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SUMMARY

The invest igati~~ presented in th i s  report is related to
the improvement of parachute technology .
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:

INTRODUCTION

The author has been actively engaged in applied research, design,
manufacture , and testing of parachutes and parachute systems since
1952. In this period many improvements have been accomplished in the
prediction of parachute opening shock performance and trajectory
analysis. The coming of age of the computer was a blessing in that
it permitted detailed modeling of parachute deployments , but, at the
same time, in many cases, it reduced the need to understand some of
the underlying basics of the parachute deployment process. One of
those basics is a scale factor parameter. The development of the
scale factor element is fundamental to the understanding of parachute
performance. This paper is a presentation of the author ’s current
ideas and reasoning on what is required to permit establishment of a
means of scaling parachute deployments and trajectories. A discussion
of what variables are required and examples of existing application
and proposed method of application are offered . This will be accom-
plished by first developing the mass ratio quantity by use of a
horizontal trajectory with a fully deployed parachute . The concept
will then be extended to show applicability to inflating parachutes,
and , finally , methods for including the mass ratio as a variable in
the canopy inflation process are suggested . This paper is presented
with the purpose that the thoughts expressed may assist and stimulate
other experimentors in the development of future advanced analysis
techniques.

DEVELOPMENT OF THE MASS RATIO CONCEPT

In nu del testing of airplanes , missiles , ships , etc. in wind
• tunnels .*nd towing basins , Reynold’s number , Froude number, and Mach

number are accepted scale factors. These parameters, together with
• ballistic coefficient (W/C0S0) and surface loading (W/S0), 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 experimeritors 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 wind tunnel,

• towing basin, etc., and data recorded at one or more constant
• velocities. Thus, three parameters which are important to parachute
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testing are eliminated . First, the geometry of a deploying parachute
undergoes dramatic changes as compared to the constant geometry of
the rigid model. Second , the deploying parachute geometry is a func-
tion 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. Reynold’s 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 para-
chute deployments because they do not contain important variables
which affect parachute performance.

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

An example of a “mass ratio” ratio scale factor can be developed
in a theoretical horizontal point mass trajectory. For simplicity ,
only the steady state (constant drag area , CDSO) will be considered ;
however , it will later be demonstrated that 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 horizontal road by a fully deployed
parachute. Assume negligible automobile aerodynamic drag and road
friction forces.

With reference to Figure 1,

-F —

F .
~pV2CDS.

1 .2 W d V

_ t V
pgC 0S0 ( .~v

dt - —2 w J J v 2
O

Integrating and solving for the velocity ratio

— 

1 + 
P~V$tC~S0 

(1)

2W
8

L • — • --
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-

FIGURE 1 RETARDED AUTOMOBIL E
SEE EXAMPLE 1

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The quantity 2W/pgVStC~SQ is in effect a mass ratio. It can be
visualize d as in Figure 2 to be the ratio of the mas s of the sys tem ,
W/g, to the mass of air con tained in a right circular cylin der of
face area C~S0, length V5t, and mass densi ty p . If this quantity is
denoted by M, then Equation (1) becomes

(2)
VS 1+~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

VOLUME DENSITY - p

W/g pgV5tC0S0

¶ FIGURE 2 VISUALIZATION OF THE MASS RATIO CONCEPT

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). Note that the length V5t in Figure 3 is not a true trajectory
distance because of the use of the constant initial velocity V~ for
all times. This mass ratio contains the basic variables (altitude,
p ; parachute aerodynamic size, CDSO; sys tem mass , W/g; velocity , V5;• 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 under-
stood or defined as to permit inclusion in the analysis.

•
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FIGURE 3 VARIATION OF AFFECTED AIR MASS ALONG A
FUL LY I NFLATED PARACHUTE TRAJE CTORY
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As the automobile is retarded , the Reynold’ s, Froude , and Mach
numbers vary along the trajectory as the velocity ratio changes.
For the steady-state trajectory, only the ballistic coefficient ,
W/C~S0, remains constant throughout the trajectory and can be used
as inaicative of performance. If Reynold ’s, Froude , or Mach num-
bers are to be considered , the question becomes which of the ~any
numbers should be used . From Equation (2) the velocity ratio can
be determined for any time, t, into the trajectory. Once the
velocity is known , the Reynold ’s, Froude , and Mach numbers can be
determined . However , before these three scale factors could be
computed , the mass ratio had to be calculated first in order to
obtain the velocity ratio. Therefore, the mass ratio , even though
it ~.lso varies along the trajectory, once again is the superi’~r
scale factor because it directly affects performance rather than
being a secondary calculation .

Figure 4 illustrates the variation of the various scale factors
as a function of time for the automobile of example (1) with the
following parameter values:

V5 = 300 fps, CDSO = 25 ft2, N = 500 lb, p = 0.002378 slugs/ft3.

The Reynold ’s, Froude, and Mach numbers are defined :

* EVL
Reynold ’ s number (3)

Froude number * F - (4)
v gL

* 
V

Mach number M~ - (5)

2W
The Mass Ratio N 

pgV
5tc.~,S0 

(6)

• Some of the mass ratio variables appear in each of the preceding
scale factors. Then it is possible to express the mass ratio M as
some function of (Re,Fr,Mn). The only limitation is that a single
value of V—V8 be used .

1 1
From Equation (3)

* The characteristic length , L, in Reynold ’s and Froude numbers is
taken as the square root of the drag area. For a discussion of
characteristic length , see Appendix A.

I
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From Equation (4) i..
gF,~

V2
Therefore , i.. . $

pV5 ~~~~~~

From Equation (5)

Substituting these quantities in the mass ratio, Equation (6)

2Wc2
M -  x —!.

g2tpCDS. R
•
F~

Equation (7) does not appear to be a convenient way to express the
mass ratio scale fac tor , even if we knew the instantaneous values
of Re, Fr, and M~ as a function of the time , t, but it does indi-
cate that modeling parachute performance is a complex function of
Re, Fr, and M~.

MASS RATIO APPLICATION TO DEPLOYING PARACHUTES

The term “ballistic coeff icient” is defined as the ratio of the
system weight to the steady-state drag area of the parachute
(W/C0S0). This parameter is currently used as a measure of the
state of parachute operation. Ballistic coefficient values greater
than approximately 40 are considered as infinite mass, while values
of approximately 0.3 are finite mass. As the parachute inflates ,
the drag area varies from instant to instant. If the instantaneous
drag area can be determined as a function of deployment time , then
the variation of ballistic coefficient during deployment can be
defined.

Appendix B develops an empirical deployment drag area ratio
expression for specified solid cloth types of parachutes as a
function of deployment time ratio , which is expressed in Equation
(8 ) .

CDI I ~
3 2

~
‘ Lt’ ~7) fr ) +~J (8)

4 14

1
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The development of this expression is a very important concept
because it demonstrates that the parachute geometry variation
dur ing  deployment is independent of altitude and velocity and is
only dependent upon the initial geometry (ii ) and the deployment
time ratio. Berndt, in Reference 1, confirmed this proposition by
testing parachute systems at various altitudes and velocities.

For the convenience of the reader, the paper in which Equation
( 8)  was developed is included as Appendix B. A guide for  the use
of Appendix B is included as Appendix C. When the instantaneous
drag area (CDS) in the transient ballistic coefficient (B.C.),
Equation (9), is replaced by Equation (8), the variation of the
ballistic coefficient during deployment is shown to be:

WB.C. - 
~~~ (9)

B.C. - -  w
1 3 1 2

(10)
L ‘° J

When the in i t i a l  condi t ion , n, approaches zero , the ballistic
coefficient approaches infinity at time t=o. From this initial
value , the ballistic coefficient then modifies from instant to
instant to whatever final ballistic coefficient (W/CDSO) (infinite
mass, intermediate mass , or finite mass) the particular system
under study possesses. For any given value of W/CDSO and ri, the
va r i a t i on  dur ing deployment is a lways  the same (see Fig. 5).

Appendix B developed a mass ra t io  scale factor  similar to
Equation (6) for an inflating solid cloth parachute , which was a
constant value throughout the deployment process. The only
difference between the mass ratio of Appendix B and the mass ratio
visualized in Figure 2 is that the variable time t is replaced
by the discreet time to.

The magnitude of the mass ratio (M) together with the initial
area effect (r~) determine the state of parachute operation

1. Berndt ,  R . J .  and DeWeese , J . H . ,  “ F i l l i n g  Time Predict ion
Approach for  Solid Cloth Type Parachute  Canopies , ” AIAA Aero-

• dynamic Decelerations Systems Conference , Houston , Texas ,
7—9 Sep 1966.

15
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(infinite mass , etc.), the velocity ratios during deployment , the
maximum opening shock force , and the time of occurrence of the
maximum shock during or after the unfolding phase of deployment.
Examination of Figures 9 and 10, p. B— 5 , Appendix B, discloses
that in this system of measurement mass ratios greater than 10 are
essentially infinite mass state of deployment, and for ri=0 mass
ratios less than 0.19 are finite mass state of deployment . In
between these limits are intermediate mass ratio values where the
parachute opening shock occurs after time to, but can be
significantly less than infinite mass calculations. The mass
ratio limit for the finite state of deployment is dependent on
the value of n. An analysis of limiting mass ratios is presented
in Appendix D.

In the method of developing the inflating parachute analysis ,
onlj one value of mass ratio was possible. The concept of a non-
constant mass ratio during inflation was an innovation which
occurred after the publication of Appendix B. A possible develop-
ment of variable mass ratio during canopy inflation requires that
the reference time to and the steady-state drag area CDSO be
replaced by their variable counterparts t and CDS.

M 2W
- 

pgV5tC~ S

When C~S is def ined  by Equat ion ( 8 )  and the denominator  is multi-
plied ~y t0/t0=l.

2W
M —  (11)

P8VstOCDSO(~-)[(1 
(
~
5 ] 2

The mass ra t io , un l ike  the ba l l i s t i c  c o e f f i c i e n t, is i n f i n i t e  for
all values of ~ at the beginning of deployment . The variations
of mass ratio during deployment is compared to the variation of
ba l l i s t i c  c o e f f i c i e n t  as a f u n c t i o n  of r~ in F igure  5.

A comparison of the development of the affected air volumes
for single value and variable mass ratios is visualized in Figure
6. The variable mass ratio air volume, as shown , is for a mass
ratio greater than the limiting value . In the method of calcula-
tion in Appendix B, the elasticity of the materials are not con-
sidered significant in finite mass deployments , because the

• maximum opening shock occurs before full inflation.
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CONCLUSIONS

The following conclusions are derived from the arguments pre-
sented in this paper.

1. Scale factors for use in parachute performance analysis
must contain those variables which affect operation. Weight, time,
variable geometry , and air flow through the canopy are very impor-
tant parameters not accounted for by Reynold ’s, Froude , and Mach
number similitude expressions. The mass ratio , M, which does
contain the basic parameters required for a meaningful scale
factor , was derived from the analysis of a horizontal retarded
trajectory. The visualization of Equation (6), in Figure 2, when
viewed in this manner , demonstrates that this quantity is a true
ratio of masses, while Equation (2) and Figure 3 show that the
trajectory performance is dependent upon the affected air mass as
a func t ion  of time .

2. Scale factors for parachutes are likely to be complicated
functions of Reynold ’s, Froude , and Mach numbers. An improvement
in the application of Reynold ’s number and Froude number to para-
chutes can be attained by utilizing a characteristic length whose
magnitude is equal to the square root of the steady-state drag
area . This reference length provides a logical basis for comparing
the retarded f u l l y  in f l a ted  parachute t ra jec tor ies  for  any type of
parachute for  a s ingle  value of Reynold ’ s number .  At the same
time, canopy deployments for parachutes of differing inflation

• characteristics will vary for identical Reynold ’s number or Froude
number .

New names were applied to the steady-state drag area and
the characteristic length. These names are “Aerodynamic Size” and
“Aerodynamic Diameter ,’ respectively.

¶ 3. The rea l iza t ion  that  the geometry of parachute deployment
is independent of a l t i tude, velocity, and system mass is a very
important discovery ! The deployment geometry can now be separated
from the forces generated and analyzed separately. Drag area
signatures obtained from infinite mass wind tunnel tests are
applicable to finite mass and intermediate mass analysis.

4. The mass ratio equation , M , is the same for all types of
parachutes. When different types of parachutes are tested under
identical deployment conditions, the particular mass ratio for a
given parachute type is dependent upon the reference time to.

• The reference time to is dependent upon the geometry , air f low
properties of the canopy , drag area signature , and deployment
conditions. For the solid cloth types of parachutes of Appendix
B, the dependency of the mass ratio and reference time on the
aforementioned parameters are illustrated in the flow chart of
Figure 7. The technique of Appendix B can be used to develop an
analysis for other types of parachutes , once the inflation drag
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area signature has been determined as a function of initial area
and deployment time ratio from infinite mass wind tunnel deploy-
ments and methods of handling airflow through the canopy are
developed . Treating the drag area as a single quantity as opposed
to instantaneous drag coefficients and areas simplifies the prob-
lem and appears to be adequate for calculating forces.

5. The mass ratio concept from the horizontal trajectory
analysis was applied to the inflation analysis of several types
of solid cloth parachutes of Appendix B. A single value of mass
ratio was used throughout the inflation process, and reasonable
results  were obtained . In addition , the e f f e c t s  of a l t i tude on
inflation distance and shock factor were analytically described .

6. As a further advance in inflation analysis , the idea of a
• variable mass ratio dur ing canopy i n f l a t i on  was introduced. For

both ba l l i s t ic  coe f f i c i en t  and mass rat io approaches , it was
demonstrated that all inflation processes begin as infinite mass
quantities. Future analysis of opening shock which utilizes a
variable mass ratio during deployment should improve the accuracy
of the analysis as it more nearly approaches the realistic
environment.

7. The initial area of the parachute at suspension line
stretch is dependent upon the deployment system for magnitude and
repeatability. The effects of n on deployment forces can be
evaluated by treating n as a variable and calculating the result-
ing forces for constant deployment conditions.

As rt increases , the reference time t is reduced with a
subsequent rise in the mass ratio and shock ~actor . In finite
mass deployments , the increase in parachute drag force early in
inflation reduces the maximum force at t = t0. The amount of
reduction depends upon the mass ratio. At a value of approximately

= 0.4, the shock factors at t = 0 and t = t0 are essentially
equal (see Fig . D-2). Initial area ratios of this magnitude can
be adapted to the deployment analysis of the second stage of a
reefed parachute by considering the disreefing as the deployment
of a parachute with a large n.

8. As the mass ratio increases during finite deployment , the
maximum force occurs later in the inflation process. The mass
ratio which causes the maximum force to occur at t = to is
defined as the limiting mass ratio , ML, which is a function of ri.

•
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Appendix A

DISCUSSION OF CHARACTERISTIC LENGTH

The application of Reynold ’s number and Froude number to the
scaling of parachute per formance is not satisfactory. One cause
of this deficiency is the definition of the characteristic length
used in each of these parameters. Many experimenters quote values
of Reynold’s number per foot of length, regardless of the
geometric size of the parachute, in order to avoid the necessity
of defining a characteristic length .

If a wide range of any given type of parachute sizes were
tested at constant deployment conditions and attached mass, the
opening shock characteristics and the inf light trajectories vary
for each of the parachute sizes used , but the Reynold ’s number per
foot remains constant. This is illogical. It could be argued in
this case that use of the parachute design diameter , D0, would
suffice as a characteristic length because the various trajectories
are different by reason of the different canopy sizes. Where this
argument breaks down is when a different type of parachute of the
same design drag area (CDSO) is substituted , such as a ribbon type
of canopy being substitutea for a solid flat canopy . In this case
the inf light trajectories are matched , but the geometric diameter
of the ribbon chute is considerably larger than the equivalent

4 flat circular. The use of the geometric diameter in this case
would give two values of Reynold ’s number for the same inf light
tra jectory . The “best choice” of reference length is that length
which will define the in f l ight trajectories for similar ballistic
coefficients (W/CDSO) by one value of Reynold’s number. The
characteristic length described in Equation (A-I) meets the s.ngle
value criteria.

L O D A OV IE 
(A.tJ

The opening shock force characteristics of the different types of
parachutes will vary for iden tical Reynold ’s numbers. The fact
that the deployment performance of various types of parachutes is
different for identical Reynold ’s numbers is to be expected and
logical.

• The following proposals are offered :

A-i
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a. The characteristic length used in Reynold ’s number calcula-
tions as applied to parachutes be defined as per Equation (A-l) and
be named the “Aerodynamic Diameter.” The aerodynamic diameter shall
be designated by the symbol “DA .”

b. If we consider the surface area (S0) of a parachute asrelated to the geometric size of the canopy , then in che same
manner the drag area (CDSO) can be related to the designation
“Aerodynamic Size.”

I

1
A-2

- 
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A TECHNI~1JE FOR THE CALCULATION OF THE opEI :Ir:G-sHock FORCES FOR
SEVER.-~L TYPES OF SOLID CLOTH P A R I CH U T E S

W. P. Ludtke
Naval Ordn ~ rce  Laboratory
Si lver  Sprir•g, Marylar.d

Abs t ract altitude Increases, effec t s of s it it u d e  on
opening-shock force, f t~ Ite a~ d infinite

An analytical method of calculating mass operation , ard In flat io n distance.
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 Equatio’-s During
types in conjunction with a scale factor the Unfolding Phase of
and retardation system steady-state para.m- Parachute Deployment
eters has been developed. Methods of
analyzing the inflation time , geometry , The pa~aehute deployment would take
cloth airflow properties and materials place in a horizontal attitude in accord-
elasticity are included. The eff acts of ance with Newton ’s second law of motion.
mass ratio and altitude on the magnitude
and time of occurrence of the maximum EF = ma
opening shock are consistent with observed
field test phenomena. 

~ p V~C s ~ dV
I. Introduction D g

In 1965, the Naval Ordnance Laboratory it was recognized that other factors, such
(NOL) was engaged in a proiect :-:hich as included air mass, apparent mass, and
utilized a 35-foot-diameter, 10-percent their derivatives, also contribute forcesextended—skirt parachute (type T-l0) as acti on the system . Since definition
the second stage of a retaroat ton system of t.~ese parameters was difficult, the
for a 250-pound payload. Deployment of analysis was conducted in the simplified
the T-lO parachute was to be accomplished form ahot’m above . Comparison of calculated
at an altitude of 100,000 feet. In this results ar.d test results indicated that
rarefied atmosphere, the problem was to 

~he omitted terms have a small effect.determ ine the second stage deployment
conditions for successful operat i on . A
search of available field test information t V
indicated a lack of data on the use of 

J 
-2W J dV

solid cloth parachutes at alt ttudes above = -
~~~~

- —
~~~ (1)

30,000 feet.

The approach to this problem was as
follows: Utilizing existing wind-tunnel
data , low-altitude field test data, and ~ultiplving the right-hand side of equa—

reasonable assumptions, a unique eng i- 
tion (l~ by

neering approach to the inflation time
and opening-shock problem was evolved that VStOCDSOprovided satisfactory results. Basically, 1 =
the method combines a wind-tunnel derived VStOCDSOdrag area ratio signature as a function
of deployment time with a scale factor and
Newton ’s second law of motion to analyze
the veloc ity and force profiles during and rearranging

• deployment. The parachute deployment
sequence ie divided in to two phases. The 

dtfirst phase, called “unfolding phase,” i r CD
where the canopy is undergoing changes in
shape , is considered to be inelastic as to J Cr~S0
the parachute Inflates initially to its
steady-state aerodynamic size for the
first time . At this point, the “elast ic
phase” is entered where it is considered

-2W v ~ dV 
(2)4 that the elasticity of the parachute —

materials enters the problem and resists P~V5t0C~S0 sJ ~~
the applied forces until the canopy has
reached full inflation .

• The developed equations are in agree-
ment 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

B-i
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analysis as a function of deployment
reference time , to. F 24°

ILB ~
120

‘ —UNFOLDING PHASE - 
- - ELASTIC PHASE

0 
0. 10 0.20 0.30

A 
- 

I REPRODUCED FROM REFERENCE (1)

I FiG. 3 TYPICAL FORCE-TIME CURVE FOR A 10% E X T E N D E D

SKIRT PARACHUTE UNDER INFINITE MASS CONDITIONS.

~o 

F
MAX 

006~~~~10

0 *~ 
TIME (SEC)

REPRODUCED FROM REFERENC E (II
TIME RATIO “ta FIG. 4 TYPICAL FORCE-TIME CURVE FO~ A PERSONNEL

FIG. 1 TYPICAL INFINITE MASS FORCE-TIME HISTORY OF A ~~UIDE SURFACE PARACHUTE UNDER INFINITE

SOLID CLOTH PARACHUTE IN A WIND TUNNEL 
ASS CONDITIONS

FIgure 1 illustrates a typical solid I
cloth parachute wind-tunnel infinite mass
force—time history after snatch . In I
infinite mass deployment, the maximum size
a!td maximum shock force occur at the time
of full inflation, tf. However , tf is
inappropriate for analysis since It is F -

dependent upon the applied load, structural  ILB) I
strer.gth, and materials elasticity. The
reference time , t~~ where the parachute hasattained its steady-state aercdynamic size
for the f i rs t  t ime, is used as the basis for
performance calculations . I

— - -. .~~~~~~~ Li_..

At any instant during the unfolding 
0 0•04 0.06 0.12 0.16

phase , the force rat io F/FS can be deter— 
TIME (SEC)

mined as a function of the time ratio ,
t/~ . 

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

F

1 
(1.0 • ___

i-s = _ DV
s C~~ 0

Sir.ce the wind—tunnel velocity and density
are constant during mu :! te mass deployment 

0 0.02 ~06 0.06

F~ CDSO 
T’ME (SEC)

FIG. 6 TYPICAL FORCE-TIM E SIGNATURE FOR ThE RING
SLOT PARACHUTE 20% GEOMETRIC POROSITY UNDER
INFINITE MASS CONDITIONS

F 100
fi r.i t -- mass opening-shock signatures

C f  t~ 
- --n ’U typ~~

; of parachutes are pre-

• 
0
0 ~~~~~~~ ~ o - se .tel ~r, ‘ i ,~ur --r ’ 2 through 6. Analy sis

TINE (SECI 
o~
’ h’-ce sI~~~~~ures us i rg  the forc e ra t io,

- ¶- -
~ r -  ic , t/t0, techn ique

flO. 2 TYPICA L FORCE.TI ME CURVE FOR A SOLID FLAT PARA ~~. a similarity in the performance
CHUTE UNDER INFINITE NASS CONDITI0NS. of ~ various sol id  cloth types  of
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parachutes which were examined. The geo-
metrically porous ring slot parachute c0 s /

)z (t )
6

2 f~~~~

)(

t)3 ,7a (5)di splayed a completely d i f ferent  signature ,
as was expected . These data are illus- C0 S~
trated in Figure 7. It’ an Initial boundary

_______ _______ 
At the time that equation (5) was ascer-

T 1  - tam ed , it suggested tnat the geometry of/ the deploying parachute was independent
of density and velocity. It was also2.0 -- 

~~ f I 
- -  

postulated that although this  expression
- had been determined for the infinite mass

- j 0 / condition, It would also be true for
—Ea 4.~~ -o  the finite mass case. This phenomenon

— — EO.4.~~-0.2 
has since been independently observed and
con firmed by Berndt and De Weese In1.6 — 0 PERSONNEL GUIDE SURFACE

D r r - fer e nc e ( 2) .
0 RING SLOT CANOPY

1.4 - A ELUPTICAL CANOPY - Since the drag area ratio was determined

o O SOLIO FLAT CANOPY from actual parachute deployments, it was
- assumed that  the efi acts of apparent mass

O a 10%EXTENDEDSKIRT -1.2 — -  - - —~- — _--_ and included mass on the deployment force

‘I
J 

history were accommodated.

1.0 — -- - - - — - 

- 

~~- - --~~~~~~~~~~~ i The right-hand term of equation (2)
0 contains the expression

(6)

0.6 - / 0  ~~~~~~ 
PgV5t~ C~ S0 

=
0.$ 

~~~~~~~~~~~~~~~~~ ~~~ 

--

I x
I /0 ’

o f  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

- 
/  associated mass of atmosphere contained

0.2 — — - . In a right circular cylinder which is
O~ ~~~~~~~ 

I 
- generated by moving an in f la ted  parachute

— I - of area CD S O for a dis tance equal to the
0 0.2 0.4 0.6 01 1.0 1.2 1.4 product of V5t0 through an atmosphere or

dens i ty ,  o.

VOLUME DENSITY - pFIG. 7 DRAG AREA RATIO VS. TIME RATIO

CYLINDER

cond ition of CDS/CDSO = 0 at t ime t/t0 = 0 FACE AREA

is assumed , then, the data ca~, be approxi- 
C0S0

mated by fitting a curve of tne form - -

6 WI~ ~~~~~~ ,.,. ______

piV,tC0S0
CDSO 

(~)
A mc e realistic drag area ratio expres- FIG. S ViSUALIZATION OF THE MASS RATIO CONCEPT

sion war determined which includes the
effect  of initial area at line stretch.

The mass ratio, N, is the scale factor
wh ich cor,trols the velocity and force

[ ( ‘ ] 2 profil~ n durir~ parachute deployment.
- ~~ (~

_
~ + r~ (k )  substituting tI and CDS/CDSO 

into equa-
CDSO 

/ to tior. (2), integrating, and solving for
v/v 5

• where n is the ratio of the projected
• lno3th area at line stretch to the steady- V 1

state projected frontal area. Expanding V, i ( 1 .. ~~~2 ~ 
~~~ 

_
~)(J ,

~J ~~T)

M [ 7 ( t,) 2equation (4) 1 + —  +

B-3
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The instantaneous shock factor is defined Figures 9 and 10 illustrate the velocity
as and force profiles generated from equatla-is

(7) and (8) for initial projected area

= F $ pv 2cDs ratios of i~ = 0, and 0.2 with various mass
_________ ratios.

~ 
~
‘s .

~ p V 5
2C.~SQ 

IV. Methods for Calculation of
the Reference Time, to

If the altitude variation during deployment The ratio concept is an idea]. method 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 open ing parachutes; however, a
means of calculating t0 is required beforeCDS (V 

~ 
2 specific values can be computed. Methods

for computing the varying mass flow Into
CDS0 ~“a’ the inflating canopy mouth, the varying

mass flow out through the varying inflated
canopy surface area, and the volume offrom equati ons (5) and (7) air, V0, which must be collected during
the inflation process are required.

ii + 2t7(1 
_
~)(.~.) +,~ FIgure 11 represents a solid cloth—

________________________________ 

type parachute canopy at some Instant
2 (8) during inflation. At any given instant,- 

[~ ~ ![(1 _
it )2/t ) ’  +~~~

1

2

_ T
~~
(

~)4 +i~zi]J the parachute drag area is proportional
ML 7 ~~ to the maximum inflated diameter. Also,

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 or occurrence or the maximum assumptions. The actual canopy shape is

instantaneous shock factor, xj, is difri- of minor importance.
cult to determine for the general case.
However, for n 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 ,~ = 0 mouth area is in the sane ratio as the

instantaneous drag area.

I t  ‘6

= 

1 + ~~~ ( t ) 7 1 2 
At40 C~,S0

~ 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 rat io
to time equal to zero -and s~lving for 

am the instantaneous drag area.
t/t 0 at x i max

S CDS
1

/ t~~ — 
(
~~~~~

7 S0 C~ S0

max c. Since the suspension lines th the
unpressurized area of the canopy are
straight, a pressure differential has not

and the maximum shock factor is developed , and, therefore, the net air-
flow in this zone is zero.

6
16 /2lP4) 7 Based on the foregoing assurnptlcns,

max 
~~ \~

-j
~ 

(10) the mass flow equation can be written

m in flow - in outflow
Equations (9) and (10) are valid for valua.

• of M ~ 
.~ (0.19), since for larger values dV

of N , the maximum shock force occurs in p — = PVAM - pA5P
the elastic phase of inflation.

B-4
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to

(11) 
_ASok (_

J

~.~
..)[

8

(

~~~~
] d t

7M ~t0/ (12)

I Integrating:

I ~~~V5tQM ~n +

— _____ ______ — B— I•
to

FLOW 
c~~ n J  

~ 
6 12n

I -~~~~k (~ j(
~

) 
~ + ~~ (~i (13)

Measured values of n indicate a data
range from 0.574 through b.77l. A
convenient solution to the reference time

FIG. II PARTIALLY INFLATED PARACHUT E CANOPY equation evolves when n is assigned a
value of 1/2. Integrating equation (13)
and using

From equation (3)
V5t0M 

2W

CDS i
~ ‘.6  ~PC~S0

; for i~ — O
CDSO ~ to/

gp!0 CDSO
From equation (7) LET K1 = ~~~~~ 

/C~~~~l/2- Asok (
i
—)

V —  ; ,i= 0  2

1 + -~- (..t\7
7M \t0/ r

• I K1
t =  ‘ I c  — l  (14)From equation (26) 0 gpV6C~S~ ~

P — k (C~p ’.I~ V~~ Equation (14) expresses the unfolding
\ 2 / reference time, t0, in terms of mass,

alt itude , snatch velocity, airflow char-
acteristics of the cloth, and the steady—
state parachute geometry. Note that the
term gpV0/W is the ratio of the included
air mass to the mass of the retarded
hardware. Multiplying both sides of
equation (14) by V5 demonstrates that

t0
I 
~ ~
6 V t = a constant which is

— 

~ a function of altitude
dv AHO

y
5 

i
°
’t~~~ 

dt
1 + —- (—) Figures 12 and 13 indicate the para-

o o 7M %~t / chute unfolding time and unfolding0 distance for values of n 1/2 and n —
• 0. 63246 . Note the variation and conver-

gence wi th  rising a l t i tude.  The opening—
shock force is strongly Influenced by
the in f la t ion  t ime .  BecauSe of this , the

8-6
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v aLue of to calculated by using a real- CLOTH NIL c-7020 , TYPE II I
Istic value of n should be used In the 35 FOOT 1O~’ EXT ENOEDSKI RTCAN OPY
lower atmosphere. 100 C~~’ 1.15

As an example of this method of opening-
shock analysis , let us examine the e f fec t
of altitude on the opening-shock force of
a T-lO-type parachute retarding a 200- sopound weigh t from a snatch velocity of
V5 — 400 feet per second at sea level.
Conditions of constant velocity and con-
stant dynamic pressure are investigated. — EQUATION (13)

The results are presented in Figure 14. n.O.63246
At low altitudes, the opening-shock forcI~ 60
Is less than the steady-state drag force; Z
however, as altitude rises, the opening CONSTANT VEL OCITY
shock eventually exceeds the steady-state o 

~~ 400 F.P.S.
drag force at some altitude. This trend ~. AND
is in agreement with field test observat1ci~s. 40 .- - -CONSTANT

- 0YN~~ iIC
V. Correction of t0 for ~s SSURE
Initial Area Effects -J ‘90 LB/PT 2

-C

calculated by the previous methods assumes EQUA TION(14 )

The unfolding reference time, t0, 20 -

that the parachute inflates from zero drag
area. In reality, a parachute has a drag

b C  — ~~~~~~~ 100 200 300
UNFOLDING DISTANC E (FEET)

V,10
9° FIG 13 EFFECT OF ALTITUDE ON THE UNFOLDING 01$.

CLOTH MtL-C-7020. TYPE III lANCE AT CONSTANT VELOCITY AND CONSTAN1
38 FOO T. 10% EXTENDED SKIRT CANOPY DYNAMIC PRESSURE FOR n • 1/2 AND n - 0.6324S

SO - CF - l b s

b C -

~ 7 0 -  MAX I
UI
UI V
~~~~~~~

6 O .

— I.-

I — -0 
I’ Iz

.4 0 
i

• 50 ~~~~~~ 
F~~~~

— I
t —CONSTANT VELOC I TY . 400 F.P.S. —IM 00 \ # J CONSTANT

DYNAMICUI
~ q.190 L5/FT 2

PRESSURE
.4

— CONSTANT

CONSTANT DYNAMIC PRESSURE t -

/
/ 

F, I
VELOC ITY3 0 -  

~~ 20 -I/

2 0 -  ~ 0 !~ 50.1137 100 200
50 (141 ,-0.S324S FORCE (THOUSANDS OF POUNDS)10 -  ,,~~!2 

~
..,, F :G 14 VARIATION OF STEADY-STATE DRAG. Fr ANO MAXI-S

kiEr. MUM OPENING SHOCK WITH ALTITUDE FOR CONSTANT
A VELOCITY AND CONSTANT DYNAMIC PRISSURE

0 02 04 0.6 0.6 10 12

UNFOLDINGTIMF (SEC.) area at the beginning of inflation . Once
to has been calculated , a correction can
be applied , based upon what is known about

FIG. 12 EFFECT OF ALTITUDE ON THE UNFOLDING TIME he initial conditions -
-

~~~~ AT CONSTANT VELOCITY AND CONSTANT
DYNAMIC PRESSURE FOR n - 1/2 AND ., - 063296

B-i
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Case A - When the initial projected than the maximum extensibility, c , of
area is knovn the materials.  max

A 1~~ ~~3 Development of the analysis in the
— f t  ‘~ elastic phase of Inf la t ion  is similar  to

A \ -  / the technique used in the unfolding phase.
c o Newton I~~ second law of motion is used ,

together wi th the drag area ratio signa-
ture and mass ratio

/A 1 ~
1/3

t1 U I ( J  t c s  ,

~~~ / 
0calculated .._2__

CDSO \t~~

[ A 1/31 which is still valid , as shown in Figure 7
1 

(A c ) j O calculated 6 
V

I. ...~— f (-~\ d t = V  I .~~~~

(15 ) Mt 0 
~‘V~ 

~
2

Case B - Whe n ~he ir it ia l  drag area
Is known

In ..egratlng and solving for
6 V5

CDSI (ti\
CDSO kt 0 / v 

= 
1 

(17)
V5 

~~~~~~~~ ~~~~ 1

, ~l/6 V 7M 1\t /
CDS1 ° °

t~ = (—) t
°calculated V0whe re — is the velocity ratio of the

I
s

unfolding process at t ime t = t0.

UI [1 - (~~P~!\~~~~~~~
°corrected 

~ ~~~~~ / J °calculated V0 
= —_______ 1

(16) 
V6 

___

M~~ 7 2 J
The mass ratio should row be adjusted for
the corrected t0 before velocity and force 

(18)
profiles are de ermired .

The ir,stantar.eous shock factor in the
VI. Opening-Shock Force, Velocity Ratio, elastic phase becomes

and Inflation Time During the
Elastic Phase of Parachute Inflation

D Iv -

The mass ratio, N, Is an important ——
parameter in parachute analysis. For D o ‘. a
values of M <<4/21, the maximum open ing-
shock force occurs early In the inflation
process, and the elastic properties of /~~ 

\6
the canopy are not significant. As the (

~ — J
mass ratio approaches N — 4/21, the x = __ _ _ _ _ _\—dJ
magnitude of the opening-shock force ~ f r -‘ 2
increases, ard the time of occurrence lV~ ~ 

li t ‘~happens later In the deployment sequence. l—~ 
+ —- 

~~~~~~~~ 
- 1

For mass ratios N > 4/21, the maximum ~V0 TM
shock force will occur after the reference I
time, to. Parachutes designed for high

• mass ratio operation must provide a The end point of the inflation process
structure of sufficient constructed depends upon the applied loads, elasticity
strength, Fc, so that the actual d on- of the canopy, and the constructed strength
gation of the canopy under load is less of the parachute. A linear load elongation

1 

~~
:—

~~~~;- -~~~~ 

_
~

-
~

-
~:i-ii
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relationship is utilized to determine the The text force In the series at constant q
maximum drag area.

A
F1 X0F8

2

F F~ 
c

wh e r.-

= 

F C 
(20) UI (1 +

F
~

The force, F, is initially the instanta- subsequent elongations In the system can
neous force at the end of the unfolding be sho.-rn to be
process

F — X F
— — o s  (21)

where X0 is the shock factor of the 
£ 2 = £

0 
(1 + £

0 
(1 + c )

2
)
2

unfolding phase at t = t0
The required canopy constructed strength

1 can be determined for a given set of
X0 r deployment condit ions.  The l imi t ing  value

I 1 — ) 2 (1 - ~~) 211
2 of the series (ci.) determines the end

I 1 + — + + i~ paint ttme ratio.

L M 7 2 

(2 2) (t f) 6  
CDSrnax 

= (1 +

Since the inflated shape is d e f i n e d , the ° D 0

drag coeff ic ient  Is considered to be
constant, and the instantaneous force is
proportional to the dynamic pressure and /t~~\ /c~ \1/•~projected area. The ma.xirnum projected f ._- - J = ( —

~~~~ J = (1 + c,)
area would be developed if the dynamic \t / \ •

~~~~ /
pressure remained constant during the 0 0

elastic phase. Under very high mass (24)
ratios, this is nearly the case over this
very brief time period; but as the mass FI~ ur~ 15 illustrates the max imum drag
ratio decreases, the velocity decay has area ratio as a function of C0.
a more significant effect. The simplest
approach for all mass ratios is to
de termine the maximum drag area of the 

3canopy as if elastic inf la t ion  had 
~~ 

I -
occurred at constant dynamic pressure . I 1 1 i
Then ut i l iz ing the time rat io determined •
as an end point , Inte rmediate shock : ; : : .  - 

A : - -

fac tors can be calculated from equation ~~. . .  I - -

(19) and maximum force assesse-1 .
~~ 

2 - - ~~~- - - f . - -~~~~
1 -

~~~~ ---— -+ -
- -

The ini tial force , X0F5, causes the 
~~~ ::~: : : : : : ~~~~~~ ~~~canopy to increase in projected area. The ‘2~~~ - - - - - - - . -~~~~,.: — -. ________

new projected area in turn increases the t.~ ¼.> ::!:~~::1 1~ ~~~~~~~~~~~~~~~~total force on the canopy which produces 
~~~~~~~~~~ ~~~ ~~~~~~~~ 

-

a secondary projected area increase. The —
~~~- t -  

~~~ 1 ~~t~~;resulting series of events are resisted L. -

- 
_.~~~ 

- 
~~
.

by the parachute materials. The parachute 1 
~~~~~~~~~~~~~ ~ 

- :i  -must , therefore , be constructed of r.uffi- ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ .~clei t strength to prevent the elo: gat ion - - - 
~~~ t 

~~~ ~~t 
-

of the materials from exceeding the ~~ ~~~~ : •O~~ .~ L. !maximum elongation. —.- .

i~i I t t  ftX F ~~~~~~~~~~~ .t j .  - A t ~~. i I
_2.~~~ C 0 0.1 02 0.3
F max (23)
c

FIG. 15 MAXIMUM DRAG AREA RATIO V~ . IMTI*L
ELONGATION

-4
_____________________________
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vii . Application of Cloth Permeability used in these calculations . Figure 18
to the Calculation of the Inflation presents the e f fec t  of pressure coefficient
Time of Solid Cloth Parachutes and altitude on the unfolding time for

constant deployment conditions.
The mass outflow througn the pressur-

ized region of an inflating solid cloth It is well known that the inflation
parachute at any instant is dependent upon time of solid cloth parachutes decreases
the canopy area which is subjected to air- as the operational altitude increases.
flow and the rate of airflow through that This effect can be explained by consid-
area. The variation of pressurized area as ering the ratio of the mass outflow
a function of reference time, to, was through a unit cloth area to the mass
earlier assumed to be proportional to the inflow through a unit mouth area.
instantaneous drag area ratio, leaving the
rate—or—airflow problem to solve. The
permeability parameter of cloth was a M’ = mass flow ratio = ~~ss outflow
natural choice for determining the rate of mass inflow
airflow through the cloth as a function of
pressure di~ ferentia1 across the cloth. whereHeretofore, these data have been more of
a qualitative, rather than quantitative,
value. A new method of analysis was mass outflow = P slugs (per.ft2cloth area)
developed wherein a generalized curve of P f t  -sec
the form P = k(~P)fl was fitted to clothparmeability data for a number of different
cloths and gives surprisingly good agree- and
ment over the pressure differential range
of available data. The pressure differ-
ential was then related to the trajectory mass inflow ~J 

slugs (per ft2 Inflow area)
conditions to give a generalized expression 

= 
P ft2-sec

which can be used in the finite mass ratio
range, as well as the infinite mass case.
The permeability properties were trans-
formed into a mass flow ratio, M’, which
shows agreement with the effective porosity ~~~ 

~~ 
--

~
__i__

~~
-. _ —

concept. -

C 7020 TYPE III
Measured and calculated permeability 

2000 MIL

~

,

~~~

,

> .~~~~~

.
_ t J t f

~~~ ~pressure data for several standard cloths
are illustrated in Figure 16. This method
has been applied to various types of cloth 1000

between the extremes of a highly permeable 600 -
- 

-
. 

~~ 

MI L 21.T Y P E I I ~~~~. .2’

3-mo~~ e silk to a relatively impervious ~~60°parachute pack container cloth with
reasonably good results, see Figure 17. 

~~oo / ~~~~~ I I • 
—

The canopy pressure coefficient , C.~,, ‘~~ 
(i I I 

-

Is defined as the ratio of the pressure “ ~‘ I

EXPERIMENTAL --differential across the cloth to the ~ 200 ( I
DATAdynamic pressure of the free stream.

0 CALCULATED DATA

_______________ 
I I ~~~Ap P(internal) - PLex~~~~J 2 100

- 87.S~~5(AP)oass
~~ - -

l/2 pV2 ~ 60

(25) 
~~ 

-4-- - P~~ 59.6613(AP)057
~~~

2 
- 

P~~~ - ~44755~~~p)O.IJO4S2
40

where V is based on equation (7).

The permeability expression, P UI k(AP)~ - 
I 

f 

Ibecomes 
- t 1  -

P = k(C P~L ) (26) IC — _______ — -~ -
0 50 100 750 200 250 300P 2

DIFFERENTIAL PRESSURE (LB/PT2)

REPRODUCED FROM REFERENCE (4)
Although some progress has been made —

by Melaig and others on the measurement of FIG. 16 NOMINAL POROSITYOF PARACHUTE MATERIAl.

• the variation of the pressure coefficient VS DIFFERENTiAL PRESSURE.

on an actual inflating canopy, this
dimension a.~d its variation with time arestill dark areas at the time of this
writing. At the present time, a constant
average value of pressure coefficient is

B—i 0

4
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Tne refore , the mass flow ratio become8 AVERAGE CANOPY PRESSURECOEFFICIENT
DURING INFLATION INCLUDING THE VENT

Pp 
P 

_______ ___________UI 1.2 
n” - 1/2 REALISTIC “n

EQ. 4 1 4) EO. 413)

c~~
2 

(2n— l)  ~k (—) 
V (27) 

~ 
06

Effec t i ve porosity, C, is defthed as 0 4  2 0 K - F T
the ratio of the velocity tklrough the ‘~cloth, u, to a fictitious theoretical 5 0 K - F T  5 0 K - F T_
velocity, v , whic~ will produce the par- 0.2 

___________ 
—

ticular~~P= l/2ov . 100K FT lOO K-

~ “ 1.0 2.0 ‘ 1.0 2.0

r 6006 — 
Cp Cp

3 MOMME SILK CLOTH
I FIG. 18 EFFECT OF PRESSURE COEFFICIENT AND ALTITUDE

ON THE UNFOLDING TIME.
5000 --  _ _

—~ - -  — — — 
e f f e c t i v e  porosity, C UI — (28)

- }~~~~ P k ( ~~P)~ Comparison of the mass flow ratio and
3000 

,‘ p-445.521 LAP)°612622 previously p iblished ef fec t ive  porosity
data is shown in Figure 19. The effects

fl of altitude and velocity on the mass flow

~ 2000 7 — rat io are presented  I-. Figures 20 , and 21
for constant -.-elocity ar.d constant
altitude. The decrease of cloth perme-
abi l i ty  ~-r ith altitude is evtdent.

/ The permeability constants “k’ and “r. ’( can be de t e rmIned  from the permeabil i ty
_____ _____ _____ 

pressure d i ffe r en t i a l  data as obtained
0 10 20 30 40 50 from an instrument such as a Frazier

?er-eamnoter .  Two data points, “A” and
AP LB/FT2

b c  I 012CONTAINER CLOTH
MtL -C-7219 , TYPE II

~~~~~~~~(~~~~~~~~~~~~~~~~~~~~~~~~
T F O l

P- 2.49196(AP 0.771591 
~~ o.oa ~~~~~~~~~ ~ ~MIL.C-$02l . TVPE I

~ 20 ___  - 
0.02 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -S~~~~ TYPE II

_____ I — C I &

• 0 20 40 60 $0 100 40 80 120 160 200 240 2*0

~~P LB/FT 2 DIFFERENTIAL PRESSURE (LB/PT 2)

• REPRODUCED FROM REFERENCE 4)
FIG. 17 COMPARISON OF MEASURED AND CALCULATED

PERMEABILITY FOR RELATIVELY PERMEABLE AND FIG. 19 THE EFFECTIVE POROSITY OF PARACHUTE
IMPERMEABLE CLOTHS MATERIALS VS. DIFFERENTIAL PRESSURE

1
B-li
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“ B,” are selected In such a manner that
point “A” is in a lo~:-p ressure zone belov
the knee of the curie , and point “ B ” is

POINTlocated in the upper end of the high-
pressure zone, as s~;o;--n In Figure 22. 

~ 
FT 3

FT 2 - SEC
The two standard measurements of 1/2

inch of water and 20 inches of water
appear to be good data points if both are

POIN

b c

CLOTH. MIL-C-7020. TYP E I I I  
A P -

~~~~
—

I, — 1.46042. n - 063246; C0 1.15 FT2

50 MASS OUTFLOW
M - MASS FL OW RATIO - FIG. 22 LOCATION OF DATA POINTS FOR DETERMINATIONMASS INFLOW

0F k AND ” n ’.
w
w
I’
I’

available on the sam e sam le. Subst~.—
tuting the data from points “A” and ‘B ”

- into P =

I 
(~~),,. 40

o n =  (29)D
I-

~

n

~~~~~)‘4

2 0 -
~~~~ 4 ~3
4~ -

~,

= (30)0 001 002 003 0.04 

~~~~~~ 
(~~p~~

)fl
MASS FLOW RATIO

FIG. 20 EFFECT OF ALTITUDE ON MA SS FLOW RATIO A l VIII. Determination of  the
CONSTANT VELOCITY Parachute Included Volume

and Associated Air Mass

Before the re ference t ime, to, and
inflation time , tf, can be calculated,
the volume of atmosphere, V0, which is
to be collec ted during the inflation
process must be accurately known. This
requirement dictates that a realistic

0.12 
CLOTH MIL-C-7020 TYPE I I I

volume of atmosphere be determined.
Cp~~ i b S  Figure 23 was reproduced from reference

SEA LEVEL 
in f la ted  canopy shape and associated

20K FEET (5J. The technique of using lampblack2 otto
coated plates to determine the airflow
patterns around metal models of inflated

~~0-0s

of reference (~~
) to study th s tabi l i ty

chara:tt- r-ist ics of contemporary parachutes,~~0-Os

0.~~~ 

canopy shapes was used by the Investigator

50K FEET i.e., 1943. A by-product of this study
~ 
0.06 is that It is clearly shown that the

volume of’ air within the canopy bulges
l O O K  FEET out of the canopy mouth (indicated by

______________________________ 
arrows) and extends ahead of the canopy

• 
Go .__ .~~~ ~~ $00 1000 hem . This volume must be collected during

VELOCITY IF.P.S,) the Inflation prc-cess. Another neglected,
but significant, source of canopy volume

P10. 21 EPFECT OF VELOCITY ON MASSFLOW RAT IO AT exists ir . the billowed portion of the gore
CONSTANT DENSITY panels

8-12
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FIG. 24 PARACHUTE CROSSSECTION NOMENCLATURE

HEM$SPHE RE
Tables I and II are summaries of test

-~~~ - results reproduced from references (6) and
- - ~~~~—‘~~~~ •— - (7), respectively, for the convenience of

_i~~ I - 
the reader.
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Filling Time Prediction Approach for

_______________ -
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- - AIAA Aerodynamic Deceleration Systems
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VENT PARACHUTE 4. “ Perform ance of and Design Criteria

REPRODUCED FROM REFER 
for De?loyabie Aerody namic Deceler—

E ~ ators , ‘ TB ASK-TR-61-579, AFFDL,
FIG. 23 AIRFLOW PATTERNS SHOWING AIR VOLUME AIRFORCESYSCO M , Dec 1963

AH EA OOF CANOPY I4EM 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 Ne w Approach to the
Inflated shape and included volume of Determination of the Steady-State
several parachute types (flat circular, Inflated Shape and Included Volume of
1-: pe rcer .t extended skirt, elliptical, Sever ti Parachute Types,” NOLTR 69—159,
hemisph~r1cal, ring slot, ribbon, and 1] 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—State
the steady-state profile shape of inflated Inflated Shape and Included Volume of
canopies 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, 2~, and dissimilar minor 3 Sep 1970
dIameters, b and b’, as shown in Figure 24.
I was also shown that the volume of the
ellipsoid of revolution formed by revolving
the profile shape about the canopy axis

• wss a good approximation of the volume of
atmosphere to be collected during canopy
inflation and included the air volume
extended ahead of the parachute skirt hem
to~c’her with the billowed gore volume.

= ~~ + -
~
-] (31)

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

Pii,cliuta No.af Suspension V.locity Scale Fg,cto,, K P4 Ax is Rstio Volum. in3 V
Type Game Lii. L.n~ds ~! !~ ; ~ ~ VH V V V

,ncMl mph tpa D_ O
~ 

O~ L C x H

Flit Coculi, 12 34 50 73 .645 650 .656 .6116 .8817 1.4932 4478 4481 5960 1.54
16 34 50 73 .663 .669 .520 .5558 .9039 1.4697 4450 4100 7325 166

¶0% Ext.nd.d 12 34 100 147 .863 .652 881 6424 .8860 1.5284 3928 4400 6783 1.73
Skin 1$ 34 17 25 554 640 785 .5580 .6502 1.4082 4061 3920 6197 153

EH.ptscal ¶2 34 75 110 .916 .112 .5625 .965 7 1.5283 3322 6406
16 34 17 25 875 .800 .6165 8183 1.4332 2726 4406 

—
H.nIispIticScal 12 34 125 193 .996 1.254 1.0006 .9060 1.9068 6224 8666

16 34 75 110 .994 1.185 .9129 .9350 1.5509 5921 8370 
—

Risiplot 12 34 25 37 -607 .654 .853 .6566 .8736 1.530 3800 3660 5903 1.55
16% Geomeinc 12 34 100 147 .616 .663 .922 .6566 .8736 1.530 3800 4198 6166 1.82
Po,o.Ety 12 34 200 293 .537 .686 .918 .6686 .8735 1.530 3800 4624 6626 1.90

16 36 25 37 611 .656 827 .6004 .6890 1.4894 3800 3763 5686 1.60
16 34 100 147 .617 664 .564 .6004 .5890 1,4894 3800 3965 6030 1.5~16 34 200 293 .645 .696 844 .6004 .8890 1.4894 3500 4430 6897 1.82

R,bbon 12 34 25 37 .586 .632 .859 .6558 .6765 1.5 ’€ 3500 3323 6336 1.40
24%Gsoni.t,ic 12 34 100 147 .615 663 .837 .6558 .6756 1.5326 3500 3714 6163 1.62
Po,oeity 12 34 200 293 .632 .681 .517 .8866 .6768 1.5326 3800 4280 6683 1.76

16 34 25 37 .603 .660 .797 .5570 .8578 1.4148 3800 3435 5368 1.41
16 34 100 147 .626 .674 .791 .5570 .8576 1.4148 3800 3804 5983 1.67
18 34 200 293 .646 .896 .781 .5570 .6578 1.4148 3800 4164 8858 1.75

Ciou Chvis 34 25 37 .710 .843 1,242 .8667 1.2776 2.1843 1928 3768 6796 3.01
=11. - .264 34 100 147 .707 .540 1.270 6867 1.2776 2.1643 ¶928 3810 5712 2.96

34 200 293 .716 .547 1.285 .8867 1.2776 2.1643 1925 4212 5925 3.07
47 25 37 759 .510 1.113 .8494 1.2512 2.1006 1926 4.052 6866 3.56
41 100 147 .729 .657 1.206 .8494 1.25’2 2.1006 1928 3973 5968 3.09

—  
47 200 293 .775 .592 1. 110 8494 1.2512 2 1006 1928 4292 7303 3,18

REPRODUCED FROM REFERENCE (6)

TABLE II SUMMARY OF PARACHU TE SHAP E TEST RESULTS
FOR 24-GORE AND 30.GORE CONFIGURATIONS

P.,.d%,t. No of Suip.ns,cn V.loc,ty Scal. Facto,. IC ~ Axis R.t,o Volta,.. ,n~ V0
lyps Gos., Li.. L.n~t$. mph ~~ 2E 23 b b ~ b’ V V V

inch., 5 : : * 
— H .

Flit Cwcglas-s 24 34 50 73 .677 .679 .796 .5758 8176 1 3884 4342 4696 7273 1.67
30 34 17 25 665 .660 .827 6214 7806 1 4030 4342 4826 7027 112

¶ 0% E.t.nd.d 34 34 100 147 .666 644 .634 5949 8771 ¶ 4720 4138 4446 6930 1.67
lkwt 30 34 17 25 650 .633 .825 6~S5 1962 14127 4172 4076 6286 1.50

Rio9 Slot 16% 24 34 25 37 .653 .666 .824 .5800 9053 1 4853 3591 3875 3031 1 68
G.oowO’.cally 24 34 100 147 .680 .682 619 .5800 .9063 1.4853 3591 4079 6610 1.51
o,ous 24 34 200 293 .694 .696 .509 5500 9053 1.4853 3591 4270 6924 1,93

30 34 25 37 .617 .678 .766 5600 9063 I 4853 3562 3826 6404 1,79
30 34 100 147 684 . 665 602 .5800 9063 1.4853 3552 4023 6558 1,84
30 34 200 293 .696 .699 800 5600 9053 1.4853 3582 4260 7012 1.96

Rébos. 24% 24 34 35 37 .671 .6 73 .770 5960 .8157 1.4167 3591 3591 5968 166
Ge. ,.tncMIy 24 34 100 147 .676 .678 .613 5960 6167 1.4167 3691 3927 6097 1,70

24 34 200 293 .687 189 .804 .5950 .1167 1.4167 3591 4081 6369 I
30 34 25 37 . 666 .657 .752 .6021 8483 1.4464 3882 3396 5666 1.58
30 34 100 147 669 .670 784 .6021 8463 1.4464 3682 3622 6022 1.66
30 34 200 293 177 .679 123 6021 6463 I 4484 3582 4002 6256 1.75

$N.ce Wit pacs&ul, iii “bie.thli p dunn 5k. test. ,ese.M pliotoç.phs wsm liken it sick ipeed. th, data ii,,, ,.duc.d from the photo 5r.pl, wh ich mast
t,isonebIy .ppeomd so i.pm..,i , II. iquiIlb.uov, sta w.

8

REPRODUCED FROM REFERENCE (7)

B— 14

4

~~~~~~~~~~ 
-

—



r 
- - - -

NSI’JC/WOL TR 78-189
X. List of S~~bols P - iloth permeahiltty - rate or aI r—

flo~: through a cloth at a~ ar~-
— Steady-state projected,,ar€ a of the trar:~- dlft

’erentlal cr~ ssure ,
inflated parachute , ft~-

- Ins tant an eous canopy mouth area , v~ -~ q - r i~ c~~ic pressure,

A!.~ 
- Steady-state inf l a t ed  r.outh a~ ca , - Ir~~ta r ta’..c-ou~ in~ la ted canopy

rt’ ~
- sJ.rfac e area , ft ’-

a - Acceleration, ft/sec2 S0 - C~ r .opy sur face area, ft2

- ?-!a.xirnum inflated parachute diameter
Of gore mainsean , rt t - Ir .stantaneous t ime, sec

b - Minor axis of the ellipse bounded t o - Reference time when. the parachute
by the major axis (2~~) and the ver.t :.~~ reached the design drag area
of the canopy, f t  :~ -r the f i r s t  t ime , sec

b ’ - Minor axis of the ellipse which t~. - f a~ opy inf la t ion t in~e wnen the
includes the skirt hen of the inflated canopy has reached its
canopy, f t  r~a~dmum physical sIze, sec

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

C~ - Parachute coefficient of drag -

V - Fic t i t ious  theoretical velocity
used in effective porosity, ft/sec

C~ - Parachute pressure coefficient,
relates internal and external V - Instantaneous systen velocity, ft/sec
pressure (~ P) on canopy surface to -

the dynamic pressure of the free V - ~ysten velocity at the t ime t = t
stream 0 ft/sec 0

- Nominal diar-eter of the aerody-na~-ic V - Syste~n velocity at the end of
decelerator = 

~~~~~~~~~~~~ 
f t  

S slspen.SiOfl line s t re tch , f t/ s ec

F - Instantaneous force, lbs - ~olu~ e of air which  n~ust  be collec-
t~ d d-ir1n~ the ir.flatic’-. process,

F5 - Steady-state drag force that would ft~
be produced by a fully cpen para-
chute at velocity V~ , lbs W - :~rd~.-’tre weight, lb

- Constructed s t rength of the para- X
1 

- Ir~ ta~ tar.~ous shock factor
chute , lb~

X - Shook factor  at the tiz e t = t
Fwax - Maximum opening-shock force , lbs 0 o

g - Gravitational acceleration, ft/sec2 ~~ 
- ~~~ dcrs ity , slugs/ft3

11 - Fa~ ic of parachute projected mouth
k - Permeability constant of canopy arca at line stretch to the steady-

d o  st at c  projected area

m - Mass, slugs c - Instantaneous elongation

M - Mase ratio - ratio of the mass of c - “ax imum elon atior
the retarded hardware (including max g

pafachute) to a mass ot’ atmosphere
contained in a right circular e~, - Initial elongation at the beginning
cylinder of length (V 5t0) ,  face area of the elastic phase of inflation
(c~S0), and density (o)

S. F. - Para’hute safety factor = Fc/F,,1aX
• M ’ - Mass flow ratio - ratio of atmo-

sphere flowing through a unit cloth
a’-ea to the atmosphere flowing
t ,~ rough a unit Inlet area at

• arbitrary pressure

• 
- n - Permeability constant of canopy

cloth

B-is

‘
4 

_____

ii

- ~~~~~~~~~~~ 
-_~~~ 

-
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Appendix C

A GUIDE FOR THE USE OF APPEND IX B

At first reading , Appendix B ma; appear to be a complicated sys-
tem of ana lys i s  because of the many formulas presentcd . Actually,
once unders tood , the technique is straightforward and uncomplicated .
The author has attempted to simplify the algebra wherever possible.
This appendix presents , in semi-outline form , a gu ide  to the
sequence of ca lculations because the a n a l y sis does require use of
f ormulas  f rom the text , not necessarily in the order in which they
were presented . Also , the user can be referenced to graphs of per-
formance to i l lustrate  e f f e c ts.

In orde r to compu te to, other parameters must be obtained from
various sources.

I. Determine System Parameters

1. C~ So, drag area . f t2 obtained f rom desi gn requ i rement .

2. V~~, fps , veloc ity of system at suspension line stretch.

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

4 .  W , lb , system weight (including weight of the parachute)
f rom design requiremen ts.

~~ ~~~ 
ft~~, this  volume of a ir , which  is to be collected

dur ing  i n f l a tion , is calcula ted from the steady-state inflated
shape geometry of the particular parachute type . The nomenclature
is described in Figu re 24 ,p.B—l3. When D0 or DF is known , a can be
calculated from da ta in Table I and Table II , p. 13-14, for various
parachute types and number of gores. Then the geometric volume V0
can be calculated by Equation (31), p. B-l3 , with appropriate
values of b/a and b’/a from the tables.

6. AMO , f t 2, steady—state canopy mouth area

A__ - ~ 1~ fN/i_b,i\2]ira 
[
1 

~ b’/i ) j  (c-i)

c-i

--. --~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
.*__  ,

-
~~~:~ ..j~~ ~~~~~~~~~~~~~~~~~~~~~~
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where n/a, b/a , and b ’/~ are available from Tables I and Ii for the
particular type of parachute and number of gores.

7.  ~~~~~ f t 2 , canopy su r f ace  area =

8. C , pressure c o e f f i c i e n t, see Fi gure 18 , p. B—ll. A
constant = 1.7 for all altitudes seems to yield acceptaule
results.

9. Constants k and n are derived from measurements of the air
flow througn the cloth. Only k is needed for  Equa t ion  (14 ), bu t n
is also required for Equation (13). These parameters can be deter-
mined for any cloth using the technique described beginning on
p. B-ll. The two-point method is adequate if the ~.P across the
cloth is in the range of ~P for actual operation. Check-points of
cloth permeability can be measured and compared to calcula ted
values to verify agreement. If the data is to be extrapolated to
operational ~P’s greater than measured , a better method of deter-
mining k and n from the test data would be a least squares fit
through many data po in t s .  This  way errors due to reading either
of the two points are minimized.

II. Step 1

Calculate  the reference t ime to by use of Equat ions  ( 13 ) or
(14), p. B— 6. If the deployment altitude is 50 ,000 feet or higher ,
Equation (14) is preferred due to its simp l icity. For altitudes
from sea level to 50,000 feet , Equation (13) is preferred . Figure
12 , p. B—7 , shows the effec t of altitude on t0 and can be taken as
a guide for the user to decide whether to use Equation (13) or (14).
One should keep in mind that the opening shock force can be a
strong function of inflation time , so be as realis tic as possible.
If Equation (13) is elected , the method in use a t the NSWC/WO i.~,
to program Equation (13) to compLte the parachute volume , V,~, for
an assumed value of to. Equation ( 1 4 ) ,  because o f i ts  s impl ic ity ,
can be used for a first estimate of t0 at all ~1titudes. The corn—
puted canopy volume is then compared to th e canopy volume ca lcula ted
from the geometry of the parachute as per Equation (31), p. B- ’3.
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 voinme calculated . For a 35-foot
D0, T-l0 type canopy , I use plus or minus 10 cubic feet in the
volume comparison. The limit would be reduced for a parachute of
smaller D0.

If 
~~~~~ 

calculated = 
~~~~~~ geometry ± 10 , then print answer.

If calculated 
~ ~~ 

geometry f~ 10 , then correct to as follows :

-v~ geometryJ 
t0 — ~• Y~c&cu~st.d (C.2)

C-2

L 
_ _ _ _ _ _

~~- -~~~-~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— ---—--- ---—--- ---— ---.------ -.- - -

~ 
- — - - - --

~~~~~~~~~
-- - - - --—
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The new value of t0 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 t9 of SectionII assumes that the parachute inflated from a zero initial are? .
If this is a reasonable assumption for the particular system i..nder
study , then the mass ratio can be determined from Equation (6),
p. B—3. For r~ = 0 if the value of M i 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. B-4. If n ~ 0, then the limiting mass ratio
for finite operations will rise slightly as described in Appendix
D. Figures D-l and D—2 illustrate the effects of initial area on
limiting mass ratios and shock factors respectively. If the mass
ratio is greater th a n the limiting mass ratio (M L) , then the
maximum shock force occurs at a time greater than to and the
elasticity of the materials must be considered (see Section IV).

If n ~ 0, then the re fe rence  t ime to w i l l  be reduced , and
the mass ratio will rise due to partial inflation at the line
stretch. Figures 9 and 10, p. B—5 , illustrate the effects of
initial area on the velocities and shock factor during the
“u n f o l d i n g ” inflation. Equation (15), p. B—B , can be used to
correct to calculated for where n = Ai/Ac . If the initial value
of drag area is known , Equation (16), p. 13-8, can be used to
correct t and rechecked for limiting mass ratios versus n in
Appendix B.
IV . Opening shock calculations in the elastic phase of inflation.
ft has been considered that from time t 0 to t = to the para-
chu te has been inelastic. At the time t = t0 the applied aero-
dynamic load causes ~he m. ter ia ls to stretc h and the parachute
canopy increases in size. The increased size results in an
increase in load , which causes f u r ther grow th , etc. This sequence
of events cc’r~tinues until the applied forces have been balanced by
the strength of materials. The designer must insure that the
constructed strength of the materials is sufficient to resist the
applied loads for the material elongation expected . Use of
materials of low elongation should result in lower opening shock
forces as CDSmax is reduced .

When the mass ratio of the system is greater than the limiting
mass ra t io , the elasticity of the materials and material strength
determine the maximum opening shock force. The maximum elongation

~max 
and the ultimate strength of the materials are known from

: tests or specifications. The technique begins on p. B-B.

At the time t = t0 ca lcu la te  the following quantities for the
particular values of M and n.

a. V0/V~ from Equation (18), p. B-8 .

C-3

L ‘~~~~~ ~~~~~~~~~~~~~~~~ - - - 
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b. X0 from Equation (22), p. B-9.

C. L o f rom Equat ion ( 2 3 ) ,  p.  B-9.

d. Determine CDSmax/CDSO from Figure 15, p. 3-9.

e. Calculate the inflation time ratio tf/ t 0 from Equation
(24), p. 13—9.

f. Calculate the maximum shock factor from Equation (19),
p. B-8.

g. Calculate the opening shock force F,,~ X1 Fg where

Fs - 2 pv$ cDsO

h. Calculate filling time , tf ( s e c)

I t ~~ to I —
‘to

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

I

c-4

~ 

~~~~~~~~~~~~~~~ ~~~~~~~:
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Table C-i. C~ening SI~ock Force

CALCULATION WORI( SHEETS d~. N~~ 
q
%

1. Parachute type —

2. System parame ters

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

b. Gravity , g (f t/sec2) 9 ft/,.c2

c. Deployment altitude (ft) ft.

d. Deployment air density, p (s lugs / f t 3) p slugs/ft3

e. Velocity at line stretch , V 9 ( f p s )  V1 fps.

f. Steady state canopy data

(1) Diameter , D0 (ft) ft.

(2) Inflated diameter , 2~ (It); 
~~~~~~~~~~~~ * 

2. ft.

ir 2
(3) Surface area , S,, (ft2) ;  — D 0 ~o 

ft.

( 4 )  Drag area , CDSO (It 2 ) ;  CDX S0 
SDS0 ft.2

(5) Mouth area , A~~ (I t)

A~~ - ~ 2 f~ (
NPs- b/i)2] AMO ft.2

(6) Volume , V0~’ (It
3)

- ÷ if ~ 3 [..p + v~ ft~3

g. Cloth data

(1) K Calculate using technique beginning on K

(2) n p. B—li. Note: Permeability is usually
measured as ft~ /ft2/min.
For these calculations
permeability must be
expressed as f t 3/f t2/sec

* Data for these calculations ar e listed in Tables 1
and 2, p. 8—14.

C-b

L - -- —— —~~~~~~~~- - ~~~ -.~~~~~~~~~
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Table C-i. Opening Shock Force

(3) ~~~~ determine max imum elongations from
pull test data of joints, seams , lines , etc. Use
minimum c.~~ determined from tests.

(4) Cp; pressure coeffic ient Cp

h. Steady state drag, F8 (lb) Fs - 
.
~pV:cos0 F, lb.

i. Parachute constructed strength , Fc (lb) ; deter-
mined from data on efficiency of seams, joints, lines. F

~ lb
Constructed strength is the minimum load required to
fail a member tines the number of members.

3. Force calculations

a. Calculate to for ~ — 0; eq. 14 , p. B—6.

pgYo 
CDSO

to 
14W 

[ ~~~ 
- Aso K 

(
CPP
) 

1

pgV5c0S0 L~ 
2 -~~

Check Figure 12, p. 3—7 for advisability of
using eq. 13, p. B—6.

b. If ri — 0, proceed with steps c through e.
If n ~ 0, go to step 1.

c. Mass ratio, H; eq. 6, p. B—3

2W M

p g V5t0 C~S0

d. If H ~ 4/21 for fl 0, then finite mass
deployment is indicated .

(1) Time ratio at x1 max~ 
eq. 9, p. B—4

~1. 4 /
msx

(2) Max shock factor , x j ; eq., 10, p. B— 4

~I (~ ) ~~ m.* 
—

L 
. -  -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
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N~

’J• N~, 
‘
~~~~~Table C-i. Opening Shock Force ~~~~~~ ‘s~~~~ 

~~~~~~~
(3) Max shock force, Fmax (ib)

- X1 F~ F,,.,~ 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 —

(1) Velocity ratio @ t — to for n — 0

V 
_ _  

—

~s i + ,~~
.

(2) Shock factor X0 @ t — t0 for Ti — 0

— 1 _ I~ o~ x —

\ I

(3) Initial elongation, ~~ ; eq. 23, p. B—9

— 
x0 :5 

~o —

(4) Determine 
CDSmI.x from Figure 15, p . B—9 CDSnI..* —

CDSQ CDSO

(5) Calculate inflation time ratio, tf ; eq. 24,
p. B—9

t~f (C~~S~~•11 \
S tf —

t0 ~~ CD SO ) to

(6) Calculate maximum shock factor , xi max eq.
19, p. B—8 f t ,\S

__________ X l -
max

• m5* [.! +~frf (~,)’ ]J2

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

F,,,, x1 F, Fmax lb.

C-7
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1% ‘(4~ “oh
Table C-i. Opening Shock Force ( “ “P

(cont ‘d)

(8) Inflation time , sec - tj t0 
(

_...

) 

tf SIC.

1. If r ~‘ 0, correct t0 for initial area effects;
eq. 16, p. 8—8 - [

~

. 
(

~~ 5 )III] to c,lcu~~~ 
to SIc.

g. Mass Ratio , M , eq. 6 , p. 3—3

2W
M — pgV5t 0 C.,,S0

h. Calculate limiting mass ratio , ML ; eq. D—2 ,
p. D—2

M L — 3 I1_ 77 ) [14~~~~
’
~14 ’

~~~7]  
M1 —

If M 
~ 
ML , finite mass deployment is ind icated and X

j  ~~~~~~~

can be determined by eq. 8 , p. B—4 by assuming values
r of t/t0 and plotting the data using the methods of

Appendix D.

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 = t0.

(1) Veloci ty r a t io  B t — t0 for n ~ 0;  eq. 18,
p. 3—8

“~ [i+~~~1~~ 2 
+ h1( 1_ h1) + v ~2] 

v —

(2) Shock factor X0 B t — t0 for n ~ 0; eq.
22 , p. B—9

2
- 

+ 

~~ ~~~ 

~~~~~ +~~ 
(1- ~ + 

- (
~
) —

(3) Initial elongation, c~; eq. 23, p. 8—9
X, F1

~~~~ 
F;— 

~iu•Ii

(4) Determine 
CDSm&X from Figure 15, p. B—9 c

P
SmS* —

CDSQ

- -~:~i:
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Table C-i. Opening Shock Force (Con~~~(

tf(5) Calculate inflation time ratio , ; eq. 24,
p. 3—9 0

~~~~(cDs,.~ \i
t~ ~~C~S 

)

(6) Calculate maximum shock factor , xi max
eq. 19, p. 8—8 

/tf\S

~ to)

~ ~ ~ / 
~ ~~ 

1max

L~ ~‘~
R.) —‘ ii

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

Fm ~~~ F~max F lbmax

(8) Calculate inf la t ion time , t 1(sec )

tf t 0 (1) t1 SIC.

0

o.

I

C-,

- 4 ,  
_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  _ _ _ _  _ _ _ __________ - -—~~~~~ —V -_ 

— — —-- . - —____ - - --_______ - ______

F 
* - 
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~~~~

- - .
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Appendix D

EFFECT OF INITIAL AREA RATIO ON 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
p ar t i cu la r  mass ra t io  is def ined  as the l imi t ing  mass ra t io  (M L )
cor 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. 4, Appendix B, defines the instantaneous
shock factor during the unfolding phase of parachute deployment.

[ i+~~~[i~; (A) + n(1;n)
(i)

÷,~i.]]2

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 (M L).

b. Determine the variations of the instantaneous shock factor
during the unfolding phase of deployment as a func t ion  of l imit ing
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 dx1/dt = 0. Setting the derivative dx~/dt = 0
and solving for mass ratio as a function of ri and t/t0 results in
the following equality:

D-1
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Iii - + 277(1 - ,,, + 1721
M — 

L_ \
t0/ \

t0/ J — [1 
- 77 2 

t \
7 17 (1 - 77) t ~ 2

3[(1_ 7 7 )2(~!.) + 7 7 ( 1_ fl)
(

~.)2
] 

7 tj’ 2 
— — (Drn 1)

Since the limiting mass ratio occurs at t/t0 = 1, Equation (D-l)
can be reduced to;

1 19 2 3 iiML~~~3( t ) -[~~~77 + j~77+ j (0.2)

V

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

- 
(~~~)~ (D.3)

which is the same as Equation (9), p. 4, Appendix B.

The variation of the instantaneous shock factor during the
unfolding phase of deployment for limiting mass ratios is presented
in Figure D-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
ri are usually small and depend on the deployment systems for
magnitude and repeatability. Values of ri = 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 B can be adapted to the disreefing of solid cloth
parachutes by considering the next stage to be a deployment with a
large value of ri .  Variation in initial area is one of the causes
of variation in opening shock forces. The variation of opening
shock forces for f in ite mass, intermediate mass, 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 D-l. If r~ approaches zero , then the time ratio of

D-2
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0.18 —

0.17 —

0 0.1 0.2 0.3 0.4
INI TIAL AREA RATIO. ‘~

FIGUR E D.1 EFFECT OF IN I T IA L AREA RATIO ON THE LI MITING
MASS RATIO FOR Th~ FINITE STATE OF PARACHUTE
DEPLOYMENT FOR SOLID CLOTH PARACHUTES
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0.34 — 

(1 _ n)2(~~
’
) + 2 7 7 (1_ 17 )(~~)+7 1

2

03? — X —

1~ ~
.! I (i~~~)~ f!’~ + (i

~ !i) I !.\~ + 772 ~~~ 112 
1

— L M L L 7 ~,~t0J 2 \t0J t0JJ ,
~ -0

0.28 —

77 M~et / t 0 — 1

0.26 — 

~~ 01906

0.24 — 0.2 0.2052

0.22 — 
0.4 0.2241 

77 - 0.2

0.20 -
U

0.18 —

0ui 0.16

z
< 0.14 —

z
0.12 —

0.10 —

• 0.08 -

0.06 -

0.04 ___________

0.02 —

0 I I

0 0.2 0.4 0.6 0.8 1.0

PARACHUTE UNFOLDING PHASE TIME RATIO
t/t0

FIGURE 0.2 VARIATION OF THE FINITE MASS SHOCK FACTOR
• DURING THE UNFOLDING PHASE OF SOLID CLOTH

PARAC HUTES FOR LI MITING MASS RATIOS AND
INITIAL AREA EFFECTS
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occurrence of the maximum shock force can be initially estimated
from Equation (D-3), or determined by p lo t t ing

t
= ~ 14 , r~,

0

as in Figure D-2.
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SYMBOLS

A
~ 

- Steady-state projected area of the in f la ted  parachute , f t 2

- Projected area at line stre tch , ft2

A11 — Ins tan taneous canopy mou th area , ft2

A110 - Steady-state i n f l a t e d  mouth area , f t 2

a — Accelera t ion , f t/sec2

2a — Maximu m i n f l a ted parachute  diameter of gore mainseam , f t

b — Minor axis of the ellipse bounded by the major axis (2a) and
the vent of the canopy , f t

— Minor axis  of the el l ipse which includes the skir t hem of
the canopy , ft

C - Speed of sound at ana lys i s  al ti tude , fps

C - Effective porosity

CD - Parachute  c o e f f i c i e n t  of drag

CDSO - Steady state parachute drag area , ft2

C~ - Parachute pressure coefficient , relates internal and external
• pressure (~ P) on canopy surface to the dynamic pressure ofthe free stream
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- Aerodynamic diameter , ft

- Nominal diameter of the aerodynamic decelerator =

ft

FR - Froude number

F ~- Instantaneous force , lbs

F5 - Steady-state drag force that would be produced by a fully
open parachute at velocity Vs1 lbs

- Constructed strength of the parachute , lbs

Fmax - Maximum opening-shock force , lbs

g — Grav i t a t iona l  accelerat ion, f t/ s ec 2

k - Permeab i l i ty  constant  of canopy c lo th

m — Mass , slugs

M - Mass ratio - ratio of the mass of the retarded hardware
• (including parachute) to a mass of atmosphere contained in

a right circular cylinder of length (V5t0) ,  face area
(C DSO ) ,  and density (p)

M’ - Mass flow ratio - ratio of atmosphere flowing through a
unit cloth area to the atn~osphere flowing through a unit
inlet area at arbitrary pressure

- Mach number

n - Permeability constant of canopy cloth

P - Cloth permeability - rate of airflow through a cloth at an
• arbitrary differential pressure , f t 3/ f t 2 sec
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q - Dynamic pressure , lb/f t2

Re — Reyno lds number

S — Instantaneous inflated canopy surface area , ft2

S0 - Canopy surface area , ft2

t - Instantaneous time , sec

to - Reference time when the parachute has reached the design
drag area for the first time , sec

-: tf - Canopy inflation time when the inflated canopy has reached
its maximum physical size , sec

u - Air velocity through  cloth in e f f e c t i v e  poros i ty ,  f t/ sec

v - Fictitious theoretical velocity used in effective porosity ,
ft/sec

V - Instantaneous system velocity , f t/sec

V0 - System veloci ty  at the t ime t = t0, f t/ s ec

V~ - System velocity at the end of suspension line stretch ,
ft/sec

- Volume of air which must be collected during the inflation
process , ft3

W - Hardware weight , lb

x1 - Instantaneous shock factor

X0 - Shock factor at the time t to

p — Air density, slugs/ft3
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- Ratio of parachute projected mouth area at line stretch to
the steady-state projected area

— Instantaneous elongation

Cmax - Maximum elongation

— Initial elongation at the beginning of the elastic phase of
inflation

S.F. - Parachute safety factor = FC/Fmax

- Dynamic viscosity , lb-sec
ft

•
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GLOSSARY OF TERM S

Aerodynamic diameter. Preference length used in the computation of
Reynold ’s number and Froude number.

DA =

Aerodynamic size. Name for steady-state parachute drag area , CDSO.

Ballistic coefficient. Ratio of retarded weight to parachute steady-
state drag area, W/CDSO.

Elastic phase of inflation. Inflation time from tQ~t~tf when the
elasticity of parachute materials are resisting opening shock force.

Finite mass state of o~erati~ n. Maximum shock force occurs before
complete inflation at time t t ~~.

Intermediate mass state of operation. Maximum shock force occurs
after the parachute has opened to its steady-state drag area for the
first time . The mass ratio M~ <M~- l0. At low mass ratios maximum
force can be much lower than infinite mass calculations.

Limiting mass ratio. The highest mass ratio for finite mass state of
operation. Maximum shock occurs at t=t0.

State of parachute operation. Relates to time of occurrence of the
opening shock force and is a function of /

(~~ , 77 , —to

Unfolding phase of inflation. Inflation time from 0~t~ t~ when the

• canopy is inflating.

•
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