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NORTHROP

FOREWORD

This report presents the first voclume of a two-volume final
report on a one-year study entitled "Analysis of Apollo Space-
craft Parachutes." (The companion volume is listed as
Reference 1.) This study was performed ty dJorthrop Ventura for
NASA/MSC under Contract NAS 9-8131. Messrs., M. A. Silveira,

K. Hinson and C. Eldred of NASA/VSC monitored and reviewed the
study.

This study, designated as Project 0111 at Northrop Ventura, was
carried out with directlon from the Systems Engineering Group
under Mr. R. G. Lemm. Program direction was provided by Mr. T. W.
Knacke of the Advanced Deslign Group, and the Project Engineer
was Mr. F. E. Mickey of the Aerospace Zanding Systems Project
Office.

The different sections of the report were prepared by the
various authors as follows: Mr, F, E, Mickey, Sections 3.2, 6,1,
6.2, 6.4 and 7.2-7.4; Mr, A, J., McEwan, Sections 1.1, 2.2, 3.1
and part of 4,2; Mr, E, G. Ewing, Sections 1,2, 2,3 and part of
4,2; ¥r, W, C, Huyler, Jr.,, Sections 2,2, 4,1 4,3 and 7.1; Mr,
B, Xhajeh-Nouri, Sections 5,0 and 6.5. The authors gratefully
acknowledge valuable assistance by Dr, L. F, Wolf, who prepared
Section 5.3, and Fr, M, R, Bottorff, who orepared Section 7,5,
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A3STRACT

The results of a one-year study on the cpening loads cof Apollo
type spacecraft parachutes are presented. & review is made of
the flight test data that were obtained in the £pollo parachute
develcpment program to assess existing techniques and %o upgrade
the previously used load prediction methods. The results of

this portion of the study are applied to an Apollo deslgn case,
Two new opening load methods are presented. One of these me thods,
referred to as the Mass/Time Method, is developed to a useful
level for single Apollo type main parachutes; and a modified ver-
sion of this methoa is applied to several A4pollo cluster cases.
An analysls of the longitudinal cscillations that occur ir the
Apollo parachutes indicates that they are caused by strong inter-
actions with the wake of the forebody. £ method for analyzing
the flow about an inflating parachute 1is developed, and an
algorithm for computing the complete inflation process is pre-
sented. The study establishes that the added rass of a para-
chute canopy cannot be directly inferred from typical flight

test data; however, 1t may be measured by speclial technigques
either in a wind tunnel or in free flight tests.
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SECTION 1.0

INTRODUCTION

The Apollo parachufte landing system was designed, develcped and
qualified by Northrop Ventura during the period 1962-1968, 1In
the normal course of this develooment, many flight tests were
made, and extensive data on tne performance of the Apcllo space-
craft pirachutes were collected. These data were used as the
basis for develcping the methods that were used during the course
of the flight test program for estimating loads and in making
structural analyses for the principal Apollo parachute assemblies:
the drogue chutes, the pilot chutes and the main parachutes.

It was recognized that there would be substantial value in an
analysis effort that would review all the flight test data at
one time. In particular, it was seen that such an analysis effort
would be free of the day-to-day pressures assoclated with a de-
velopment program, and consequently that it could upgrade the loads
and stress analysls methods used for the f£pollo spacecraft para-
chutes in ways that had not been considered previously. The pre-
sent study was therefore authorized with the objective of up-
grading and improving loads, stress and performance predictlon
methods for Apollo spacecraft parachutes. Also included in this
study were the tasks of developing (a) methods for a new theo-
retical approach to the parachute opening process, (b) new
experimental-analytical technlques to 1mprove the measurement of
pressures, stresses and strains in inflight parachutes, and

(¢) a numerical method for analyzing the dynamical behavior of
rapldly loaded pilot chute risers. In performing these tasks,
emphasls was placed on analytical (as opposed to empirical)

methods of analysis.

1 NVR=-6437
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The results of the study are published in two veolumes as follows:

INVESTIGATICON OF PREDICTION METHODS FOR THE LOADS
AND STRESSES OF APOLLO TYPE SPACECRAFT PARACHUTES
VOLUME I - LOADS

and
INVESTIGATION OF PREDICTION METHODS FOR THE LOADS
AND STRESSES OF APOLLO TYPE SPACECRAFT PARACHUTES
VOLUME II - STRESSES

Thevpresent volume 1s VOLUME I - LOADS. The companion volume
is 1listed as Reference 1.

Volume I presents the results of a study conducted for the pur-
pose of analyzing £Apollo parachute loads* data, upgrading loads
prediction methods, and investigatling advanced prediction methods.
This iIncludes a thorough analysis of an extensive amount of
flight test data on the Apollo drogue and main parachutes, These
data were used to upgrade the pertinent load prediction methods
for both the drogue and main parachutes and tc develop improved
semiempirical methods directly applicable to Apollc type space-
craft parachutes. In addition, there 1is presented an investi-
gatlon of vehicle-parachute interactions, a new parachute 1in-

flation theory, and concepts for new parachute test techniques.

Volume II presents the results of a study on parachute structural
analysis methods which make extenslive use of the test data ac-
cumulated during the Apollo development and qualification test
programs. These study results include a literature review,
refinement and extension of the Apollo structural analysis

¥ Unless otherwise indicated, the word "loads" in this report
refers to the longitudinal loads transmitted through the
parachute riser.

2 NVR-6L31



NORTHROP

methods, corroboration of the methods by comparing analytical
and test results, and application of the improved structural

analysis methods to the Apollo parachutes. In addltion, there
1s presented a study on dynamlc loading effects in pilot para-
chute risers and an investigation of technlques for measuring
loads, stralns and differentlal pressures in parachutes.

3 NVR-6431



SECTION 2.C

REVIEW OF APOLLO LOADS DATA AND
REFINEMENT OF LOADS METHODS

This section contains the results of analyses that were under-
taken to upgrade and improve the load predlction methods used
in the Apollo development and qualification test programs. The
scope of the material presented 1in this section 1is, in general,
limited to Apollo parachute loads data and loads prediction
methods. This portion of the report was completed prior to the
evaluation and development of new loads methods presented in
subsequent sections of the report,

Filgure 1 illustrates the operational seguence of the Apollo
Earth Landing System (ELS) for the normal entry mode. This
system includes nine parachutes: an apex cover parachute, two
drogue chutes, three pilot chutes and three main parachutes.

A precise specification of this system including deslgn and
reliability criteria employed during its development is given
in Reference 2.

Three test vehicles were used in the Apollo parachute develop-
ment program. These vehlcles, an Instrumented Cylindrical Test
Vehicle (ICTV), a Parachute Test Vehicle (PTV) and a Boiler
Plate vehicle (BP), are illustrated in Figure 2.

The data and loads analyses undertaken in this study were limited
to the drogue, pilot and main parachutes. These analyses are
documented in the three subsections that follow.

4 NVR=-6431
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2.1 DROGUE CHUTE LOADS

Each of the two drogue chute assemblies consists of a 16.5-foot
diameter, conical ribbon parachute with a textlle riser, a de-
ployment bag, a steel cable riser, and a mortar tube assembly.
The purpose of the drogue chutes 1s to provide drag, both to
decelerate the Command Module (CM) and to statilize it in the
aft heat shield forward attitude. Each drogue chute features a
reefing line with a nominal 10-second reefing interval to re-
strict the deployment loads to values that do not exceed the
limits given in Reference 3 -~ single drogue, 20,000 1lb; two
drogues, 20,000 1b each, Each 31.7-foot riser inciudes 15 ft
of steel cable to provide protection against abrasion damage by
the CM., The physical characteristies of a drogue chute including

its riser and deployment bag are illustrated in Figure 3,

2.1.1 Loads Methods Used in Apollo Parachute Development Program

The loads methods used in the Apollo parachute development program
are described in detail in Reference 3. Briefly, these methods

were as fcllows.

The flight conditions at drogue mortar fire were the starting
point for the parachute loads calculations. These conditions
were determined by the Apollo prime contractor (the North American-
Rockwell Corporation) by aralyzing the dynamics of the CM for
the normal entry mode and all possitle abort modes., With these
initial conditions, the flight conditlons of the CM at drogue
line stretch were calculated by using a threc-degree-of-freedom
(3-DOF) computer program. This computer program was used to
compute the velocity difference between the drogue chute and

the CM at the 1lnstant of llne stretcn. The snatch force, which
occurs at this time, was then calculated with a snatch force
computer program. Kext, the opening load factor method was used
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DEPLOYMENT BAG

26,8 LBS
PACK

859.2
TRAILING

I~ DISTANCE
4,9 LBS 200.0 6D
9,2 LBS
METAL RISER L’Smo

=/

TO CM ATTACHMENT TO COMMAND MODULE'S

MAJOR DIAMETER

NOTE: The lengths shown above are fabrication
dimensions (without strains)

General Data: Deployment Condlitions:
Type - Conlcal ribbon wlth one-stage reefing Mortar muzzle velocity = 05.85 ft/sec !min)
. 1y - 16.n e ! B stc
Nominal dlameter, DO 1€.0 't \éBB in At llne stretcn, Minimum Max imim
p , ca, 5 = 21 A
Nominal canopy area, Sy 214 ft Altitude, ft 3,000 40,000
! » - -
Numter of gores = 20 Dyn. pres., ;b/rtc 10 204
Canopy porosity = 22% i Mazh number U,10 0.67
Reefing line length = 266 in,
Overinflation line length = 39 In, <imit Leads {sirgle chute):
Reefed cpen, (F §‘i = 17,200 1b
Single Chute Characterlstics: v o.im )
- 2 Full oper, {F _, im = 15,000 1b
Reefed open drag area, (CDS)r = 65 It o’lim
Full open drag area, (cﬁs)o = 1l rtz Terminal Conditions:
Pack weight = 26.8 .bL (less metal riser) For 13,0vu-pound CM, o o pite Dwo-Cnute
3
Pack volume = 1000 in, Altitude, ft 10,750 1C,758C
2 .
Double Chute Characteristics: Dyn. pres., 1b/ft 70 46
Multiply the above singie chute caracteristics Mach number 0.265 C.214

ny 2.0

Flg. 3. Configuratlon Drawlng and Data for an Apollo
Drogue Chute (Reference 2)
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to calculate the reefed inflation load, Fr' That is, the fol-
lowing relation was used,

I =

r = (Cg)p (Cp8)L apars

where (CK)r denotes reefed opening load factor, (CDS)r de-
notes reefed drag area, and Apers denotes dynamic pressure at
drogue chute line stretch, The value of (CK)r used in this
computation was estimated by giving careful consideration to the
empirically derived values of (CK)r associated with earlier

reefed opening tests of the same parachute.

The next step in the computational sequence was to use the 3-DOF
computer program to compute the flight conditions at the end of
the 10-second iInterval of reefed drogue chute operation. Having
thus established the conditlons at the time of disreef, the
opening load factor method was used to compute the disreef openlng
load, Fy. Namely, the following relation was evaluated.

Fo - (CK)O (CDS)O qd

where (CK)O denotes disreefed opening load factor, (CDS)o
denotes full open drag area, and Ay denotes dynamic pressure
at disreef. The value of (CD)O used in thils computation was
estimated by glving careful consideration to the emplirically
derived values of (CK-)o assoclated with earlier disreefed
opening tests of the same parachute.

Reefing line load was evaluated as 4 percent of F,, and over-
inflation control line load was taken as 4 percent of FO.

9 NVR-6431
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Table 1 is a summary <f the drogue chute lcads and methcds used
in the Apollo development program,

Table 1, Summary of ILcad Prediction Fethods Used in
Computing Apollo Drogue Chute Loads

Load Method Used 'see Ref. 3
Fr Opering _cad Factor
FL Opening lLoad Factor
Snatch Snatch Force Program
Reefing Line 0.04 x Fp.
Overinflation Line C.0h x Fg

2.1.2 Review and Refinement of Opening Lcad Factor llethod

The drogue chute loads data from the Apollc parachute develop-
ment and qualificaticn tests were reviewed, and an analyslis Was
made to upgrade the previously used opening load factor method.
It was found that several improvements could be made in the
opening lcad factor method described above. One improvement
consists of using the dynamic pressure at drogue ~hute canocpy

r
is because the dynamic pressure at canopy stretcn is more 1inti-

stretch, dnccs? in the ~ calculation in place of dpeLs - This

mately connected with the opening process tnan the dynamic pressure
at lilne stretch. {The dynamic pressure at the time -of maximum

load could also be used; nhowever, this would be somewhat more
difficult because of vehicle decelerationrs immediately prior to

the time of maximum load.) The dynamic pressure at disreef, A4

is still the best dynamic pressure for use in the FO calcu-
laticn. It was also found that an improvement could be made in

the determination of values for the cpening load factcrs. The
following subsections discuss these results.
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2.1.2.1 Conditions at Drogue Canopy Stretch. The time of

drogue cancpy stretch is defined as the instant when the para-
chute canopy starts to fill. It is measured on the telemetry
force-time record as the polnt at the base of the opering load
rise. it this time, the canopy is deplcyed and snatched, but
it has rot yet begun tc open and there is no drag area except
for the small amount due to the streaming canopy and lines.

For a test that has already teen conducted, the vehicle flight
conditions at drogue canopy stretch are determined through the
use of combined otserved and calculated data. It is felt that
this approach, because it makes the best use of the available
data, 1s an improvement over the previous approach of relying

solely on observed data.

The reason for develcping a new apprcach is that the cine-
theodolite (Askania) data, which were used previously, are not
accurate at the time of canopy stretch. Apollo Askania is de-
signed to measure near-equilibrium flight conditions. In order
to perform this functicn, the cire-theodolite cameras are run
at 5 fr/sec, and 7-point data smoothing 1s used in data re-
ducticn. In a typical test, the drogue programmer parachute
(referred to as the programmer) is discornected, the vehicle
accelerates in free fall until drogue canopy stretch (usually
less than a second after programmer disconnect), and then the
drogue chute inflates and decelerates the vehicle toward
equilibrium. Thus, in a perlod of less than two seconds, the
vehicle goes through a rapid acceleration and then begins a
rapld deceleration., At the same time, the data are sampled

at less than 10 points and these pcints are subsequently sub-
jected to 7-point smootning. The net 7esult 1s that the peak
velocity and dynamlc pressure, which occur during parachute in-

flation, are reported in error and are furthermore reported as

11 NVR=-6431



lower than the actual values. This error leads to the determina-
tion of values of CK that are too large. 7~his dynamic pressure
error 1s somewhat random and therefore leads to random errors in

CK as well as bilas errors.

The new approach uses Askania to determine flight conditions at
programmer disconnect and then calls for calculating conditions
at drogue canopy stretch with the equations of motion of the ve-
nicle. Askania data are the only source of flight conditicns at
programmer disconnect. In some instances, the flight conditions
data at disconnect are in error because of the =ffect of the post-
disconnect acceleration througn smoothing. In such cases, 1t
becomes necessary to extrapolate data from several seconds prior
to disconnect to the time of disccnnect., The time of disconnect
is accurately known from the electronric events recorder. Thus,
vehicle flight patn angle, velocity and altitude are known frcm
Askania at disconnect. PRawin data provide air density as a
function of altitude. Vehicle weight and mass are accurately
known and vehicle drag area 1s also known. The time cf canopy
stretch is accurately known from the drogue chute load traces.
Therefore, all pertinent parameters in the calculation of flight
conditions at canopy stretch are known. With an ICTV or a PTV,
the ballistic coefficlent, W/C,S, 1s so high that vehicle drag
area is usually not a critical parameter. Thus, best available
information is being used to calculate flight conditions at canopy
stretch,

Several calculation methods are possible. The 3-DOF computer
program cculd be used to provide a very accurate result for the
flight ccnditions at canopy stretch. While less accurate a
metrod, the solution of the vehicle acceleration under the
assumptions of constant flight path angle and air density could
se used. The trajectory equation,

L. z
v Wsin 9 - 2 p v® Cps
av . 2 D

t M

Q.
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then has the solutlon (see Symbols Section for notatlion de-
finitions):

vit) = [ 2W sin © c exp (2 Ng sin® CpS s/2m)t -1
CpS @ exp (2 A/g sind CpS p/2m)t + 1

D c

At the next level of approximation, constant acceleration

could be assumed. The change in velocity could then ve shown
T i -

to be equal to W sin ﬁ CpS g times the free fall interval,

where q 1s the dynamic pressure at programmer dlsconnect.

A sample calculation was performed using actual test conditions,
and 1t was found that even with a BP having a drag area esti-
mated at 90 ftz, the three methods give almost ildentical re-
sults. Because the constant acceleration method 1is the simplest,

it was chosen for the analysis.

The new method was applied to every Block II (H)* test for
which (CK>r could be analyzed. The calculated qpnng at drogue
canopy stretch 1s presented in Table 2 along wlth the Askanla .
provided Apocs for comparison, Almost without exception, the

calculated dnoes is higher.

2.1.2.3 Discussion of Parameters Affecting Cx at Reefed Opening

Some of the parameters affecting (CK)r of an Apollo drogue
chute are the type of test vehicle (a wake effect), the Mach
number, the deployment system, the vehlcle attltude, the

* The Apollo parachute development and qualification tests were
conducted in three blocks: Block I, Block II and Block II (E).
The specific tests that were assoclated wilth each of these blocks

are given in Appendix A of Volume II.
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canopy f1ll rate, the ballistic coefficient, the flight path
angle, and the magnitude of the loads developed. Knowing the
relatlive effect of each parameter enables more precise opening
load factor prediction, a definite improvement over the previous
technique which used an ensemble average from past tests to-
gether with a scatter factor.

Table 2. Comparison cf Calculated and Observed Dynamic

Pressures at Drogue Chute Canopy Stretch

-
Test Calculated Apceg Askania qp..q Difference (2)
83-6 154 1b/ft° 153 1b/ft° +1%

84-1 199 1293 +3
84-1R 238 239 -0.4
84-3 366 354 +3
84 -4 175 172 +2
85-1 94 (1) 30 +4
85-2 68 (1) 62 +10
85-3 124 (1) 123 +1
85-4 105 (1) 97 +8
99-2 317 306 +4
99-3 203 192 +6
99-4 288 282 42

NOTES: (1) Calculated values of Apopg  for 85 Series tests
are felt to be inaccurate due to drag area un-
certainties (caused by vehicle oscillations),

(2) The following equation is used to compute the
values given 1n the last column:

Calculated dpees -~ Askania dpces

Difference = (100%)

Askania qDCCS
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The re-evaluation began with reviewing the testndata from all
Apollo test programs. An opening 1oad factor for each drogue
chute in each test was calculated and the assoclated telemetry
and film coverage were studled. Each test's history was re-
viewed to identify the reasons for opening load factor dif-
ferences. & trend was observed, Where no riser dynamics hac
ocecurred, it was found that the reefed opening load factor

could pbe evaluated as follows:

(CK)P = 1.00 plus the fcllowing factors as they apply:
+ 0.00 1f an ICTV is used
+ 0.21 if a BP 1is used
+ 0.18 if a PTV is used
+ 0.07 if loads are high =~ > limit® (1)
+ 0.05 *f mortar deployed
0.05 if only one drogue chute inflates
0.02 17 test Macr numter is nlgh | .~ 0.75"

For example, Zquation 1. predicts a valae of (CK‘P for

Test 99-4 equal to 1.00 + 0.05 (because the drogues were mortar
deployed) + 0.07 (because of the high lcads) = 1.12. Likewlise,

(CK)r for Test 8L-4 1s 1.00 + 0.18 (because it was a PTV test)

+ 0.05 (because only one cdrogue deployed) = 1.23, and (CK)r

for Test 50-12 is 1.00 + C.21 (because it was a BP test) + 0.05
(because the drogues were mortar deployed) = 1.26,

In the specific case of Apollo drogue chutes, the ballistic coef-
ficient is high enough to produce reefed opening load factors
greater than cne. In the general case, however, the ballistic
coefficient, W/ch, may be considerably lower, allowing an ap-
preciable velocity decay during oper.iing and therefore opvening

load factors less than one.
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It may be observed that the largest component in Equation (1)
i1s due to the type of vehicle., This could be because the wake
of each vehicle has different energy and frequency characteristics.

The second largest component i1s associated with the magnitude of
the loads develoved. The higher the loads, the higher the elong-
ation of the canopy fabric. Elongations produce larger drag
areas which in turn cause higher loads and, therefore, higher

opening load factors. Thls is a nocnlinear effect.

The deployment system used also influences the cpening load factor.
Mortar deployed drogue chutes may partially fill outside the
vehicle wake, and they may have an increased velocity due to
the ckserved transverse waves in the riser which travel to the
vehicle and back Jjust after carnopy snatch,

The number of drogue chutes being inflated has an effect. This
could be because of aerodynamic blanketirg or tecause of dif-
ferences in dynamic pressure decay during filling due to a
lower ballistic coefficient, W/CDS.

The Mach number seems to have a very small effect on <CK)r

at those conditions for which Apollo data are available,

A compariscn of the measured reefed openirg load factors ard the
precicted factors using Equation (l) appears in Tatle 3. This
table shows all applicable Block II (H) data.

2.1.2.4 Presentation of Reefed Drogue Chute Test Data. All

the applicable test data from the Apollo parachute development
program are presented in Table 4. In this table, several peak
loads and assoclated <CK)r values are sometimes listed for
the same test. The reasons for this are as follows. There
may have been two drogue chutes, each experiencing a different
riser load; there may have been duplicate riser load instru-

mentation, each Indicating a slightly different riser load;
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and there may have been successive peak loads. For example, in
Test 84-1R, there are six peak loads 1ndicated. This is because
there were two drogue chutes In this test, each of which had
duplicate riser load instrumentation, and because one of the
drogue chutes experiencec twc successive locad peaks. In parti-
cular, the veak load for drogue chute No, 1 was 16,870 and
15,460 1b, as indicated by its two load sensors. The peak load
for drogue chute No. 2 was 16,800 (flrst peak) and 17,750 (second
peak), as indicated by one load sensor, and 17,900 (first peak)
and 18,150 1b (second peak), as indicated by the cther load

s5ensor.

The data from the Apollo Block II (H) test program were studied
first. Sufficient data were available from this program tc per-
mit a trend to be observed 1in effects due to vehlcle type, Mach
number, type of deployment, ballistic coeffliclent, and magnitude
of loads developed. However, there were 1insufficient data to
observe effects due to flight path angle, reefing ratio, and
suspension line changes. All tests were conducted with a flight
path angle about 60-70 degrees during drogue chute deployment;
all drogue chutes were reefed to either 36.5% D, or 40% D.; also,
all tests except one used drogue chutes having 2500-pound nylon

suspension lines,

The Block II (H) drogue chute was a 16.5-ft Dy conical ribbon
parachute with active radlial reefing. Drogue chute loads were
measured in Test 83-6 and Test Series 84, 85 and 99. One data
point was used from each of Tests 84-1, 84-1R, 84-3, 8L-4, 99-2
and 99-4 in the derivation of the components of (CK)r' These
tests and thelr (CK)r data are briefly reviewed or the fol-

lowing twc pages.,
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Test

83-6: Both drogue chutes had load link dynamics.* The load
link and riser motions were so extreme that one riser
tled itself 1into a knot at the clevis fitting. Load
link dynamics were identified visually in the onboard
film coverage and by the presence of secondary and
tertiary peaks in the telemetry load trace. The measured
(CK)r values for the two drogue chutes were 1.31 and
1.26 for this test,

84-1: The datum from one chute ((Ck)p = 1.19) could be used.
The other chute came out of its bag during deployment and
partially filled prior to line stretch. This chute pro-

duced a (C of 1.14 in this abnormal opening.

K)r
BLU-1R: One chute had a usable (CK)r of 1.18. The other had
load 1ink dynamics, whicn were identified on both the film

and the telemetry, and produced a (C » of 1.19.

K)

84-3: A (CK>r of 1.28 for one drogue chute was used in the

analysis. The other chute failed during reefed inflation.

84-4: This was a single drogue chute test which provided a

usable <CK)r of 1.22.

* Load link dynamics consists of high amplitude, high frequency,
lateral oscillations of the load links and the riser that contains
these links, The effect of load link dynamics is to introduce
load oscillations which distort the true opening loads. The re-
sult is usually values of (C,) higher than normal, but oc-
casionally a (C.) value is'reduced by load link dynamics. At
any rate, the ef%egt of load link dynamics cannot be predicted
prior to a test. (Load links are not part of the final configu-
ration of the Apollo ELS).
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Series: The 85 Series tests were qualification tests conducted
with a BP vehicle. An attempt in this series of tests
to measure riser loads without modifying the final ELS
configuration, was unfortunrately, not successful. (This
concluslon was reached late in the series.)

Test

99-2: One drogue chute developed a (CK)r of 1.07 and the
other failed at reefed inflation. The (CK)r of 1.07

was used in the analysis.

99-3: This test invclved a configuration which proved to be
prone to load link dynamics, The dynamics were severe

and the (CK)P
to 1.7. They were not used in the analysis.

values measured were in the range of 1.5

99-4: This test involved a configuration change from Test 9S-3
whlch was intended toc reduce, if not eliminate, load
1ink dynamlcs. One chute opened well with a (CK)r
of 1.13. The c¢cther chute exhibited load link dynamics,
observed in both the film and telemetry, and produced

a (CK>r of 1.08.

99-5: Both drogue chutes failed.
S9-5R: 3oth drogue chutes failed.

The usable (CK)r values from the above tests were used to
formulate Equation (1). This relation was then used to predict
opening load factors for other tests of the Apollo parachute
development program, This 1s discussed in the remaining portion

of this subsectlon.
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The 48 Series tests were conducted in late 1964 and early 1965,
This series of tests was designed to assess the feasibility of
reefing the Block I drogue chute, which was a 13.7-ft Dy conical
ribbon paracnute. The 48 Series was a development series, and
several parameters were varied from test to test in an effort
to optimlze the conflguraticn. Both midgore and radial reefing
were used. The data strongly indicated that canopies with midg-
gore reefing opened much more slowly In the reefed condition
than did canopies with radial reefing. VWhereas radially reefed
drogue chute fill times were on the order of 0.1 to 0.2 sec,
drogue chutes with midgore rcefing required sigrificantly longer
£i1l times (0.5 - 1.2 sec).

The Block I drogue chute canoples with midgore reefing were dy-
namically dissimilar to those with radial reefing and are there-
fore not included in this analysis of reefed opening load factors.
Only data polirnts for radlally reefed chutes are considerecd here.
For all tests in which drogue chute loads hacd been measured since
the start of the Apollc program in 13962, film sequences were
studied, actual telemetry load traces were analyzed, and test
reports were consulted, The results of this study are summarized
below,

Test

48-1: One drogue chute had radial reefing, but its instrumentation

failed. The other drogue chute had midgore reefing and

opened very slowly.

48-2: Both drogue chutes had radial reefing. The (CK)r values
for the two chutes were 1,13 and 1,22. However, the tele-
metry trace from which the 1.13 was derived is illegible
during the reefed opening (the trace from which the 1.22
was read is quite clear at this time). Because the value
of 1.13 cannot be substantiated, a low level of confidence

is attached to it.
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48-3: Both drogue chutes had midgore reefing and opened quite
slowly.

4L8-4: 3Both drogue chutes were radial reefed. The film sequences
and the force traces voth indicated load link dynamics.

The (C values were 1.22 and 1.23.

K)r
48-5: Both drogue chutes were radial reefed. The film sequences

and telemetry indicated load link dynamics. The <CK)r
values were 1.12 and 1.35.

The measured values of the opening lcad factors for the above
tests are compared in Table 5 with predicted (CK)r values
obtained by using Equation (1). All of the tests listed in this
table are 2-chute tests; hence, two opening load factors are
listed for each test. Only one of the data pcints in Table 5
Justifies high confidence. This 1s the CK cf 1.22 in Test 48-2,
However, 1f may be noted that the opening load factors in Test
48-4, which had lcad link dynamics, are very close to the pre-
dicted values., It is also interesting that thls test is the
only one listed in Table 5 for which the values c¢f measured
(CK)r are approximately the same for both drogue chutes.

Table 5, Comparison of Predicted and Actual Reefed Drogue Chute

(CK)r Values for the 48 Series Tests

Test Number Predicted (CK)P (1) Measured (CK)r'

48-2 1.23 1,13
1.23 l.22

L8-4 1.23 1.22
1.23 1.23

4§-5 1.3C l.12
1.30 1.35

NOTES: (1) Predicted (C ) iz baced on Hguation /1)
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Additional predicted and actual (CK)r data are compared in
Table 6. In all of the tests shown in this table, the vehicle
was a BP, the drogue chutes were mortar deployed, and the opening
loads and deployment Mach numbers were low. 1In fact, the only
parameter that was varied and that affected the prediction of
(Ck)p was the number of chutes deployed (Test 86-2 was a single
drogue chute test). Thus, all (CK)r values are predicted on
the basis of Equation (1) to be 1.26 (1.00 + 0.21 (BP) + 0.05
(morter deployment))? except that 1.31 1is predicted for Test

86-2 (one drogue chute). It can be seen that the measured values
compare poorly with the predictions. That is, the measured
values are scattered from 1.16 to 1.31, including wide variations
between the (CK)r values for chutes in the same tests. This

is because the drogue chute load fluctuations are greater in
magnltude than the transient reefed copening loads when the BP
was used. That is, the reefed opening locads seemed to be ob-
scured by the load fluctuations., These fluctuations were
probably due to the character of the BP wake. An indication

of the extent of these load fluctuations is presented in Table

7. In this table, the maximum 1oad during the first second

after reefed inflation, Fp, is shown, and ar assoclated load
factor C, 1s presented. Here, Cm is Fp divided by the
average drag area and the observed dynamic pressure qp at

the time of occurrence of Fm. In each case, Cm is greater
than Ckg 1indicating that the magnitude of load fluctuations

is greater than the magnitude of opening load overshoot. A

third factor, Cp,' 1s also presented in Table 7. Thils factor

is Fm divided by the product of drag area and the dynamic
pressure at canopy stretch qpaag (upon which (Cy), 1is also
based). A comparison of (CK)r and C_' shows that, in general,
the highest load during the reefed interval is not the opening

1oad, and also that the (CK)r factors presently uvsed to pre-
dict design case drogue chute loads -- 1.35, nominal; 1.41,
worst case -- are conservative. Because the deployment
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Table 6, Comparison of Predicted and Actual Reefed Drogue Chute
(CK)r Values for Tests Employing a BP Vehicle
Test Number Predicted (CK)r (1) Measured (CK)r
50-12 1.26 1.25
1.26 1.27
86-2 1.31 1.19
- - I ]
86-3 1.26 1.1¢6
1.26 1.23
i~ - . —me —— . _*
86-4 1.26 1.22
1.26 1.31
NOTES: (1) Predicted (CK)r is based on Equation (1)
1 m
Table 7. (CK)r’ C, and C_' for Boilerplate Tests
Q \
Test CD; : qDCQS qp . F. Fo (CK'r C,, c,'
No. ft 1b/fte | 1b/ft 1b 1b (1) (2) (3)
50-12 43 118 110 6350 | 6827 [ 1.25 1.45 1.36
45 118 110 6750 6864 | 1.27 1.39 1.30
86-2 60 125 123 8900 | 10000 1.19 1.35 1.32
86-3 67.5 186 162 14525 [ 153751 1.16 1.40 1.22
67.5 186 162 15500 | 15350 | 1.23 1.40 l1.22
86-4 66.5 25.4 - 2050 - 1,22 - -
60 25.4 i - 2000 - 1.31 - 5 -
NOTES: (1) (CK)r = Fr/(ch),r Apees
(2) ¢, = F /(Cc S, q,
(3) ety = F/l0S)n dpees
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was at a very low dynamic pressure (25 lb/ft2) in Test 86-4,
and because the dynamlc pressure and load both increased con-
tinually throughout the reefed interval, a determinaticn of Fm
was not attempted for this test.

2.1.2.5 Discussion of Parameters Affecting Disreef Opening

The test data from the two applicatle Apollo test programs,
Block I and Block II (H), were studled. In each test, a dis-
reef opening load factor for each drogue chute was calculated.
To explain scatter 1n these factors, telemetry and film coverage
were analyzed. Trends were noted. As with the reefed opening
load factors, it was found that the vehlcle had the largest
effect on the dynamic load factor. However, the larger factors
were assoclated with the ICTV and the smaller factors with the
PTV. This is opposite to the effect observed in the reefed
opening lcad factor analysis. In the reefed case, it seems
likely that the frequenciles associated with the eddies in the
PTV wake caused resonance of the canopy-air mass system. It

1s reasonable that the ICTV wake could not excite the disreefed
chutes. The velocity defect iIn the wake apparently caused the
lower factors to be associated with the PTV. The significant
point here may be that the same wake could have a different
effect on reefed and disreefed canopies because of their dif-

ferences 1n size and added mass.

The other parameters affecting the disreef opening load factor,
(Ck)o were less apparent than those affecting (CK)r' How -
ever, an intultive mathematical model was made and used to
yield some insight intoc this matter. This 1s discussed below.
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Consider the forces on a drogue chute just before and following
disreef as illustrated in Figures 4(a) and (b). The effective
mass of the parachute is equal to the sum of the canopy, sus-
pensicon line and the entrained air masses. Tne latter mass 1is
referred to as the added mass., The drag 1s due to the shape of
the cancpy. Just before disreef, the riser load is equal to
the canopy drag. (The parachute welght is relatively small and
is neglected in this analysis.) Follcwing disreef, the canopy
shape changes, and the added mass and canopy drag increase.

The riser force is now equal tec the sum of the canopy drag and
a reaction force due to the rate of change of the parachute
momentum including its added mass. Equating the riser force
with the force due to drag and the rate of change of momentum

force gives the eguation

D(t) + dlmv) _ F(t)

! dt

This may be integrated from disreef to the peak load point
(bt later) as follows:

At At

F(t)dt - S D(t) dat

(mv) gy - (mv)g = §
O O

The first integral represents the impulse of the riser force,
as seen on the load traces. This force may te approximated as
linearly increasing from disreef to maximum load (see Figure U4c)

At
S F(t)dt = Py bt + i [ Fo - Py ] At
0

no
\O
=
j
]
()Y
-
W
—



4

(a) Forces on drogue chute just before disreef,

m{t)

D(t) -

]
d{mv)
dt

F(t)

(b) Forces on drogue chute during disreef filling,

m T \
Area = impulse

N -
fa

t fo—o

F(t) d

—aeiind

(c) Riser force versus time immediately before,
during and immediately after disreef filling,

Fig, 4., Schematics of Drogue Chute Forces Associated with Disreef Filling
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If 1t is assumed that the velocity decay 1s negligible during
disreef opening, the veloclty term may be factored from the two
(mv) terms. For the Apollo drogue chutes, where the fill times
are not long, this 1s a valid assumption. The force equation

may now be solved for (CK)O to give the following expression:

At
28 D(t)dt
(C.) = -y v =22 (£)9% _ (CpS)e
K'o T TVBE(C ST, T qBE(C,ST, (T3,

where B = Am/p.

Consider the remairing integral. Because the vehicle velocity
is essentially constant, the term containing this integral may

be approximated as
t

A
E?X%}ET— S cps(t) at
D ‘¢ ¢

Next, assume that CDS(t) increases linearly fronm (CDS) to

r
C.S)_ in time t (not necessarily equal to At), Then
D™ ’o

i1l

(CpS)o - (CpS)y]
c.S(t) = (C.8) +[ t, 0=t =t_,
D p°/r tri11 | £i11
and
2 (% s(e)ar = 24S)e (1 - Le)ry s
BE(CS), Jo D Cos T, (T8 7,
where t* = At/tfill.

The disreef opening load factor may now be approximated as

= Ll»B (C:\S)r C:)S
(CK>O = T§B§7; (1/v 8t) + (l-—-r65§70> t* + éCDS;E

31 NVR-64321



NORTHROP

Because the quantities 4B/(C,S)_  and (ch)r/(ch)O did not
change during the Block II (H) drogue chute tests, it follows
that (CK)O was a linear function of (1/v At) and t*, at least
for these tests.

The distance traveled by a parachute during the filling process
L
is referred to as the fi1l]l distance. French and others have

indicated that the inflatlion of a parachute under incompressible
flow conditions should take place over the same fill distance,
irrespective of the vehicle, velocity, flight path angle or
altitude. The reciprocal of the fill distance is the quantity
(1/v B8t), referred to as the inverted fill distance. Data that

shows the dependence of disreef opening load factor on this
quantlity are shown in Figures 5 and 6. These data are also
presented in Table 8.

Figure 5 indicates that a greater distance is reguired for a
drogue chute to fi1ll when it 1s deployed tenind a PTY than when
it is deployed behind an ICTV., This can apparently te explained
as a wake effect. DNamely, the velocity defect in a PIV wake 1is
larger in magnitude than that in an ICTV wake. Because of this
difference, the parachute behind a PTV would see less air velo-
city and, therefore travel less "air distance"” thnan the venicle
in the same amount of time. If one were able to use air velo-
city at the canopy 1n calculating fill distance, the data points
for the PTV's and ICTV's in Figures 5 and & might have the same
fill distance. This explanation 1s compatible with that offered
for the lower (CK)O values associated with PTV's.

fhe ICTV data fell within 16 percent of their arithmetic mean
fill distance. This is understandable since the fill times are
accurate only to 10 or 20 percent.
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Drogue Chute Disreef Opening Loaé Factor, (CK)O

1.0 1
Single Parachute - 2O
Lead Parachute - O
0.8 1 Lag Parachute - &
0.6 1

NOTES: (1) Lines connect data polnts
—=—— of lead and lag chutes from

same test.

o4 | (2) Two data points for one
chute shown 1f test featured
serles redundant loads instru-
mentation,

0 .01 .02 .0 .OU .05 .06 .07
Inverted Fill Distance, 1/vAt, (1/ft)

Fig. 6. Inverted Fill Distance Versus Dpogue Chute Disreef
Opening Load Factor for Lead, Lag and Single Parachutes
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Table 8, Disreef Time and Load Data for Drogue Parachutes

Test Chute Initial | Time to Fil Fill Fil1l P'eak Inverted Drag Opening
N Nc. N Peak . . ~er Load 5111 Area Load
e, Lead| Ve1o2ity 1oag tme | Ratio |Dlstance| oy tin.dpistance| Ratic Factor
/128 At t t* (vt (v at) —L et J ot
Vg e vatr)| (v atl | s ) b %k,
CpSo
't/sec sec sec ft ft 1/ft
(1) (2) Y (L)
99-2 #1 560. Kol .05 B 2B.0 22.4 .045 .62 .30 1.30
#2 Drogye chute falled during reefled inflation
8L-1R #1 L 412, .07 .08 .87 33.0 26.8 .035 .3u2 57 1.20
‘ 3u3 | 57 1,20
#2_ £ | uos, .07 .09 .78 | 36.6 28.6 .035 .515 .39 1.13
8u4-4 #1 534, .05 .07 .72 37.2 26,7 .038 Lu8y .37 1.22
L49h 36 1.20
99-3 #1 ¢ a82, o4 .07 ST 40.7 23.3 .043 .53 .27 1.36
.55 .26 1,37
#2 L 597. .05 .08 .63 L7.6 29.9 .033 49 .32 1.33
48 33 1.24
83-6 # L | sut, .095 211 .87 49,0 42,5 .023 RSV 51 1.10
#2 ¢ ) uyg, .07 .09 I8 | 40,0 30,8 .032 L485 W10 1.18
99 -4 #1 { 468, .05 09 £ 12 42,0 23.4 2043 L4595 .36 1.25
: f2_ L | u7s, L1065 Q7 g2 ] 33,2 30.9 032 A8 | 37 1,27
~+
85-1 + ¢ | 312, .07 NA NA NA 21.8 Uk NA A 137 &
=Y L | 313, .07 NA NA NA 21.9 046 NA NA 1,16
- T, 28 %]
85-2 Y L | 254, .07 NA NA NA 17.8 056 NA XA 1.30
Y 4 | 252, .09 rA NA NA 22.7 QltY NA NA 1.32
85-3 #1 4310, .06 NA NA NA 24,6 041 NA NA 1.30
i .
85-4 #1 Loy, .04 NA NA NA 16.2 _nE2 NA NA 1.12
85-5 £ 388, .08 NA NA NA 33,0 032 NA | NA_ 4 op
NOTES: (1) L and £ denote lead caropy and lag canopy, respectively, during disreef opening
(2) t* = At/tﬁn
(3) 7 = t*{1 - c8./08,)
(L) cKo values taken from Table §
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The PTV data fell within 25 percent of their arithmetlic mean.
This Increase in deviation must be expz=cted because of the pre-
ponderance of the PTV wake which is random in nature. Also,
because of the greater load oscillation, the fi1l1l1 times are even
less accurate, perhaps + 30 percent.

The BP data are perplexing. Their mean fill distance is least
and the devlation is greatest, being sometimes as much as + 33
percent. There are two suggested explanations for thris. First,
because the loads fluctuate wildly, the times ray be 1lnaccurate.
Second, the wake may not be homogeneous and centered behind the
attach point. This could be due to the vehicle hang angle wnhich
could make the flow unsymmetrical.

Figure 5 compares the disreef opening load factors and inverted
f111 distances of lead, lag and single drogue chutes. Lead
parachutes have greater fill distances than lag parachutes. Be-
cause of this, the lag parachutes tend to nhave higher load factors
(as the equation indicates for parachutes with shorter fill
distances).

Parachutes tend to align themselves parallel to the velocity
vecter, directly behird their attach points. When two parachutes
are attached to the same point, both cannot occupy the same
central position, and they stand off at an angle of attack,
developing restoring side loads. 4n equilibrium is reached be-
tween the two. When one disreefs, its side locad increases,
pushing the reefed parachute farther out intc the free stream.
Thls change in equilibrium positions may take as much as 0.5

sec to accompllish. The greater the time difference in a2 non-
synchronous disreefing, the greater the position shift
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and the amount of free stream air that the lag chute sees when
it disreefs. Thls decreases the lag chute's fill distance and
Increases its load factor. There is a definite correlation in
the test data vetween the difference in fill distance and time
lag. In only one case did the lag chute have a greater fill

distance (Test 85-2). (This may be a bad data point due to the

poor load traces or due to inaccurate f111 times.;

The effect of the time ratio t* ( = 8t/t., ;) was also studied.
Values of At were obtained from telemetry traces and values of
tfill were estimated from films of the disreefing drogue chutes,
Some correlation was found to exist between the higher values of
t* and higher opening load factorséDSThe difficulty in seeing
___£ )

good correlation is that ¢t* (1 - , the product of two

fractlons, 1s smaller than either EB/VACDS , or CD“r/CDSo and,
therefore, has less effect. This effect msy, in fact, be of the
same order of magnitude as the parameters that are ignored by

the model (elastlicity, etc. ), thus making it aifficult to detect.

2.1.2.6 Presentation of Disreefed Drogue Chute Test Data. All
applicable test data are presented in Tables 8 and 9 and are

discussed below.

Test
B4-1: Both drogue chutes failed in a premature disreef, pro-

viding no applicable data.

99-2: This was a two-drogue, ICTV test. One drogue chute
failed before disreef; the other disreefed but split a
gore. Thls decreased the drag area and increased the

measured opening load factor.
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8L-1R: This was a two-drogue, PTV test and was the last test

to have drogue chutes reefed to 40 percent. Due to
nonsynchronous disreefing, the lead drogue chute com-
pletely filled before the lag chute disreefed. Because
the loads were high, the decelerations were alsc high,
significantly decreasing the dynamic pressure between
the lead and lag parachutes' disreef times.

(Due tn inaccuracies in the Askaria data during periods of
high deceleration, it was necessary to compute the dynamic
pressure of the lag parachute at the time of its disreef for
Test 84-1R, This was accomplished by integrating the equation
of motion of the vehicle-parachute system. The equation used
was

dv

gT = 8 sin @ - FL/m - C Spv2/2 m

D

where CDS is the drag area of the vehicle and lag drogue zhute
and FL is the force applled by the lead drogue chute., The
force FL was computed as the impulse of the lead drogue chute
force between disreef times, divided by the elapsed time. This
procedure permitted an easy solution of the differential equaticn
and subsequent calculation of dynamic pressure at lag drogue
chute disreef.)

84-4: This was a one-drogue chute test using a PTV. It was
the first test In which a drogue chute was reefed to
36.5 percent.

84-3: Both drogue chutes failed, providing no applicable test
data.

Ne
|
oy

This was a two-drogue chute test using an ICTV.
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83-6: This was a two-drogue chute test using a PTV.

g9-L: This was a two-drogue chute test using an ICTV. It was
the last test in which a drogue cnute was reefed to
36.5 percent,

2.1.3 Drag Area Study

Because of fabric elasticity and hysteresis, parachute drag
area is a functlon of both load and time. The higher the load,
the more a canopy stretches. This, in turn, affects the load,
the opening locad factor and the trajectory. It is essential to
understand these effects and to be able to predict them.

Usually, the opering load is the hlghest lcad experienced by a
parachute canopy during a particular opening stage. The canopy
typically deforms under this load, giving a large initial drag
area. After the opening load, the canopy loading typically de-
creases and the canopy tends to relax. This relaxation may not
be instantaneous due to viscoelastic characteristics lnherent

in the canopy fabric. A measure of this effect is 1ndicated

by a canopy growth factor, n. This factor 1s the ratio, minus .
1.0, of the drag area at the beginning of a stage, (CDS>1’ to
the average drag area over the stage, (CDS)aV.

n = (C s)i/(cs -1

D D )av

A pesitive value of n 1indicates that the drag area decreases,
and a negative value incicates that the drag area increases,

This is illustrated in Figure 7.

After the opening load, the loads typically decrease with time,
allowing the materials to relax and the drag area to decrease.

In some cases, however, the loads remaln very high, preventing
relaxation. In fact, the material may even creep under a sustained
high loading, increasing the drag area with time. Thils 1is the

trend: n decreases with increased loads (increasing q).
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Fig. 7. Schematics of Typical Drag Area Growth Curves

All applicable data are presented in Tables 10 and 11, Much of
the reefed drogue chute data was unusable because of load 1link
dynamics. This phenomenon made it impossibtle to measure the
initlal forces and prevented calculation of the canopy growth
factor. (Because this phenomenon existed only during the reefed
stage, it had no effect on the full open data.]} The canopy growth
factor was approximated by first dividing the cpening load factor
by the ratio of the maximum force to the initial force and then

subtracting one,

The reefing lines pass through twenty rings and assume the shape
of a twenty-sided polygon. The relationship between each chord

of the polygon and the radlius of the circumscribed circle 1is
linear., Hence, the area of the circle i1s a constant times the
reefing line length {(the sum of the chords) squared. The reefing
line length increases with the reefing line load, which is about

L percent of the riser load. Because there are two reefing lines,
each line carries about 2 percent of the riser lcad. In the

Block II (H) ICTV and PTV tests, the reefing lines were 2500-1b
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nylon cord. Because the riser loads were always less than
28,000 1t, the reefing line loads were always less than 560 1b.
With these low loads, the slope of the load versus percent
elongation curve of the material is nearly constant. The elon-
gation 1s a constant times the reefing line load which, 1n turn,
is a constant times the riser load. The length of the stretched
reefing line is the original length plus the elongation. It

Table 10. Drag Area Data for Reefed Drogue Chutes

Test Chute Drag Flight Peak Tnitial | Opening Force Canopy | Vehicle |Reefing
No, No. Area Conditlons Torce Force Fégigr Retlo Growth Type Dlameter
(€pS)p | 9pces ¥pzes | Fr Fy (Celp | Fo/Fy hr Lr
I BtV b 1o 5 D,
(1) (2}
84-1 # 1L 73.1 199. .57 17360 1.19 PTV 40,0
# 24 69.0 159. .57 15600 114" 40.0
99-2 # 1 80.0 3;i7. .72 27200 26000 1.07 1.05 .02 I1CTV 40,0
4 2 Failure|: - 40.0
B4-1R | # 1L 60,0 238. .62 16870 15000 1.18 1.12 .05 PTV 40.0
59.0 238. .62 16460 14500 1,17 1.13 .03
# 24 62.0 238. .62 [PCYPs0 LIS o 10.0
.0 238, 62 7#?@150 L'Ib{.l Lw
844 # 1 57. 175. .55 12030 1060C 1.21 1.14 .C6 PTV 36.5
57.0 175. .55 1213C 10800 1.22 1.13 .08
84-3 # 1L 50.0 356. .93 23390 130C3 1.25 1.23 .C4 PTV 2€.5
50.0 3E86. .93 23660 190¢0 1.29 1.24 .Ck
42 Failure 36.5
{
95-3  |# 1 64.0 203. .83 | 22160 1.70" 1CTV 36.5
68,0 203. .83 21730 1.57*
#2 L 64.0 203. .83 20700 1.59% 36.5
64,0 203. .83 19950 1.547
23-6 _|#11 55,0 154. 52 20110 {31 BTV 36.5
NA
# ot 55.0 154, .52 {iko 1 1.26% 7 36.5
NA
1T8C . /
90-4 |# 1t €3.0 288. 71 | S9510 108" 0TV 36.5
4 25 £8.0 288. .71 22140 19000 1.13 1.265 | -.03 36.5
NOTES: (1} {CK):“ = Fr/qDCCS(cDS)P’ where (3DE)I. 1s measured reefed drag area {the third data solurn)
(2) mp = fleppsm sy -
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follows that the geometric projected area 4 of the canopy may
be written in |

where the C's

sides of

this

the form:

B 2 2
A=Cy (o, + CEP] = C, + CyF + C_P

3 5

are constants and P 1s the riser load. If both

1

equatlon are multiplled by a drag coefficient, it

becomes drag area as a function of riser locad. This relation

Table 1l. Drag Area Data for Disreefed Drogue Chutes
Test Chute Drag Initiel Peak Initial} Openilng| -~orce Canopy | Venicle |Reefing
No. No, Area Conditizns Force Force ,;gf—fr Ratlo Growsh Tyne Diameter
{ N kol P z = I3 )
(epSly | g by 9 Py (Shg | Fo/Fy e Ly,
rt? | 1bsec? b 1o " %
: (1) (2) (3}
!
Si-1 # 1L Falled PTV 4e,o
#2141 | Fallec __4C,0
7
9g-2 # 1 130 212 .53 35520.% 2500C. 1.3¢ ' 1.38 -0.06 1CTV 40,0
1
# 2 Failed — 4C.0
BL-1R |} # 1L 117 120 .Le 16610, | 14000, 1.20  1.20 0.0 PTV 4C.o
122 750C. | 1-300, 1.20 1.20 c.C !
# 21 126 118 .22 1~7G9C. { luscc. 1.13 L.14 C.C i 40.0
1
115 16A0D. | 13600, 1.22 1.22 C.C !
T
8uL-4 # 18 124 181 €1 27470, | 23004, 1.22 L.18 0.03 PTV 36,5
125 27100, | 24400, 1,20, 1.1l 0.08
84-3 | #11L Falled . PTV 36.5
# 2 Falled S — m e i e 1 36.5
i
25-3 # 14 124 135 .5% 22310. | 18400, 1.33 1.21 9.1 PTV 36,5
136 | 227%0. | 1300C, 1.25 1.2¢C 0,03
Jlfr' 2L 127 128 ) 2203C. | 17300, 1.3€ 1.26 0,08 2€.5
124 21730. ] 17390. 1.37 1,26 0.09
23-6 #1 L 126 117 a3 s 5280. | 14700, 1.1 1.21 0,0 PTV 36.5
#2214 130 212 ; L43 L 172GC. 4 14600, 1.18 1,8 c.0O 36.5
Y %
as-i 1L 125 140 U6 : 2226¢. | 183cC. 1.27 1,22 C.04 ICTV 36,5
£2 - 13 13t A7 {22340, { 153200, 1,25 1,23 C, 02 36,5
noEme i1} Anmoztteriol 1) densten o darage 10N
. m _ R tr o~ .
(2) '“}{)c - o/ 4, "'}“)o, rnere f&‘.f)o 1o ieagured dizreefec drag area {Uihird cdasa column)
() = s ey |
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has the form of a parabola. No definite correlation of this
relation wlth test data could be found because of a lack of data.
In a further study, the coefflclents of the equation could be de-
termined theoretically. Good correlatlon with new test data
would provlide a means of drag area prediction,

Reefed canopy growth 1s plotted against dynamic pressure in
Figure 8, Because of load link dynamics, there are insufficient

data to detect a correlation.
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Fig. 8. Drogue Chute Reefed Canopy Growth Factor Versus
Dynamic Pressure at Canopy Stretch
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The full open drag area and canopy growth factor are plotted
versus the dynamic pressure at disreef in Figures 9 and 10,
respectively. Because the dynamic pressure variations shown in
these figures are relatively small, nothing concluslve regarding

the effect of this variable may be discerned.
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Dynamic Pressure at Disreef
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2.1.4 Wake Study

The mechanism by which a wake may cause riser load fluctuatlions
was studied. It was hypothesized that the frequencles assoclated
with the turbulent wake could cause osclllations of the system

with the added alr mass providing an intermediate transfer function.

It was further suspected that the strong fluctuatlons observed
behind the PTV and BP were indicative of resonant conditions in
the system. An order of magnitude check on the hypothesils was
sought through data analysils and 1is presented i1n Section 5.C.
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2.2 PILOT CHUTE LOADS

Each of the three pilot chute assemblies consists of a ringslot
parachute with textile riser, a deployment bag, a steel cable and

a mortar tube assembly. The function of a pilct chute is to pull

a main parachute pack away from its stowed position on the CM, to
quickly stretch this parachute's riser, suspension lines and canopy
into a lineal configuraticn behind the CM, to stabilize the apex

of the main canopy during reefed inflation, and to control the

canopy shape during the reefed interval.

The pilot chute canopy is a twelve-gore, 7.2-foot diameter ring-
slot parachute. For the normal entry mode of operation, the pillot
chutes are mortar deployed at the same instant that the drogue
chutes are disconnected from the CM. A sabot weight is permanently
attached to the deployment bag to increase its inertia and assist
iIn "strip-off" of the bag from the canocpy. After deploying the
main parachutes from their stowed positions, each pilot chute re-
mains attached, through a main parachute bag, to the apex of a

main parachute. The physical characteristics of a pilot chute in-
cluding its riser and deployment bag are illustrated in Figure 11.

2.2.1 Loads Methods Used in Apollo Parachute Development Program

The loads methods used in the Apollo parachute development programn
are described in detail in Reference 3. Briefly, these methods

were as follows.

A pilot chute snatch load was calculated for the pilot chute line
stretch event with a snatch force computer program. A pilot chute
opening load, Fo was calculated using the opening load factor method,

Fo = Cx (C€p8) apers

where C (CDS)o and 9porg degote opening load factor, full open

K’
drag area (24.4 ftg) and dynamic pressure at pilot chute line
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DEPLOYMENT BAG
.33 LBS 9,5
K| $

R

LBS
T
3,7 LBS
PACK
0.57
X
1.53 LBS | 3461
f 1
1,47 LBS 1o
METAL RISER .
f
MAIN PARACHUTE PACK—/\  TO COMMAND MODULE'S

MAJOR DIAMETER

NOTE: The lengths shown above are fabrication
dimensions (without strain)

Jeneral Data: Deploeyment cundlilons:

Type - Ringslot Mortar muzzie veloclty = LJ ft/sec (min’
Momina. diameter, D = 7.2 ©t At llne stretch

’ ' o 2 pe ht o llne stretet, Miniria Fer imur
Neminal canopy area, 5_ = 40, 4 " A

b ) Py " o Altitude, ft 2, 50U 18,00C
Lhumber of gores = 12 : .
' £ ’ Jvi.. pres., it/0tc e e
Canofpy porosity = 24% .. , -

wasg ertracted {(rain parachute pack! = 136 1t

m
Singie Cnhute Cnaracteristlcs:

X 2
TL.. oper. drog area, T_CDS“O = 24,4 ft

Pack welpnt = 3.7 ib {1ess metal riser)
3

Tezoik veodme = Lo in,

Fig. 1li. Configuration Drawing and Data for an Apoilo
Pilot Chute {Reference 2)
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stretch, respectively. The value of CK used in this computation
was established by giving careful consideraticn to the values
of CK associated with earlier tests of the same parachute.

Each pilot chute deploys one main parachute; and, being permanently
attached, each pilot chute is snatched to the vehicle velocity when
its respective main parachute canopy becomes fully stretched. This
event, occurring at main chute canopy stretch (MCCS), subjects the
pilot chute to higher loads than those occcurring at either pilot
chute line stretch or at pilot chute opening. The pilot chute loads
associated with MCCS were calculated using the equation,

Fuces = 1-75 (Cp8) jayers

where Uyces denotes the dynamic pressure of the vehicle at MCCS.

The coefficient 1.75 is a value that was determined to be approprl-
ate for permanently attached pillot chutes based on a wide range of

previous experience with deployable nonrigid aerodynamic decelerators.
The pilot chute overinflation line load was taken as 4 percent of

Fyces®
loads and methods that were computed in the Apollo development

Table 12 is a summary of different types of pllot chute

program.

Table 12. Summary of Load Prediction Methods
Used in Computing Pilot Chute Loads

Load Method Used (Ref. 3)
Frees 175 (CpS) s
Fo Opening Load Factor
Snatch , Snatch Force Program
Overinflation Line 0.0k x Fuces
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2.2.2 Review and Refinement of Opening Load Factor Method

The pilot chute loads data from the Apollo parachute development
and gualification tests were reviewed, and an analysis was made
to upgrade the opening load factor method. The results of this

work are presented below.

2.2.2.1 Explanation of the Calculation of Flight Conditions During

Vehicle Free Fall. There were only four tests in the Apollo para-

chute development program for which both Askania and loads informa-
tion were obtained for the pilct chutes. Each of these tests used
static line deployment immediately after a horizontal launch. Start-
ing from a horizontal trajectory caused the initial rate of change

of the flight path angle to be significant. Therefore, the analysis
procedure included ccnsideration of fligh® path angle at launch.

The velocity was then separated into horizontal and vertical com-
ponents. Knowing the time toc canopy stretch after launch, the

change iIn vertical velocity due to gravity, and the change in hori-
zontal velocity due to drag were calculated. A drag area of 2.0 ft2
was used for the ICTV. The total velocity and the flight path angle
at canopy stretch were then calculated, as well as a dynamic pres-
sure based on Rawin data. The calculated dynamic pressures are
presented in Table 13 alcong with the Askania values for comparison.
The calculated flight path angles at canopy stretch were between

six and eight degrees below horizontal in all four tests.

Table 13. Comparison of Calculated and Askania
Dynamic Pressure at Pilot Chute Line Stretch

Dynamic Pressure (lb/ftz) i
Teast - ’ ‘
Calculated Askania % Difference

80-3R1 114 114 0
80-3R2 95 97 =2
81-2 93 90 +3
81-4 120 119 ' +1
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2.2.2.2 Determination of Pilot Chute Opening Load Factor. All

data for the tests in which pllot chute loads were measured are

rresented in Table 14,

The opening load factor method was used to aralyze the pilot chute

opening loads data in order to determine values of C Of the six

factors measured, five fell witin 0.02 of 0.85 and oﬁe fell at 0.72.
All of the factors are significantly less than 1.00. It is believed
that this is because the main packs, in weighing oﬁly about 140 1b,
produced relatively light loadings for the pllot chutes. An attempt
was made at using the force traces to compute acceleraticon-time
histories for the main paracnute packs and integrating these to
obtain calculated dynamic pressures for the pack (and therefore

the pilot chute) and opening lcad factors at the time of peak load.
The results are shown in Table 14 as '"calculated pack q" and "resul-
ting CK'”; There are four CK' within 0.02 of 1.06 and two lower ores
at 0.94 and 0.91. It may be noted that the main parachute packs

are initially tied to the ICTV, and that there is not a good means
of estimating the time history of the forces on each pack oppcsing
the pilot chute forces. It is interesting that four of the six
factors calculated in this manner come out very close to the value
1.05 recommended in Reference 5 for ringslot canopies under infinite

mass ccnditions.

An explanation was sought for the low (0.72) CK measured on the

No. 2 pilot chute in Test 81-4. One observation made was that chute
No. 2 opened about 30 percent slower than No. 1, and about 100
percent slower than the single pilot chute in Test 80-3R1, which

was the other test at a q over 110 1b/ft2. It was also observed
that both pilot chutes in Test 81-4 were above the ICTV at pilot
cancpy stretch and swung into the wake during inflation, causing

the veloccity vector o be skewed to the canopy certerline. While

it is possible that these observations, based on telemetry and

film analysis, may be connected to the low factor, no quantitative

explanation was found.
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A third opening load factor, CK", is presented in Table 14. The
values of q at pilot canopy stretch, read from Askania and shown in
Table 14, were used to define this factor. The reason for showing
CK" is to illustrate the reduction in data scatter resulting from
using calculcated values of dynamic pressure, as opposed to using
values read directly from Askania. The advantage in doing this

is evident. (It 1s belleved that this approcach is even more bene-
ficial when applied to drogue and main parachute reefed opening loads.
This belief rests on the xnowledge that the decelerations due to
drogue and main parachute opening cause Askania errors, whereas there
is no vehicle deceleration due to pilot chute lcads.) The Table

14 data are also presented in Figures 12 (a) and (b) in the form

of measured load versus the load computed by using the factor 0.85,

a drag area of 24.4 ft2 and dynamic pressure values (a) read from

Askania and (b) calculated.

No evaluation of effects of parameters such as drag area ratio,
vehicle shape, vehicle attitude, flight path angle and Mach number
on opening loads was possible in the data analysls because these
parameters did not vary significantly in the tests for which pllot
chute data are available.
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2.3 MAIN PARACHUTE LOADS

Each of the three main parachute assemblies consists of an 83.5-foot
diameter, modified ringsail parachute with a riser assembly and a
deployment bag. The purpose of the main parachutes is to safely
recover the CM with any two c¢f the three parachutes at a maximun

water impact velocity of 38 ft/sec.

Each main canopy is constructed of 568 fabric gores and has 68 sus-
pensicn lines, 120 ft in length. The riser 1s a two-part assembly
of plied textile webbing at the upper end and multiple steel cables
at the lower end tc provide protection against abrasion damage by
the CM. The physical characteristics of a main parachute including

its riser and deployment bag are illustrated in Figure 13.

The ringsall modificaticon consists of a wide slot added <o the crown
of the canopy through removal of 75 percent of the cloth width from
the top of the 5th ring, counting downward from the central vent.
This slot increases the geometric porcsity of the canopy from 7.2
to 12.0 percent of So' Alsc, the conical apex makes an angle of

19 deg below the horizontal, instead of 15 deg, because it was
develored by removal of 4 gores from the original 72 in a spherical
surface. Although the cloth removed from the 5th ring was replaced
by heavy bands on the upper and lower edges of the slot, this area
was subtracted from the total in determining the nominal diameter
of 83.5 ft.

The governing design limit loads were derived from operational
conditions in which one of the drogue chutes and one of the main
parachute canoples were assumed to be inoperative. Nonsynchronous
stretchout, disreefing and filling of the clustered cancpies aug-
mented the opening loads in the first canopy to open at each stage
in the obening process. Therefore, the method of load prediction
used in the Apollo parachute development program allowed for the
effects of probable variations in the pertinent time differentials.
These effects were found to be most important in the final opening

phase after disreefing.
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PILOT CHUTE
DEPLOYMENT BAG 7.2~FT D_ RINGSLOT
o

RN

11,5 LBS 45,5
‘1 DIA
510,0
85,4 LBS )
29.2 LBS ~j423-8
1656, 1
T 15,0
2.5 LBS A
TEXTILE RISER ]
zi s ]
9.2 LB
META%RSER 795

TO COMMAND MODULE'S
MAJOR DIAMETER

TO CM ATTACHMENT

NOTE: The lengths shown above are fabrication
dimensions (without strains)

Jdeneral Data: Deployment Conditlons:
Type - Siotted ringsals wlct. twu~stlage reefllits;, Depioyment is Iinitlated by pliot chuates {cne
omina. dlameter, DU = Z3.° 't rfor each naln paracnute)
Keminal canopy ares, So = 47 e At line stretch, Minimum Maximum
Lumber of gores = o8 Altitude, ft 2,00 13,030
Caropy poroslty = lu7 Dyn. pres., 15/0t% 30 e

Stage . reeflng lire _engtn = 22,0 ft

&

Limit Loads {per paracnute):

Stage 2 reeflrng line lengtrn = ct.u 't

y = 3
Single Paracnute Characteristlics: Stage | reefed open, (Frl‘lim 21,830 iv

Stage 1 reeled open dra, area, :ch.r~ - 2T Yt‘h Stage ¢ reefec open, (FPQ)lim = 22,925 ib
Stage 2 reefed open drag area, ’CDS‘rf = LuBJ St Fuil open, lFo)lim = 20,910 ib
Full open drag area, VCDE‘O = Lzou ft- Termiral Condltions:
;izt :ei;n: = -fc:n ¢t3 less meta. rlser’ For 13,000-pound C¥, Two-Chute Three-Chute
¢ Viadme = LU0V Ln. Altitude Sea Level Sea Level
Pu.tlple Parachute Characterlstizs: ar., vel., rt/sec 38.0 3.4

Tre characterisiles of c-paracuute ciuslers and
J-pAaraciute CLusters are Jlizussed in Section o, 2

see ine Reference o

Fig. 13. Configuration Drawing and Data for an Apollo
Main Parachute (Reference 2)
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The main parachutes are reefed in two stages as follows:

Reefing Line

Reefing Line Working Cutter Delay Time
Stage Diameter Interval (Initiated at MCCS3)
1 g.4% Do 6 sec £ sec
2 24,8 4 10

Midgore skirt reefing Is used; i1.e., the reefing rings are attached
to the skirt band on the centerline of each gore, instead of at the
radial intersection. Average drag areas for the different reefing
ratiocs tested are given in Figure 14. Since reefing ratio is given
in terms of Do = 83.5 ft, a fully inflated canopy has a nominal
reefing ratio of roughly 0.68.

2.3.1 Loads Methods Used in Apollo Parachute Development Program

The loads methods used ir the Apollo parachute development program
are described in detail in Reference 3. These methods are very

briefly summarized below.

The first stage opening loads were calculated with a 2-DOF computer
program which computed the trajectory of the CM during the approxi-
mately 6-second interval of this opening stage. Basic inputs to
the prcgram were empirically derived schedules of drag area versus
time for each main parachute in the cluster. Dissimilar schedules
were used <o simulate unequal lcading situations due to nonsyn-
chronous deployment of the main parachutes by thelr respective
pilot chutes. Effects due to vehicle dynamics were accounted for
by multiplying the 2-DOF computer program lcads by a "vehicle
dynamic factor" of 1.05. 1In addition, the loads were multiplied

'

by a "dispersion factor" of 1.10 to account for basic uncertainties

in this loads prediction technique.

Second stage opening loads were calculated by the same method used
to calculate first stage ope@ing loads., In particular, the 2-D0F
computer program was used to compute the trajectory data and associ-
ated loads during the approximately id-second interval of the second

opening stage.
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Test Configuraticn

Symbcl

Single Parachute

Clustered Paracnute

% D

Midgcre Reefing Line Diameter,

Main Parachute Reefed Drag Area Versus kidgore

14.

Fig,

Reefing Line Diameter (Do = 83.5 ft)



The third stage (disreef) opening loads were calculated by an open-
ing load factor method modified for clustered parachutes. Due to
the presence of reefed "aerodynamic blanketing" (aerodynamic inter-
ference between parachutes) and nonsynchronous disreefing, the dis-
reef loads experienced by different parachutes, even within the
same cluster, were not the same. In order to use the opening load
factor method, the unit canopy loading had to be determined for
each parachute separately. This was accomplished by an iterative
technique which was generally as follows: Values for the unit
canopy loadings were assumed, calculations were made using these
unit loadings and test data, and unit canopy loadings were deter-
mined. The cycle was repeated until the assumed and determined
values matched. Knowing the unit canopy loadings, opening load

factors could then be found from previous test data.

Snatch loads of the main ﬁarachute, teing relatively low, were
not calculated. Table 15 is a summary of the main parachute loads
and methods that were computed in the Apocllo parachute development

program.

Table 15. Summary of Load Prediction HMethods
Used in Computing Main Parachute Loads

Load ' Method Used (see Ref., 3)
Fr.1 2-DOF Computer Program
Fr2 2-DOF Computer Program
FO Opening Lcad Factor (Modified)
Snatch Not Calculated (<Frl)

o0 NVR-5L31
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2.3.1.1 Review of Reefed Opening Loads Prediction Method Used

During Block II (E) Testing. Flight conditions were determined

with a three-degree-of-freedom compucer program, along with average
parachute reefed drag areas and filling times, and supplied to a
2-20F computer program. With this program, parachute forces were
computed as the product (CDS)q. Peak loads so determined were
further augmented by special factors to cover venicle dynamic

effects in the prediction techrnique. Thus, the basic Input param-

eters for Stage 1 were:

1) Initial flight conditions after main parachute stretchout

when filZing first begins
2) Deployment time differential be<tween parachutes
3) Reefed filling time
L Average reefed drag area (Stage 1)
5) Vehicle dyramic lecad factor {(1.05 used)
6) Scatter factor (1.1C used)
The basic input parameters for Stage 2 were:
1) Initial flight conditions at first stage disreef

2) Disreef time differential between parachutes

{0.34 to 0.85 sec used)
3) Reefed filling time
4) Average reefed drag area (Stage 2)

5) A combined vehicle dynamics and scatter factor

(1.05 used)

All of the foregoing parameters are explainred in greater detail
in Reference 3. Of particular interest here are the methods of

evaluating reefed drag areas and filling times.

(W8]
-
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2.3.1.2 Reefed Drag Areas., The appraisal of test data made for

the load analysis of Reference 3 justified the use of the following
reefed drag areas:

(CRS)
1 b r,

2

roc
Canopy (vDu)

Lead canopy in 2-chute 235 £t° 1080 ‘'t

cluster or first two
canopies in 3-chute cluster

Lag canopy in 2- or 3- 257 ot 972 e

chute cluster
Inconsistencies in the measurements obtained during the Block II (H)
tests were large at the selected reefing ratios, necessitating re-
liance on the results of the Block I tests to establish the Stage
1 values and the drag area ratio of lag/lead canopies of 0.9. It
may be noted that the Stage 1 drag areas selected fall below the
average curve of Figure 14, but are in good agreement with test
values obtained with single and clustered canopies. The Stage 2
values straddle the average data curve, but are far below measured
values. The high measured values, 1f correct, are belisved to

have resulted from unusual canopy expansion due to heavy overloads.

It is difficult to find anything in the measured drag areas ard
opening forces of the two reefed stages that would justify the use

of a smaller drag area for the lag canopy than for the lead canopy.
This 1s because 1in many cluster tests, a reverse correlatior existed
between drag area and peak load. It was noted that the longest at
measured was only 0.2 sec, compared to 0.8 sec and longer in the
Block I tests, and 1t therefore appeared desiragble to use a cor-
rection factor for the lag canopy. In seeking to improve the method,

the following assumptlions and evaluations were made:

1) Assume the reefed drag area is the same for all canopies

in the cluster.

Evaluate the drag area at the time of reefed crening

no
~

(rather than as the average value between reefed opening

and disree?®).

62 NVR=-~4 3]
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3) Zvaluate the drag area growth rate during the reefed
intervals.
4) Evaluate the reefed drag area at disreef as an initial

concition for the following stage.

2.3.1.3 Reefed Fillirng Time and Drag Area Grow<h. The reefed

filling time 1s calculated from the drag area and average area

growth rate as

aC.S
+ = D
ta -
~
Where: ACDS = (CDS)F - (VDD)i
= fed dr
(CDS)P reefe ag area
(CDs)i = initial drag area (= C for Stage 1)
CbS = average rate of growth for a given set of

conditions

The area growth rate 1s related to the initial velocity, v,, “hrough

-~

the air inflow parameter

A = (CDO)T Ve
Jse of the reefed drag area, rather than‘the car.opy inlet area,
Is justified because the Zatter is usually irregular in shape and

poorliy defined. (CDS)r accurately reflects the effecttiveness c?

the actuel air inflcw in filling out the canopy volume.

The relationship between the drag area growth rate and the air
inflow parameter for each Block II (H) test is shown in Figure
15 for poth reefing stages. Pertinent data derived from the test
results are summarized in Tables 16 and 17. The values cf 5;5

were determined by parametric computer analysis. A plot was then

- 63 NVR-6431
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Symbol Flignt Path Angle Range

C Y = -10 to -17 deg
3 Y = =75 to -90 deg

oo orreeas
' b

P egnce on pe T

200

T ,l,.j:l.:vr TIT

, ftz/sec

aiss sbast e Eakhbicss

bl mvs ey EResd 15

100

SRSRS SUNLAE SUN SRS SN

1}_'; Curve from results of
N Block I Tests (Ref. 3)

o TS IR EERRY SRURKTS Y BRI BN .
PR L [_ BT PR A
SR R R
; ol S - i - NN . 'L A=
F—— T TR - -
e R P SO A D S PO ST S iy
8 @ ,1;,!,,,. RO FEDASUEONs Fote FITH Poled:

(@

0 50 100 N

Al, 1000 ft3/sec

(a) Reefing Stage 1

Fig. 15. Drag Area Growtn Rate Versus Alr Infliow Farameter.

Data Points Are from 3lcck II (H) Tests; See Table 16
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Symbol Flight Path Angle Range

C Y = -10 to -17 deg
D Y + <75 tc -390 deg

L ""["TT'.

(C8), £t2 /sec

RSRETEE FRENE S s A QR Epa-Pl I=p) SOty SSRSTRNS [

Curve is best esti-

~

mate fcr Y =

T T et Gaireiey pamtos b B

o 100 200 3
A?, 1000 ft3/sec

{(b) Reefing Stage 2

Fig. 15 Ccncluded, Drag Area Growth Versus Air Inflow rarameter,

Data Points Are from Block II {H) Tests; See Table 17
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Table 16, First Reefing Stage Opening Data for Single and
Clustered Main Parachutes

] v
@ ® G O ® ' ® @ ® ©,
j
Test irltlal Stage 1 Fllllng | Average Inficw Area |Reeflng
Nc. Cunditions {Peak Forcel Tlme Urag Area |Parameter Srowtn Diame:er
r - ’ Q‘ —“
Vmees ees | Fry SR RN Al (Cp3' el Pry
- N -
re/sec deg it sec e ft-/seqc !ffaéec % DU
n 2 SRS
T
H0-iR 8.8 -17 13,654 l.ye2 7= NI ik 3.¢
Bu-z 05,8  -iu 18,7uw 1.8¢ 278 Il 0Ly layg 8.«
Su-3Ri 3675 -lo iv,885 1.68 28u u3,000 | 167 8.4
80-3R2 32l.5 -13 10,19% 2.1 288 32,600 134 8.4
81-1 /| 3bL.7 -14 10,200 1.88 2y 8,100 137 8.z
8l-c (53{3x5.: -1 | 1,720 | 2.t 247 B, B s 8.0
B1-3 (u)|¥7ev -6 15,438 1.8L 28 lou,oou | 18t 8L
Bi-4 (&5, 371.7 -li IV ..8¢ 2ut FIRTVIVER RS RE 8.4
Be-1 382,94 -T6 7,820 2.1 508 1iu,700 | 1az 0 B.a
B2-1R 4o7.3  -T4 3U,4L0 2.11 e Lel, uuo 141 8.4
Be-c sub.w =B3 zv, 375 R gt 2y, luu 1iv 8.4
Be-d 296.,7  -83 ce, Yoo 2.3l 55 Ius, 3UC 184 9.5
Bu-1R (5)|288,2 -8z 12,010 | 2.64 322 9e, 800 | 122 4 8,4
Ba-b (5 {sut.3 -8 17,830 2. 14 2.3 B7, vl 133 8.4
: ‘ t = [ ! -
NOTES : 1 Lfrl DS Pl/(CDS'rl
‘e (CDS r is average value of F/q during latter portion of
first %eefed Interval In whlcet: reeflng ilue 1s taunt
(30 A, = "“p'p Vices
L /PDg‘r 1s the dray area growtn rate Lhat, when ased fr 4
1
<-DOF polnt-mass trajectory couniputation, produces the sauwe
P that 15 shown Lo Cuiunuu’ﬁ)
4
(1! These were cluster tests. Presented dala are I'cr canopy that

vecame the lead canopy after Stapge ¢ clirvel "the curres-

potidlng data Cor the lay, canoples are noet aveliabic!

€6 NVR-6431



Table 17. Second Reefing Stage Opening Data for Single and
Clustered Main Parachutes
i [ i _ [ | J =~ T T
'l R 3! 4 & % ) & . & | © l g
) : ‘ - i
Test Initlal | Stage & \Filiingi Stage 1 Stage & Delita | Inflow Area (Reefirg
' 3
No., ;Conditlons! Peak Force| Time !Drag Area| Drag AreatDrag Area‘Parameter'Grgwth‘Diameter
i { b )] ! @y ! / 3 ary i
vdi ’dl l FI‘2 | tfrg i ‘CDS’PL \varrz' A\CD?;' ‘ A2 j(cgs}rg Dr2
ft/sec deg 1b sec rte £te ! ree : ft3/sec Ift2/sec % Dy
, (o (2 (3) . e (5 (6}
‘ T T 1
80-1R 151.6 -49' 12,906 g.632 ! 275 : 875 1 500 132,600 94G ' 2..8
!
|
' : |
80-2 173.4 -5z | 18,205 ' 0.767 . 278 985 | 707 170,00C | 922 | 24.0
| |
80-3R1 176.4  -u46 19,461 0.824 280 1125 ; 8uyz 198,50C | 1025  26.7
80-3R2 166.3 -5i 18,684 0.9%6 288 1222 f 934 | 203,300 938 . 26.7
. | 4 ]
. ! }
81-1 (7)j184,1 -48 19,407 0,657 257 92c ) 662 ¢ 166,500 | 100G | 24,0
| ! ! i i
| | i
8.-2 (T)i164.4 -51 18,897 ' 1,310 1 247 128¢ | 1003 | 2¢5,800 767 | 26.7
1
I
81-4 (7} 169.6 -54 16,42C { 1,187 . 245 1135 X 891 192,70C 750 l 28,7
: I
go-2 223.5 -84| 32,800 1 0.830 | 28 1180 895 264,000 | 1978 ( 24.8
' i
8z-4 177.7 -88 24,300 0.936 355 1130 775 201,000 828 | 24.8
|
I
84-1R (7)|1lzs.5 -8% 1.,140 1.875 3ee 1330 1008 167,000 602 24.8
NOTES: (1) trn, = (CpS)/{CS)r,
(2) (CDS)rl taken from Column @D of Tatle 16
(3) (CDS)r 1s average value of F/q durlng latter portlon of second reefed interva.l
in which reefing line ls taunt
- - 4
(4) MCpS) = (CpShn, - (CpS)n
(5) Ap = (ch)rg le
(6} (CDS}I.2 13 drag area growth rate that, wher used in a 2-DOF polnt-mass trajectory
computation, produces the same Fr2 that 1s shcwn in Column OD
7) These were cluster tests. Presented data are for canopy tnat became the leac

cariopy after Stage 2 dlsreef {the corresponding data for the lag canoples are no:

avallable,

NVR-6431



made of (C,S)q as a function of TS based on the initial velocity
and altltude observed in each test. The value of CDS selected was
that corresponding to the measured opening force. In cluster tests,
it was possible to do this cnly for the lead or most highly locaded

parachute.

Stage 1 Data

For Stage 1, the data, though few In number and scattered, were
consistent with those obtained from the Block I tests with a
single stage cof reefing. Therefore, the Block I data curve was
superimposed and used as shown in Figure 15 (a). This curve falls
reasonably well among the data points which are separated into

two groups depending on the flignt path angle. Presumably, the
near-vertical data would be most applicable to the design cases,
but confidence 1n the accuracy of the few measurements shown 1s

low.

Stage 2 Data

The Stage 2 data points plotted in Figure 15 (b) appeared at
first to afford nc meaningful correlation, so a ccnstant area
growth rate of 1000 ftz/sec was adopted as tne one yielding the
best load prediction for most cases. Subsequently, the corre-
lation shown for near-vertical tests results was detected, but,
as yet, had not teen checked out 1In the computer,

A typical linear drag area growth schedule fcr one of the two-
canopy design cases is illustrated in Figure 16. The curves
after Stage 2 disreef were estimated.

Plots cf measured CDS versus time for reefing Stage 1 were re-
examined, and the slopes of the growth curves were carefully
measured. These average growth rates are plotted with the air
inflow parameter, based on the drag area at reefed cpening, in
Flgure 17. Falr correlation of the cata results, anrd the seprara-
tion relative to flight path angle disappears. This is an improve-

ment for the near-vertical trajectory data, because if the constanrt

O
(@8]
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300 RIS

Flight Path Angle Range _

= =10 to -17 deg

= =75 to

100

: NS SRt
MTSTIRTS Sinag AN IR iy

o
o ﬁﬁ'

50 100
Al’ 1000 ft3/sec

Fig, 17. Corrected Drag Area Growth Rate Versus Air Inflow

Parameter for Reefing Stage 1, Data Points Are from

Block II (H) Tests; See Table 18
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£illing distance theory discussed on page 73 1s valid, one would
expect vertical growth rates to be higher than thcse in near-
horizontal flight.

The veloclitles at main canory stretch used in constructing Flgure
17 were determined and corrected by a methed simlilar tc that em-
ployed for the drogue and pilot chutes. The corrected velocitiles
and other pertlnent test data are summarized in Tatle 18. The
average growth rates are substantially higher than those the com-
puater requlres to reproduce the measured opening forces. The re-
sultanrt shcrter filling times generate higher than measured opening
forces when llnear growth rates are employed in the computer pro-
gram. Examination of the plotted CDS versus time data derived
from Askania and telemetry records shows a roughly linear growth
rate 1n about half the tests; but, in most cases, the uvper part
of the curve shifts gradually to a lower rate as reefed inflation
is approached. Since the peak opening fcrce occurs at about the
same time, thls has an attenuating effect. However, the magnitude
of the load reduction between computed values, based on reported
filling times and the measured values, appears to be dispropor-
tionately large for the small time differential represented dy

the transition from one growth rate to another. The conputer
results indicate that a filling time 18 percent longer than the
actual is required, on the average, when a linear growth rate is

assumed for the first reefing stage.

Nonlinear Drag Area Growth

The data indicate that the drag area growth rate 1s ncnlinear

and not accurately represented by the ratio F/q derlved from

the Askania and telemetry data. Therefore, an 1lnvestigation

was made to find a suitable growth function to accurately re-
present the process. This was particularly needed for Stage 2
where it 1s known that at the 1instant of disreef the canopy mouth



Table 18, Corrected Data for First Reefing Stage of Single and
Clustered Jain Parachutes
R T
® (3 O ©) & D ® 9 ol
Test Chute Inlitial Stage 1 Filling | Average Inflow Area iReeflng
No. No, Condltlons |Peak Force| Time Drag Area|Parameter|Growth !'Diameter
mces mees|  Fry trr, | (%S Ay | (CpShey | Dry
ft/sec deg 1b sec G ft3/sec fte/sec % D,
(1) (2) (3) (4)
80-1R 1 335 -17 13,554 1,785 250 83,7 1L0 8.2
80=-2 1 374 -10 18,700 1.633 260 97.2 159 8.2
80-3R1 1 374 -10 19,885 1.555 2u6 97.4 167 8.4
80-3R2 1 339 ~-13 16,195 1,655 275 93,2 166 ! 8.4
81-1 1 350 =14 16,200 1,374 235 82,2 171 8.2
2 12,860 1.355 199 69.7 149 8.2
81-2 1 339 -16 1 13,720 1.830 235 79.7 128 8.4
2 . 13,480 1.560 200 67.8 128 8.4
|
81-4 1 | 380 -11, 15,780 | 1.885 | 230 8.4 | 122 | s.u
2 17,157 | 1.565 | 235 89.3 | 150 | 8.4
82-1 1 385 -76 ; 27,830 1.464 290 111.,7 = 198 8.4
82-1R 1 | 409 -75 } 30,410 | 1.480 274 12,1 I 185 8.4
82-2 1 306 -84 | 20,375 1.823 270 B2.6 | 148 8.4
Be-4 1, 295 -B7 | 22,900 | 2.537 345 101.9 136 9.5
! !
83-6 1, 312 -88 12,360 1.922 275 85.8 143 8.4
84-1R 1 287 -85 ;12,100 I 2,520 290 83,2 115 , 8.4
2 | 12,410 - 2,500 294 8u. 4 118 | 8.4
3 12,000 2.500 294 84,4 118 8.4
8L-u 1 310 -83 17,830 1,587 270 83.7 170 8.4
2 NA § NA NA NA NA NA
NOTES: (1) by (ch)rl/ (ch)r,1
(2) (CDS)r1 i1s average value of P/q durlng latter portion of first

(3)
(4)

reefed interval in which reeefing line it taunt

A

1

(CpxS)ry Vmees

(Egé)rl 1s the drag area growth rate that, when used in a 2-DOF

polnt-mass trajectory computation, produces the same

shown 1in Column ‘4)

Fpl

that 1s

LVR-€431
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snaps open to a larger dilameter and the air inflow rate in-
creases suddenly. At the same time, the riser lcad drops due
to momentary relaxation of the suspension lines. Therefore,
the measured force is nct simply (CDS)q during this critical
part of the opening, when the velccity 1s a maximum, btut the
result of aerocelastic dynamics. Because the filling time is
relatively short, added air mass effects are also present so
that the riser load does not correspond to (CDS)q unt:l after
full inflation 1s reached. It was found that an exponential
growth rate function based on measured drag areas and filling
times would produce results similar to the opening load factor
method of relating (CDS)q to the measured peak load. Because
an exponential growth rate was suilted to computer programming,

it was 1investigated in some detail.

Dimensionless Filling Time Parameter

Fr'enchLL and others have shown that the distance traveled auring
the filling of a given parachute tends to be a constant., This
led to the definition of a dimensionless filling varameter, Kf.

This parameter 1ls deflined as,

where v, is the Initial velocity (VMCCS for Stage 1), te is the
filling time, and D is a characteristic dimension of the canopy
such as the nomlinal dlameter, Do’ or the reefing lire diameter,
Dr‘ Dimensionless fillling times, based on Drl: were computed
from the Stage 1 test data. These are summarized in Table 19
and plottec agailnst the initlal velocity, vy, In Figure 18.
These data suggest a mean value for the dimensionless filling

tire parameter, Kf = £3,9. This number could be used in the

73 NVR-6431



Table 19, Dimenslonless Filling Time Parameter Data
for First Reefing Stage of Main Parachutes
@ @ @ ® | 6 ® | @
Test Chute Reefing Initial Filling Filling
No, No, Diameter Conditions Time Parameter
Pry Ymces meos | frpg Ke
% Dy £t ft/sec deg sec
(1) (2)
80-1R 1 8.2 6.85 | 335  -17 1.785 87.2
80-2 1 8.2 6.85 374 -10 1,633 8g9.2
80-3R1 1 8. 7.01 374 -10 1,555 83.0
80-3R2 1 8.4 7.01 | 339 -13 1.655 80.0
81-1 1 8.2  6.85 | 350 -14 1.374 70.2
2 8.2 6.85 1.335 68.2
81-2 1 8.4 7.01 | 339 -16 1.830 88.5
2 g.4 7,01 1.560 75.5
81-4 1 8.4 7.01 380 -11 1.885 102.1
2 8.4 7.01 1.565 84.8
82-1 1 8.4 7.01 | 385 -76 1,464 80,4
82-1Rr 1 8.4 7,01 | 409 -75 1.480 86.5
82-2 1 8.4 7.01 306 -84 1,823 79.6
8o-4 1 9.5 7.93 295 -87 2,537 94.3
83-6 1 8.4 7.01 | 312 -88 1.922 85.5
84-1R 1 8.4 7.01 287 -85 2.520 103.0
2 8.4 7.01 2,500 102,73
3 8.4 7.01 2,500 102.3
BL-4 1 8.4 7.01 310 -83 1,587 70,2
2 8.4 T7.01 NA NA
NOTES: (1) tfrl values taken from Table 18
(2) kg ices ey /Prs
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calculation of reefed filling times for any reefing ratic within
the range tested for Stage 1 in place of the more complicated pro-
cedure associated with using Figure 15 {(a,.

In re-evaluating the test data for both reefling stages, 1t was
found that several good measurements ottained wlth clustered
canopies had been omitted from Figures 13 and 14, This resulted
from overemphasis on the importance of the lead canopy in the
final opening phase, which in several instances was actually the
lag canopy during one cr both reefed stages. In consequence,

the growth rates of the other canopies were not evaluated. This
oversight was corrected In the calculated results presented in
Figures 17 and 18. Also, after careful examination, all the data
of Test 81-3 were rejected as unreliable.

2,3.1.4 Opening _oads Following Stage 2 Disreefing

Background

In parachute tests performed prilor to 1950, two important
gquantities, the dynamic pressures at canopy stretch and at
disreef, were seldom reported, because, in most cases, the
corresponding veloclties had not been measured. Therefore,
only a fraction of the available data was usable: that in which
the delay from launch to canopy stretch was very short, and
that from which the velocity or dynamic pressure at canopy
stretch and disreef could be deduced. In addition, 1t was
necessary to have some means of calculating the reefed and
full open drag areas of each canopy, and only approximate

drag coefficients were available in many cases. For example,
reefed drag areas were derived from an old empirical relation-
ship that proved to be wrong most of the time, but consistent
application of the resultant curve minimized this source of

error,

NVR-6631
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The following quantities were generally calculated using standard
atmospheric density (for want of aeroclogzical data at the time of

each test).
Fg {(measured)

(CDS) qi

Opening Shock Factor, X

s s B PP At e W _ System Weight
Ba.listic Coefficient, ChS = Drag area (reefed or full open)

-

e DY)

L o v

Initial Dynamic Pressure, a4 5

A plot was made of X versus W/CDS with initial flight velocity
and altitude at launch noted. A large fraction of the data was
for various ringsail parachutes tested at altitudes of 10,000-
15,000 ft. These snhowed some correlation with launch velocity
and a family of curves were drawn in by visual inspection of thne

trends for different equivalent airspeeds,

Whenever the deployment concitions ¢f a new parachute design fell
within the scope of the empirical data curves, it was possible to
predict the probable cpening force with fair accuracy as

Fo = X(Cy8)ay
However, it was not always certain that the conditions were indeed
comparable pbecause of the large variations in vehicle ballistic
coefficients and in the time intervals from launch to canopy
stretch. Also, the variation of X with altitude was ofter ocbscured

by insufficient and scattered data.

Trhis background is given to bring out the considerable refinement

of method represented by the Apollo load prediction technigue and

to clarify the reason it is unnecessary to use EAS as the controlling
variable at a given altitude when the appropriate dynamic pressure

is known with reasonable accuracy. The "opering shock faczor" :s
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now called the "opening load factor' and deroted as C,. The
complexity of the cluster paracnute filling problem made 1t more
expedient to emplcy this approach to load prediction for the
Apollo main parachute disreef opening stage than to undertake
development of an adequate computer program similar to that

employed for the reefed opening stages.

Physical Basis

The filling cof clustered canopies is an unstable process that
leads to nonuniform opening and disparate lcad sharing more
often than not. This effect is most pronounced in the final
opening phase and starts with norsynchrorous dlsreefing of the
canopies at the end of the second stage. DBecause the normal
filling time of the ringsail canopy from Stage 2 disreef to
full open is relatively short, the disreef time differential

between "lead" and "lag" canopies has a strong effect on sub-
sequent inflation. If the disreef 4t 1s favorable to the
lagging caropy of Stage 2, thls lage cancpy may recover and
take the lead in the final opening phase, Here, the lead
cancpy is defined as the one receiving the highest peak load,
the lag canopy (or lag canopy No. 1) second highest, and the
lag-lag canopy (or lag canopy No. 2) the lowest. The disreef
At is not the only factor that causes the canopies to fill at
different rates, s> good correlation cf results with this para-
meter cannot be expecteaq,

Summary of Method

The load prediction method of Reference 3 for the opening loads

~

following Stage 2 disreefing 1is summarized as follows:
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Opening Force

The empirical opening force relationship, as applied to the Apoilo

main parachute cluster, is used in the form

In = N e 3 3
“a VKO(QDS/O qu (2}
z
where:
FO = peax opening force cf full open stage
CKC = opening load factor of full cpen stage
(CDS)O = drag area of full open canopy (L000 ft<)
qd2 = dyramic pressure at Stage 2 disree?

When values of CKO were calculated for the tests performed with
two-stage reefing, it was found that the single canopies provided
more drag area than the cluster canopies at the same effective
unit loading. Therefore, only the cluster data presented in
Table 20 were available to support development of the curves

given In Figure 19.

Effective Unit Canopy Loading

The method of evaluating the effective unit canopy loading for
each parachute in the cluster 1s one of apportioning the total
system welght (W) 1n accordance with the ratio of the instantaneous
dynamic drag area (F/q) of each canopy to the combined dynamic

drag area of all canopies in the cluster measured at the time of

maximum force in the lead canopy.

W¥ _ (CDSm)j [ W
- f
chO p z\chmT 4000

W
S

NVR-G6431
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Table 20,

Disreef Openlng Load Factor Data for Single

and Clustered Main Parachutes

@ |® 0|0 %) ® @ & ® 0] D
Test Chute Lead | System (=ff, Unlt Initial Zynamic [Totel ITyn.| Opening Orenirg |[Reefing
No. No., /Lag]| Welght Loading Dyn, Pres,]Drag Area|Drag Area Load Load Facter|lClameter
W R/epSe) | ag, CpSm | Z0CHSr) Fo Cx, Pra
1b 10/8t° Tb/rel 52 ¢ 2 % D,
(1) (2} {3) (4)
80-1R z - 5,L22 1,36 7.25 4660 4660 13,737 0.487 2..8
80-2 1 - 7,501 1.88 9,7¢ 5513 =13 21,790 C.562 24,0
80-3R1| 1 - ,558 1.88 7.3C 586¢C 5850 21,185 0.718 26,7
80-2R2{ 1 - 7,457 1.88 6,43 6635 6635 12c,5L6 C.799 26,7
81-1 z Z 12,989 1.56 7.95 287¢C - “L,020 c. by 24.0
2 I 1,58 8.3% 3030 }s9c0 ! 15,120 | 0,453 24.0
81-2 1 L 12,989 2,58 5,41 5650 - I 17,518 0.810 26.7
2 1 ’ .74 3.81 180 }7130 V56 TR 26.7
81-3 z / 13,054 | 1.51 7.70 293C }SQFO 14,170 0.460 26.7
2 z 1.74 7.37 327G - 16,060 C.5L5 26.7
81-4 1 L 12,989 | 1.:1 6.24 43k0 7L00 . 17,160 C.687 26,7
2 £ 1,36+ 5,82 306C 12,200 c.52b ¢+ 26,7
g2-2 1 - 9,687, 2,42 ' =8 i 7500 ¢ 7500 28,135 =, 88 % 24,86
82-4 1 - 10,486 . 2,62 3,15 ; 5980 6380 32,200 c.880 24,8
8L-17 1 I} 13,026 | 0.8 ! 1,78 b 1120 [ 5,10 0.722 | 24.8
2 T ©1.37 : 3.86 . 372C 28850 . 9,300 i 0,602 ) 24,8
b3 174 C1.47 3.75 . ket o i 1C,0L0 ] 0,569 | 24,8
u-t | 1 L | 12,961| =16 | 6,17 . 120 ! } i 15,320 | 0.520 24,8
P2 2 | VA \ NA ) NA 1 A NE J NA J 24,8
{ ‘ | | |
NOTES: {1) 1L, [ and ff cenote lead canopy, lag canopy number crne and .ag canopy number two,
respectively, of Stage 3
(z) (w*/CDSD) defined by EZquatior (3)
(3 (chsm) = F,/qp, where Qq, is dynamic pressure at time of occurrence of FOL
2
{s) Cx, = Fo/, (2pS,), where (CpS,) 1s 4000 ft
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where:
J = one of n caropies in the cluster, jJ =1, ..., n
W¥ = portion of weight carried by j canopy
Q = b b ] = R
(CDcm)j dynanmic drag area of j canopy ‘j/qm
Fi = 1instantaneous force of j canopy
Q, = dynamic pressure at time o¢of lead canopy maximum
force

z 3 ) = S ). T
(CD m’ (CD m)l * (CDSm)n

The term "dynamic drag area" is employed to distinguish the
instanteous ratio of force to dynamic pressure from the steady-
state value because mass 1lnertia and aeroelastic effects may be
present and contribute to data variations. The assumption is made
in Equation (3) that the steady state values are directly propor-
tional to the dynamic values measured for each canopy. The cal-
culated results are summarized in Table 20 and plotted in Figure
20. The curve indicated for clustered canopies 1s used In the

load calculation.

Lead/Lag Canopy Inflation Characteristics

Canopy growth 1s characterized by a nondimensicnal ratio CDSm/

CDSr2 in which the numerator is the dynamic drag area of a glven

canopy in the cluster at the time the lead canopy load reaches

its maximum value, and CDSrf is the average reefed drag area of a
e

given canopy during Stage 2 after inflation.

A dimensionless time parameter is defined as Atdz/tfo, the ratio
cf the time differential between lead and lag canopy disreefing
to the time required after disreefing for the lead canopy load to
reach its maximum value. The signs c¢f Atd2 are opposite for lead
and lag canoples. A positive Atd for either cancpy means that
the other disreefed first and inh%bited the growth of the second-
to-disreef, Irrespective of its later development as a leading or

lagging cancopy. A negative &td2 for a givern cahopy indicates that
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it disreefed first, and consequently, its initial growth was less

inhibited by the presence of the other still reefed canopy.

Calculated values of these parameters, derived from the test data
summarized in Table 21, are plotted in Figure 21(a). The scatter
around Atd2/tfO = 0 shows that the dynamic drag area at the time

of the lead canopy maximum lcad is not much affected by small dis-
reefing time differentials between lead and lag canopy. Although
the distribution of the data is not necessarily symmetrical about

zero, it tends to fit this pattern better than any other; however,

since only positive values of Atdg/tfo are used in calculating the

drag area ratio of the lag canopy, the principal value of the nega-
tive data is in helping to establish the slope ¢f the right hand

portion of the curve in Figure 21(a).

The canopy continues to fill, but at a greatly reduced rate, during
the latter portion of the reefed interval and causes the effective
drag area at disreef to be greater than the average value 1n most
cases. Because the initial phase of reefed opening 1is subject to
wide variations due to dynamic effects, it appears that the end
value of the reefed drag area determined at near-equilibrium condi-
tions, being the starting point of subsequent growth, should show
better correlation of the inflation parameters developed. This
approach is tested with the data plot of Figure 21(b). At Atdz/
tfo = 1.0, the lag canopy drag area eguals its end value, and
consequently the area ratio is unity. This is not necessarily

the case when the average reefed drag area is used, for the reason
given. At Atd2/tfo = -1.0, the drag area ratio approaches that of
the single canopy, but Figure 20 shows that the presence of the

lag canopy reefed for the entire interval will change the filling
characteristic significantly, so that the peak load occurs at a

smaller level of growth, if not earlier in the filling process.
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Table 21, Canopy Growth and Disreef Time Lag Data for Single
and Clustered NMaln Parachutes

1
|
@ ® @ ® ® ® | @ ® | ®
Test Chute Lead Stage 2 |[Drag Area} Filling| Time Time Lag|Reefing
No. No. /Lag| Drag Area| Ratilo Time Lag | Ratlo |[Diameter
(CDS)m Atde
(CDS)PQ TESET;z tfc ‘tdz tfo Dr2
L
£t sec sec % Do
(1) (2) (3)
go-1R | 1 - 875 5.32 1.4 - - 21.8
80-2 1 - 985 5,60 1.10 - j - 24,0
80-3R1 1 - 1125 5,24 1.02 - . - 26.7
80-3R2 1 - 1222 5,43 1.05 - | - 26.7
81-1 1 l 920 3,12 1.02 0.29| +0,23 24,0
2 L 860 3,60 1.26 -.29| -0,23 24,0
81-2 1 L 1250 4,52 1,24 |-1,10| -0,89 ‘ 26,7
2 J4 1210 1,24 2,64 1.10' +0.89 | 26.7
81-3 . 1 Z 945 3.09 0.91 =.07: =0.075 | 26.7
i 2 L 1050 3.21 0.94 | 0,07) +0.075 | 26.7
81-4 | 1 L 1075 4,03 1.12 -.35 -0,313 26,7
’ 2 { 1135 2.69 0.84 0.35 +0.313 | 26.7
82-2 | 1 - 1180 6.36 1,03 - . - 24,8
g2-4 | 1 - 1130 6.18 0.95 - - 24,8
{
84-1R | 1 - ff 550 NA NA NA |, NA 24,8
| 2 L 1145 3. 46 1.20 -.25 -0,208 ' 24,8
| 3 1 1330 3.21 1,11 | 0.25. 40,208 24,8
844 1 L 1075 3.83 1.03 NA ; NA 24,8
2 1 NA NA NA NA NA | 24.8
NOTES: (1) L, A, and £f denote lead canopy, lag canopy number one

and lag canopy number two, respectively, of Stage 3

tfo

disreef and the time of occurance of F,

Atd2

denotes second stage disreef lag time

denotes the time interval between second stage

NVR-6431
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Canopy Filling Time from Stage 2 Disreef to FO

The caropy filling time after Stage 2 disreef, tfo’ lg treated as
a function of a mass flow functicn, ﬁ, and the effective unit
canopy loading. The mass flow function Is considered to be pro-

portional to tne initial value and is defined by the relation

m = pvd2 (CDS)I‘2 (/-#)
where:
g = alr density, sl/f‘t3
Vd2 = velcclity at Stage 2 disreef, fi/sec
(CDS)r = average drag area of one cancpy during latter portion

2 of Stage 2 opening. ft2

(CDS)PQ rather than the reefec Inlet area in Eguation

(4) is justified because the latter is usually poorly defined and

The use of

the former 1is proportional to the vclume at the time of disreefing.
The calculated results derived from pertinent test data are pre-
sented in Table 22 and Figure 22. Because of data scatter, con-
siderable judgment was reguired to establish the unit canopy load-
ing curves. This was aided by extrapolaticn of a similar set of

curves developed from the Block I test data in Reference 6.

At disreefing, the canopy mouth quickly snaps cpen to a larger
inlet area (due <c tension in the reefing line) and then continues
to expand at an exponential rate until inflation is completed.
Although the disreef drag area accurately reflects the bulbous
development of the cancpy, which produces the reefing line tension,
and causes the mouth to snap open, the subseguent filling charac-
teristic is not determined solely by the initial inflow rate. Apart
from canopy shape and porosity factors, there is a lead/lag canropy
dynamic interplay called "blanketing" tnat causes unegual filling
rates even though disreefing may be synchronous. The existence

of this interplay is emphasized by the occurrence of lag canopiles

with negative disreef time differentials.
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Table 22. Disreef Filling Time Data Obtained During Single and

Clustered Main parachute Tests

2 @ 2| ® 20 0|l v |
Test Chute Lead|Altitude Alr Initial Fllling (Mass Flow, Reefing
No. No. /lag DensitylConditions | Time |{kFunction Diameter
h ! » Va, (ch)r2 trg [} ' 1:»1,2
ft ;sl/ft3 irt/sec ft2] sec sl/sec % D,
(1) 1 l ) (3)
! t
80-1R 1 - 9635 i.001698 31.5 815 1.41 136 21.8
80-2 1 - 3713 ?.001680;106.5 9851 1.10 | 176 - 24.0
| ! : '
80-3R1 1 - 3760 1.0016398| 93.0 1125) 1,02 178 26.7
. 1
1 ! i
80-3R2 | 1 - 9007 |.o01748] 86.0 1222 1.05 i 183 | 26.7
| ‘ ; ;
1 ‘ |
81-1 | L ! 9610 .oo1704| 96.5 920, l.02 | 151 24.0
i L | ‘ 99.0 86| 1.26 , 15 . 24.0
:' ] | (
812 | 1 L | 935 l.001736| 79.0 1250| 1.24 | 171 26.7
2 ! t 66.3 1210 2.64 @ 133 . 26.7
81-3 1 l + 962c l.oo1701i 95.1 945| o0.31 | 153 26.7
2 L ! | 93.1 1050| 0.3 166 26.7
! [ .
81-L 1 L 9310 .001752| B8b.4 1075 | 1.12 159 . 26.7
R 4 g j 81.6 1135 | ©.84 . 162  26.7
i ‘ ! { ‘
B2-2 ; 1 - . 8276 {.oo1804! gu.2 1180 1.03 200 24.8
4
82-k 1 - 7548 i.001826f100.1 1130 0.95 | 207 | 2u.&
84-1R 1 £ 8100 (.001913 NA =550 NA NA 24,8
L2 Lo f 63.6 1145 | 1,20 139 ' 24.8
U | 62,9 1330 1,11 | 160 . 2u.B
! .
H ] H
844 1 L | 6732 ,.001970' 73.1 1975} 1.02 167 24 .8
P2 | ' NA  NA  NA NA NA
NOTES: (1) L, l, 1nd l[ denote lead cunopy, lug cunopy number one und

(2)

(3)

lag c4nOpy number two, respectively, of Stage 3

Tty denotes the time intervil tetweer second stuge dlsreef
5n3 the time of occurance of F,

m = PVd2 (‘_‘DS)!_2
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Procedure for Calculating the Disreef Opening Loads

The peak opening loads of the individual parachutes in two- and
three-canopy clusters of 83.5-ft DO ringsails is determined as

follows:

1) Establish the conditions at Stage 2 disreef for
each parachute in the cluster (lead, lag and lag-
lag). These are q, v, vy, h, o and At (with sub-
script dg).

2) Using (CDS)r2 = 1080 ft2, calculate the value of

the mass flow function for the lead canopy (hL).

3) Estimate the value of w*/CDSo for the lead canopy.

b) Determine the value of CDSm for the lead canopy in
Figure 20 corresponding to the estimated value of
o] ¥
W /CDSO.

5) Determine the value of the lead canopy filling time
(t. ) in Figure 22 corresponding to W¥/C_S and m, .
fo Do L

6) Calculacte Atdz/tfo for the lag parachute(s).

7) Determine the corresponding value of (CDSm)/(C S)
for the lag parachute(s) from Figure Z21(a).

8) Calculate CDSm for the lag parachute(s) using a
value of (CDS)P2 from page 62 and (\,D.Sr‘,l)/(VDS)l,.2
from Figure 21(a)

9) Calculate W*/C,S8_ for the lead parachute. Compare
this value with the estimated value in Step (3)
above. Using the calculated value of W*/CDSO,
repeat Steps (3) through (9) until initial and

final values are equal.
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10) Calculate the unit canopy loading(s) of the lag
parachute(s).

11) Determine the c¢pening loac factor CKo in Figure
19 for each parachute fcr the corresponding values
of W*/CDSo ard ag -

Jd

12) VUsing CDSO = ¢0C0 ft2, calculate tnhe opening force

of each parachute.

2.3.2 Example Opening Loads Calculations

The main parachute lcads for one Apolio design case are pre-
sented, on an example basis, 1in Appendix C. This case, re-
ferred tc as Case 410, is a normal entry case for which one
drogue chute and two main parachutes operate. Conditizcns at

the time of lead parachute line stretch for thls case are as
follows: vehicle weight, 12,960 1b; flight dynamic pres-

sure, 85.0 lb/ftg; flight path angle, -9C deg; altitude,

10,750 ft; time from drogue chute disconnect to lead MCLS

1.6 sec: time from drogue chute disconnect to lag MCLS, 1.8 sec.
The area growth method is used to predict the Stage 1 and

Stage 2 lead parachute maximum locads, rpy = 18,65C 1b and

Fr2 = 18,350 1t; and the opening load factcr method is used to
predict the Stage 3 lead parachute maximum load, Fp, = 18,680 1b.
Thnese values are compared with those from tne final Apollc ELS
loads report3 for the same case. 1t is noted that whereas the
new values for Stages 1 and 3 are approximately 0.8 pvercent
higher, the new value for Stage 2 1s approximately 14.8 percent

lower than the corresponding load from Reference 3.

o2 NVR-5431



SECTION 2.0

EACKGROUND STUDIES ON IMPROVED LOAD FREDICTION METEODS

3.1 GENERAL LITERATURE SURVEY
A review of avallatle literature pertinent 2o the prediction of

opening loads for the Apollo spacecraft parachutes is presented

in this section,

The analysis and data review reported on in Section 2.0 bYrought
about an awareness of the details of the methods used to make

these load predictions. Also, it improved the accuracy of these
speciflc methods to close to their limits. In order to further
increase the accuracy witnh which Apollo parachute loads could be
predicted, it was felt tnat new methods mus:t be developed. Rather
Than start such a development from basic principles and derive
these new methods, 1t was decided to review the parachute litera-
ture on load prediction methods. Such an approach allows the
present study to beneflt from the many thousands of hours that have
been spent, around the world, on the problem at hand. The specific
beneflt was expected to be in the form of either complete me<hods
which could be adapted to the Apollo parachutes, or considerations
which would aid in any methods formulated within the present study.
Both beneflts have been deriyed from the literature review, and a
summary of that review follows.

2.1.1 FEarly Analyses (1942 tnrough 19490)

The analyses published between 1942 and 1949 present a rapid
evolution of the understanding of the paracltute opening process.
Juring World War II there was much development work in mancarrying

parachutes for use at altitudes up to &£0,000 ft. Such app.ications
of parachutes at altitudes far above sea level were apparently rare
enough, prilor to this period, that altitude effects on paracihute
opening loads were urknown. It was the development work at higher
altitudes conducted during this period that brought atout the
discovery of altitude effects and fostered the analvtical work on

parachute opening Zoads which advanced so far bty 1943,
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Prior to 1942, 1t was apparently belleved that veloclty was the
parameter that determined the opening shcck of a particular para-
chute/payload system. Wildhack7 presented a repcrt that dealt

with the minimization of openlng lcads following ejection from an
alrplane 1n horizcntal flight. His reccmmendaticn was that the
parachutist deplcy the parachute at the minimum velocity point

in hls trajectory. The basis was that trajectorles are controlled
by welght and drag and that inltlally drag wculd predcminate and
decelerate the free-falling man, but that soon the man's flight
path would have curved enough tcwards vertical that the weight
would predominate and accelerate the man. Wildhack's recom-
mendation that the parachutist deplecy his parachute at the mini-
mum veloclty point, occcurring at the time weight first predominates
over drag, lndicates an awareness cf the effect cf velocity on
parachute opening lcads and, at the same time, a lack cf aware-
ness of the effect of altitude. Wildhack's cnly menticn of
altitude effects was the !presumably tongue in cheek) reccom-
mendation that the parachute deployment nct be sc delayed during

ejections close to the grcund.

During the same year (1942) Pflanzégpublished an analysis dealing
with the calculation of parachute loads during the opening process.
Representing the instantaneous parachute lcad as CpSqg, he calcu-
lated system veloclty as a function of time by the equaticn*

av 2

m a—t- = —CDSq = -% PV CDS.

This equation was solved numerlcally for several forms of the
drag area growth (1inear, exponentlal, sinuscidal, etc), as well
as for several velocltles. The resulting time histories of para-
chute force (CDSq), whlch were presented, illustrated the effigts
of these parameters on these force histories. In 1943 Pflanz ~
published another report in which the apprcach was the same as

* The symbcls used herein are chosen to be ccmpatible with those
in the symbols section of this report and are therefcre rot
generally thcse used by the original authors.
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In his first report, except that the gravity term was added tc
the veloclty equation pricr to the re-evaluaticn cf the results.

That 1s

m St = -3 pve

CpS + W sin 6.

As emergency ejecticns at high altitudes became freguent durlng
World War II, parachutists repcrted unusually high opening
shocks at high altltudes. Because the resulting forces and ac-
celerations approached and even exceeded the 1limits of human
tolerance, the Army Alr Force conducted a test pregram to in-
vestigate the phenomenon. The results were published by Eallenbeck
in Referencel0 which showed that, for altitudes up tc 40,000 ft,
opening force did indeed increase with increasing altitude when
the true airspeed at dummy drcp was held constant {(parachute de-
plcyment was almcst immediately after dummy drop). Hallenbeck
alsc showed that the time frcm "initial shock” (line stretch) to
peak force decreased with increasing altituce.

The problem came to the attention of von Karmanzrhho, in 1945,
published a paper dealing with the observed altitude effect. He
concluded that the observations would be explained if the ap- '
parent mass of the parachute were considered in analysis. With-
out actually analyzing the opening process, he described how the
density variation with altitude would cause a similar variation
in the apparent mass. He qualitatively described the mechanism
of the effect of apparent mass variation on cpening fcrce.

In 1946 a report written by Scheubel]j%as published. In it,
Scheubel presented a very comprehensive treatment cf the parachute
cpening prccess., A description cf some of the ccntents of this
report will bear witness to both the 1insight of the authcr and the
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advance in technical understanding represented by thls report.
Scheubel credited Mueller wilth belng the first tc recognize that
the opening of a parachute is really an inflation process. Scheubel
reported that Mueller, 1n 1927, equated the parachute vclume change
rate to the product cf the mouth area and parachute alirspeed.
Scheubel pointed out that while he pelieved Mueller's apprcach tc
be ccrrect, i:e disagreed with Mueller's formulation. The reason
for disagreement was that Mueller would have had tc ccnclude that
at full open, when the parachute vclume change rate is zero {(and
moutharea has a nonzero value) parachute velccity would be zerc.
To ccrrect this problem, Scheubel intrcduced a velcclity ratio
for the inflowing ailr such that

av _ vi o, ds

dat v dt
BRased on transformation of this equation, Scheubel cbserved that
the distance 'necessary for the complete inflaticn of a glven
canopy, is a constant and is proportional tc the linear dimen-
sions of the parachute.”" He then noted that the ratic %l should
be nearly one at the beginning of inflaticn and decrease towards
zero at the end of inflatlion. He alsc commented that the soluticn
of his equation wculd depend on a knowledge of the baslc princlples
governing the ratioc Vi , and that this knowledge was not available
in 1946,

Tc obtain a rough estimate of the copening process, Scheubel sug-
gested as a model of the Inflating canopy a right circular cylinder
open at one end (Figure 23a)whose radius increases {(and height
decreases) as it inflates. Scheubel went on tc discuss apparent
mass which, together with the included mass, constltutes the
parachute added mass. He wrote Newtcn's law of momentum

d z mv

at = F
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(a) Scheubel's Model

I\)l OU
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H——f

(b) O'Hara's Model

(c) Helnrich's Model

Fig. 23. Various Ganopy Models Used in Parachute Analyses

97 NVR- 0421



NOATHROP

and noted that the mass term should include bcth the system mass
and the added mass. He specified that the fcrce F shculd be the
drag force. {In dealing with man-carrying parachutes in near
horizontal trajectcries, as Scheubel was, it is permissable tc
neglect the gravity term., He pointed cut that his calculations
indicated cpening shock force shculd increase as the square of
velocity. He then commented that the effect cf altitude cn force
and inflaticn time was related to the added mass, and mentioned
the dependence of shock factor {cpening lcad factcr) cn the

weight cf the paylcad.

While the foregcing material dces nct fully describe the im-
portant technical ccntent cf Reference 12 it 1s belileved that
it is sufficient to both display the knowledge cf 1ts authcr
and to emphasize the importance of the wcrk in the evcluticn

cf parachute cpening lcad technclcgy. Also, it is prcbably
correct tc say that the material presented in Referencel? repre-
sents the compcsite German technclcgy of cpening lcad aralysls
and therefcre 1lncludes contributions of cthers, in addition tc
the contributicons of Scheubel himself. And credit is certainly
due to Scheubel for the lucidity and ccmprehensiveness of the
presentation.

O'Hara:u%resented a paper 1n 1G4G which described a very com-
prehensive, aggressive analysis of the parachute épening prccess.
His model 1s shown in Figure 23b The apprcach he chcse was tc
select a simple enough shape 1cr a mcdel of the inflating para-
chute that many canopy characteristics [(vclume, areas, etc.,)
cculd be mathematically described by simple gecmetrical ccn-
siderations, and then use an extensicn c¢cf Scheubel's flcw equaticn
to account for the rate ¢f change of volume. That is, for in-
ccmpressible flow, the rate of change c¢f the cancpy gecmetric
vclume equals the rate cf net increase cf alr enclcsed within
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the cancpy. The rate cf increase in air vclume was represented
by C'Hara as

T 2 2
—E—Vinrm-vonf

jo}

where vi and vy were deflned by C'Hara as the mean inflow and
outflcw velocities thrcugh the cancpy mcuth and crcwn, re-
spectively. It can be seen that the extensicn of Scheubel's
flow equaticn is the additicn cf the cutflcw term, due tc pcro-
sity. It shculd be noted that bcth r and r, are functicns cf
cancpy geometry, and are related by the similar triangles they
define.

Having established his basic model for the parachute, O'liara
wrote the equaticn cf mction fcr the system
d

A ;
3T {im + K:r3/v} = -épv2 Cp7r

2

(0'Hara ncted the neglect of gravity and of system =lasticity.
Values for K, Cp and the mean inflcw and cutflcw velcciltles were
still required. By making some reascnaole, thcugh unprcven,
estimates cf inflow and cutflow velccities, O'Hara was able to
sclve the flcw equaticn fcr %f ant insert the s2luticn inte the

equaticn cf mcticn.

He alsc estimated K and Cp tc.ccmplete the scluticn. Ee thus

nad an equaticn whicn cculd be evaluated by numerical technigues
and through which values of the parachute force and cpening time
could be calculated. 1In his paper he presented the results cf
some aalculations showing the effect of altltude on cpening force
and time and ccmmented on such effects as pcrcsity, variaticn cf
Cp with porcsity, effect of the number cf suspensicn lines anc

the constraining effect cf the suspensicn lines cn c¢pening rate.

Like Scheubel's paper, O'Hara's paper represented a significant
advance in published parachute technclcgy; and together they define
ar understanding cf the basic principles cf the parachute cpening
prccess almost as ccmplete as that understanding at cur dispcsal

tcday. o
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3.1.2 Further Development of O'Hara's Model
The analyses bublished subsequent to the publishing of O'Hara's

paper in 1G4S generally advanced the uncerstanding of parachute
opening, elther by suggesting improvements in QO'Hara's analysis,
or by developing a new model., Several papers in the former
category will be commented on here, followed by a discussion of
the latter category. It is noted that all of the analyses from
the former category that are mentloned here were eilther authored
by Dr. H. G. Heilnrich of the University of Minnesota or by other
Indlviduals from that institution.

The first of these analyses was presented by HeinrichlL in 1961,

Thls analysis appeared in a report on the status of research

on parachute operation., Heinrich used the model shown in Figure 23c.
He credits thls model to O'Hara, although O'Hara used the flat-
ended model shown in Figure 23b. Heinrich used 0 Hara's equation

for the rate of increase in air volume during opening. He also

used the relation vi
7+ =1-7, (T =t/te)

whlch, as Scheubel suggested, goes from a value of one té Zero as
the parachute opens. Helnrich then suggested that projected
diameter should increase parabolically with respect to time as

1
D=-2_D_o TE
™

This assumption on projected dlameter 1s the major difference
between thls analysis and O'Hara's. With this, and other
simplifying assumptlons, the inflation time was solved

through numerical integration. Then the maximum opening force

was expressed in terms of the fill time. Heinrich presented

some comparisons between calculated values of fill time and
opening force and corresponding experimental data for a 28-foot
flat circular parachute. The comparisons show very good agreement
in fill time and reasonable accuracy in opening force.
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This analysis was republiihed in 1961 under the co-authorship
of Helnrich and Bhateley. 2 It was subsequently republished
in a somewhat more complete form in Reference 16 in 1963,

BhateleyIzpresented a thesis on the fill time and opening force
of reefed canoples. The treatment is fairly similar to that of
Reference 14, except that outflow through the carnopy vent 1is in-
cluded in the mass flow equatlon. As in Reference 14, the simpli-
fying assumptlion was made here that the suspension line length
1s equal to the canopy nominal diameter D,. This assumption
reduces the generallty of the solutlon, for, as we know, many
parachutes do not fit this assumption. As an example, the
Apollo Block II (H) drogue has a suspenslon line length of 2 Dj.
In thils particular case, the error might not be significant; but
the point is made here because References 14-17 all contain many
simplifylng assumptions which reduce the generality of these
analyses. Of course, the value of these assumptions is that they
permit falrly simple solutions 1n cases where they are valid.

Buchanadﬁ3presented a report in 1965 in which the approach was
very similar to that of Reference 14 This analysis extended the
mass balance equation. In Reference 14, Heinrich expressed the
mass balance as

T .2 n .2 a
Hd V4P -§DVQD=R(PV),

which 1s essentlally the same as O'Hara's formulation. Buchanan

used the relation

P2 2 2 P
T L2 ‘D dy mdy 4
T d vy 0 - )\g ——2 - T y VpoP - -—Ll» Vyp = 3t QV/ {5)

which separates outflow through the vent from that due to geo-
metric porosity Xg. Buchanan then presented the results of
wind tunnel testing in the form of vy and vi as functions of T.
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These data were obtailned through the use of pressure surveys
at the vent and mouth. These data were then curve-fit, and the
resulting function was substituted into the mass balance equation.
It 1s interesting to note that where previous investigators had
often used the assumptlon that

A =1-07,

v
Buchanan found the relation

gl = 0.91 - 0.31T

to be more exact for the particular wind tunnel model he used.

He also found that a good approximation for the ratio vv/v was 1.
However, because of 1its dependence on the unknown pressure
distribution, Buchanan was unable to present values for vg/v

and calculate f1l11 times for different flight velocitles.

19

Heinzich and Noreen ™7, in 1968, presented an excellent paper
dealing wlth the separate terms in the filling equations.
Having selected the model from Reference 14, and writing the
equation for the parachute force as a function of time (for
finite mass operation),

P o=} 0CpSy - v 32 - (mp +my) SE o (6)
the authors set about determining values for the varlous terms
through wind tunnel tests. Veloclty and acceleratlon were .
measured directly during the tests and time historiles of canopy
area and volume were estimated from film plctures of the 1in-
flating canopy. Added mass ma was estlmated from the canopy
volume and the results presented in Reference 20. The values
of these parameters were then substltuted 1into the force
equation, and time histories of force were calculated. The
results compared gquite favorably with the measured values,
indicating both the soundness of the approach and the accurate

work of the 1nvestigators.
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Heinrich2l, in 1968, presented a paper on parachute opening

time for infinite mass conditions using an extention of O'Hara's
model. The content 1s essentially the same as that of Reference 18.

3.1.3 Other Models
While O'Hara's model was being developed at Minnesota, several
investigators proposed different models of the parachute infla-

tion process,.

Weinig22 derived the equations for the unsteady motion of an
expanding, decelerating sphere by using potential flow. In hils
report, published in 1951, he proposed thls expanding sphere as
an analog of the inflating parachute. He pointed out that
through the use of such an analog, the radial component of the
alr acceleration in the canopy would be treated, as well as the
axial component. Weinlg set up the equations of motion of this
model and obtained a solution. However, he did not attempt to
estimate the various parameters and so could not compare nis
model with any test data. Foote and Scherberg 23 published an
analysils in 1952 in which they used Welnlg's drag coefficient for
the expanding, decelerating sphere. As described above, Weinig's
drag coefflclient included added mass terms. Foote and Scherberg
used a mass balance equatlon which included a term for outflow
due to canopy poroslty and a choking factor to limit inflow tarough
the canopy mouth. They obtalined solutions for system motion and
parachute force that appeared reasonable. Foote and GievergL’ 25
presented two reports, in 1956 and 1958, in which they attempted
to reduce the analysis of Reference 23 to a simple engineering
metnhod for predicting opening loads. In the flrst of these two
reports, the authors reported on their sensitivity studies of
various parameters. They concluded that the mouth inflow choking
factor, wnhich determines the efficlency of the mouth and therefore
the fill rate, was of critical importance. They then established
a test program (Reference 25) to determine values of the
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choking factor and attempted to conduct this program. Unfortunately,
the test program was plagued by fallures and errors, and the de-
sired information was not obtalned. While the effort was generally
unsuccessful, 1t contained some good analysis and especially
established the strong dependence of the openlng process on mouth
inflow in models of this sort.

: Scheubellgwas apparently the first toc point cut that a varachute
should inflate in a constant distance 1in 1946. French 4 derived
the same result for incompressible flow 1n a paper presented in
1963. He alto demonstrated that test data supported this con-
clusion. French 2 presented another paper in 1968, in which he
separated the inflation process into two phases, as Berndt had
proposed in Reference 27 (1964). French showed that the first
of these two phases shculd take place 1In a constant distance,
and that this fact provided a scalling law for (first phase)
£i11 time. He used Berndt's data to show the hypothesis to be
valid. Although French did not apply the concept of a constant
f1lling distance to the calculation of loads, Schilling 28had
made such an application in 1957. He chose the dlstance traveled
as the independent varilable, noting that opening would occur in
the constant filling distance. He then assumed that the projected
radius would be directly proportional to the dlstance the canopy
had traveled since the beginning of 1inflation. These assumptlons
allowed Schilling to solve the equatlon of motion for the system
and calculate opening force. He compared some calculations with
experimental data and found falir agreement.

Rustggguesented an excellent analysils of the dynamlcs of the
openlng parachute 1in 1965. His analysis 1s more complete and
general than most other models, and yet he showed how opening
loads may be calculated through the use of the model. Rust
represented the opening of a parachute with reefing as a succes-
sion of five stages. With projected radius as the independent
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variable, two equations of motlon were derived .(for flight path
angle and velocity). The canopy was not modeled with a specific
geometric shape, but related terms such as the rate of change of
volume with projected radius were left in mathematical form.

The author then suggested several shapes for the investigator to
choose from. Having chosen the shape which most closely matches
the actual shape of the inflating canopy, the investigators could
then evaluate the unspecified parameters, such as rate of chénge
of canopy volume with projected radius. Recalling that Foote
and Glever established effective mouth inflow area as a critical
parameter, the benefit 1s apparent. The investigator who applies
Rust's method can choose the canopy shape that most accurately
matches the particular type of parachute he 1s analyzing, and
therefore is not forced to use a geometrical model which opens
unlike the actual canopy being studied. Naturally, Rust's
analysis necessitates a numerical solution, but this is not a
significant disadvantage 1n the present era of the computer.
Rust's model includes consideration of added mass, vehlcle

drag, canopy poroslty and vent slze. While these terms were
represented mathematically, Rust presented procedures for the
evaluation of all terms in his equations through wind tunnel
testing. While the comprehensiveness and generality of the
method make it more cumbersome than many of the other models,
they also make 1t potentially more accurate. With the estil-
mation of some parameters, the method can be applled to the
Apollo parachutes now; but a fair evaluation of the method willl
probably not be possible until the wind tunnel testing Rust
proposed is performed. Rust, in Reference 29, does present a
numerical calculation of the inflation of the Mercury Ringsail
(with reefing ). Although he had to estlmate several parameters,
the results compare well with test data.
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used a model in 1967 like that in Reference 16 to
calculate opeﬁing loads. He obtalned accurate results for peak
force, but poor results (compared to test data) for filling time,
by letting inflow and outflow velocity equal free stream velocity,.
Reference 16 specifies mean values of inflow and outflow velocities

in the solution.

Asfour31 in 1967 proposed a model which, like Weinig‘s,22 included
both axlal and radial components of air velocity. However, where
Welnlg's model was derlved from theory, Asfour's model was largely
intultive, Asfour assumed that the canopy contained a volume of
alr that was stagnated with respect +to the canopy, and that the
lower surface of this volume moved toward tne canopy skirt as the
parachute inflated. He reasoned that air entering the canopy would
reach thls lower surface, turn, and flow from the axls toward the
canopy walls. He then reasoned that this radial flow would force
the canopy material out until that material became taut and
arrested the radial airflow. Asfour then derived a '"snap stress"
Involved 1n absorbing the kinetic energy of the radially flowing
alr and showed 1t to be significant,

Roberts3© in 1968 presented a paper treating the opening process
as 'a complex, 1ntimate connection between a stress analysis and
pressure distribution via the application of Newton's second law
of motion." Roberts derived equations for canopy stress-strain-
shape equilibrium as functions of pressure distribution for a
vertically descending, opening parachute. He showed how the
equations could be solved, in principle, but made no attempt to
obtain numerical results with this compllcated model.

3.1.3 Added Mass
In addition to the direct analysis of the parachute opening

process, there have been results developed in the study of
added mass which promise to help complete the understanding of
this process in the future. These results will be described
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brlefly. The results of studles on parachute scaling which will
help complete the understanding of the process in a similar
manner will be discussed 1n Section 3.2.

As described above, von Karman11 and Scheubel12 both identifled
the parachute added mass as an important parameter in the analysils
of parachute opening force. In 13945 von Karman discussed the
apparent mass of parachutes 1n relation to simple bodies, such
as spheres and disks, for which its value can be derived.
Scheubel suggested the representation of added mass by

ma = KpTTrB,
where K 1s a shape factor,in 1946. As mentioned above,
Weinig22 proposed a decelerating, expanding sphere as an analog
of the inflating parachute. 1In his report, dated 1951, he
derived the drag terms of the shape which included added mass

terms.

An experimental technique for determining the added mass was
proposed by von Karman11 and subsequently used by Weinrich.2o

The technique consisted of dropping parachutes with two separste
payload welghts, attached such that one weight would come to rest
on the ground before the other. When the lower welight hit the.
ground (while the system was in equilibrium descent) the graviﬁy
force was reduced and then the unvalanced drag force decelerated
the remaining mass. Thls remaining mass included both the actual
.system mass and the added air mass. The decelerations and forces
were measured, and the added mass was then calculated through the
application of Newton's law. The tests were conducted with
varlations in canopy porosity and type, and Heinrich made the
surprising observation that apparent mass decreased very rapidly
as effective porosity incregsed. Rust, 3 published

an analysis in 1965 on the determination of apparent mass from
infinite mass wind tunnel data. Ibrahim,3 who has done

much recent work on added mass, presented a paper in 1966

on the added mass of an idealized parachute. 1In
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this paper, he treated the theoretical flow about lmporous spherical
cups of varylng concavlity. The flow was 1ldealized to a potentilal
flow. In a report35 presented in 1965, the same investigator gave
the results of an experimental study of the apparent moment of
inertia of parachute canopies, The method Ibrahim used was to

study the osclllations of canopy-shaped, metal models 1n both air
and water, The change 1n frequency of the particular mode of
oscillation being studied, in golng from ailr to water, determilned
the apparent moment of 1inertia for that mode., Among his results

was an 1ndlication that apparent moment of Ilnertla decreases rapldly
as canopy porosity lncreases., Thils trend is 1n agreement with
Heinrich's observations in Reference 20, Ibrahlm suggested the
usage of the term "added mass' to describe the included alr and
apparent ailr masses (of the canopy) together. By this definition,
added mass comprises both fluld that 1s inslde and outside the canopy

3.1.4 Summary

This general literature review has traced the evolution of
parachute opening load predictlon methods during the past quarter
century. It has shown that the present concept of parachute in-
flatlon was developed in the period 1946 to 1949, although several
papers publlished during the past flve years represent some advances
in the understanding, However, 1t 1s concluded that most 1lnvesti-
gators have elther oversimplified their analytical models, or left
more complex models unsolved,

The survey has resulted ln several speciflc beneflts to the
present study. The 1lmportance of added mass in the calculation

of opening loads has been reilnforced. All of the work studiled

has contributed to the understanding of the process and 1ts
analysils 1n a general way; and some of the work has contributed

in specific ways. Rust's analysls has offered the most specific
contributlion 1n that 1t 1s now held to be the analytical tecannique
worthiest of development for Apecllo parachutes,
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3.2 PARACHUTE PARAMETERS STUDY

It can be observed that most of the data plots used to correlate
Apollo parachute flight test data are expressed in terms of vari-
ables which possess dimensions, For example, force is plotted
versus time, opening force shock factor is plotted versus w/CDS
(unit canopy loading) for constant values of dynamic pressure,
and fi1lling time 1s plotted versus mass inflow rate for constant
values of unit canopy loading. Thus, most of the variables used
in these plots have units; e,g., force is in pounds, time 1s in
seconds, unlt canopy loading is in pounds per square foot, etc,
The question quite naturally arlses: Wouldn't these plots be more
meaningful 1f they were expressed in terms of nondimensional
varlables? Also, what might these nondimensional variables be?
These gquestions are the subject of thls section,

3.2.1 Introductory Discussion

The question of how to make free flight tests with scale models
such that data from the models would be directly applicable in
predicting the flight characteristics of full scale flight
vehicles was studied by Scherberg and Rhode36 in 1927. They
concluded that "the maneuvers of a full scale airplane under

the action of gravity alone may be completely slmulated by a
model ..." They gave both scaling laws for constructing models
and scaling laws for predicting full scale flight characteristics
from the observed flight characteristics of scale models.,

Kaplun37 analyzed the specilal case of a parachute opening in a
wind tunnel, the so-called infinlite mass case, He used dimen-
sional analysis to deduce that there are slx basic parameters
which should have the same values on reduced scale model tests
as on full scale tests 1n order for the tests to be dynamically
simllar. He identifiled these parameters as a canopy Reynolds
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number, a fabrlc Reynolds number, a Mach number, a shroud line
elastliclty pérameter, a canopy riglidity parameter, and a canopy
inertla parameter. Kaplun indicated that a nondimensional quan-
tity such as the maximum opening force coefficient, (Fp/q0S5)nax
wlll have the same value provided that the set of these six
parameters 1is the same. Kaplun then pointed out that there are
many practical limitations which preclude perfect similitude

1n reduced scale model tests.

38

French analyzed the case of a parachute opening 1n free
flight. He 1indlcated that the parachute openlng process is
governed by'two nondimensional parameters: gDO sin 9/v§ and
ng/m. He stated that a nondimensional quantity such as
(F./4580 )jax W1ll have the same value when the set of these
two parameters ls the same. French presented data which sup-
ported this similarity law but concluded that more and better

data would be required to verify the law.

Rust29 developed a thecry for free-falllng, opening para-
chutes by developing a set of three differential equations to
define the process. These equatlons featured nondimensional
variables and a set of nondimensional parameters. The non-
dimensional parameters given by Rust were an added mass ratio,
a ratio of parachute drag area to vehlcle drag area, a guantity
rgg/v%, and a quantity rgg/vg. These ncndimensional parameters,
together with a volume rate of change with respect to dlstance
quantity, were specified as correlatlon parameters for the
equations governing the process. Also, Rust showed that an
additional correlation parameter, mv/m is required for cor-
relating opening force data with a maximum opening force
coefficient (Fr/qiso)max'

Bartor139 analyzed the free-falling opening parachute and
showed how the model scale and the air density ratio can be
used to predict full scale test results from properly scaled

110 NVR-6L31



model tests., Barton's results extended those of Scherberg and
Rhode by making alr denslty an addltional test variable,

It 1s Interesting that the 1deas developed in the investigations
described above were apparently arrived at independently, Also,
1t 1s 1lnteresting to note that two apparently different approaches
are in evidence. On the one hand, Scherberg and Rhode36 and
Barton39 devised scaling laws to specify both how models should

be built and tested, and how the results from the model tests
should be used to make predictions on the characteristics of the
full scale flight vehicles., On the other hang, Kaplun37,

French38 and Rust29
must have the same values on model fests as on full scale tests;

identified dimenslonless parameters which

this being the case, the test results, when expressed 1n terms

of appropriate nondimensional varlables, should be directly
applicable to the full scale flight vehicle., It therefore seems
reasonable to ask: Are the different approaches equlvalent?
Another interesting observation is the complete disparity between
the correlation parameters 1ldentified by Kaplun, French and Rust,
A total of twelve were identified; and no two were the same!
Therefore, another interesting question might be: Is there a
correct set of correlation parameters?

In order to resolve the questions Jjust posed, a simple mathe-
matical model for an openlng parachute 1is formulated, This
model 1s represented by three ordinary differential equations--
one eguation for each of three dependent variables -- and a state-
ment of the 1initilal conditlons assoclated with these questions,
The first two equations are force balance equatlons along and
normal to the flight path; and, the third equatlon 1s a canopy
volume rate of change equation. The three dependent variables
are the total flight velocity v, the flight path angle &, and
the parachute radius r., Next, the governing equations and thne
initial conditions are transformed by replacing the variables
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v, 8, rand t by a set of nondimenslonal variables U, &, R
and T. The functional form of the solution then cbtained is
used as a basis for showlng how more meaningful data plots can
be made. Also, answers are develcped fcr the other questions
raised in the foregoing paragrapghs.

3.2.2 Analysis

Flgure 24  preserts a schematic of a vehilcle-parachute system
at a point on the flight path where the parachute is in the
process of opening. A simple mathematical model for the cpening
process is develcped in Appendix 4. This model is based cr the
assumption that the state of the process can be defined at any
Instant of time by a state vector x = x(t) where t denotes
time. This state vectcr, for the mathematical model analyzed,
is ‘

x = (v, 6, )T (7)
It is shown 1n Apvendix £ that corresponding to the three
components of X are three governing eguations for the opening
process which can be represented as

x = f(x, ¢, g, m, p) (8)

where the dot denotes differentiation wlth respect to t.

The quantity ¢ 1s a vehicle-parachute characteristics vector.

This vector ¢ 1s actually a function of r but is treated as

a function of x. Specifying a particular vehicle-parachute
system is equivalent to specifying ¢ = c(x). Vehicle parachute
systems that are different in any respect (type, diameter, number
of gores, suspension line length, etc.,) will, in general, have
different vehicle-parachute characteristics vectors. The quantlities
g, m, p are taken to be constants during the opening process.
The initial conditions associated with Eguation ( 8 ) are

X X (9)
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QTHER NOTATION

g Gravitational constant
m System Mass (= m_ o+ mp)
r Parachute nominal radius
(=3, /)
r Vehicle radius

Canopy air volume
4 Air density

Fig. 24. Schematic of Vehicle~Parachute Systen
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where x; = (v;, 6,, r;)" demotes the flight velocity, the flight
path angle, and the radlus of the parachute at t = O when the
opening process 1s assumed tc start.

It is known by the Cauchy-Lipschitz theorem40 taat Equation

(8), together with the initial conditlons given in Equation

{ 9), has a unique sclution of the form

x = x(t)

In general, x(t) is different for every different combination of
c, g, m, p and x(0).

Once x(t) is known, it is a simple matter to compute the other

gquantities associated with the opening process., For example,

the force in the parachute riser, Fr is given by

!

r =.mv(g sir & -v) - L,

‘'he opening time, t, is glven simply as the time at which r(t)
first becomes equal to the parachute full-open radius, Tpoe

The foregoling results can be made more general by lntrocduclng
the nondimensional state vecter

. T
z = (U: G: ")L)

where U = v/v, and R = r/ry. The quantities v, and ry are
defined as the full-open, equilibrium velccity assoclated with
z, m and p, and one-hall the parschute nominal diameter, Dj,
respectively., 1In addition, the Ilndependent variable t 1s
replaced by the nondimensinnal viariable 7 deflned as

— /
T = vct,ro
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It 1is shown in Appendix A that substituting these nondimensional
varlables into Equation ( 8 ) results in a new set of three gov-
erning equatlons which can be represented as

X =F(X, C, FN, V) (10)

where the dot now denotes differentiatior with respect to T,

and where

FN = v A i,g

o

<
It

(Cypri/m),

The quantities FN and VvV (nu) are referred to as Froude
number and added mass ratio respectively. They represent natural

grouplings of dimensional quantities; however, both quantities
are themselves dimensionless. The vector C 1s actually a
function of R but 1s treated as a function of X. Specifying
a class of vehicle-parachute systems is equivalent to specifying
C = g(g). Vehicle-parachute systems that are different with
respect to type, number of gores, suspension line length-to-
diameter ratio, etc., (but not size per se) will, in general, have
different C vectors. The quantities N and Vv are constant .
by definitlion during the opening process.

The transformed initlial conditions are

where Xi = (Ui, Qi, Ri)T denotes conditions at T = C when the
opening process is assumed to start. When in addition to C and
Ki’ the parameters FN and V are alig specified, then it 1is
known by the Cauchy-Lipschitz thecrem’'~ that Equation (10)
has a unigue solution of the form

X = x(7)

In general, X(T) is different for every different set of C, X.,
FN, Vv,
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Having once obtained X(T), other quantities havirg significance
may be computed. For example, a force coefficlient for the para-
chute riser, defined as

is readily computed frcm the equation -
B p e o . r
CF = (Qcamv/ H\Jm)O(S_I’l < /FT\J - U) - CDvr——é (ll)
&)

Likewise, the nondimensional opening time, To 1s glven as the

value of T at which R(T) first becomes equal to Rfp = rfo/rs.

It is notationally convenient to define an individual parachute

opening process as the solution

x = x(t; X402 Cs &5 T, c) (12)

This denotes that x varies with t, bdut 1s dependent in this
variation on x;, ¢, g, M, p. It has been shown that the governing
equation for an individual process can be transformed into a more
general form. It is now apparent that each solution of this
transformed equation represents a group of individual proccesses.
Let a process group be dernoted as soluticn

\

X = X(T; X, C, BN, V] (13)
In other words, each group solution (set) having the form of

Equation (13) has corresponding to it many individual solutions
(elements) having the form of Equation (12,
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Are the variables associated with the elements of any one set
related 1n specific ways? To answer thls question, consider

a specific set as deflned in Equation (13 . Fixing the Froude
number and the added mass ratio, say as FNO and vo, 1s
equlivalent to specifying two equations in four unknowns (g 1is

assumed fixed); viz., the equations

\ = A/
FN, vo/ r.g
= 3/
VO Caporo/mo
provide two relations between the four varliables: Vs T, m_,
po. It is shown in Appendlx A that there are four ways in which
an element of the set may be specified. The most interesting

of these is the one which specifies ro, po and solves for

vo, mO with the relations

Vg = FNy Vrog
- 3
m Caporo/vo

Now let the variables of another element of the same set be
distinguished by the subscript 1. Being an element ¢f the same

set 1s equivalent to saying

X1 = X
& = 5
FNy = FN,
Vl = \)O
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The latter two equations expand as

v,/ Nr.g = v /Nrg
1 1 0
3 B 3,
caolrl/ml = cgpo r /m
and it then follows that
, .
vi/v, o= (rl/ro) (1)
y _ o / 3

Also useful 1s the knowledge that similar events of the two

elements must occur Iin time according to the relation

Tl = TO

That 1s,
vltl/r'l = vOtO/rO

This relation, when combined with Equation (13) gives the result

V] Lo

t /to = (rl/ro)

1 (16)

Equation (10) provides a means for relating the forces 1in the
two elements; in particular, it is readily shown that

- /' 3 /

F./F_ = <°1/“o>(r1/ro) (17)
Equations (14) - (17) give the scaling laws for the velocities,
masses, times and forces in terms of the density ratio and the
radius ratio. Scaling laws for other varlables such as angular
veloclty, pressure, moment of inertia, eftc., are readily deter-

mined by combining the above derived relations.
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3.2.3 Discussion of Correlation Concepts

In the Section 3.2.1 it was roted that two quite different ap-
proaches have been proposed by previous investigators to aid

In the correlation of free-flight data, and it was asked: Are
the different approaches equivalent? Also, 1t was noted that
some twelve different dimensionless parameters have previously
been proposed, and 1t was asked: What are the correct dimension-
less parameters? Attenticn will now be given to these questions.

36 39

to define scaling laws for constructing models, for conducting
tests with models, and for predicting full scale vehicle charac-
teristics from the observed flight characteristics of models.

The approach used by Scherberg and Rhode and Barton was

The scaling laws proposed by these investigators for the four
basic dimensions of length, time, force and mass are compared
in Table 23.

It may be noted that the scallng laws proposed by Scherberg
and Rhode are the same as those of Barton for the special case
of constant density. Also, i1t may be noted that Barton's

Table 23, The Basic Scaling Laws Provosed by

Several Investigators

Quantity Scherberg and Rhode36 Barton39
Length rl/ro = rl/ro rl/ro = rl/r'O
3 3
Time tl/to = (rl/ro) tl/to = (rl/r )
Force F./F = (r,/r )3 F./F = (p./p ) (r,/r )3
17" 170 1”7 o 17 Po/ VP17
Mass ml/mO = (rl/ro)3 ml/mo = (Dl/po)(rl/ro)j
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scaling laws are identical with those derived in the previous
section. Thus, it 1is now seen that 3arton's scaling laws of
dynamic similitude are precisely those relations which correctly
relate the variables associated with individual parachute
opening processes which have the same nondimensional initial
conditicns Ei’ the same nondimensional vehicle-parachute charac-
teristics vector C, the same Froude numoer FN, and the same
added mass ratio V. ‘

The second approach was that used by Kaplur§7, French38

and Rustgg. They identified dimersionless parameters which
they required to be the same on model tests as on full scale
tests. The model data, when expressed in nondimensional form,

were then sald to be directly applicable to the full scale flight
vehicle. The dimenslonless parameters proposed by these investi-
gators are compared in Tabtle 24 . This table uses the notation
used in this discussion with several additions. The quantities
d, and rg are, respectively: the thread diameter (or ribbon
width), and the parachute radius measured along the gore. The
quantitles a_, k and EI are the speed of sound (in air), the
spring constant for the suspension lines, and a characteristic
canopy rigidity respectively. It 1s interesting to note that
every one of the twelve parameters presented in Table 2L are

different.

Several observations may be made regarding the dimensionless
parameters listed under Kaplun in Table 24 . Kaplun's list

does not include Froude number, one of the most important para-
meters which govern the operation of parachutes. The first two
parameters listed are Reynolds number and the third is Mach
number; these are important only in so far as they affect the
vehicle-parachute aerodynamic characteristics. For large sub-
sonic parachutes such as those in the Apollo system, Reynolds
number and Mach number are believed to be of secondary importance
to Frcude number and added mass ratic. The fourth and fifth

120 NVR-6431



Table 24, Correlation Parameters Proposed by
Several Investigators

I re—
Kaglun37 French38 Rust29
' 3
PRV gD, sin © ncaporE
Ho v% 3m
0,40V P, D3 Cp,,S
C o 0 p~o
uO mo CDVSV
v r g
52 g
o v?
k
-—
poVoDo
rg
__E_I_E v
5 e}
pouoDo
m03
DOD

parameters in Kaplun's list govern flexing and stretching type

displacements of the parachute structure. Whereas the flexing

parameter has little importance in relation to the Apollo para-
chutes, the stretching parameter is known to be important. It

may be shown, using the scaling laws derived earlier, that the

strain ratio scales as follows (assuming the same materials

are used to construct both parachutes):

/ey = (py/p,) (ry/r,)
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This shows that varilations in the test altitude and/or size of
the parachute will, in general, lead to mismatching of this
stretching parameter. The last parameter in Kaplun's list may

be recognized as Ca/8V.

The two parameters listed under French in Table 24 suggest
several comments. Filrst, the two parameters are recognized

tc be (sinG/FNe)/UE and 8 v/C_. For any one stage of parachute
opening, the flight path angle, € typically varies by only a
small amount and may therefore be considered a constant. Thus,
as regards a single stage of opening, two equations in the two
variables v and r are sufficlent to define the process. 1In
this case, 1t may be shown that individual parachute opening
processes belonging to the same set must have the same initial

condltions Ui’ R the same characteristics vector g; the same

added mass ratiolv (or png/mo); and the same value of the para-
meter FN/ ¥sin 6 (or sin ©/FN2). Thus, it is apparent that
French had the right idea but did not go quite far encugh in
specifying similarity requirements. It is alsoc interesting that
whereas French suggested only the two parameters given in the
table to correlate the parachute openlng force coefficient Ceps
Equation (11) clearly shows that this ccefficlent is also a

function of (mv/m).

The following observations may be made regarding the four para-
meters listed under Rust in Table 24, The first and last para-
meters are equivalent to Vo and FNO, respectively. The second
parameter 1s a vehlcle-parachute characteristic, and the third
parameter 1s equivalent to l/FNQUf.

It is now apparent that the analysis results given by Kaplun,
French and Rust are guite different. However, 1t may be ob-
served that the analysis presented by Rust is compatible with
the relations given by Barton.
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The most difflcult question of all 1s: What are the correct
correlation parameters? This 1s difficult to answer because 1t
depends on the process and what one 1s interested in correlating.
Therefore, let the scope of the question be restricted to the
Apollo parachute and flight conditlons, and let 1t be the state
vector X = (U, 6, R) thatone is interested in correlating. Under
these restrictions, the results of the present investigation are
belleved to be directly applicable. These results are shown 1in
Table 25 for two cases: (a) 6 equals a constant, and (b) 6 equals
a variable. It 1s acknowledged that correlations based on

Table 25 may not be adequate in all cases. In particular, it

1s suspected that both compressibility and riser stretching may
sometimes be important enough to cause anomolous second order

effects.
Table 25, Correlation Parameters Proposed
in the Present Investigation
{a) © = Constant (b) © = Variable
Ui Ui
R1 ei
c Ry
FN / Vsin 6 c
Vo FNo
Vv
o
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SECTION 4.0
NEW LOAD PREDICTION METHODS

The most important impact cf the general literature survey
(Section 3.1) on parachute opening loads was propbably the rein-
forcement of the importance of inciuding the consideration cof
parachute added mass in the opening _~oad calculations. Of the
pricr Apollo load prediction methods, the only one that accounted
for the added mass was the opening load factor method, and the
consideration was indirect there. It was decided that it would
therefore be appropriate to undertake the development of a simple
engineering method tnat included added mase, for the precliction
of opening lcads and trajectories, and to develop it for the
particular case of the Apollo main parachute. This method came
to be called the Mass/Time Method and is the subject of Sectlion

b.2.

Another result of the gereral llterature survey was the .convic-
)

<)
~

tion that Rust's theory, of all known work, represented the
most promising approach for develcping a good, general model of
the parachute opening process. The assets of the method are

1) generality, 2, completeness, 3} freedom from restricting
assumptions, &) simplicity, 5) applicability to an Apollo type
recovery system and 5; that 1t reqgulres only the appropriate

wind turnel data to be applied to a new parachute system. Be-
cause of its promise, and because 1t was derived from baslic prin-
ciples, it was decided that 1t would be appropriate to develop

the theory as an effort parallel to the Mass/Time Method. It

was recogrized however, that the complete development of Rust's

1]

thecry would not be possible durling the present study, and so
the pursult of this theory alone was not feasible, The method
developed from Rust's theory ls called the Shape/Distance Method,

and its state of cdevelopment 1s discussec in Section 4.3.
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Because some important questions remalned at the end of the
development of the Mass/Time and Shape/Distance Methods, a

short study was conducted to help answer these questions. Thls
study 1s reported 1n Section 4.4, 1Its objectives were 1) the
assessment of the applicabllity of the Mass/Time Method to
clustered parachutes, 2) the verification of the baslc assumptlons
of the Shape/Dlstance Method and 3) the inclusion of the forms

of the trajectory equations contalnlng the added mass terms '
(Sectlon 6.3).

In addition to the work on the opening load predictlion methods,

a new method was developed for predicting the deployment times
for Apollo parachutes, and the fill times of Apollo drogue chutes.
This new method 1s described in Section 4.1,

4.1 IMPROVED TECHNIQUE FOR DETERMINATION OF PARACHUTE
DEPLOYMENT AND FILL TIMES

Because of vehicle acceleration during parachute deployment, the
dynamic pressure at canopy stretch depends upon the deployment
time. 1In this way, accurate opening load prediction depends
upon accurate deployment time prediction. A discussion of tech-
niques for the determination of parachute deployment times 1is
presented below. The 1lnadeguacies of the present method are
identified and a new technique, using extant computer programs,

is proposed.

During the Apollo Block II (H) program, the predicted deployment
times (from mortar fire or disconnect to line stretch) were ob-
tained from averages of emplrical data from the Block I and Block II
programs and the f111 times (from line stretch to the peak load
point) were considered constant (except for the main parachutes).
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This method is inaccurate for the following reasons:

a)

b)

‘The tecnnique ignores the effects cf the type of

deployment. system used, the type of vehicle, the
altitude, the flight path ang.e, the changes 'in
mortar muzzle velocities with temperature (if
mortar deployed), the changes in mortar muzzle
velocltles with altitude (if mortar deployed),

the changes in the deplicyment parachute (if static
line deployed), and the test-to-test differences
r. the parachute configuration.

Using a constant filling time is not accurate,

for the times will change with the tes:t condition.

A better technique, which aczcounts for all the important para-

meters lignored by the ¢i1d methcd, is available uslng extant

computer programs (GTO3, WG305 and SNAT.

Computer program WG305 is similar to SNAT except that it allows
for flight path angle variations.

The new technique is as follows:

~a)

The flight conditlions at parachute initiatlon
(mortar fire or disconnect) are determined by
GTOR.

The time to canopy stretch is determined by SNAT
(if static line deployment) o» by WG305 (if

mortar deployment).

The fill times are taken from empirical data

curveg,

Finally, these deployment and fill times are used
as lmputs to the final trajectcry computer run
usling GTOR.
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For example, Tests 83-6, 99-4 and 85-5 had mortar-deployed drogue
chutes. Computer program WG305 was used to determine the deploy-
ment times from mortar fire to canopy stretch. Then, the times
from canopy stretch to the peak load point were obtalned from
Figure 25, A comparison of the predicted and actual times appears
in Table 26,

Test 84-4 had mortar-deployed pilot chutes which static line-de-
ployed the main parachutes. Computer programs WG305 and SNAT
were used to predlct the pllot chute and main parachute deployment
times, respectively. A comparison of the predicted and actual
times appears 1n Table 26,

Flgure 25 is a plot of the tlme from canopy stretch to the peak
locad polint versus the vehicle velocity at drogue chute canopy
stretch. The parameters are the type of deployment system used
and the reefing ratio. Two things can immediately be seen:

1) the greater the reefing ratio, the longer the fill times;

and 2) mortar-deployed drogue chutes had shorter-fill times than
static line-deployed drogue chutes. Thls latter observation 1is
attributed to the mortar-deployed drogues starting to fill in
the free stream; whereas, static line-deployed drogue chutes

fi1l in the vehicle wake.

Two tests 1in the Bloek II (H, program had static llne-deployed
drogue chutes which were reefed to 40% Dy. One of them exhibited
load link dynamics. Thils phenomenon alters the fill time in a
random way and makes discerning the fill time very difficult.
This left only one good test point.

In order to obtain a curve for static llne, 40% D, drogue chutes,
a parachute inflation theory was used. French's paper states
"Theoretical considerations of the inflation of a parachute in
incompressible flow indicate that a given parachute should open
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in a fixed distance.....'". Knowing this, fill distance 1isolines

were superimposed on the data 1n Figure 25. There were two
tests using static iine deployed drogue chutes reefed to 36,5% Do .
The data fell on one 1isolline,

There were elght tests using mortar deployed drogue chutes
reefed to 42.8% D,. These data also fcllowed an isoline. There
was some scatter, however, which can bz expected because, as
mentioned before, a fill time depends upon the parachute's
location reilative to the vehlcle wake. The elght data were

from BP tests and a Boilerplate can be in any orientation at
drogue mortar fire, dlacing the drogue chutes in or out cf the

vehicle wake. Inr this way, the scatter car be understood.

There were four tests using mortar-dep.oyzd drogue chutes reefec

to 36.5%. All of them, however, had load link dynamics. It

fall below that of the Bollerplate data by virtue of its

smaller reefing ratio.

As can be seen in Table 26, this new technicue 1s very accurate
and should be inccrgorated into future 1load prediction methods.
Because the same computer programs are used for snatch load

calculation, one computer run will produce the dep.oyment time

crediction and the Av's needed fcr the snatch load calculatlon.

4.2 MASS/TIME OPENING LOAD METECD

During this study the simplified analytical approach to para-
chute opening load prediction, referred tc as the Mass/Time
Opening Load Metnhod, was developed In a digital ccmruter
program to a useful level for the single Apollo ringsail test
cases. With the input of inltial condgitions and empirically
derived parachute drag area and growth parameters, the computer
solves the equaticns of motion and gererates, along with vehicle
trajectory elements, the parachute force appllied to the vehicle

through the riser connection as a JTunction of time,

130 NVR-6431



NOGRTHROP

4,2.1 Approach

Before describing the development of the Mass/Time Method, 1t
will be useful to discuss some preliminary considerations.

In the computer method for the Stage 1 and 2 opening loads, it
had previously been necessary to emplcy false filling times and
growth rates in order to obtaln good agreement with measured
opening loads. It appears that one of the reasons for this was
the use of an "average" reefed drag area which in most cases

was much larger than the effective value at reefed opening. It

1s recognized that the most dependable determination of reefed
drag area ls made at the end of the reefed interval where near-
equillibrium conditions prevail. Therefore the following proce-
dure was implemented 1In order to imprcve the model of the first
two stages of opening, and the associated deceleration of the
system. The time to the peak lcad was used in place of the
reported filling time. The fcrmer could be determined accurately
from telemetered force traces, while the latter was subject to
Observational errors. Also, the assumed linear growth rates in
conjunction with unit canopy loads of 5 psf and greater caused
computed peak loads to be colncident with full opening in each
stage. (This was not true of the final opening stage following
dlsreefing where the unit canopy lcading was small.) Using the
time to peak load in first stage, and a linear drag area growth,
the peak drag area which gave a aduplication of peak measured force
was found. The drag area growth was then changed to a value which
gave the drag area that had been cbserved at the end of the first
reefed interval. The procedure was repeated from this point for
the second stage of reefing. The resulting drag area history

has a rapid linear increase during flrst stage opening, a slcwer
increase during the first reefed stage, and another rapid increase
followed by a slower increase during second stage. The slower
increases reflect the continued filling during a reefed stage
after the reefing line becomes taunt but before the canopy filliing

has been completea,
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The same approach was not applicable to tne calculation of third
stage opening loacs., In this case, 1t was necessary to include

consideration of the cancpy added mass in the egquations of moticn.

From the work of Heinrich and Noreengg, the following equations

for venicle motion and cluster parachute force may be derived:

W

V . .y . s 1 2 f oy Vo~ oA
= v+ uWosiny + 3 Cphov™ + ‘Fpl + F oo + .. Fpn) =0 (18)
Foo= £00.8vC + v + (m_ +m ) ¥ (19)
p 27D a g T T

where n is the number of parachutes in the cluster and ma is
the added air mase defined as the sum of the two guantities
identified by Heinrich as the apparent anc the included alir

masses.

The practical problem presented by the added mass terms lg how
to derive values for the characteristic parameters and time
functions from the test data that have accuracies commensurate
with the other empirically derived parameters (Grag areas,
£illing times, etc.,) and still maintain the simplicity required
of a useful engineering tool. The decisicn was made to develop
a new 2-DOF computer programn, rather than attempt tc modify the
existing program {which embodied many speclal features not re-
quired for solution of the present problem). The egquations of

motion used in this program were as follows:

x = v ¢cos Y
y = v sin Y
g = - Bt Dy + Wy sin ¥

: m

v
. _ _ g cos Y
Y v
car ¥ crce = .. ¥ s ]
where the varachute f e Fp Fp1 + Fpg + + on as in

Equations (13} and (19).
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Letting v = C.S and q = 3 pV2, Equation (19) takes the form

D
am
— a AV
Fp ¥ q + v AT + (ma + mp) At (20)

Data analysis indicated the feasibllity of representing the
drag area growth function by the followlng relationship

. ) -t [P
I T T I:——:] (21)
1 2 1 t2 - tl .

Scheubel8 and others have shown that the added air mass is a
function ¢f the shape and radlus of the canopy. He was among
the first to use the general relationship

- 3
ma Kor

where K 1s a shape factor and r 1s the radius of the inflated

canopy. Both can be taken into account withcut knowing either
precisely by determining an empirical expressicn for the added
alr mass as a function of the drag area ¥ .

Since V{ = CDSp’ Sp =11r2, and none of the components of y are

known as accurately as thelr product, 1t 1s convenient to re-

write Scheubel's relationship in the form

m, =0 K, b 372 (22)
The new shape factor Ka 1s treated as a constant for the present
because the inflated portlon of the canopy, together with its
boundary layer and wake, does not appear to vary 1ln shape through-
out the later stages of filling. Thls premise derives from the
observation that the elongated portion of the canopy upstream

of the pressurized crown appears to be functioning malnly as

a flow duct with small momentum losses.
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Differentiating Hquation (22) with K, constant,

. 3 i,
rI”-a B z pKa § 2w (23)
and from Eguation (&)}
. o n-1
y _ n (Vo - 1/ t - tl (2u)
t2 - tl t2 - tl

Trial calculations showed that, using Zquaticn (21) alone, the
position of the peax load could be shifted in time bty varying
the exponent n, when the unit cancry loading 1s held constant.
For the two reefed stages rn = 1 gave good results, and it

appeared that the added air mass had a small effect anc cou.d

be neglected.

In order to aild evaluation of the aadec alr mass-time function

over the entire filling prccess, the computer program was made

double-ended co that measured force-time data could be used as

inputs. With this approacn to Equation (20),only m, and Ama/At
remain as unknowns. Anc since

e Aol 5] < amylt)
m (t,) = f —& " 4t = / TK%'" at + m (t.
0 At t . a -
it is posuible to perform an iterative solutlion in the computer
for mg(t).

The nature of the empirical filling time parameter pcses andther

proolem when dealing with reefling Stage ¢ and the Tinal opening

stage. A dimensionlesgs filling parameter Is
V1 by
= 2
Ke = (25)
where D is a characteristic diameter. “he dimensioniless para-

mever, Kf thus defined iz applicable only t©o reefing Stage 1
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or to a nonreefed canopy; the other fllling stages start from a
partlally inflated condition which has a strong effect on the
stage filling time. Also, it wlll be noted that the reefing
line diameter 1s not a good characteristic length to use because
it has no well-defined relationshlp to the volume of the inflated
portlon of the canopy, i.e., the pressurized crown region. The
projected diameter Dp could be used, but this is seldom known or
derivable with good accuracy (even from wind tunnel data) and
traditionally has been one of the intanglble parameters that
have been avolded in engineering practice. Therefore, a more
general definition of the fllling time parameter was considered

as follows:

Ke = T v % (26)

Since v1 1s the 1Initial velocity, l.e., at the start of the
f1l1ling process, this is unknown for the second reefed and

final opening stages until trial calculations have been made for
the preceding stage(s). Both 1nitlal and final drag areas are
known from the averaged test data for all stages based on the
given reefing parameters (Dr/Do and V¥ r/¢d). The square root

of the drag area provides a characteristic length which has a
logical relationship to the volume of the added air mass as
justified in the development of Equation (22).

4,2.2 Preliminary Work

Several avenues of approach were taken during the evolution of
the Mass/Time Method. These avenues are discussed below.

An attempt was made to develop a new approach for predicting

the loads of the opening main parachute on the computer by using
measured fillling times and adjustlng initial drag area and drag
area growth rate inputs (added mass was neglected) in a way that

135 NVER-6431



NORTHROP

would yileld peak lcads ecual to the measured values. It was
reasoned that 1f tne results of each test could be duplicated
by this means, a basls for calculating mean values of the per-
formance parameters would be established. These mean parameters
would define the coefficients for the eguaticns of motion used
in the twc-degree-of-freedom computer program wherewith the
opening loads for any gliven set of initlal conditlons could be
predicted. Protable variations of actual openlng lcads about
the prediéted value could be evaluvated by uvtilizing the initlal
conditicns of the source tests-as irputs tc predict loads for
comparison with the measured values. A deterrilnation of the
standard deviaticn for all usable test results could then be

made.

The approach descrited above was found tc pe feasible for reefling
Stages 1 and 2, but the same success was noct achieved in the
final opening stage. Here, although the peak load coulc be
predicted on the basis of the reported filling time {with an
adjusted dynamic drag area and a linear growth rate) the time

of occurrence could not be duplicated.

Two factors could be identifiec in the final opening phase that
would cause the actual force peak to occur later In the fllling

cycle than the computer results indicated; viz.,

) A nonlinear growth rate accelerating exponentially

near the end of the process, and

2) A large inertial component of the force due to
the rapidly changing acceleration imposed on the

inflowing air mass.

Approximation of an exponentlal growth rate with a two-step

linear grogram gave improved results witih an adjusted dynamic

drag area that was relatively large, indicating that a substantial
inertial force component, teyond the Increment cue to aeroelastic

expansion, cou.d exist.
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Although the effectlve drag area of the full open canopy was

known to be clcse to 4300 ftz, 1t was necessary to employ a

value cf 9500 ft2 and a three-step linear growth schedule to
obtain reascnably good prediction of the force-time hlstory of

the final opening stage as the procduct of C.SqQ only. Thls indi-

D
cated that the added alr mass effect was large and must be ac-

countec for.

The effort described above was quite useful 1n that 1t both

proved the feasiblility of using dynamic drag areas {and neglecting
direct consideration of added mass) in Stages 1 and 2, and proved
the unfeasibility of not considering added mass directly in

Stage 3. To meet thls regulrement, a computer program was
developed around the set of equations described In the fore-

golng discussion and summarized here for convenience., Ndte

that the parachute weight component has been added to Equation (31)

in the interest of completeness,

X = v cos Y ' (27)
& = v sin Y (28)
. F + Dy + W sin v
v o= - :T’l Y (29)
v
y = . &Zcosy (30)
v

where the parachute force, Including the effects of the addeu
air mass, 1s expressed in this form:

Fp = Yaq + vm, + (ma + mp) vV o+ wp siny (31)

Both the effective drag area of the canopy ¥ and the added air
mass m, are expressed as functions of time 1in equations having

emplrically based coefflclents and exponents as follows:

n
, -t
CpSity = ¥ =¥y + (4 =¥ |EE‘2—_—%;'1] (32)
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- ;372 (33)
m, = DKa |

. 3 1, YT

m, == 0 K_V¥ 2y \34
a [ a

: IR L \
t2 -t t2 - tl

{
I
s
W
un

“he new computer pr=ogr*am}ﬂLl for the Mass«/Time Metnod was
Cevelcoped to its present status curing this study. It uses
Zquations (31) trrougr (35) to determine the values of the vari-
ables in Equations (27)through (30) as functions of time for
each parachute in a cluster. It then numerically integrates
Equations (27) through (30) during She :ime interval of interest
to produce a time history of riser lcad {for each parachute)

and a trajlectory of the vehicle. The program useg alr density
valueg from a standardé day density-altitude firnction. The
apprcach usec¢ in the prcgram is to zum the individual parachute
locads and apply them t©o the vehlcle mass. In addition to this
pretest version ¢f the predictlcon vrogram, there 1s a posttest
version of the program that uses Equaticns {27) through (32) to
determine the time rate of change cf added masses and then inte-
grates these derivatives to yleld added masses as functionrs of
time. To obtain tne masses as outputs, 1T ig necessary to

input the cancpy drag area-time histories anrd measured riser
lcads for each parachute, as wel_ as Inltlal conditions. This
pcsttest version 1lsg an integral vart of the prediction program,
thereby making the program double-znded; 1.2,, 1t featurnss tcth
a pretest and a posttest versicn. The pcsftest versicn may

be used to alid i the determination of the parameters in Ecua-
tions (32} and (33). However, these parameters may ove opsimized
by triai and adjustment using the pretest verslion
Ircorporation of the lterative procedure required
data reduction In the corputer was deferred i the Interesst of

testing the bagic program.
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In preparaticn for development of the single parachute charac-
teristic parameters to be employed in the Mass/Time Method, the
new 2-DOF computer program, being double-ended, was employed to
determine the approximate magnitude of the added air mass terms
ty lnputting the force-time history and estimated drag area
growth schedule of Test Nc. 80-1R. The results indicated a mass
value for the full open parachute cf approximately 400 slugs.

In addition, a careful film analysis ¢f the opening cancpy showed
that a good fit of projected area growth was obtained with area
as a function of time to the 1.5 power. Also, since it was
known from previcus ringsail experience that CDp increased from
approximately CDp = 1.1 at disreef to CDp = 1.75 at full open,
the value of n in Equation (32) might be expected to fall in the
range of 2.5 to 3.0, provided the time function of CDp haa an

exponent of 1.0 or greater.

A fairly detailed film analysis of the opening Apollo main para-
chute (in Test 80-1R) was conducted to support the load prediction
methods belng developed. This film analyslis sought to study the
sequence of events during all three opening stages, and to define
the prarachute area growth with time. The analysis has satlisfied
these objectives and led tc several impcrtant new observations

about the cpening of ar Apc.lo main parachute,

The method of analysls was to trace the parachute shape from
frames ¢f the test films spaced at sulitable intervals of time,
and then to derive the desired information from these tracings.
Canopy mocuth area and projected area were cbtained from onbcard
film for all three stages. For thlrd stage, these parameters

were also measured from a ground-to-alr sequence.

Tne results of the analysis are presented in Figures 26 througn

- <

."‘J—a

29. These filgures show canopy projected area versus time after
launch and, where important and avalilable, canopy mcuth aresa
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Pertinent Event Times

Event Tire After Launch, sec
Zine stretch .20

First stage peak load 3.EC

First stage disreef 7.59

Second stage peak load g.2¢C

Second stage disreef 10.53

Tnird stage peak load 11.80
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Area Growth

Time after Lauincn - secs

Plg. 20, Area Growth During First Stage of
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Pertinent Event Times

Event Time After TLaunch, sec
Line stretch 2.20
First stage peak load 3.80
First stage disreefl 7.59
Second stage peak load 8.20
Second stage disreef 10.39
Third stage peak load 11.80

Area Growth

(@)
-3

(0]
O

et

(@)

11

Time after Launch, sec

Fig. 27. Area Growth During Second Stage

of Test 80-1R
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Pertinent Event Times

Event ‘ Time After lLaunch, szac

Line stretch 2.20
First stage peak load 3.80
First stage disreef 7.59
Second stage peak load 8.20
Second stage disreef 10.39
Third stage pezk load 11.80
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Fvent

Line stretch

First stage peak load

Pertinent Fvent Times

First stage disreef
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versus time. The areas have been normalized to the eguilibrium
projected area for a stage, as no attempt was made to evaluate
the areas in square feet. Alsoc, in order to provide an indica-
tion of the data scatter, every polnt rzad from the film is

presented.

As can be seen, the filling is marked.y different in first and
second stages from the inflation %o full cpen. In the two
reefing stages (see Figures 26 and 27, the canopy grows rapicly
at first, until the reefing lines beccme taut, and then gZrows
at a slower rate until the reefing linesz are cut. In third
stage, the canopy begins to grow rather slowly, but this growth
rate Iincreases untll the cancpy reaches full open, as shown in
Figures 28 and 29, The area grcwth that occurs in the two
reefed stages after the reefing lines become taut constitutes a
significant portion ¢f the final drag areas in both stages.

As previously vointed out, and verified by Figures 26 and 27,
this continued filling, and the resulting oulging over thre
reefing line, 1s significant for a ringsall, and therefore

cught to be considered in analysis,

The delay between the time the mouth area begins to grow after

the reefing lines are cut and the time the canopy projected area
begins tC grow seems to be about 0.2 sec in both second and third
stages. {See Figures 27 and 28,) This amount of time, while not
excesslve, ls slgnificant when compared to the time to peak load

‘n both stages. It 1s probable that during this interval the
caropy added massz 1s changing percentage-wilse more rapidly than

the canopy drag area. Rust, in Referencs 2¢,identified this in-
terval as Phase IV In the Inflation ¢f & parachute with reefing.
HZs assumpticr that this phase occurs instantaneously appears

S0 be a geod simplification from a practical point of view, and

may not reguire modification., At the same time, the xnowledge

cf an actua. value for the duration of Phase IV could be beneficial
in the Interpretation of

Methcod ! Section &,

results obtained through the Shape/Distancs

Y
r
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Figures 28 and 29, which deplct the same events measured from
different sources, show the same general characteristics. How-
ever, an unresolved problem exists wlth respect to the difference
In the times at which maximur projected area was observed. The
problem probably indicates inherent difficulties in the analysis
method due to such things as timing errors, camera speed varia-
tions and the fact that the line of observation 1s skewed from
the canopy centerline in the ground-to-air film. It i1s felt

that the general observations and curve shapes are valid.

In addition to the analysis of Test 80-1R, the thlrd stage of
test 82-4 was studled to verify the variation in n with filling
time that will be discussed below. This film analysis, which

is presented in Figure 30, substantiates the trend observed in
the calculations;‘the value of n decreases with the filling time.

Estimates of Ka’ using Equation (33), ranged from approximately
0.3 to 0.75., According.y, a serles of four computer runs was

made with n = 2.5 and K, = 0.2, O.4, 0.6 and 0.8. Single para-
chute Test 80-1R was employed as a model, Since the film analysis
showed the filling time to be close to 1.81 sec, instead of

1.94 sec, this new value was substituted. Good results were
obtained with K, = 0.65,

It 1ls interesting to note that the added air mass asscclated
wltn the fully inflated canopy with CDS = L300 ft2 and XK, = 0.65
is 320 slugs or apprcximately 10,300 1lbs at the test altitude.
This Is equlvalent to a sphere of alr somewhat greater Iin dia-

neter than the 1Inflated canopy.

Since the peak 1lcad can be shilfted 1In time by varying n, twc
additional computer runs were made wilth Ka = 0.65 and n = 2.5
and 3.0. The resu_t for n = 3.0 was a nearly perfect fit of
the measured force-tlme history with FO = 13,754 1bs {measured

F, = 13,737 1lbs) and tf, = Q.56 sec.
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Pertinent Event Times
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At the same time, an experiment was performed in the computation
of the force-time history of the two reefed stages. Instead of
removing the added mass terms with Ka = O as had been done pre-
vicusgly, the entire program was run with Ka = 0.65, letting

n =1.,0 for the reefed opening stages oniy. This produced a
nearly perfect fit for the first stage with Frl = 13,524 lbs

(measured Fn, = 13,554 1bs) at t = 1.6 sec, but trouble developed
in the second stage; namely, large dliscontinuities appeared in
the force-time plot due to abrupt changes in &a' It will te

noted that Stage - opening was attended bty a sharp drcp in load

after tne peak was reached, due to a drop in m attending the

transition from rapld tc slow filling. This h:ppens to match
the measured data with high fideiity, and 1s found repeated in
other test runs. But at Stage . disreef, ﬁa, telng tied to @
through Equation (34), suddenly increased frecm 0.61 to 25.27
sl/sec and again at the load peak suddenly decreased from 41.58
to 1.48 sl/sec. The resultant distortion cf the force-time plot
made it clear that the use of a linear growth rate fcry In

Stage 2 was a poor approxilmation because 1t lacked the smooth
transltions that could be detected In the film records., Two
courses of action were open: (1! for the sake cf simplicity
rsturn to thé original treatment of the first two stages

withcut the added mass terms 1In the force equation, and (2) de-
velop a 4 (t) function for the second stage that would accurately
represent the actual process. After testing of the second
approach led to undeslrable complications in reefing Stage 2,

the first course of actlon was chosen, and pursued to completion
for the single parschiute case, bhecauss 1ts feasibility had

already been cemonstrated.

Bffort was then focused on establisning the best values of the
input parameters for each of the Block II{H) singlie parachute

so that the average values cculd be determined for the

ct

4
ezt

S,
irgle parachute case,

16)]
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The program with inputs changed to the conditions of Test 80-2
produced reasconably good results. The predicted load-time
history of Stages 1 and 2 was In good agreement with measured
data; the peak load of Stage 3 was high by 10 percent and
occurred 0.0€ sec late. Correction of the Stage 3 peak load
calculation for Test 30-2 posed a protlem pecause the initial
dynamic pressure was only 3 percent akove the measured value

ard the lcad onset agreed exactly wilith ths measured data. The
fact that the peax was higher and occurred later than the actual
indicated that the exponent n should be less than 3. Because
this might compromise the load calculation for Test 80-1R,
further confirmation was sought by Znputting the conditicns of
the third single caropy Test 80-3R1 and rsrunning Test 80-2,
both with n = 2.5 and n = 3, The results of these computer runs
shcwed that n = 2.5 gave the best force-time match fcr both
tests. Similar results were found for the other single canopy
tests, with the resu’lt that n varied from test to test between
2.0 and 3.0 approximately. It was found that the variation in
n correlated well with the filling time of the third stage.

The six single parachute tests (Tests 80-1R, 80-2, 80-3RK1,
80-3R2, 82-2 and 82-4) provided information on the input para-
meters, and it was possible to tentatively formulate a method
for predicting the _oads for all three opening stages

for single main parachutes, This method is described in Section
4,2,3, and 1ts accuracy is demonstrated in Section 4,2,4

L,2.3 Mass/Time Method for Single Chutes

In order to use the Mass/Time Methcd for singie paracnute tests,
the following procedure is carried out:
a) Initial conditicns must be provided tc the prcgram.
These are vehicle weight and drag area, altitude,
veloclty anc fiight path angle.
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b)

A
[

/

A parachute drag area-time history must be provided.
Drag areas at the enc of each stage are determined
from Flgure 31 as functions of reefing ratlo. Drag
area at the completion of reefed inflation in

Stage 1 1s evaluated as 80 percent of tne drag

area at the end of Stage 1. Drag area at the

completion of reefed Irnflaticn In Stage 2 is eval-
uated as 90 percent of the drag area at the end

‘of Stage 2. Drag area at the completion of fil-

ling in Stage 3 1is 4300 sq ft. Filling times are

ca.culated for each stage from the relation
1

i 1
P K U7 - 0/

where;‘l is the parachute drag area at the end of

t

the previcus stage, ¥V, is the drag area at the end
of inflation in the stage under conslideration, V-
iz the vehlcle veloclty at the end of the previo&s
stage, and values of K, are 3L.1, 8.6L and 4,06

for Stages 1, 2 and 3 ;espectively. Reefing cutter
times must be specified for the method to be used.
The exponent n 1s determined from Figure 32 as a.

functicon of tfo, the filling time in third stage.

The added mass factor K is 0.66 for Stage 3.

In this rudimentary form the Mass/Time program must be computed

stage-by-stage to determine the velocity vy at the end of =ach

stage. Its application would be simpiified by including the

filling time calculaticns in the program fcr the second ard

tnird stages, Inputting Kf along with the drag areas. By fur-
ther augmentation of the computer program with a tatle of n versus
tfo (Figure 32) the complete opening process may be computed

in a single run. However, implementation ¢of these reflnements

was deferred 1in tre 1lnterest of completing the evaluaticn <f

the single parachute test cases.
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4,2,k Accuracy

The method described in Sectlon 4.2.3 was applied to singl.e
parachute tests 80-1R, 80-2, 80-3Rl, 80-3Rz, 52-2 and 8z2-L,
T™hese tests present a range of venicle welghts from 5300 1b

to 10,300 1b, variations irn first and second stage reefing
ratios, openirg loads of from 14,000 1lb to 23,000 1b in Stage 1,
13,000 1b to 33,000 1o in Stage 2 and 14,000 1t to 32,000 1o in
Stage 3, initial flight path angles ranging from nearly hori-
zontal to nearly vertical, and initial fiight velocities ranging
from 295 to 375 ft/sec. 1In spite of the many, wide variations
in test varameters, the accuracy of the methcd i1s excellent as
demonstrated in Figures 33 through 33. When errors are measurad
from the nearest of the load measurements established by the

two lcad links used in each test, they ars within + 5 percent
for 17 of the 18 data points {6 tests x 3 opening 1oads/test)
and 12 percent in the eighteenth case. These ranges 1n neasure-
ments are indicated by palrs of short horizontal lines for each

stage in Figures 33 through 38&.

Tt should be noted tha*t this work represernts the first successful
attempt at calculating a time nlistory of force for third stage,
rather than only predicting peax 1ocad,

After the results of the six single parachute tests nad been
studied, it was decided to apply some of the assunptions of the
Mass/Time Method to a two-parachute cluster test and finc out
how well the model could accormodate the cluster situation.
An ICTV test (81-2) was chosen., Drag areas were determined Dby
_ the procedure for single parachutes. Because applicable values
of Kf remaired tc be determined by cluster data analyesis,
actual filling times were usged. The recu.ts presented In Figure
3¢ illustrate in a gereral way che effects of cluster operation

cn the parameters of Interest:

152 NVR-C43 1



NORTHROP

Measured

Calculated — —

et T

IEES Ngoms oo

2

TR

-

1S9 TogpeSEnms

pENps ey

3a

L

> 11

F— — s 3

at 000t

¢90J04

sec

Time,

-1R

Test 80

ass/Time Method,

I

33

NVR-6L31

153



'S FuReS PRy

g g

i

-~ Calculated— —

jrfrh
A,.w w~,
gl
Tt
Ofh!
: IETE heds IEeT
: it ‘_
i
i e
- t T L i}
U8 LIl
Ry bt 1
g ot H
1 SHatE H =
i [IagEt: I
3 s HHT
: i
$ H
ERCIEEE dretts m#
.h\.

et
43

IH _ T R
= y i &ﬂ
1224 Wk j3akgeey
i i
b TE Qq
| il
n 43 ST
rw r M_ 1
i | SR
SRR R

4T 000T f9d2a04

-6431

=

Test 8C-2

Te, sec
3
154

Method

T
ime

Mass/T

34

rig.



e -

-4

[adnes s SR
ity detai e b

Trddes
LSt ant

Kpgum )

H

Toy
|8 29S9S Pun
g

9925 ¥ue Fuow
S Saavy

iy

Hiorgr

o Snes

“r:ﬁi

e 8

=]

Hr

pe sdey

A e

Measured
Cale

-
40T

ooyt

sec

Time,

T

v

IO

1

o]

e
JoisY;

T

i

Y
THT
i

-
nsseudavebd
1

T

hd da i

hd

Tt

T

i

=23}

e

- ey Faerp e

{Tﬁ.ﬁ =1
os Pasp!

=asl CRa!

=H

s

iy

8

4T 0001

NORTHROP

3R1

Test 80-

Mass/Time Method,

LN

3

Flg

155



Measured

Calculated — —

1000 1b

Force,

Fig. 3€.

Time,
Mass/Time Method, Test 80-3R2

1

6

sec

NVR-6431




Sy bkt

¥ S R

L

333

jaaps

26

gk

Be

g oS

[B=S opad

LT
g ailatom

b

=1

qT 0001

NORTHROP

\O
(49

34

32

30

28

24

22

R-5431

4

Test 82-2

Time, sec
157

Mass/Time Method,



b

i

PYYETS papay vy p)

W

i

4.?4?

qT 000t

€904d0y

o
[
&~
=3
0
«
2
.. e
il
L I
T
ifadd
1 33Ske
m + *
331
i
i
i 2‘
”Mv _An
il ,.m. v
o 13
i Lw e
HisH s fasie
fgte | i
IS f Il
1ili i il We)
QY]
e8] O

me, sec

Ti

4

82~

Jass/Time Method, Test

»

. 38,

Flg

NVR-6L431

158



NORTHROP

" Measured

Calculate

QT 0001 €sda04

Sec

Time,
Mass/Time Method, Test 81

-2

. 39.

Fig

NVR-6431

159



NORTHROP

a) Nearly synchronous reefed opening of the two
canopies durlng Stage 1 1s attended by measured
peak loads about 20 percent less than predicted
orn the basls of single canopy drag areas. With
allowance for small inertial effects, tne inter-
ference between canoples can be accounted for by
a redicticn in effective drag area of about 18
percent in thils case. Trhis 1s consistent with
totn f1lm observations and the geometry of two
circles of egqual area expancing side by side, with
progressive Ilattening of the interface, approaching

as a limit two half circles with rounded corners.

b) With a smaller than predicted total drag area
at Stage 1 disreef the dynamic pressure would have
been higher than pgredicted. Tnis would account
for part of the differerce between measured and
predicted peak loads for Stage 2 of canopy No. 1,
cut the effective drag area 1s uncertain and added
mass effects undoubtedly are present. If the
predicted drag area was close to actual, as indi-
cated by the measured F/q at Stage 2 disreef, the
added mass effect on canopy Io. . was substantial.
This view 1s supported by *the rear eguality of
Stage 2 peak locads Indicated for canopy No, &
which disreefed one half seccnd later, and being
the lag canopy most probably would have a smaller
arag area than canopy No. 1. Thls would offset the
higher than predicted dynamlc crressure at disreef.
Verification of these surmises requires a second
computer run with revised reefed drag area in
bcth stages.
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c) During final opening the lag canopy disreefed
1.1 seconds after the lead canopy (No. 1), and
good agreement between measured and predicted
1cads 1s shown. The lead cancpy predicted peak
load 1s 50 percent greater than measured and is
anomalous 1n that it is still rising at the cutoff
polirt wnere the canopy reaches full inflation;
the measured peak occurred prior to full inflation.
No explanatlion for this ancmaly has been fourd
because 1t was necessary to conclude the investi-

gation with this single computer run.

4.3 SHAPE/DISTANCE METHOD

The Shape/Distance Opening Load Prediction Method is a potential
tcol for both loads and trajectory prediction. Adapted to a
computer, the method provides continuous locads and trajectory
predicticn throughout a test. The method was chosen for develop-
ment because 1t adapts easily to the Apollo ELS parachutes; the
method accommodates reefing, load drag, and canopy added mass.
The development 1s not complete, however, for specific parachute
parameters required by the method are not, at this time, available.
In thelr absence approximations have been used, and encouraging

results have beesn obtained.

A brief review of the theory and, in more detail, the progress
Tade tc date Ir 1ts implementation to single Apollo maln para-
chutes is presented in this subsection,.

4,3.1 Review of Rust's Theory

-~

The method was develcped from Rust's "Theoretical Investigation

n29 .
The opening load theory

cf the Parachute Inflation Process,.
presented in thls repcrt 1s summarized on the following next

few pages.
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Rust derived the governing differential equations by considering
the free body diagram of the vehicle-parachute system ln Figure 40,
By eguating the force sum to the system's rate of change of
momentum, Rust obtalned two trajectory ecuations: one normal

ard cne parallel to the flight path

3 r
—_— \ = {w - -
T L(m& +m, o+ om ) v] W -~ WC) sin © DL D,
v g_@_ = cos g
T g cos 9.

The variables were then nondimensionalized and the in-
dependent variable was changed from time tCc projected radlus
using the relationshlip

A

dé{.../
dR

=V

6, . o_d (..

Ve e J T

dat dR

0, |Q,

R Er
(@]
wl

Q'Qa

[Z1R )51

[oX)
ct

where E, ¥V, and R are dimensionless trajectory distance, veloclty,
and projected canopy radius, respectively. The change of inde-
pendent varlable was to obviate the need for an assumed dliameter-

time relationship.

Upon expansion and rearrangement, the two equatlons are of the

form
- _ e _
=+, (VY =1, (R stne
dR
e Qg = f3 (R} cos ©
dR

These trajectory eguations, which must be sclved slmultaneously,
yield veloclty and flight path angle as functions of R.
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To get a relationship for time, Rust used the chain rule.

e _dt 45 _ L ds

dR a5 dR v R
or

at - . ®m /7

dR 2

Rust redefined the free body diagram tc get a relationship for
riser force. Eguating the forces acting on the vehicle in
Figure 40 to the vehicle mass times acceleration and rearranging

results 1in

F =Wy sin 6 ~ Dy - my =,

t

Q,
| <

av
d
Fp W{/ gin & - D& -~ mL [fL 'R, d

d

This is an auxiliary eguation which, wnhern used with the tra-
jectory eguations, provides riser force, veloclity, flight path
angle, and time as functions of R.

One other relationship 1s needed to determine the coefficlents,

£, (R). 1In each of these terms, ds/dR appears (it results from
the independent variable change using tne chain rule;. Rust
showed how to obntain thls by considcering

dR 5] ds

where V 1ls cancpy volume. The numerator can be obtained by
corsidering the canopy as a truncated cone topped by an ellipsoid.
A relatior between vo_ume and radius 1s determined geometrically
and differentiated to obtain dV/4R.
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The denominatcr can be cbtained as folliows:

Where dV/dt 1is gotten by mass balance. The rate of change cof

enclosed mass must equal the flow rate in, less the flow rate

out, Or
S lev] = (sav), - (eav)
dt L In ‘out
d\/v = 7 -
at <A‘)in (Av>out

By assumption or wind tunnel test, the velocitles can be found.

The areas are known.

Collecting the eguations for inspection, it can be seen that
there are three differential eguations ard one auxiliary:
2

d-\7 =\ —2 - {"'\ Y
dR
7 gg = f3 /Ricos ©
dR
& - ®m
dR
Fp = fg¢ (R).

The three differential equations have to be solved simultaneocusly,
an appropriate task for a computer. Besldes contalning ds/dR,
the coefficlents fn (ﬁ) have terms 1llke canopy drag, venlcle

welght, and canopy added mass.

When integrated, the eguatlions provide velocity, flight path

angle, time, and riser load.
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4.3.2 The Computer Program

The computer progr‘am41 was desligned toc prcocvide continuous loads

and trajectory prediction, using Rust's inflation theory, through-
out a test. 411 phases of inflatlon nave been programmed and
checked against Rust's hand-calculated examdple, given 1in Appendix C

of Reference 29,

The computer prcgram is composed ©f a main program with six sub-
routires, For a given set of initiasl concitions, canopy parameters,
and vehicle weight and drag; the program yields veloclty, altitude,
dynamic pressure, riser loac, canopy arag area, f.ight path angle,
prcjected radius, and time. The main program provides the coef-
ficients of Rust's differential ecuatlions, as well as input and
output. The first subroutine computes continucus denslity change
with altitude by means of a curve fit to the 1555 Standard Day
Atmosphere. The second subroutine calculates @ 'potential flow'
added mass of the cancpy at each integraticon step. The third

and fourth subroutines controc. the Integration. The fifth sub-
routine presents the proper differential eguations, as they apply
to each phase of inflation, to the sixth subroutine, which dces the

numerical integration (fourth orcer Runge-Kutta technique;.

4,3,3 Applicaticn of the Method to an Apollo Main Parachute Test

LI

The Shape/Distance Opening Load Method has been applled to Apollo
main parachute Test 80-1R. A discussion of the approach to pro-
viding the necessary inptt to the computer program and of the

results 1s presented here,

L,3,3.1 Cemputer Program Input. Conslder the inputs which

are needed by the computer program. Flrst, relationshlps peculiar
to the parachute being modeled; drag coefficlent, aacded mass,

and canopy shape information muast te supplied. Then, those con-
ditions peculiar to the test being simulated; initial density
altitude and veloclty, vehicle welght and drag, percent reefing,

and cutter times must be provided.
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The latter are obtained from test plans. The former are more
difficult; some of the parachute parameters should be obtalned
frcm wind tunnel testing (one of the advantages of the Shape/
Distance Method ls that they can be obtalned in such a way). In
lieu of accurate knowledge of some of the parachute parameters,
approximations have teen made, using tne best avallable informa-

ticn.

4.3.3.1.1 Canopy Drag Coefficient. As a parachute inflates, 1its

drag area changes, not only because of an ilncreasing projected

area, but alsc because the canopy shape is changing. It iIs not
enough to assume a constant drag coefficient. The drag coef-
ficient as a function of projected radius and eccentricity is
needed, but is not available. However, the equilibrium drag area as
a function of reefing ratio s avallable (Figure 41, and was
obtained from the end point dynamic drag areas (instantaneous

riser force/dynamic pressure at end of a reefing stage! of

numerous main parachute tests.

Unfortunately, the use of thls functicn produced unrealistically
high first stage loads. This is understandable because of the
shape differences between two cancples having the same Inlet
radius, one inflating and the other no%t Inflating (at equilibrium),.

This shape difference can te seen in Figure 42, This effect Zs
especially pronounced at small reefing ratics. Near full open,
the shapes are almost identical.

Because of thls problem, a new approach was tried. Different
curves of CDS versus R/RC were generated. It ls known that
added mass manifests 1tself as drag. During the first stage
of Inflation the added mass 1s small, so the resultant first
stage lcads can be attridbuted to canopy arag alone. Thle is
an ald to cetermining the true CDS curve, that curve whicn
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(a) Before Equilibrium (b) At Equilibrium

Fig. 42, Comparison of Canopy Shapes at Same Mouth Diameter
Before and At Eguilibtrium

generates first stage loads best. Durirng the seccnd reeflrng stage
the effect of added mass i1s more significant. As a boundary con-
dition, 1t was reasoned that the true inflation curve must approach
the equilibrium curve as full open s approached. These two alds
provided points at low reefing ratios and one point at full open

through which the true curve must pass.

Because canopy drag 1s assoclated with added mass effects, further
discussion will be postpored until after the addea mass g pre-

sented.

4,3,3.1,2 Canopy Added Mass. The added mass analysis began with

a literature review. While von Karmanll provided insight into the
physics of the phenomenon and Heinr'ich20 verformed von Karman's
proposed experiment and studled the effect of porosity on the
coefficlent, Neustadt42 provided the most immediately pracctical,

guantitative approcach. Neustadt assumed tne canopy could be
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represented by an ellipsoid having the same volume and projected
diameter and used the well-established relatlions for the added
mass of ellipsoids of revolution from potential flow theory.

Both Heinrich and Neustadt assume tne mase is a function of volune.,
with this assumption, the relative amounts of added mass in each
reeling stage can oe 2stimated. Because the mass s quite =small
during the first reefing stage, 1t was decided to attribute the
entire parachute _oad to the drag coefficient. The alr mass is
more significant ir the second and third rszefing stages because

the volume 1s greater.

The computer program was made to calculate the caropy's "Neustadt

"

—

ellipsoic’ at each integration step. 1Usirg potential flow theory,

o

the program calcu:atesgs the added mass of each ellipsoid. BRecause
of Neustadt's assumptions /potential flcw, impcrous cloth, equiva-
lent shape), the resultant mass coefficlents had tc be rodified
bty some factor. This factor was determined by iteration, using

the riser load unaccounted for by the drag ccefficlent.

Figure 43 shows several canopy snapes assumad by the main para-
chute in Test 80-1R and their equivalent ellipsoids as calculated
by the program and drawn to scale,

4.3.3.1.3 Determiring ds/dR. Rust's thecry requires knowledge

of the rate of change of distance with radius, ds/dR. Thils can

I3 Is . . It = v
be obtained through the radius-time relationship (ds/dR = =7
Rust stated that 1f the cancpy inflow and cutflow velocitles
are known, ds/dR can be calculated. He showed how it can bpe
done using mass balance to get dV/ds and combining it with dV/dR

by chain rule. Unfortunately, these veloclties are not now known,

A

leaving twe alternatives: (1) assume the velocities and ad ust
(2

to get the correct output (Lterative apprcach), or determine

the radlius-time relationship from film analysis.
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-

(a) During Phase 1 (v) During Phase V

Fig, 43, Comparison of Canopy Shapes with Their

Equivalent Ellipsoids

The latter is chosen because an lteratlve approach 1is already
being used for the drag and added mass coefficients. The dlameter-
time data are determined from the film analysis and used by the
computer prcgram to calculate lnstantanecus va_ues of dRp/dt

and then ds/dR.

4,3.3.1.4 Film Analysis. Films from Test 80-1R were analysed
to determine the canopy snape parameters, Measurements of the
eccentricity of the elliptlcal portion of the canopy, the charac-
teristlic radii defining the phases of inflation, and the inflated

length of the cancpy in the first phase were obtained frcm the
flight test fllms. This aralysis regulred more detall than the
£i1m analysis described in Section L.2.

Iccentricity versus time for the first three pnases of inflation

w