of masses. It can be
visualized as in Figure 2 to be the ratio of the mass of the system, W/g, to the
mass of air contained in a right circular cylinder of face area CD)S0 , length
Vst, and mass density p. If this quantity is denoted by M, then Equation

",~ (1) becomes

V 1 (2)=(2vs + I

and it is seen that the velocity profile is only a function of the mass ratio.
"Figure 3 illustrates the concept of how the air mass is affected as the
automobile moves along the retarded trajectory. As time increases, additional
air mass is affected, and at each instant, a definite velocity ratio and mass
ratio exist, as shown in Equation (2). The mass ratio contains the basic
variables (altitude, p; parachute aerodynamic size, CDSo; system mass,
Wig; velocity, V•; and time) necessary to define a scale factor for deployable
decelerator application. Apparent mass is another effect which should probably
be included, but is not presently sufficiently understood or defined as to
permit inclusion in the analysis. For the inflating parachute the methods for
obtaining the dynamic drag area ratio signature include the effects of apparent
mass.

Note that the length Vat in Figure 3 is not a true trajectory distance
because of the use of the constant initial velocity Vst The true distance

(TD) is:

o 4
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VOLUME DENSITY p
CYLINDER r

FACE AREA_ _I

W/g M 2WgVst

FIGURE 2. VISUALIZATION OF THE MASS RATIO CONCIPT

t. -
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%%J
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FIGURE 3. VARIATION OF AFFECTED AIR MASS ALONG A
FULLY INFLATED PARACHUTE TRAJECTORY
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t
TD f f Vdt

0

t Vsdt

f f pgVsDSot

2W

Let C- PgVsCDSoLet C = 2W

V t 
L

TD - f Cdt
1 + Ct

0

TD - In (1 + Ct) (3)

Appendix A describes a method of calculating the opening shock forces of
several types of solid cloth parachutes which utilizes the developed mass ratio
as applied to the inflation stage of operation. Equations (13) and (14) on page
A-7 of Appendix A relate the parachute geometry, air flow properties of the
canopy cloth, drag area signature, and deployment conditions to the inflation
reference time to. The dependency of the mass ratio on the system parameters
is illustrated in the flow chart of Figure 4. Therefore, the mass ratio
fulfills the scaling requirement that it relates to the variables which affect
performance and is a valid scale factor. Since the mass ratio determines the
ballistic performance of the retarded trajectory the name "Ballistic Mass Ratio"
(BMR) is appropriate.

Although the present discussion is limited to solid cloth parachutes the
Ballistic Mass Ratio approach is valid for all types of parachutes. Testing at
a constant BMR at all altitudes requires a modification in system weight to
offset changes in air density and inflation distance (Vats). For other
types of parachutes, the definition of the variation of inflation distance with
altitude is the key to alternate altitude testing. The basic idea is not
complex. Since it is required that tests are to be conducted at a constant
dynamic pressure, the inflazion distance associated with the required density
and velocity is defined. This causes a change in the BKR. The system mass is
then adjusted accordingly to return the BMR to the original value.

When a given solid cloth parachute system is tested at constant dynamic
pressure over a wide range of increasing altitudes, a decrease in inflation time
and an increase in opening shock force o1.curs. An explanation of this phenomena
is as follows. The opening shock force may be expressed as

6
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Fmax = Fs Ximax

Fs = q CDSo

where Ximax shall be shown to be a function of the drag area ratio at line
stretch, n = CDSi/CDSO, and the BMR. The shock factor determines the
percentage of the steady-state drag force that will be realized as opening shock
force. For altitudes above sea level there is a decrease in air density and
inflation reference time. Both of these effects increase the BMR and the
maximum shock force. Testing at a constant BMR results in the same opening
shock force at all altitudes.

The decrease in inflation reference time is due to the decrease in air

density. For constant dynamic pressure as altitude increases the test velocity
must be varied

vs VSLF--

From Equation (14) of page A-7 of Appendix A

14W [ I1
t 0 = I 1PgVSCDSo

or

g [_~ CDSo1 1
2W P1/2

14W 2AM - kAs J
D o SL-1

At all altitudes the VSL remains constant, and the primary variable is
density. Other possible variations may be due to drag coefficient rise caused
by a decrease in canopy cloth air-flow properties, and possible changes in
geometry caused by the rise in drag coefficient. Otherwise, the reference time
is only a function of system constants and altitude.

DISCUSSION OF APPLICABLE APPENDIX A FORMULAE

During the inflation of a parachute canopy the instantaneous force can be
described as the steady state drag force, Fs, times some instantaneous shock
factor, xi.

F =Faxi

. .. ... .. ...-. . -. -. . .-. . -.. .. .- -. . ............ . . -. . . . . .. . . -- ...
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where xi at any instant is a function of the instantaneous drag area
signature, CDS/CDSo, and the instantaneous velocity ratio (V/Va) 2 .

The drag-area signature is indicative of the type of parachute being used and is
dependent on the deployment time ratio, t/to, and the method of deploying the
parachute described by the initial drag-area ratio, n - CDSi/CDSo-

For the types of solid cloth parachutes of Appendix A the general case drag-area
signature was determined to be

CDS r t\3 12
_0l- ) + (A4-4)

CDo L t,

The parachute drag-area signature may be presently obtained by two methods:

a) Infinite mass wind-tunnel tests wnere the methods described on pages
A-3 and A-4 are used.

b) Free flight tests where event times have been established and
simultaneous measurements of parachute force and dynamic pressure have
been recorded during deployment.

Then:

FT
CDST - q

and the drag area signature at any instant

CDST FT CDS

CDSo qTCDSo CDSo

This writer prefers the wind tunnel vethod as it offers better control of test
conditions and events, but the second method may offer a better utilization of
existing field test data over a range of altitudes, velocities, and various
types of parachutes.

The importance of the discovery that the dynamic drag-area signature and
geometry, as a function of the time ratio, t/to, are independent of altitude,
velocity, and system mass has not yet been fully realized. This independence
separates the geometry of deployment from the forces generated during inflation,
and also the stress distributions in the canopy.

9
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For simplicity in demonstrating the principles of this analysis q is to be
considered as zero.

Hence,

cD s to)6
CDSo

Utilizing Newton's third law of motion in the horizontal test attitude* results
in-

1 CDS2 dt - 2W V, -dV (A2-2)
7o CDSo PgVtt0•oCDSo V2 y

which leads to the velocity ratio equation:

V - I (A4-7)
Vs 1 (t. 7

and the shock factor:

(t)6

X i [ ] 2(A5-8)

Equation (A2-2) also utilized what has come to be known as a Ballistic Mass
Ratio (BMR).

2WM - (A4-6)

pgCpSov t o

*Parachutes tested in vertical fall exhibit an opening shock force of Ig

greater than horizontally deployed canopies. This is a limitation on the
development.

10
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One of the variables in the BMR is the inflation distance, Veto, which is
the product of the system velocity at line stretch, Ve, and the reference
opening time, to.

gP~o CDSo
2W (cpP1/ 1

v 14W ( /

Vt CDSO (A7-14)

Note that when:

)/2
a critical inflation condition exists, and at any test velocity the to time is
infinite. As altitude increases, the density p approaches zero and equation
(4) becomes positive and the parachute will inflate. For imporous canopies k-O

. and the parachute always inflates. These boundary conditions agree with general
field test experience.

The inflation distance is not dependent on the test velocity Vs. Rather it is
a function of system weight, v, and density altitude, p; the steady-state
geometric characteristics of the particular type of parachute, and drag area,
cps?; volume, o; mouth area, AMo; Surface area, Ass=S; cloth

"V. airflow properties, k and a; and average pressure coef icient, Cpav-

The average pressure coefficient for the steady-state parachute was determined
as follows:

The steady-state drag force, in a wind tunnel for example, may be written

"F qCDSo

but it may also be written

F - 6PavSp

where Sp is the projected area of the inflated canopy and AP is the average
pressure differential acting on Sp,

,.PavSp F qCDSo

C .Pv CDSo

CPav = p

N ",611

S.

,*- -?• • Y • %:, ': ? .•.'- .**I *:' . r7 • *• :•€ *•',iL.'.***' •-.: •,' .'-. -*,4*-..'•- .;, ' .
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Tp 2

C D (5)

(Do)

Ratios of DP/ofrom Reference 2 are presented in Table I for several types
of parachutes.

TABLE 1. RANGE OF AVERAGE STEADY STATE CANOPY PRESSURE COEFFICIENTS

PARACHUTE CD Dp/D 0  ca
TYPE RANGE RANGE RANGE

FLAT 0.75 0.70 1.531
CIRCULAR 0.80 0.07 1.782

EXTENDED 0.78 0.70 1.592
SKIRT 0.87 0.66 1.997

CROSS 0.60 0.72 1.167
0.78 0.08 1.791

12
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For a flat circular parachute with a CD=0.75 and Dp/Do=0.67

0.75Cpv=(0.67)1

CPav m 1.671

It may be concluded that the average steady-state canopy pressure
coefficient is the canopy drag coefficient based on the projected area. The
inflation geometry as a function of t/to is constant with altitude. It can be
deduced from this that if the inflating geometry is independent of altitude, the
forces which cause the geometry to develop must also be independent of
altitude. These forces come from the pressure distribution along the gore
panel. Therefore, at any given t/to a definite, repeatable pressure
distribution exists which varies with t/to, but is constant for all altitudes

and the Cpav is constant with altitude.

The Air Force Flight Dynamics Laboratory conducted field tests of a 28-foot
(DO) Solid Flat Circular Parachute (SFCP) system at altitudes of 6,000, 13,000,
and 21,000 feet. A result of these tests was the demonstration of the

repeatability of the canopy projected area to surface area ratio at all test
altitudes. With the data of Figure 5 the average steady-state pressure
coefficients for the 28-foot SFCP can be estimated.

Cp CDSO

SCav 9 ST

SCDS =CDSo I-0 4) + n

CPv __So 1-0 (6)

for 0 < t/to <0.3

CD 1-0 t +

Cpav = (6a)0.0024 + 0.07843({--O)

for 0.3 < t/to < 1.0

13
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FIGURE 5. NORMALIZED CANOPY AREA GROWTH DURING INFLATION OF 28 FT (Do) SOLID FLAT

CIRCULAR PARACHUTE
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CD (1-0lJ

CP L (6b)avt / to
0.0117 + 0.0034 (118.4)

Figure 6 shows the estimated Ctav for the following conditions: CD - 0.75;
r = 0.0024; to = tf; and the t0o variations of Sp/So as a function of
t/tf in Figure 5. Cloth air flow properties "k" and On" may be evaluated by
the methods of formulae (A13-29) and (A13-30). Another method is to adapt a
least squares fit through the data points. A true average value of k #nd n in
any given parachute requires a large number of permeameter rate of air flow tests
due to the variation of the woven cloth air flow rates. Their values may also
vary for different parachutes in the same lot. This is most likely one of the
causes of performance variations for similar test conditions.

20
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FIGURE 6. ESTIMATED STEADY STATE AVERAGE PRESSURE COEFFICIENT FOR THE
INFLATING 28 FT (Do) SOLID FLAT CIRCULAR PARACHUTE OF FIGURE 5
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The inflation time and distance may also be calculated by equation
(A7-13). In this equation the actual value of "n" for cloth airflow properties
is used rather than the assumed value of "n"=l/2. At low altitudes (A7-13)
yields a better value of inflation dist&nce than (A7-14).

DEVELOPMENT OF ALTERNATE ALTITUDE TESTING

The drag-area signature is independent of altitude, velocity, and system
mass, Reference 1, while the velocity ratio is dependent on the BMR,M. Since
the shock factor is a function of the velocity ratio, it is also a function of
the BMR,M. For alternative altitude testing, the forces generated may be
duplicated at other density altitudes by testing at a constant BMR. The
requirements for generating a constant BiR are to adjust the system weight for

*. the particular density altitude desired. Note that density altitude is stressed
as this may vary from geometric altitude or pressure altitude used for some
altimeters.

Replacement of the inflation distance in the BMR equation (A4-6) by its
equivalent (A7-14) results in:

gp!0o r 1
Let Kl - t Co

AMo Aso k (C2-• J2

2W 1(1
PgCDSo x 2WCDSo

I In 1 + V(

Solving for the required weight as a function of density altitude.

W 2 pl 1D (8)
2 In + o - Ag

The inflation distance at any alternate density altitude is determined by
equation (A7-14) and the required weight.

16
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14W [In (1+ 7-(Vsto '0 - 7C9)
pgCDSo [

DETERMINATION OF REQUIRED TEST VELOCITY

Since the steady-state drag force is a function of altitude, Lhe steady-
state force will remain constant if the tests are conducted at constant dynamic
pressure. The dynamic pressure at the original density altitude must be equal
to the test altitude.

original qs test qST

VST P/ vL (10)

PT P SL

/psL = density ratio at original requirement altitude

PT/PSL - density ratio at alternate altitude

INFLATION REFERENCE TIME

The inflation reference time, to, at each altitude is calculated for the
conditions at that altitude.

t VST to (I

to = VST

Example 2: In order to illustrate the theory developed, a sample problem
shall be used.

Problem: A T-10 type parachute is to be tested horizontally at a density
altitude of 80,000 feet at 300 feet per second test velocity. The system weight
is 250 lb.

Determine: Alternate test altitudes to obtain the same maximum opening shock
force.

Solution: For a T-1O type parachute the diameter is Do-35 ft and the drag
area is 721 ft 2

Determine the steady-state parachute geometry, Cpav, and cloth air-flow

constants k and n.

From Table 2, page (A14) for a 10 percent Extended Skirt parachute of 30 gores

17
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2" 0.650 ; 0.825 ; - 0.6255 0.7962

0.650 Do 0.650 x 35 11.375 ft.

2 2

The steady-state mouth area, AMO.

TeNI .1 - (2 b/i(

>U

AMO - 1(11.375)2 01- (0.825 0.62552- • ~0.7962 /

AMo - 381 ft 2

The steady-state canopy volume, V.

10  2 _s . (A14-31)

I2
2 w(11.375)3 [0.6255 + 0.7962)

'vo

V~ -4382 ft 3

The cloth air-flow constants, k and n, were determined for the Mil-C-7020, type
III Cloth, using the methods on page A-13.

k 87.6255 1.46
60

n - 0.63246

The term, k, as determined for the nominal permeability has units of ft/min.
*i However, calculations are based on ft/sec., hence the division by 60. The

average pressure coefficient was taken as Cpavl.7.

Determine the BMR at 80,000 feet

a. Use equation (A7-14) to determine inflation distance

18
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gPOCDSo1
2W JC P1/21

14W A•O - Ago k \2
pgCDS- V.

b. Calculate the BMR from equation (A4-6)

M =2 W -- l
S pgCDSoVsto

This value is to be kept constant at all density altitudes.

Calculate the required weight and inflation distance at other deneity altitudes

a. Required weight from equation (8)

2 on [_+ 7 IMo - ASo k,

b. Inflation distance from equation (9)

veto 1 14W [In 1 + -1  (9)
PgCDSo

Determine test velocity at density altitude and inflation reference time to.

a. Test velocity from equation (10)

JP/PSL

VST Vs V5 L-- PT L (10)

b. Inflation reference time at the particular density altitude from
equation (11)

t VST toto V�Tt o (11)

0 VST

19
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The results of these calculations are summarized in Table 2 and graphically
illustrated in Figure 7.

The solution of example 2 using eq. (A7-13) requires the use of a computer
due to the value of "n".

Xo=AMoVStOK l + ks Cav s 2n[Id (A7-13)

A method of calculation is as follows:

a) For the given density altitude determine the test velocity, VST,

b) Let dt = to/l0,O00
c) Assume a value of to and compute V) for the system parameters

listed in the heading of Table 2.
d) Compare the computed canopy volume with the previously calculated

canopy volume of 4382 ft 3 .
e) If the couputed canopy volume does not agree with the 4382 ft 3 within

a specified limit of + 5 ft 3 then correct to and iterate again.
f) Let

4382 t
tootO Y�o computed

g) Calculate the inflation distance.

Vato = Vs x to

h) Determine the weight required for M = 2.950

PgCDS Vt 0M
W = 22

'rhe integral of equation (A7-13) has an interesting property in that if the
integrated function for any altitude is divided by the to time for that
altitude a constant value at all altitudes is obtained, as shown in Table 3.

20
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TABLE 2. SUMMARY OF CALCULATIONS FOR THE ALTERNATE ALTITUDES OF EXAMPLE 2.

TEST CONDITIONS @ 60,000 FEET

WEIGHT - 250 LB AM? 381 FT 2  k - 1.46 M - 2.950
Do = 35 FT C 721 FT n a 0.63246 V - 300 FPS
ASO O 962 FT 2 482 FT Cp =1. 7  F 2782 LS

Eq (A6 - 14); n 1/2 Eq (A6 - 13); n - 0.63246
UJENSITY

ALTITUDE P/pO VST w Vst 0  to W Vt0 to
KILOFEET FPS LB FT SEC LB FT SEC

80 0.03606 300.0 250.0 85.12 0.284 252.9 86.14 0.287

70 0.05856 235.4 409.7 85.89 0.365 415.9 87.21 0.370
60 0.09492 184.9 671.6 86.88 0.470 684.9 88.61 0.479
50 0.15311 145.6 1099.4 88.16 0.606 1127.6 90.44 0.621
40 0.24708 114.6 1808.0 89.84 0.784 1868.6 92.87 0.810
3(0 0.37473 93.1 2800.3 91.75 0.986 2916.5 95.67 1.028

20 0.53316 78.0 4072.9 93.79 1.202 4286.5 98.73 1.266

10 0.73859 66.3 578:3.1 96.14 1.450 6153.4 102.31 1.543
0 1.00000 57.0 8048.6 98.82 1.735 8673.4 100.51 1.869

TABLE 3. RATIO OF THE INTEGRAL OF EQUATION (A6-13) TO THE
INFLATION REFERENCE TIME FOR EXAMPLE 2

to

B0 7. 2n

7Mto/J - 0.63246

ALTITUDE to B B
THOUSANDS
OF FEET SEC SEC to

80 0.28713 0.04256 0.14823

70 0.37048 0.05492 0.14823
60 0.47924 0.07104 0.14823

50 0.62114 0.09207 0.14823

40 0.81041 0.12013 0.14823

30 1.02758 0.15232 0.14823

20 1.26578 0.18762 0.14823

10 1.54312 0.22874 0.14823

0 1.86861 0.27698 0.14823

21
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to t-o dt

Let B f [ )7]2n

The integral of "B" is illustrated in Table 4 for various values of BKR and n.
With these data the to time of eq (A7-13) may be calculated.

FI+L~A~ (CPavP n V 2n B(3

For an imporous solid cloth parachute canopy, k 0 and

V
-v

to j 5 H n +1 (13a)
AMo Vs M In 11+ Iý

Assume a value of to and calculate the BM1R. For the known values of "BMR" and
"n" interpolate "B/to from Table 4 and calculate to using eq (13). Figure 8

illustrates a method for limiting the number of required calculations by
plotting the assumed and calculated to values. The desired to is the
particular value at the intersection of the plotted data and the locus of the
to assumed equals to calculated line.

OPENING SHOCK FORCE

If the maximum shock force occurs in the finite mass regime, then the time
of occurrence during the inflation process is determined by:

1 2i)/7

()@ Ximax

and the maximum shock factor

Ximax 9 4I 6/ (A5-10)

The limiting BMR for finite mass operation, see Appendix C, is the mass ratio
which causes the maximum shock to occur when tot o .

121 1/7

23

............................................. ....



NSWC TR 85-24

TABLE 4. RATIO OF THE INTEGRAL OF EQUATION (A7-13) TO THE INFLATION
REFERENCE TIME FOR VARIOUS VALUES OF "'BMR" AND "n"

m . B o toJ

0 1+--I

n

0.5000 O0.60 0.7000 .,.8000 O.9000 1.0000
0.010 0.02727 0.023102 0. 01660 0.01342 0.01109 0. 00934

0.020 0. 04195 0. 03426 0. 02039 0. 02304 0.02033 0.01754
0. 030 0. 05555 04433 0. 03776 0. 03252 0. 02024 0. 02479
0.040 0. 06"0l 0. 05243 0. 04556 0. 03969 0, 03516 0.03125
0. 050 0.06751 0. 093416 0015216 0.04627 0.04120 0.03704
0.060 0. 07311 0. 068 0.0570. 0. 05846 0.04670 0. 04226
0.070 0.07727 0. 04,902 0. 0.2S 0. 00501 0.05156 0.04690
0. 000 0.08090 0.07413 0.06726 0.06134 0. 05595 0.05129
o: og0 o. Oesim o. 077*3 o. on 19 o. 06522 0.059 oao, S5220. 100 . 06076 0.00133 0.07471 0. 04891 0.04335 0.05983

0. 125 0.09530 0.00039 0.00214 0.07449 0. 07134 0. 06668
0. I50 0. 10039 0. 09396 0. 000 0. 00248 0,07773 0. 07319
0. 175 0.10440 0. 0949 0. 9294 0.08701 0.00307 0.07)67
V3. 200 0.1 0784 0. 30223 0. 09700 0. 09213 0. 01739 . 000336
0.229 0 11065 0. 10539 0.10045 0.0902 0. 09140 0.00740
0.250 0. 31304 0. 30Od 0. 101741 0. 0900 0. 09465 0.09094
0.275 0.11510 0 11041 0. 1050 0.10. 7 O. 0.0701 0.09405
0.300 O. 1149 0.11245 0. 10024 0. 10423 0.10042 0.09681
0.325 0.11046 0. 11425 0. 13023 0. 10640 0. 10275 0. 0927
0.350 0. 11915 0.3 I3 4 0. 112b# 0.1 0034 0.10404 0.10149
0.375 0,2 1310 0.11727 0.11340 0. 11000 0.10672 0, 10349
0.400 0. 12221 0. 1)55 0. 15"04 0. 1446 0.10642 0.10530
0.425 0,132321 0.11971 0. 11634 0. 11309 0. 30997 Q. 10696
0.4s0 0.12413 0. 1207& 0.11752 0. 11440 0.311 s33 0.040
0. 475 0. 1249 0. 12173 0. 111&1 0. 11355 0.11264 0.1 07
0.500 0.12572 0.12243 0.13960 0.11669 0. 113" 0.11116
0.521 0.12442 0. 12342 0. 12052 0. 11771 0. 11490 0.1122S
0.550 0,12706 0. 12417 0, 12136 0. 11665 0.11601 0.11345
0. 575 0, 12764 0. 12484 0. 12215 0, 11952 0. 11694 0. 11440
0. boo 0. 1221 0. 12531 0. 13220 0. 12033 0.31175 0. 11543
0. 625 0.12*72 0. 123611 0. 12354 0. 1210 0. 111167 0.11632
0.650 0.12920 0. 12"7 0. 12420 0, 12179 0. 11#45 0,11717

S 0.4675 0.12965 0. 12719 0. 12479 0, 12a45 0. 12016 0. 11796
0. 700 0. 13007 0. 12764 0. 32535 0, 32300 0. 1204 0o. 31670
0.725 0.13046 0. 12034 0. 125M6 0. 12344 0.12150 0. 3•39
0, 750 0. 13003 0. 13957 0. 12&37 0, 12422 0. 12231 0. 12005
0. 775 0.13'118 0. 1290 0. 12644 0, 12474 0. 1226 0. 120&6
0.600 0. 13i51 0. 12937 0. 32729 0. 12523 0. 1232 0. 12127
0.025 0. 13132 0. 12974 0. 12770 0. 12570 0. 12374 0. 12193
C. 823 0. 13212 0. 13006 0. 32•09 0, 12614 0. 12423 0, 12236
0 .75 0. 33239 0. 13041 0. 12047 0. 12465 0. 12469 0, 12206
0. 900 0. 13324 0. 13072 0. 12002 0. 12696 0. 12534 0, 12334
0. 925 0. 13241 0. 13102 0. 12946 0. 12724 0. 12554 0. 12390
0.950 0. 13313 0. 13130 O 132949 0. 12771 0. 12596 0, 32424
0.975 0. 13333 0. 13157 0. 12960 0. 12005 0. 12436 0., 12"4
1.000 0. 13340 0. 13103 0. 13009 0. 12629 0. 12471 0. 12504
I. 5 0. 33653 0. 13529 0. 13407 0, 13207 0. 13138 0, 33050
2.000 0. 33604 0. 33711 0, 13437 0,3324 0. 13432 0, 13340

2. 500 0. 13900 0. 31623 0. 13747 0, 13471 0. 13595 0. 13521
3.000 0. 13464 0. 13399 0. 13034 0. 13770 0. 13707 0. 13644
3. 500 0, 14010 0. 13954 0. 13096 0, 13341 0. 137"0 0, 137.3
4.000 0. 14044 0. 33995 0. 13944 0. 1297 0. •3649 0, 13000
4. 500 0. 14071 0. 14027 0. 132984 0. 13940 0. 13897 0. 13354
5.000 0.1 4093 0. 14054 0. 14014 0. 13975 0. 13393 0, 13096
5,500 0. 14111 0. 14075 0. 14039 0. 14003 0. 139467 0. 13932

b. 6.000 0. 14124 0. 14093 0. 14060 0. 14027 0. 13994 0. 13461
6. 500 0. 34139 0. 14100 0. 14077 0. 14047 0. 14014 0, 13996
7,000 0. 14150 0, 14121 0. 14093 0. 14064 0. 14036 0, 14006
7. 500 0. 34359 0,34133 0. 43104 0, 14079 0. 34053 0, 14026
6.000 0. 4146 0., 14142 0. 34317 0. 14092 0. 14046 0. 14043
a. S00 0, 14175 0. 14131 0. 34320 0. 14104 0. 14001 0. 14057
9.000 0.14131 0. 14159 0. 14137 0.14113 0. 14092 0. 14070
9, 500 0. 14137 0, 1413 0. 14145 0. 14124 0. 14103 0. 14042

10. 000 0. 14193 O. 34172 0. 14152 0. 14132 0. 14112 0.14092
10. 500 0. 14197 0. 14178 0. 14159 0. 14140 0. 14121 0. 14102
13,000 0,14202 0.14103 0. 14165 0.34147 0. 14129 0,141!0
31. 500 0. 14206 0, 14130 0. 14171 0.14103 0. 141346 0, 14113
132. 000 0. 34209 0. 34392 0. 14176 0, 14159 0. 14142 0. -4125
32. 500 0. 142313 0. 14394 0. 1410 0, 14134 0. 24146 0. 14132
33. 000 0. 1421.4 0. 14200 0. 14165 0, 14169 0. 14154 0, 34136
13. 500 0. 14219 0, 14204 0. 14139 0. 14174 0. 14135 0, 14144
14.000 0.14221 0,14-207 0. 14192 0.14170 0. 14164 0.14t49
14. 500 0. 14224 0. 14210 0. 1419b 0, 14132 0. 14164 0. 14134
15. 000 0.14226 0, 14213 0. 14399 0. 14106 0. 14172 0. 14159

LISTED VALUES ARE VALID FOR ALL ALTITUDES
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FIGURE 8. METHOD FOR LIMITING THE ITERATIONS IN CALCULATING
"to" BY EQUATION 13

ML 0.1905 (for n o)

BMR's greater than ML require that the canopy's elasticity and structural
strength be taken into account. The opening shock is defined again as

C L~s V 2

so 7. (A9-17)

Va s. -

(A9-18)

V 1+1

25
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- 7 (1]]2 (A9-19)

Where the BiR is the same as before and the subscript "o" refers to conditions
at the time to. The point here is that the shock factor is still a function
of the BHR and, that for a constant BMR, the shock factors and velocity ratios
are the same at all density altitudes throughout the inflation process.

The maximum shock factor in the elastic range o f operation is determined by
the canopy constructed strength, Fc, and the ultimate material elongation,
emax. When these properties remain constant, the maximum opening shock is
constant with altitude.

(t)

M [to

"and the maximum shock force is

Fmax , Fs ximax

The BiR of 2.950 exceeds the finite mass limiting mass ratio, MLO0.1 9 05.
Therefore the maximum opening shock force will occur after time to, and the
constructed radial strength of the canopy and the ultimate material elongation
must be included.

Calculate velocity ratio and shock factor at t-to.

V...-o. 1 f 0.9538 (A9-18)V s + I+ l
7M

X0 . Is 0.9098 (A10-22)

The steady-state drag force of the system at 80,000 feet

21 ,

F s *1s PV8
2 CDSo

26
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I
Fs - x x 8.575 x 10-5 x 3002 x 721

FS - 2782 lb.

Initial elongation of radials

XoFs 550 lb
-0 -PC "max here F -30 gores o- e

0.9098 x 2782
30 x 550 x0.22

co 0.0337

From Figure 15 on page (AI0)

"CDS "x 1.07

CDSo

The ratio of inflation time, tf, to to is

to _ CSoa 1/6  (A10-24)

TO C DSo

tf
- (1.07)1/6

f - 1.01134

to

The maximum shock factor at tf

-of (A9-19)

+L
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Ximax1.07. 7/6
+ 1T-- .07m (1.07) -

ximax = 0.9661

The maximum shock force is

Fmax a Fs ximax

F;Uax - 2782 x 0.9661

Fmax - 2688 lb

COMPARISON OF OPENING SHOCK FORCES AT 80,000 FEET AND AT SEA LEVEL

It has been shown that the velocity ratios and shock factors are a function
of the BMR, canopy constructed strength, and ultimate material elongation. If
these quantities remain constant for all alternate altitudes and the tests are
conducted at constant dynamic pressure, the sea level opening shock force is
exactly equal to the shock force at 80,000 feet. The inflation times over which
the forces are generated vary widely, but the maxima are the same. This effect
is illustrated in Figure 9. When the drag area, velocity and dynamic pressure
ratios, shock factor, and force are considered as a function of the time ratio,
t/to, the performance during inflation is identical for all altitudes as shown
in Figure 10.

EFFECT OF TEST METHOD ON CANOPY STRESS DISTRIBUTION

A truly effective alternate altitude Lest technique should provide a stress
distribution during inflation which is the same as the stresses at the original
altitude. The drag-area signature is associated with a definite inflated
geometry at each t/to during inflation. Since the drag-area signature is
independent of altitude, the associated geometry and pressure distribution are
likewise independent. Use of a constant BMR at alternate altitudes means that
the instantaneous dynamic pressure ratio is the same at all altitudes. At a
given t/to, CDS/CDSo is constant and therefore the geometry, r/ro, is
constant, and q/qs is constant.

O APr

oi=Cp qr
av

28
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236M

2600

2200

2000 80,000 FT SEA LEVEL
Fma - 26M L83 Fa 0 88L
to -O.204 SEC to - .736 SEC

1800 %i0.287 SEC tf 1.7B66SEC

M- 2.960

100

as

2W -

*1.0 t.62.

DEPLOYMENT TUE *MCIJ

FIGURE 9. COMPARISON OF OPENING SHOCK FORCE VERSUS INFLATION REFERENCE
TIME AT 80,000 FEET AND SEA LEVEL
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FIGURE 10. DEPLOYMENT pErIFORMANCE AT ALL ALTITUDES FOR THE CONSTANT

MASS FIAT10 FOR EXAMPLE 2
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The Cpav is constant with altitude, then at a given t/to,

080 f f(Cpay)() (.qs .)

Calt -f r(C )(L) (L.)

080
-- ml

Galt

The stress distributions are identical for all altitudes.

ALTERNATIVE ALTITUDE TEST METHCJ

Reduction of the required test altitude is accomplished by an increase in
the system mass and lowering the test velocity to maintain constant dynamic
pressure. In example 2 the test goals may be achieved near sea level conditions
if a test weight of 8048.6 pounds and a test velocity of 57 fps (38.9 mph) were
used. The problem is to find a test vehicle which can lift that much weight at
such a low velocity. Helicopters are one possibility; however, the effects of
the rotors may affect test performance. Another possibility is the use of a
truck with a tower mounted on it &'rom which the test mass could be pulled during
parachute deployment. For a parachute test altitude of one Do from the lower
hem of the parachute to the ground, a tower with a parachute centerline height of

Do + a - 46.4 feet above the ground is required. A test rig like this may not
be the most desirable system from the standpoint of personnel safety and tower
wake effects. A third possibility is the use of a sled track where the test
assembly can be launched from the edge of a cliff into undisturbed air.
Barometric and temperature sensors permanently placed in the test area can
provide a continuous monitoring of the test density altitude for correct vehicle
weight and test velocity. The test vehicle can be built slightly under the
programmed test weight and ballasted prior to the test for the proper mass for
the teat density altitude. The test mass is accelerated to a planned velocity
by a truck type of reusable pusher. Upon braking the pusher disengages from the
test mass which slides off the track muzzle at test velocity. A possible
scenario is shown in Figure 11.

At sea level the equilibrium velocity of the system is:

Ve " in o

2__- 8048.6
Ve a 0 . 0 0 2 3 7 8 x 721
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Ve = 96.9 fps

and the on-board instrumentation must be shock mounted for impact velocities
between 57 fps and 96.9 fps with consideration for the type of terrain to be
encountered.

CARGO APPLICATION

Example 2 illustrated a method for performing high altitude parachute tests
at lower altitudes. The alternate altitude testing proposition may also be
extended to heavy cargo weights tested at low altitude and velocity. The
possible advantage is that cargo weights, which require C-130 or similar
aircraft as launch platforms, can be reduced to sizes which can be flown on
aircraft that have multiple parent station wing racks utilizing existing test
vehicles. The approach to testing parachute systems at higher altitude and
velocity with lower system mass is similar to example 2, but in reverse. The
method of analysis is similar to example 2 where for each altitude a particular
system mass and test velocity are determined which maintain a constant BMR and
hence maintain a constant opening shock force and canopy stress distributions.
Some of the questions to be addressed are:

1. Does the increase in test altitude introduce unacceptable complexity in
the data-acquisition process?

2. How is the required test altitude affected by system mass?

3. Is the required test dynamic pressure compatible with the available
test aircraft?

Example 3 illustrates a typical analysis.

Example 3 - Various cargo weights of 4,000, 6,000, 8,000, and 10,000 pounds are
to be delivered at 100 knots near sea level density altitude. The retardation
system contains a solid cloth type parachute of Do - 135 feet diameter.
Determine the alternate altitudes for aircraft with parent rack load capability
of 2,400 and 3,000 pounds. The parachute geometry is taken as:

2a 0.668; b = 0.6214; _ = 0.7806; - 0.827
Doa a a

Therefore:

a 45.090 ft; b = 28.019 ft; b' 35.197 it; N = 37.289 ft

S AD = 14,314 ft2
0o so 0
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C DS 00.75 x So 10,735 ft 2

A4 i ~2 3 (b- ) 5,944 ft2  (12)

[ a + I;1 + 269,183 ft3 (A14-31)

k - 1.46

CPay - 1.7

a. Use Equation (A7-14) to determine the sea level inflation distance.

gpV [ C Ds0

V tso M 1 2W 0AMo - Asok -I
80 pgCDSo2

b. Calculate BKR from Equations (A4-6)

2W
pgV soDo

c. Calculate the required weight and inflation distance at other
density altitudes.

2 [ D~o /2](8)
21 7+ AM.-A.Sk(CpP)

14W lnI 7-
V t 0 4 LeL +K i (9)ST o PgC DS 0

d. Calculate the required test velocity at other density altitudes

VST VsL IVTo
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e. Calculate the reference inflation time at the particular density
altitude.

VSto
ST 0t -

o VST

f. Calculate the time of occurrence of the maximum shock forc.e during
the inflation process

217t 12÷ 11
t

0@Ximax.

g. Calculate the maximum shock factor durinG the inflation process

6
= 16 (21h\

iuax 49 4

h. Calculate the maximum shock force

P0 VSL2

Fmax X maxF - Ximax 2  CD S

The sea level characteristics of the various weights are tabulated in Table 5
and the effects of density altitudes up to 60,000 feet are plotted in Figures
12, 13, and 14.

TABLE 5. SEA LEVEL PARACHUTE SYSTEM CHARACTERISTICS FOR THE VARIOUS SYSTEM WEIGHTS OF
EXAMPLE 3

WEIGHT INFLATION BMR t/t° OXi max Xi max MAXIMUM
lb. DISTANCE FORCE

ft. lb.

4000 16,962 5.748 X 10-4 .43647 2.258 X 10.3 833
6000 3,953 3.698X1- 3  .56943 1.113 X 10- 3  4106
8000 2,018 9.665 X 10-3 .65311 2.534 X 10r 2  9348

10000 1,381 1.764 X 10-2 .71187 4.249 X 10-2 15670
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The weights required to maintain a constant BMR for altitudes from sea
level to sixty thousand feet are presented in Figure 12. Aircraft with parent
station racks of 2,400 pounds can test equivalent sea level weights of 4,000 and
6,000 pounds at approximately 15,500 feet and 26,500 feet, respectively. The
sea level 8,000- and 10,000-pound equivalents require altitudes which are most
likely unacceptable. An increase in parent rack capability to 3,000 pounds
reduces the test altitudes for the sea level 4,000- and 6,000-pound equivalent
weights to approximately 9,000 and 21,000 feet, respectively, and includes the
8,000-pound weight at approximately 28,500 feet test altitude. For these
altitudes, long focal length ground-to-air photographic coverage and one or more
chase aircraft for close up photographic coverage are required. The question of
additional cost hinges on whether the photographic equipment and chase aircraft
would or would not have been used in the C-130 low altitude tests.

The effects of density altitude on the inflation distance are presented in
Figure 13, while the inflation reference time and test velocity are presented in
Figure 14.

The problem in this example is the availability of an aircraft that can fly
at a sea level dynamic pressure for 100 knots.

IMPULSE AND MOMENTUM DURING PARACHUTE INFLATION

Another approach to parachute opening dynamics is the use of the impulse

imparted to the system by the varying forces during the time of canopy
inflation. In this section a method has been developed for determining the
average shock factor during the unfolding and elastic stages of inflation. The
average shock factors are constant with altitude for constant BMR and n. The
author is not fully satisfied with this analysis but presents the method as a
different approach to the use of canopy inflation impulse.

For deployments where the BMR is less than ML, the inflation time, ti, is
equal to the reference time, to. When the BMR exceeds the ML, an additional
impulse is imparted during the time from t 9 to tf as shown in Figure 15. In
the general case where n is not zero, the impulse in the interval 0Ot<to

is:

t VJ - iFdt - fdV

F Faxi

CDS (V 82
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0I UU.
IL

TIME t (SEC)

FIGURE 15. IMPULSE OF THE INFLATING CANOPY OF EXAMPLE 2

The drag-area and velocity ratios may be expressed as functions of time ratio
and initial drag-area ratio. Therefore the impulse at any time t<to is as
follows:

Using xi for the general case in the unfolding phase of inflation.

t 6 3

1T2 0 + 2n(1-0 t + n2J dt V4e f 2 n(o7 (4 f )d]

0 +. 7 t + 2 )2  + r1 2 g v. d

WV
a . Mt0

t- ), 2 n(1-n) + ÷ 2 dt

[(~i2 (toj) +~ ( Iid

o [ ,+_ 7 4 2n 2 s

AL~~' a0y time ra i1h~~~~~ 
(14)

At any time ratio the average) Xiav, may be considered as the area under the
xi - t curve divided by to
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v .. [--2 (1) + d = (- (15)

where

V2 1
I 1to) (16)

The average shock factor in the unfolding phase of inflation when tito is

•to ti - + t2fr(-n)2 (t) + 2r(l-n) + 0 n1 dt (17)I__
-iv to [1 U- E' 2 ( t)7 n(1-) 4 ( ( V2-

where

V0  1
(18)

+s + ) r12]

For the special case of 0=o

6

to (F- dtia (19)
Xiav 2o f 7 )

0 +

k- (20)
Xiav =7

For a constant BMR and n with altitude, the xiav is constant for all
altitudes. Once the Xiav is evaluated at the initial altitude it may be used
at auy other altitude. The impulse of the deployment will vary since to
varies with altitude.
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When the BMR is larger than ML an additional system impulse is imparted
between to0 _t.tf.

t6
t dt W"/V.VFS ( -VV (21)to • I(L O l

where

v . 1 (22)

v-a va

and Vo/Vs is defined by equation (18)

At tatf

tf (L~dc

(TV oIt' 2O I (23)

where

Vf 1. (24)

V0  to)

The time ratio tf/to is also constant with altitude

tatf

Xi a v Total = Xiav + Xiav

t-O t-to

Xiav Total ( M - + ( )
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Xia Total m M -, (25)

The total system itupulse. shown in Figure 16, may be cousidered to be a
rectangular wave form which is more couvenient to use as a basis for
calculations than the usual force-time representation of the inflating parachute.

IMPULSE =FXiav

xia xiev.
TOTAL to 4 t r tf

0

UU it _jU. o.1

0Z0 W

o .

0 0.1 0.2 0.3 1.8 1.9

INFLATION REFERENCE TIME
to (SEC)

FIGURE 16. EFFECT OF ALTITUDE AND INFLATION REFERENCE TIME ON THE
IMPULSE OF THE INFLATING CANOPY OF EXAMPLE 2
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CONCLUSIONS

The theoretical development of the alternate altitude testing technique has
demonstrated the feaseability of the idea. The Ballistic Mass Ratio meets the
criteria for a genuine performance scale factor because it directly or
indirectly affects all the elements which define the parachute inflation
process. Although the theory was directed to solid cloth parachutes, it also
applies to other decelerator types. For other decelerators the important point
is to express the parachute inflation distance (Veto) as a function of
densicy altitude and adjust the required weight to maintain a constant BZR4.

Testing at a constant dynamic pressure and a constant BMR at any density
altitude produces the same maximum opening shock force and stress distribution.
The time ratio (t/to) at the time of the maximum shock force occurence during
canopy inflation remains constant, although the parachute inflates more rapidly
as altitude increases. When viewed from the time ratio aspect, the system
geometry, instantaneous shock factor, velocity decay, dynamic pressure
variation, gore pressure distribution, average pressure coefficients and stress
distribution are the same for all altitudes.

Limitations to alternate altitude testing are evident in the extreme weight
and low velocity required in example 2 and the low dynamic pressure required in
example 3. However, there is a wide range of applications between these
examples where alternate altitude testing should be a viable approach.

A method of addressing the impulse and momentum of an inflating parachute
canopy was also derived. The average shock factor during canopy inflation was
shown to be a function of the ballistic mass ratio.
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A TECHUIQUE FOR THE CALC1JATIO! CF THE CP::;I:;G-SHOCK FORCES FOR
SEWM'I TYPFS OF SOLID CLOTH P.ACHUT.ES

W. P. Ludtke
iaval Ordnrnce Labora-ory
Silver Spring, ?.arylvn.d

Abstract altitude increases, effects of iltltudo o!.
cpening-shock force, firnit'2 ae d a ftr t

An analytical method of calculating mass operation, and inflatl.. disbarce.
parachute opening-shock forces based upon
wind-tunnel derived drag area time signa- II. Development of Velocity Ratio and
tures of several solid cloth parachute Force Ratio Equations During
types in conjunction with a scale factor the Unfolding Phase of
and retardation system steady-state parar.- Parachute Deployment
eters has been developed. Methods of
analyzing the inflation time, geometry, The parachute deployment would take
cloth airflow properties and materials place in a horizontal attitude in accord-
elasticity are included. The effects of ance with NewtOn's second law of motion.
mass ratio and altitude or the magnitude
and time of occurrence of the maximum EF = ma
opening shock are consistent with observed
field test phenomena. 1pV 2 CS- W dV

I. Introductiorn 2 D g

In 1965, the Naval Ordnance Laboratory It was recognized that other factors, such
(NOL) w.-as engaged in a proflect which as included air mass, apparent mass, andutilized a 35-foot-diameter, lO-percent their derivatives, also contribute forcesextended-skirt parachute (type T-1O) as act" ' on the system. Since definition
the second stage of a retaraation system of tese parar.eters was difficult, the
for a 250-pound payload. Deployment of analysis was conducted inthe simplified
the T-IO parachute was to be accomplished form shown above. Comparison of calculatedat an altitude of 100,000 feet. In this results and test results indicated that
rarefied atmosphere, the problem was to the omitted terms have a small effect.
determine the second stage deployment
conditions for successful operation. A
search of available field test information t V
indicated a lack of data on the use of d C
solid cloth parachutes at altitudes above CDSdt 2 d(
30,000 feet. D P fi)0 Vs

The approach to this problem was as
follows: Utilizing existing wind-tunnel
data, low-altitude field test data, and Multiplying the right-hand side of equa-
reasonable assumptions, a unique engi- tior (1) by
neering approach to the inflation time
and opening-shock problem was evolved that Vst CDS
provided satisfactory results. Basically, 1 =S 0 D
the method combines a wind-tunnel derived V t C S
drag area ratio signature as a function 8 0 D o
of deployment time with a scale factor and
Newton's second law of motion to analyze
the velocity and force profiles during and rearrangitg
deployment. The parachute deployment
sequence is divided into two phases. The t
first phase, called "unfolding phase," 1 DS
where the canopy is undergoing changes in -dt

Sshape, is considered to be inelastic as t0  CrS0Sthe parachute inflates initially to its
"steady-state aerodynamic size for the
first time. At this point, the "elastic
phase" is entered where it is considered V
that the elasticity of the parachute V (2)
materials enters the problem and resists PgVstoCS
"th'. applied forces until the canopy has
reached full inflation. S

The developed equations are in agree-
mcrt with the observed performance of In order to integrate the left-hand term
solid cloth parachutes in the field, such of equation (2), the drag area ratio must
as the decrease of inflation time as be defined for the type of'parachute under

% .
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.. ,sis as a 4'unction of deoloyment
24 0•': - -.., r'•'.':lce ti~e to. Fz4

(L B)
120"-

---- UNFOLDING PHASE ELASTIC PHASE "
0 --- - -7. ...

0 0.10 0.20 0.30

TIME (SEC)
REPRODUCED FROM REFERENCE (1)

FIG. 3 TYPICALIFORCE-TIME CURVE FOR A 10% EXTENDED
SKIRT PARACHUTE UNDER INFINITE MASS CONDITIONS.

sFAAX. F, F 100ý

S0
0 0.06 0.10 0.20 0.30

0 t 10 it . TIME (SEC),
REPRODUCED FROM REFERENCE (1)

TIME RATIO t/to FIG. 4 TYPICAL FORCE-TIME CURVE FOR A PERSONNEL
GUIDE SURFACE PARACHUTE UNDER INFINITE

FIG. 1 TYPICAL INFINITE MASS FORCE-TIME HISTORY OF A MASS CONDITIONS

SOLID CLOTH PARACHUTE IN A WIND TUNNEL

Figure 1 illustrates a typical solid I
cloth parachute wrind-tunnel infinite mass I
force-timi history after snatch. In
infinite mass deployment, the maximum size
andr. maximum shock force occur at the time
of- full. inflation,. tf.. Hotreveri, tf is

±naproprateforjanalysis since it isF
depe.,dent. upor.,the applied load, structural FL)
strength, and. raterials elasticity.. The
referen~e'time, t -, where. the •parachute has fl-
attained its ste.ay-state aerodynamic size
for the first time, is ,used as the.,basis for
performance calculations.

0 0.04 _'O.08 0.12, 0.16
At any instant during the unfolding 0

phase, the force ratio F/Fs can be deter- TIME(SEC)

"mined as a function of the tire ratio, FIG5 I I 1 1 I

t/-c. FIG. 5 TYPICAL FORCE-TIME SIGNATURE FOR THE ELLIPTICAL
PARACHUTE UNDER INFINITE MASS CONDITIONS

'12C L

F

* - 1 2L

Since the wind-tunnel velocity and density
are constant during infinite mass deployment

D 0 0.02 0.04 0.06 0.08

F' CDS TIME (SEC)
t Do0

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

150, INFINITE MASS CONDITIONS

F 100
ILBI S:.fir.ite mass opening-shock signatures

cf se-veral types of parachutes are pre-
0 0" n0.20 i sente! n Figures 2 through 6. AnalysisSTIME ISEC of -.hese signatures using the force ratio,

,Tr , - tine r?.tio, t/to, technique
FIG, 2 TYPICAL FORCE-TIME CURVE FOR A SOLID FLAT PARA- _..cfted a siilarity in the performance

CHUTE UNDER INFINITE MASS CONDITIONS. of 'he various solid cloth types or

A-3
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parachutes which were examined. The geo-
metrically porous ring slot parachute Cos _ 31 + 2 1 - -

displayed a completely different signature, +o2n-1 77I(n L + r12

as was expected. These data are illus- C'

trated in Figure 7. If an initial boundarj
At the tire that equation (5) %as ascer-

2.2 "[ tained, it suggested that the geometry ofI J the deploying parachute was independent

to - Iof density and velocity. It was also
postulated that although this expression
had been determined , the infinite mass

i.e - o0 - condition, it would also be true for
4-0the finite rass case. is henomenon

-EL4. -0.; has since been-i-ndependently - observed and
confirmed by Berndt and 1;e reese in

1-6 • 0 PERSONNEL GUIDE SURFA reference 0).

0 RING SLOT CANOPY

1.4 A ELLIPTICAL CANOPY Since the drag area ratio was determined

0 OSOLID FLAT CANOPY from actual parachute deploy=ents, it was
assumed that the effects of apparent mass

11.EXTENOEDSKIRT and included mass on the derloyýnent force
Ir

a a history were accommodated.

1.0 13 The right-hand term of equation (2)
a contains the expression

- - 2iW•" :.: (6)

-~~~~ - =__ opVtCSas 0 - __ 'K stoCDSo(6

o4 / This term can be visualized as shown in
0.4 - Figure 8 to be a ratio of the retarded

mass (including the parachute) to an
0 ./41 associated mass of atmosphere contained

0.2 - -in a right circular cylinder :.:hich is
generated by -f::'.!ing an inflated parachute

0 of area CDSo for a distance equal to the
0.2 0.4 0.6 o.S 1.0 1.2 1.4 product of Vsto through an atmosphere of

t/ 0 density, o.

FIG. 7 DRAG AREA RATIO VS. TIME RATIO
VOLUME DENSITY

CYLINDER

condition of CDS/CDSo = 0 at time t/to = F ACE AREA

is assumed, then, the data can be approxi- COS°
mated by fitting a curve of the for..

--- = (t (3) PV,,toCSo

C DSo \o

A more realistic drag area ratio expres- FIG. 0 VISUALIZATION OF THE MASS RATIO CONCEPT
sion was determined which includes the
effect of initial area at line stretch.

The mass ratio, M, is ths scale factor
which controls the velocity and force

*profls durir.. parach.te deieyn.t.

C -) ) + n (4) Substituting '.1 and CDZ/CDSo into equa-
D 0o0 tier. (2), integrating, and solving for

V/s

where n1is the ratio of the projected
ntodth area,, at line stretch to the steady-
state projected frontal arei. Ex.anding V,= +{1-•,2ft\

7  
•(1-,(t.• ti (7

equation (4i) "+-i-Mi-i +. + ) * +7
Ni7- +t 2\t/ 0

A-4
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The instantaneous shock factor is defined Figures 9 and 10 illustrate the velocity
as and force profiles generated from equations

(7) and (8) for initial projected area
1F DS ratios of n = 0, and 0.2 with various mass

x1 2 F V ratios.
S Ip V 2 CS IV. Methods for Calculation of

2 s the Reference Time, to

if the altitude variation during deployment The ratio concept is an idca! mnuthod to
is small, then, the density may be consid- analyze the effects of the various param-
ered as constant eters on the velocity and force profiles

of the opening parachutes; however, a
means of calculating to is recuired beCore

x C soecific values can be computed. 1.ethods
i for computing the varying mass flo., into

CDSo the inflating canopy mouth, the varYjinir
mass flow, out through the varying inflated
canopy surface area, and the volume cffrom equations (5) and (7) air, V0 , which must be collected during
the inflation process are required.

+2Z11-7) Figure 11 represents a solid cloth-
. t (type parachute canopy at some instant

+1 4 2 (8) during inflation. At any given instant,
+4 n -71 +I +• the parachute drag area is proportional

to the maximum inflated diameter. Al.so,
the maximum diameter in conjunction with
the suspension lines determines the inflow

III. Maximum Shock Force and Time of mouth area (A-A) and the pressurized
Occurrence During the Unfolding Phase canopy area (B-B-B). This observation

provided the basis for the following
The time of occurrence of the maximum assumptions. The actual canopy shape is

instantaneous shock factor, xi, is diffi- of minor importance.
cult to determine for the general case.
However, for r = 0, the maximum shock a. The ratio of the instantaneous
factor and time of occurrence are readily mouth inlet area to the steady-state
calculated. For -n = 0 mouth area is in the same ratio as the

instantaneous drag area.

+ t 7] 2 0y CD 0A111 OD

b. The ratio of the instantaneous

pressurized cloth surface area to the
Setting the derivative of x• with respect canopy surface area is in the same ratio
to time equal to zero and solving for as the instantaneous drag area.
t/t at x ax

s = CDS

t ( :22 17 (9)so DS
t @ xi Ia

c. Since the suspension lines in the

umpressurized area of the canopy are
straight, a pressure differential has notand the maximum shock factor is developed, and, therefore, the net air-

6 flow in this zone is zero.

Xi max 16 121IA4 (10) thBased on the foregoing assumptions,
1 m = 49 k t.e mass flow equation can be written

dm m inflow - m outflow
Equations (9) and (10) are valid for value,
of 1M T -L (0.19), since for larger values21 dV
of M,, the maxir.urn shock force occurs in p = pVA. - pAsP
the elastic phase of inflation. dt

A-6
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0.2 - F M0.02 0. - 0.0
N .0.

0.) 1 M 1-.2N 0.06
0 0.2 0.4 0.6 0.6 1.0 0 0.2 04 0.6 0.8 1.0

t/t, UNFOLDING TIME RATIO0

FIG. 6 EFFECT OF INITIAL AREA AND MASS RATIO ON THE
SHOCK( FACTOR AND VELOCITY RATIO DURING THE
UNFOLDING PHASE FOR '7 *0.
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M. 1 0.2 M4-2
M.- 0.6 -

0. W 0.6 0.7- '.

M1 - 0.4 0.
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to
dV CD 1 ~ n 6P
p _ =- PA. D PAý 0  P (11) " o_ tV
dt C S0  C s0  -A~, V dt

714 to (),?)

A Integrating:

to 

7

F O A k F n ( t 6 V 92 n d

Veasured values of n Indicate a data
range from 0.574 through 0.771. A
convenient solution to the reference time

FIG. 11 PARTIALLY INFLATED PARA4CHUTE CANOPY eq~uat ion' evolves when n Is assigned a
value of 1/2. Integrating equation (13)
and using

From equation (3) et0M 2

-D , 6 for n~ 0~ CPD

V2i4 A - AS k( ± 1/2
V

7M- 0

14w K.1  1
From equation (26) to gP [e 1l (114)

P -k _s~ Vrf Equat~ion (14) expresses the unfolding
\2 reference time, to, in terms of inass,

altitude, snatch velocity, airflow char-
a^-teristics of the cloth, and the steady-
state parachute geometry. Note that the
term gpV&/W is the ratio of the included
air mass to the mass of the retarded
hardw~are. Multiplying both sides of
equation (14) by V. demonstrites that

V-0o 0
V I' Cto W a constant whnich IsJV 1~ ~ d; cht a furaction of altitude

f + l (')7 Figures 12 and 13 indicate the para-
'0~ distarce for values of r. 1/2 ;and ik

o.63246. Note thi-.-~iation and conver-
gence with rising aititude. The opening-
shock forc~e is strongly influrnce'd by

A-the Inflation time. Because of this, theI

.* '\ .bt 8 .. %-. . . A-7
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value of to calculated by using a real- CLOTH MIL C.7020, TYPE III
istic value of n should be used in the 3S FOOT. 10. EXTENDEO SKIRT CANOPY
lowcr atmosphere. 100 Cr. 1.1s

As ar. example or this method of openLng-
shock analysis, let us examine the effect
of altitude on the opening-thock force of
a T-lO-type parachute retarding a O0-
pound weight from a snatch velocity cf
Vs - 4oo fuet per second at sea level.
Conditions of constant velocity ar.d con-
stant dynamic pressure are investigated. EOUATiON 113)
The results are presented in Figure 14. n * 0622"1
At low altitudes, the opening-shock force 60
is less than the steady-state drag force.
however, as altitude rises, the opening CONSTANT VELOCITY-
shock eventually exceeds the steady-state , 40 oF.PS.
drag force at some altitude. This trend - ANDis in a•reement with field test observatior. 40 -CONTAN

SDYNAMIC
V. Correction of to for PRESSURE

Initial Area Effects q -190* LB/F* 2

The unfolding reference time, to, 2o
calculated by the previous methods assumes 1
that the parachute inflates from zero drag EQUATION 1141

area. In reality, a parachute has a drag

100 c1 200 0

UNFOLDING DISTANCE (FEETI
V349

g0 FIG. 13 EFFECT OF ALTITUDE ON THE• UNFOLDING DIS-"

CLOTH MIL-Cr?020; TYPE Ill TANCE AT CONSTANT VELOCITY AND CONSTANI

36 FOOT; 1'% EXTENDED SKIRT CANOPY YNAMIC PRESSURE FOR n -112 AND n,-o2.4&

so- Cr. 1.o

00

p 70 _ FMAXI

4h.
0 I -

so F'"I MAXCONSTANT VELOCITY, 40 F.PS L IOSTN

S! 40VIACONSTANT IYNAMIC PROESSURF COTDR ANDAMI

bs IH CONSTANT
'30 2 VELOCITY

"IC 11EOl31 1W0 200
.*,~ OlEG 114) 0••• .6324S FORCE (THOUSANDS OF POUNDS)

2 F.•'t 10. 14 VARIATION OF STE AOY-STATE DRAG. Fr AND MAXI-
" • _.•.._...._L•MUM OPENING SHOCK WITH ALTITUDE FOR CONSTANT

•- • VELOCITY AND CONSTANT DYNAMIC PRESSUREi
0 0.2 0.4 Q.6 0.8 1.0 1.2,

UNFOLDING TIME (SEC.) ar~ea a' the beginning of ir.flation. Once
% to has been calculated, a correction can

be applied, based upon what Is krnown about
FIG. 12 EFFECT OF ALTllrUOf ON TH1 OJNPOLOING TIME th.e initial conditions.

"1.0'" AT CONSTANT VELOCITY AND CONSTANT

DYNAMIC PRESSURE FOR n ,, 112 AND n " 0.S3296
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Case A - ..'nen -he initial projected than the maximum extensibility, e of
area is kno:mn the mtaterials.

)3 Development of the analysis in the
elastic phase of inflation is sir.!lar to

t ithe technique used in the unfoldirg phase.
•c 0Newton's second law of motion Is used,

together with the drag area ratio signa-
ture and mass ratio1/3 06

t - (21 --
AcCDSo 

to

[I (l )/3] which is still valid, as shown In Figure 7
° 0 7-" J calculated
correced -dV

(15) M- J toJ d t-V J V
0 V0

Case B - When the initial drag area
i s known 

Integrating and solving for

CDSt t)6 
Vs

D to 0V l 7

(CDSo)/ tcetlculated V'

where - is the velocity ratio of the
v5[ CDS) 1/6 u0nfolding process at time t s to.

to - calculated VO _ 1
t6co r r e c t e d ( +CD S o " + n_

The mass ratio should row be adjusted for
the corrected :9 before velocity and force (18)
profiles are deterjti.ed.

The Ir.stantaneous shock factor in the
VI. Openirg-Shock Force, Velocity Ratio, elastic phase becomes

and Inflation Time Durirn the
Elastic Phase of Parachute Inflation 2

The mass ratio, M is an important Xi 1CS- V

parameter in parachute analysis. For D S
values of M << 4/21, the maximum opening-
shock force occurs early in the inflation
process, and the elastic properties of 6
the canopy are rOt significant. As the
nass ratio approaches M.. - 4/21, the . (9
msagnitude of the opening-shonk force 2
increases, and the time of occurrence
happens later in the deployment sequence. +
For mass ratios M > 4/21, the maximum 7Mshock forc-- will occur after the referencetimet to, Parachutes designed for high

rass ratio operation must provide a The end point of the inflation process
structure of su'ficier.t constructed depends upon the applied'loads, elasticity
strength, Fe, so that the actual elon- of' the canopy, and the constructed strength
gation of the canopy under load is less of the parachute. A linear load elo:!gation

A-9
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relationship is utilized to determine the The next force in the series at conctant q
maximum drag area.

A,
c €max F1  XoF 5 --

F Fc C

where

F - max (20) - = (1 + %)2
Fc A-c

The force, F, is initially the instanta- Subsequent elongations ir the system can
neous force at the end of the unfolding be shoT,. to be
process

F - XoFs (21) Cl Co)

where Xo is the shock factor of the 52 W go (1 + co (i + €o)2)2
unfolding phase at t to

The required canopy constructed strength
1 can be determined for a given set of"L0 deployment conditions. The limiting value

X [ 21 2 of the series (c€) determines the end
1 i ++ point tir.e ratio.

(22) (tf 6 C-Sr-ax- (1 +

Since the inflated shape is defined, the Do
drag coefficient is considered to be
constant, and the instantaneous force is
proportional to the dynamic pressure and /t \ (CSel/6 /
projected area. The maximum projected f) . C ) = (1 + ,)1/3
area would be developed if the dynamic 1 S
pressure remained constant during the 0
elastic phase. Under very high mass (24)
ratios, this is nearly the case over this
very brief time period; but as the mass Figure 15 illustrates the maximum drag
ratio decreases, the velocity decay has area ratio as a function Of to.
a more significant effect. The simplest
approach for all mass ratios is to
determine the maximum drag area of the
canopy as if elastic inflation had T
occurred at constant dynamic pressure. '' [ t ::, .. t
Then utilizing the time ratio determinedhok-.• i .
a s an end point, intermediate shock-- '
factors can be calculated from equation ..... ... _
(19) and maximum force assessed. ' . . , .. 4 -

The initial force, XoF 5 , causes the i-i
canopy to increase in projected area. The 'I" s'"4 t
new projected area in turn increases the :• IL .... _..
total force on the canopy which produces *- -
a secondary projected area increase. The
resulting series of events are resisted - . ._
by the parachute materials. The parachute 'K i.,-.. -i
must, therefore, be constructed of suffi-
ciet.t strength to prevent the elo:ngation 't t,-
of the materials from exceeding the t!4. , X•F,.mea
maximum elongation. ' 1. l t "'

o c max (23) 0 0.1 0.2 0.3

Fc g

FIG. 15 MAXIMUM DRAG AREA RATIO VS. INITIAL

ELONGATION

A-10
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VII. Application~ of Cloth Permeability used in these calculations. Figure 18
to theý Calculation'~ of' the Inflation presents the et'fect of preszure, coefficient

Tirne of Solid Cloth Parachutecs and altitude on the ur!Colding tire for
constant deployment coniditions.

The mass out floii through the pressur-
ized region of an irifla~inF solid clot'i It is well knoLwr' that. the ii,flation
parachute at any instan~t is dependent upons tirc of solid cloth parachutes decreaseu
the canopy area which is subjected to air- as the operational altitude increanes.
flowr and the rate of a~irflow through that Tnis effect can be explaitned by corn;id-
area. The variation of pressurized area as ering the ratio of the mass outflowi
a function of reference time, to, was through a unit cloth area to the m-iss
earlier assumed to be proportional to the inflow throug-h a unit mouth area.
instantaneous drag area ratio, leaving the
rate- of- airflow.- problenm to solve. 11h mass outflow
permeability paramneter of cloth was a M1=mass flow raitio=
natural choice for determining the rate of Wass inflow
airflow through the cloth as a function~ of
Dressure differential across the cloth., whnera
Heretofore, these data have been more of
a qualitative, rather than quantitative, l ' -
value. A new method of analysis ras mass outflow F 'ugl Pp- -( r tý'cloth aroa)
developed w.-herein a generalized curve of iP ft2-sec
the forr. P = k(ap)n wfas fitted to cloth
permeability data for a number of' different
cloths and gives surprisingly good agree- and
men~t over the pressure differential range
of available data. The pressure differ-slg
c ritial was then related to the trajectory inass inflow V (per ft? inflow area)
conditions to give a generalized expression Pft2-sec
which can be used in the finite miss ratio
range, as well as the infinite mass case.
The permeability properties were trans-
formed Into a mass flow ratio, Mt, which
shows agreement vwith the effective porosity 3
concept.

pressure data for several standard cloths . i tit~
aeillustrated in Figure 16. This method lo fALC02,TPI

has been applied to various types of cloth -821 TYP 11between the extremes of a highly permeable 60 ~-MIL-C.01TPEI-
3-snouwe silk to a relatively impervious 30
parachute pack container cloth with
reasonably good results, see Figure 17.40

The canopy pressure coefficient, C -I

is defined ELI the ratio of the pressaur
differential across the cloth to the 20EPRMNA
dyiia~mic pressure of the free stream. DAT

dP _ (rtr~1 ~xternalj So I -II00:

(25 112 pV2
2

whre base onP eqitlin13T 7 1 . - :
40 -

1, (CAL)(0 100 ISO 200 250 300= 2
DIFFERENTIAL PRESSURE (LU/FTZI

REPROODUCEO FROM REFERENCE (4)
Although sone progress has been made

by Meizig and others on the measurement of FIG. 16 NOMINAL POROSITY OF PARACHUTE MATERIAL
the variation of the pressure coefficient VS DIFFERENTIAL PRESSURE.
on an actual inflatirng canopy, thifE
dimcnsion and its variation with time areI still dark area-. at the tin'e- of this
writing. At the present time, a constant
a-.-erege value of presiure coefficenet is

A-11



NMW TA 0524

Thnere rare, the mass flaw ratio becomes AVERAGE CANOPY M~E SURF COEFFICIENT

PP DURING INFLATION INCLUDING THE VENT

MI -= W- 1.7
vD v "n" 112 REALISTIC "n'

50. 2n4 -0 1) V2)

Effective porosity, C, is defined as QL - 20K .FT
the ratio of the velocity through the U
velocty, v, t ittostertcl6K TSK-F
t icular APU l/2ov'.10K-FT009 T

0 1.0 2.01.02.

JFIG. 1iEFETO PRESSURE COEFFICIENT AMC ALTITUDE
w ON THE UNFOLDING THIUL

effective porosity;, C - (28)
0-- 40 V

F-kAP Comparison at the mass flow ratio and
P- 445621 W)16, previously pablished effective porosity

q data Is shown in Figure 19. The effects
of altitude and velocity on the m~as flow

2 _ 200- ratio are presen~ted in Figures 20, and 21
for constant v.elocity an~d constant
altitude. 7he decrease of cloth perme-
ability *:ith altitude is evident.

1000 - -

The permneability constants "k" and "n"
can be determined from the permeability
pressure differential data as obtained

0 10 20 30 40 so from an instrument such as a Frazier

AP LB/FT2  ?ermeameter. Two data point&, "~A" and

100 ~ CONTAINER CLOTH W

MILe .7219, TYPE I1

-MEASUJRED DATA
0 CALCULATED DATAW -7MT"I

W~~~~de~~E P-T"54P
0 7 1 1 IOG1? FOR Cp I

FIG. 17qWMQI9 COMPAIONFME*URDADCACULTE
FE AMIAILITY FR RELAIVELY P9MEASLEAND FI. i H FETIEPRST O AAH

IMPRME AL CLOTHS DIATERIASV.DEENTIAL PR ESSURE~g/T2

A-12



NOWC TR bb-24

fr"are selected in. such a manner that
poinrt "A" is In a lo-:-pressure zone belo::-,
the knee of the cur.-e, and point "B" is
located ir the uppu--r en~d of the high-PON
pressur-: --on-e, acs~-o-T in Figure ^12. P T .c

FT2 .SEC
The t,.;o standard -ieasurements of 1/?

inch of ti-ater anid 2r; inches of w~ater
appear to be good data points if both are

CLOTH. MIL-C-7020. TYPE Oil A LIL
If - 1.46042. n -0 63246; C, - 1.1is Fl 2

so0 MASS OUTFLOW
M' MASS FLOW RATIO MAS-N~) FIG. 22 LOCATION OF DATA POINTS FOR DETERMINATION

MASS6NF~)WOF "it AND "n

0
.4 0.available on the same sample, Subst-
Ztuting the data from poMs 'A" and 'B"

Into P =k(4P)'

40-

209

G A
2(30

0 0.01 MAS0.02 0.03 0.04 (ApA)n ( nP(30)
MASFLOW RATIO (P

FIG. 20 EFFECT OF ALTITUDE ON MASS FLOW RATIO AT VIII. Determination of the
CONSTANT VELOCITY Parachute Included Volume

and Associated Air Mass

Before the reference time, to, and
inflation time, tf, can be calculated,
the volume of atmosphere, Vc,, which is
to be collected during the~inflation
process must be accurately known. This

0.14 requirement dictates that a realistic
CLOTH, MIL-C 7020, TYPE III Inflated canopy shape and associated

0.1 I 1462; -0.32"6SEA LEVEL volume of atmosphere be determined.
11 CP 1.15Figure 21 reproduced from reference

20.10-2KFE (5). The technique of using lampblack
coated plates to determine the airflow
patterns around metal models of inflated

410.08-canopy, shapes was used by the Investigator
of reference (5) to study th'ý stability

0.06 c'-&raz,:-:rist~cs of contemporary parachutes,
SOKFEIT i-e., 1943. A by-product of this study

0.04_____ is that it is clearly sho~n that the
volume of air within the canopy bulges

0.2 00K FEET out of the can-opy mouth (Indicated by
________ -~ arrows) and extends ahead of the canopy

00 200 40 600 go 1000 h em. ThIs volum~e must be collected during
VELOCITY IF.P.S I the Inflation proces5. Another neg~lected,

but significant, source of canopy v'olumen
FIG.21 EFFECT OF VELOCITY ON MASS FLOW RATIO AT exists irn the billciiivd portion of the j-gorc

CONSTANT DENSITY panels.
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h -N BILLOWED GORE
"•~~ ! Y _CONTOUR

A

,-- EQUIVALENT BILLOW VOLUME• __ l•_b._EXTENDEDOAIR VOLUME

REPRODUCED FROM REFERENCE (6)

FIG. 24 PARACHUTE CROSS SECTION NOMENCLATURE

H .EMISPHERE

Tables I and 11 are summaries of test
results reproduced from references (6) and
(7), respectively, for the convenience of
the reader.

J. IX. References

"A Method to Reduce Parachute Inflation
"Time with a Minor Increase in OpeningT1LO Force," WADD Report TR 60-761

2. Berndt, R. J., and DeWesse, J. H.,
"Filling Time Prediction Approach for
Solid Cloth Type Parachute Canopies,"
AIM Aerodynamic Deceleration Systems
"Conference, Houston, Texas, 7-9 Sep 1963. "Theoretical Parachute Investigations,"
Progress Report No. 4, Project No. 5,
-WADC Contract AF33 (616)-3955,"T_' I "University of !i:nnesota

VENT PARACHUTE 4. "Performance of and Design Criteriafor Deployable Aerodynamic Deceler-REPRODUCED ators,' TR ASK-TR-61-579, AFFDL,
FIG. 23 AIRFLOW PATTERNS SHOWING AIR VOLUME AIRFORCESYSCOM, ,Dec 1963

AHEAOOFCANOPYHEM 5. "Investigation of Stability of Para-chutes and Development of Stable
Parachutes from Fabric of Normal

The steady-state canopy shape has been Porosity," Count Zeppelin Research
observed in wind-tunnel and field tests to Institute Report No. 300, 23 Mar 1943
be elliptical in profile. Studies of the 6. Ludtke, W. P., "A New Approach to theinflated shape and included volume of Determination of the Steady-State
several parachute types (flat circular, Inflated Shape and Included Volume of10 percent extended skirt, elliptical, Several Parachute Types," NOLTR 69-159,
hemispherical, ring slot, ribbon, and 11 Sep 1969
cross) are documented in references (6) 7. Ludtke, W. P., "A New Approach to the
and (7). These studies demonstrated that Determination of the Steady-Statethe steady-state profile shape of inflated Inflated Shape and Included Volume ofcanopies of the various types can be Several Parachute Types in 24 -Gore and
approximated to be two ellipses of common 30-Gore Configurations," NOLTR 70-178,
major diameter, 2a, and dissimilar minor 3 Sep 1970
diameters, b and b', as shown in Figure 24.
It was also shown that the volume of the
ellipsoid of revolution formed by revolving
th- profile shape about the canopy axis
._.is a good approximation of the volume of
atmosphere to be collected during canopy
inflat.on and included the air volume

_ extend d ahead of the parachute skirt hem
toguthvi with the billowed gore volume.

3 31
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TABLE I SUMMARY OF PARACHUTE SHAPE TEST RESULTS
FOR 12-GORE AMD 16-GORE CONFIGURATIONS

Pwfchut. Mo. of Suspensiom Vnkost Scale Factor. K Axes Ratio , vowmu%3 . T v.
Type Go... e awLenlgth 2 21 2i 2i N b" b M V V.

incisr npf, fps U. O0 50 L I I.

Flat Circulau 12 34 so 73 .645 .6t.0 .056 .6115 .J817 1.4932 4476 4481 OW8 S6
is 34 s0 73 .-63 616 .$20 .65W5 .9039 1.4691 4450 4100 7325 , 1 -166

10% Extrald 12 34 100 147 .683 .652 .81 .6424 .6860 152S4 3160 4400 5783 1.73
Skie 16 34 17 26 .664 .640 785 S680 N02 1.4102 &14 3920419-7 1 S3

E~flitical 12 34 7i 110 tIE .012 5626 .$4%7 1.5293 3322 5406
16 34 17 z2 575 .DO .6166 8163 1 4332 2728 4406

H,.,Affcat 12 34 125 163 996 1.2$4 1.0005 .9M 1.9095 6224 8664
16 34 76 110 694 1.185 .919 .9380 1.650 56;1 8370

Angmlo, 2 34 25 37 607 654 653 .6566 .6735 1.530 380 3660 03 1565
16% Gemon",C 12 34 100 147 .616 -6S .922 .6566 .6735 1.530 3600 4166 46 1.62
porosity 12 34 zoo 293 637 684 .616 .66 .0735 1.530 3800 4624 6962 1.90

10 34 25 37 11 658 821 .6004 68 1484 36 3763 56 150
16 34 100 14, .617 1 .64 464 .6004 .66M 1.4814 11 8t 36 6030 1 519
16 34 200 293 645 .696 644 .6004 5890 1 4844 38O0 "430 6860 1.62

e,bo. 12 34 25 37 .586 .632 .$65 .6658 .676 1.5326 3800 3323 5335 140
24% Geomet.rc 12 34 5 eo1 147 .615 663 6S37 66ssi .876" 1 5328 3800 3714 6163 1.62
Porosty 12 34 200 293 .632 681 877 .65$ .- 768 1.5320 3800 4260 6603 1.76

16 34 2 37 603 .660 797 .570 .0578 1.4148 380 343C S358 141
16 34 100 147 .626 .674 79 1 5570 .6576 1.4148 30 3804 56 1 57

16 34 200 293 .648 6 761 .5670 .6578 1 ,4114 380 4164 6664 1 75

C...4 Chul a 34 25 37 710 543 1.242 8867 1 2778 2 1643 1928 3768 5796 301
/L-.2644 34 100 147 .707 $40 1.270 8667 1.2776 2 1643 192• 3810 S712 2.96

34 200 213 .716 .547 1.26 .8867 127)6 2.1643 1926 4212 %26 3.07
47 26 37 759 .80 I 113 .6494 12612 2.1006 1924 4062 646 3.S8
47 100 147 .729 .567 1205 .6494 1.212 2.1006 1921 393 5W 30 (

200 "31 .775 592 1 110 .8494 1.512 2.100 11928 4292 7303 3.79

R•EPRODUCED) FROM REFERENCE 16)

TABLE II SUMMARY OF PARACHUTE SHAPE TEST RESULTS
FOR 24-GORE AND 30-GORE CONFIGURATIONS

Pwchule No. of suspernson Veocity Scale Factor, K Axes Ralho Volume .n v v
Type G o, *$ L oess l, "ph f a 2r , 2 i | • ' i b VH Vc V , 0 H

in•"e o* o• ; ; OFI

Flat Circvlare 24 34 so 73 .677 679 .796 .5758 6126 1.3s"4 4362 4696 7273 167
30 34 17 25 611 .611 827 6714 7606 1.4020 4342 4626 7027 162

10% Extended' 24 34 100 147 .666 .648 634 6949 3771 1.4720 4136 4446 6930 167
sk£. 30 34 17 25 .660 .633 626 6216 7962 1.4127 4172 4076 6266 1SO

Atog iio0 16% 24 34 26 37 68 .646 824 50 063 Ir4853 3591 3870 6031 168
Geometrcdly 24 34 100 147 .60 .AV .19 6600 9063 1 4853 359' 4079 6510 i81
Forous 24 34 200 293 .694 .666 809 S600 9•03 14653 3•91 4270 6924 193

30 34 26 37 677 676 79 68 00 93 14653 3"87 3628 6404 179
30 34 100 147 6 0 .802 560 03 1 4853 3582 4023 6588 1 64

30 34 20) 793 09 6" 6918 0 5500 4053 1.4653 3582 4260 7012 196

Ration 24% 24 U4 2S 37 671 3173 770 5980 8187 14167 3691 3591 5648 166

2.nn.cl 2;3 O 47 (76 676 813 .5960 .618/ 14167 I3591 3927 697 7
Foroul 24 34 200 263 687 6US 804 Sos0 6187 14167 3591 4061 6389 1 78

30 3 .4 25 37 455 657 762 6021 8463 14484 3562 3396 566 156

30 34 100 147 669 670 784 6021 8463 1 4464 3562 3622 6022 168
30 34 200 293 677 679 823 136021 8463 14484 3S82 4002 6256 1 7S

"$S'ct this parachule via "b3,45.g" d-*..• thhi lesil tvesl pholr.,j,)•AS wa" taken it pcrh rpa.d The data were *edcted from the photograph which most
ri a p~: pl*eare :c roiott~nt rhe•-ol~~ ifste

PEPRODUCEFI FROM REFERENCE (1)

A-15
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X. List of Symbols P - Cloth permeability - rate of !r-
flow through a cloth at an arbi-

Ac - Steady-state projected area of the trary differential pressure,
inflated parachute, ft2  ft 3/ft 2 /sec

A.| -*Instantaneous canopy mouth area, ft 2  q - Dyngmic pressure, Ib/ft 2

AMo - Stpady-state inflated nouth area, S - Instantaneous in~la-ed canopy

ft• surface area, ft

a - Acceleration, ft/sec 2  S =A - Canopy surface area, ft-
0 so

21 - Maximum inflated parachute diameterof gore mainseam, ft t - Instantaneous ti.e, sec

b - Minor axis of the ellipse bounded to - Reference time when the parachute
by the major axis (21) and the vent has reached the designr drag area
of the canopy, ft for the first time, sec

b - Minor axis of the ellipse which tf - Canopy inflation tine when the
includes the skirt hem of the inflated canopy has reached its
canopy, ft maxLmum physical size, sec

C - Effective porosity u - Air velocity through cloth in
effective porosity, ft/sec

CD - Parachute coefficient of drag - Fictitiovs theoretical velocity

used in effective porosity, ft/sec
- Parachute pressure coefficient,

relates internal and external V - Instantaneous system velocity, ft,/sec
pressure (AP) on canopy surface to
the dynamic pressure of the free Vo - System velocity at the time t - to,
stream ft/sec

D - Nominal diameter of the aerodynamic Ve - System velocity at the end of
decelerator - - ft suspension line stretcn, ft/sec

F - Instantaneous force, ibs Yo - Volume of air which must be collec-
tte during the inflation process,

F - Steady-state drag force that would

be produced by a fully cpen para-
chute at velocity Vg, lbs W Hardware weio.t, lb

Fc Constructed strength of the para- xi - Instantanenus shock factor
chute, lbs

Fmax - Maximum opening-shock force, lbs Xo - Shock factor at the time t - to

g - Gravitational acceleration, ft/sec2  p - Air density, slus/Ct 3

T - Ratio of parachute projected mouth
k - Permeability constant of canopy area at line streten tn the steady-

cloth state projected area

m - Mass, slugs C - Instantaneous elongation

M - Mass ratio - ratio of the mass of - Maximum elongation
the retarded hardware (including max
parachute) to a mass of atmosphere
contained in a right circular C0  - Initial elongation. at the beginning
cylinder of length (Veto), face area of the elastic phase of inflation
(CDSO), and density (o) S.F. - Parae.hute safety factor - Fc/FMax

M1 Mass flow ratio - ratio of atmo-
sphere flowing through a unit cloth
area to the atmosphere flowing
through a unit inlet area at
arbitrary pressure

n -Permeability constant of canopy
cloth
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Appendix B

A GUIDE FOR THE USE OF APPENDIX k

At first reading, Appendix A may appear to be a complicated sys-

tem of analysis because of the many formulae presented. Actually,
once understood, the technique is straightforward and unuomplicated.
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 require 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 effect&.

In order to compute to, other parameters must be obtained from

various sources.

I. DeterminE System Parameters

1. CDSO, drag area, ft 2 obtained from design requirement.

2. V., fps, velocity of system at suspension line stretch.

3. p, slugs/ft 3 , air density at deployment altitude.

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

5. Vyo, ft 3 , 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 Do or DF is known, 5 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 Vo
can be calculated by Equation (31), p. A-14, with appropriate
values of b/a and b'/a from the tables.

6. AMO, ft 2 , steady-state canopy mouth area

%- 
iS(I1
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where N/a, b/a, and b'/A are available from Tables I and II for the
particular type of parachute and number of gores.

7. Aso, ft 2 , canopy surface area = 2

8. C , pressure coefficient, see Figure 18, p. A-12. A
constant 8p = 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
is also required for Equation (13). 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
cloth is in the range of AP for actual operation. Check-points of
cloth permeability can be measured and compared to calculated
values to verify agreement. If the data are to be extrapolated to
operational AP's greater than measured, a better method of deter-
mining k and n from the test data would be a least squares fitthrough many data points. This way errors due to reading eitherof the two points are minimized.

II. Step 1

Calculate the reference time to by use of Equations (13) or
(14), p. A-7. If the deployment altitude is 50,000 feet or higher,
Equation (].4) is preferred due to its simplicity. For altitudes
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).
Cne should keep in mind that the opening shock force can be a
strong function of inflation time, so be as realistic as possible.
If Equation (13) is elected, the method in use at the NSWC/WO is
to program Equation (13) to compute the parachute volume, Vo, for
an assumed value of to. Equation (14), because of its simplicity,
can be used for a first e-timate of to at all altitudes. The com-
puted 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
volume, the time to is printed out. If not within the specified
limits, to is adjusted, and a new volume calculated. For a 35-foot
Do, T-10 type canopy, I use plus or minus 10 cubic feet in the
volume comparison. The limit would be reduced for a parachute of
smaller Do.

If Vo calculated = Vo geometry ± 10, then print answer.

If '0 calculated / Vo geometry ± 10, then correct to as follows:

00

to t0 Vo calculated (B-2)

0-2
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The new value of to is substituted in the "do loop" and the
volume recomputed. This calculation continues until the required
volume is within the specified limits.

III. Calculate to corrected for initial area. The t of Section
If 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 Equation (6),
p. A-4. For n = 0 if the value of M e 0.19, then a finite state
of deployment exists, and the time ratio of occurrence and the
maximum shock factor can be determined from Equations (9) and (10),
respectively, on p. A-5. If q # 0, then the limiting mass ratio
for finite operations will rise slightly as described 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 th an the limiting mass ratio (ML), then the
maximum shock force occurs at a time greater than to 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 30, p. A-6, illustrate 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. If the initial
value of arag area is known, Equation (16), p. A-9, 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 = to the para-
chute has been inelastic. At the time t = to the applied aero-
dynamic load causes the materials to stretch and the parachute
canopy increases in size. The increased size results in an
increase in load, which causes further growth, etc. This sequence
of events continues until the applied forces have been balanced by
the strength ot materials. The designer must insure that the
constructed strength of the materials is sufficient to resist the
applied loads for the material elongation expected. Use of
materials of low elongatiun should result in lower opening shock
forces as CDSmax is reduced.

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

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

a. Vo/Vs from Equation (18), p. A9.

B-3
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b. Xo from Equation (22), p. A-10.

C. CO from Equation (23), p. A-10.

d. Determine CDSmax/CDSO from Figure 15, p. A-10.

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

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

g. Calculate the opening shock force F... -F$ where

FS - ipV:CDS.

h. Calculate filling time, tf(sec)

V. In order to simplify the required e!fort, the work sheets of Table
B-i 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.

IM

B.4
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Table B-I. Opening Shock Force

CALCULATION WORK SHEETS -P~

1. Parachute type -

2. System parameters

a. System weight, W (ib) W lb.

b. Gravity, g (ft/sec2) 9 f)/nc2

c. Deployment altitude (ft) ft.

d. Deployment air density, p (slugs/ft 3 ) Iu2s/ft3

e. Velocity at line stretch, V. (fps) VS fps.

f. Steady state canopy data

(1) Diameter, Do (ft) 0o 0.

(2) Inflated diameter, 2a (ft); 22 - , ft.

n 2 D2
(3) Surface area, SO (ft 2 ); -o AS$ ft .2

(4) Drag area, CDSO (ft 2 ); CD x So CDSo h'2

(5) Mouth area, Aý*O (ft2)

.rl 2 [1 -N hl AMO ft.2

(6) Volume, Yo (ift 3 )

+ , .3 [Yo.,k]V ft.3

g. Cloth data

(1) k Calculate using technique beginning on k

(2) n p. A-12. Note: Permeability is usually n
measured as ftO/ft 2 /min.
For these calculations
permeability must he
expressed as ft 3 /1.t 2 /iec

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

3-5 j
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Table B-1. Opening Shock Force

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

(4) Cp; pressure coefficient --

h. Steady state drag, F. (ib), FS - lpvs2cs FS lb.

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

3. Force calculations

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

10 L

Check Figure 13, p. A-8, for advisability of
using eq. 13, p. A-7.

b. If n 0 0, proceed with steps c through e.
If n 0 0, go to step f.

c. Mass ratio, M; eq. 6, p. A-4

2W M

d. if M _ 4/21 for n i 0, then finite mass

deployment is indicated.

(1) Time ratio at xi max; eq. 9, p. A-5

(2) Max shock factor, xi; eq., 10, p. A-5

mama

B-6
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Table B-i. Opening Shock Foirce

(3) Max shock force, Fmax (ib)

FW. - X Mom FS FnX lb.

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 - to.

(1) Velocity ratio @ t - to for n - 0

V. Vo v
Vs 1I+I

(2) Shock factor X. @ t to for n 0

x. 2 X

(3) Initial elongation, Co; eq. 23, p. A-10

eO - E C0ll

e. XOFS ma. fFe

(4) Determine CDSmox from Figure 15, p. A-10 CD-max
CDSo CDoo

(5) Calculate inflation time ratio, tf ; eq. 24,

p. A-10 t)

to

(6) Calculate maximum shock factor, xi Max; eq.
19, p. A-9 (t.\S

i 7'- X max

-v(. + yl-i(L

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

Fma4X X'ma FS m lb.

B*7
S. ... 11 .- . . . . - - . .
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"Table B-i. Opening Shock Force
(cont 'd)

(8) Inflation time, sec - tf -to )f Sec.

f. If n # 0, correct to for initial area effects;
eq. 16, p. A-9 tec.

g. Mass Ratio, M, eq. 6, p. A-4

2W MPgvs,, -Coso

h. Calculate limiting mass ratio, ML

L 3 ( 1 - )30- q 14+4 J ML

If M . FtL , fin.'..e mass deployment is indicated and x max

can be determined by eq. 8, p. A-5 by assuming values
of t/to and plotting the data using the methods of
Appendix C.

i. If M > ML, then intermediate mass or
infinite mass deployment is indicated and the
elasticity of materials is involved. Calculate
the trajectory conditions at time t - to.

(1) Velocity ratio @ t - to for n 0 0; eq. 18,
p. A-9

Vs +17 ( - !) + ?2]vs[ M 2
(2) Shock factor X. t = t for q # 0; eq.

22, p. A-10

11 M2 p1
(3) Initial elongation, co; eq. 23, p. A-10

XGF E e
F0 max-

(4) Determine C)S TX from Figure 15, p. A-10 C Sn-x
0:C~ Co)So

6,

B-S
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Table B-I. Opening Shock Force (Con
tf

(5) Calculate inflation time ratio, to ; eq-. 24,
p. A-10 

7Eo

CD% to

(6) Calculate maximum shock factor, xi max;
e q. 19, p. A-9

Q-)i

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

F axaFrox lb.

(8) Calculate inflation time, tf(sec)

ftoti swC

I-9
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Appendix C

EFFECT OF INITIAL AREA RATIO 014 THE LIMITING MASS RATIO
AND SHOCK FACTOR FOR THE FINITE STATE OF

SOLID CLOTH PARACHUTE DEPLOYMENT

Very low mass ratios are indicative of finite mass parachute

deployment, wherein the maximum shock force occurs before the
parachute is fully inflated during the unfolding phase of deploy-
ment. As the mass ratio is increased, the maximum shock force
occurs later in the inflation process. At some value of mass
ratio, the maximum shock force will occur at the time to. This
particular mass ratio is defined as the limiting mass ratio (ML)
for finite mass deployment. A further increase in mass ratio
will result in the maximum shock force occurring after the para-

.* chute has achieved the design drag area (CDSO) for the first time.

Equation (8), from p. A-5, Appendix A, defines the instantaneous
shock factor during the unfolding phase of parachute deployment.

(1 )2 2, (1 - ,- 2

fML -171 2 7 170 17)

This expression is to be analyzed for the following purposes:

a. Determine the effect of the initial area ratio (n) on the
limiting mass ratio .4L).

b. Determine the variations of the instantaneous shock factor
during the unfolding phase of deployment as a function of limiting
mass ratio and n.

c. Determine the expression for the time of occurrence of the
maximum shock force for finite mass ratios less than the limiting
mass ratio.

The maximum shock force occurs at the point in finite mass
deployment where dxi/dt = 0. Setting the derivative dxi/dt = 0
and solving for mass ratio as a function of n and t/to results in
the following equality:

C-1
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1~Fi - 1I ~ 2 ! 7+~~ 4 '+2.!.1
3 1 -_17)2 + t( --)

Since the limiting mass ratio occurs at t/to = 1, Equation (C-1)
can be reduced to:

ML 3 (1 - 1) 14 + 7 (-2)

The effects of initial area ratio on the limiting mass ratio are
described in Equation (C-2) and Figure C-i. Note that the time of
occurrence of the maximum shock force for n = 0 in Equation (C-i)
is:

_ /j21M 7

S• ux (03)

which is the same as Equation (9), p. A-5, Appendix A.

The variation of the instantaneous shock factor during the
unfolding phase of deployment for limiting mass ratios is presented
in Figure C-2. Initial area at the beginning of inflation causes

the initial force to increase, but this is compensated for by
reduced maximum shock forces. As n increases, the initial loads
can be greater than the maximum shock force. However, values of
n are usually small and depend on the deployment systems for
magnitude and repeatability. Values of n = 0.4 are more repre-
sentative of a parachute being disreefed rather than initially
deployed. This does demonstrate, however, that the analysis pre-
sented in Appendix A can be adapted to the disreefing of solid cloth
parachutes by considering the next stage to be a deployment with a
large value of n. Variation in initial area is one of the causes
of variation in opening shock forces. The variation of opening
shock forces for finite mass intermediate mas.% and infinite mass
states of deployment can be evaluated by successive calculations
with various expected values of n.

For known mass ratios less than the limiting mass ratio, the
time of occurrence of the maximum shock force can be ascertained
from Equation C-I. If ri approaches zero, then the time ratio of

C-2
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1 E0.20
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0 0,1 0.2 0.3 0.4

INITIAL AREA RATIO, 1

FIGURE C-i. EFFECT OF INITIAL AREA RATIO ON THE UMITING
MASS RATIO FOR THE FINITE STATE OF PARACHUTE
DEPLOYMENT FOR SOLID CLOTH PARACHUTES
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0.4 -(1 -17)2 ÷ 2170 (17 - 3 + 17 2

o.32-- x, " +•1 (.),t7,,+•(-:)t4 2 ];2
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0.24

17 MLO t/to I
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0.26 0 0.1905
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PARACHUTE UNFOLDING PHASE TIME RATIO
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FIGURE C-2. VARIATION OF THE FINITE MAS _4OCK I.C•lThR
DURING THE UNFOLDING PHASE OF SOLID CLOTH
PARACHUTES FOR LIMITING MASS RATIOS AND
INITIAL AREA EFFECTS
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occurrence of the maximum shock force can be initially estimated
from Equation (C-3), or determined by plotting

Xi= f(4 ni

as in Figure C-2.

e ; C-5



NSWC MP 85-24

DISTRIBUTION

Copie copies

Commander Commander
Naval Air Systems Command U. S. Army Aviation Systems
Attn: Library 5 Command
Washington, DC 20361 Attn: Library 2

St. Louis, MO 63166
Commander
Naval Sea Systems Command Conwander
Attn: Library 5 U. S. Army Munitions (ommand
Washington, DC 20362 Attn: Technica' Libriry 2

Jover, NJ 0780i
Commanding Officer
Naval Ship Research and Commander

Development Center U. S. Army Weapons Command
Attn: Library 2 Attn: Technical Library 2

Washington, sC 20007 Researet and Development
Directorate

Office of Naval Research Rock Island, IL 61201
Atto: Library 4
Washington, DC 20360 Commaauder

U. S. Army AýRVADCOK
U. S. Naval Academy Attn: Library
Attn: Library 2 Thomas D. HoffmanI
Annapolis, MD 21402 DRDAR-LC.,. Z

Ray W. Kline
Commanding Officer DRDAR-LCA-F
U. S. Naval Air Development Dover, NJ 07801

Center
Attn: Library 2 Commander

Thomas J. Popp I U. S. Army Natick R&D Labs
Maria C. Hura 1 Attn: Library 2

Johnsville, PA 18974 Calvin K. )ee I
M. P. Gionfriddo 1

Commanding Ofticer Joseph Gardella I
U. S. Army Mobility Equipment Timothy E. Dowling I

- Research and Development Center DRDNA-UAS
Attn: Technical Document Center 2 Kansis Street
Fort Belvoir, VA 22660 Natick, MA

*1

:(1

-.



NSWC MP 85-24

DISTRIBUTION (Cont.)

Copies Copies

Commanding Officer Library of Congress
Wright-Patterson AFB Attn: Gift and Exchange Division
Attn: William Casey ASD/ENECA 1 Washington, DC 20540 10

William Pinnell AFWAL/FIER I
Robert L. Heaters Jr. 1 NASA Langley Research Center

ASD/YYEE Langley Station
E. Schultz AFWAL/FIER 1 Attn: Research Program Recording
Daniel J. Kolega I Unit, Mail Stop 122 1

Bldg. 25 Area B Raymond L. Zavasky,
Patrick J. O'Brian 1 Mail Stop 177 1

Bldg. 25 Area B Andrew S. Wright, Jr.,
H. Engel ASD/ENEC 1 Mail Stop 401 8

LIM 4543.3 Hampton, VA 23365

Commanding Off'cer NASA Ames Research Center
Air Force Fligzit Test Center Attn: Library, Stop 202-3 1
Atrtn Airframe Systems Division Moffett Field, CA 94035

Aerodynamic Decelerator
Branch 2 NASA Flight Research Center

Edwards AFB Attn: Library
CA 93523 P. 0. Box 273

Edwards, CA 93523
Commanding officer

Air Force Space Divipion NASA Goddard Space Flight Center
Attn: Library 2 Attn: Library
P. 0. Box 92960 Greenbelt, NJ) 20771
Worldway Postal Center
Los Angeles, CA ')0009 Jet Propulsion Laboratory

4800 Oak Grove Drive
Commanding Offic.r Attn: Library, Mail 111-113 1
Air Force Aerophy3Ccs Laboratory Pasadena, CA 91103
A"Ln: Library 2
Vanrzom Field, MA NASA Manned Spacecraft Center

Attn: Library, Code BM6 I
Commanding Otficec 21')'. Webster Seabrook Road
Kelly AFB Houston, TX 77058
Attn: SA-ALC/MMIR 2

Library 2 NASA Marshall Space Flight Center
TX 7824" Attn: Library 1

Huntsville, AL 25812
Comiandiig Officer
McCallan AYB NASA Goddard Space Flight Center/
Attn: Library 2 Wallops Flight Facility

SA-ALC/MMIR 2 Attn: Library 1
CA 95652 Mr. Mendle Silbert 1

Mr. Anel Flores I
Detenae Technical l,-formati.on Wallops Island, VA 23337

Cente:
Camerun Station

Alexandria, VA 22314 12

(2)

7h



NSWC MP 85-24

DISTRIBUTION (Cont.)

Copies Copies

NASA Lewis Research Center University of Minnesota
Attn: Library, Mail Stop 60-3 1 Dept. of Aerospace Engineering
21000 Brookpark Road Attn: Dr. W. L. Garrard 2
Cleveland, OH 44135 Minneapolis, MN 55455

NASA John F. Kennedy Space Center Internal Distribution:
Attn: Library, Code IS-CAS-42B 1 U13 (W. P. Ludtke) 75
Kennedy Space Center, FL 32899 U13 (J. F. McNelia) I

U13 (D. W. Fiske) 1

NASA Headquarters U13 (J. Murphy) I
Attn: Library 2 U13 (J. G. Velez) 1
Washington, DC 2054b U13 (M. L. Fender) 1

U13 (A. G. Fritz) 1
Sandia National Laboratories U13 (R. L. Pense) I
Attn: Code 1632 1 U13 (C. J. Diehlman) 1

Library 1 U131 (Z. Noel) I
Dr. Dean Wolf 1 U43 (J. Rosenberg) I
Dr. Carl Peterson 10 U43 (B. Deire) 1
R. Kurt Baca 1 E231 9

Albuquerque, NM 87185 E232 3

(3)

A,

1.' 1,- ,. Vf4~


