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Foreword

ABOUT THE AUTEORS

In Chapter 2 of this AGARDograph, the authors have included brief biographical notes on a few outstanding individuals who
have led the development of high-performance parachute technology and 1ts apphicatons Charactenstically enough, they did
not include themselves among these major contnibutors It 1s this onmsston that the Editor teels should be corrected and
rectified i this brief foreword

Both authors are Members of Techmeal Staff at Sandia National Labosatories, which s one of the lead parachute design
laboratones 1 the Umited € tes Both have been emunently mvolved i parachute design and testing, the semos author sinee
1956 and the jumor author s1 ce 1977

Randall C. Maydew

After a distinguished service as B-29 Navigator ‘Bombardier m the Pactfic in 1944—435, Randy Maydew received s B'S and
MS degrees in Acronautical Engincening from the University of Colorado, in Boulder He then spent three years at NACA
(NASA) Ames Research Cerier, perforning studies ot lamnar and turbulent boundav layers at supersonic speeds, betore
jomny, Sandia Corportatios (now Sandia National Laboratories) i 1952

As a statf member of the Acrodynamues Department and later as Superyisor of the Experimental Acrodynamics Division,
Rondy was msoled m designing bombs and mussiles, conducting wind tunnel tests, and designing and puttiag nto operation
new transonic and hypersonte wind tunnels at Sandia

In 1956 Randy onginated wsearch and development on parachutes at Sandsa, an activaty i which he was to be imobved, to
vanous degrees, for the neat 30 yeats and which has resulted in the design of somie 200 parachute systems, many having unique,
heavy-duty and high-perform, ace characteristies His statf proneered the use of Kevlar and the development of computer
codes for parachute design, they were also mvolved i the organization of several courses i the United States and Furope on
parachute design Randy wes co-teapient of the Department of Energy 1987 Weapor Recognition of Lacellence Award toy
“Development of High-Pertc rmance Parachutes for Nuclear Weapons ™

From 1965 to 1988, Randy served as Manager of Sandia’s Aerodynamies Department, with a statt ot 60 to 100 and wath the
responsibility for aerodynamies research and actodynamue design ot bombsshells, rochets, ballistic and maneuserning reentry
vehieles, gded missales, parachute systems, and wind turbines During this time, i addition to his work on parachutes, Rands
was personatly mvolved mleading an analyos team that focated a missing therme auclear device off the coast ol Spainin 1966,
w soplusticated boundary layer transiion research, in the st United States studies o vertical-ans wind turbines, and i a
number of computational and expenmental studies of the actodynamies and aere hermodynamies of ballistic reentny, and
winged vehieles as well as parachute flotation systems

Randy 1 an Associate Fellow of the Amernican Institute # Aeronautics and Astronauties (AIAA yand was General Chairman ot
the 1971 AIAA Actodynamues Testung Conterence Hz senved as Searetany (1963—64) and President (1969~70) of the
Supersonic Tunnel Association an international organization of some 45 universities, actospace companies, and government
laboratones, which meets senuannually o exchange informenon on wind-tunnel simulation ot fhight He has authored some 75
papets and reports

Cart W, Peterson

Catl Peterson caried BST M A and Ph D degrees m Actono tiedl | ngineering trom Princeton Universiny praduating
Summa Cum 1 aude and Pl Beta Kappa He conducted reseatchinhy posonie siscous wakes boundarny laver flows and shock
wave gas dynanies He taught gas dynanncs for three vears betore jomng Sandia Laboratonios in 1964

As a Member ot Techmeal Statt at Sandia Carl deseloped ady anced flow-tield diagnostic techmgues tor Sandia s wind tunnels
He designed nozzles and developed cectne heaters tor Sandia s Hypersonie Wind Tunnels Carl was promoted to Supenvisor
of the Fapenmental Actodvinamics Divisien at Sandsa in 1971 He conducted sesearch i hypersonics, gas dvnamie lasers,
turbulent boundary layers, and jet ininteractions Carlsenved as Seeretany (1974 =75 and President (19753 of the Supersonic
funnel Assoctanon {(described abose)

Beginng i 1977, Carl supervised Sandias Parachute Systems Division He imtiated and conducted research i parachute
acrodynamies He and s staft are rosponsible for deseloping parachute systems tor the Department ot Detense and NASA as
well as tor Sandia programs Carl has authored numerous papers in parachuic technologs He served as Chairrman of the ATAA
Aerodynanue Decelerator and Balloon Technology Te hnival Committee in 1986 and 1987 Carl was co-rectprent of the 1987
United States Department of Fnergy Weapon Recogmiron of Fxcellence tward tor "Development of High-Pertormance
Parachutes tor Nuclear Weapons  He 1s an Associate Fellow of the AJAA
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Since May 1988, Carl nas served as Manager of Sandia’s Acrodynamics Department. In additon to parachutes. Carl manages
projects and research programs m acrodynamic and thermal analyses of reentry systems, mussiles, bombs. shells, and rochets
He oversees the technical aspects of design developmen,, and stockpile mantenance of all Umited States nuclear weapon
parachute systems Carl1s responstble fos research and technology development programs in computational acrodynamics and
hydrodynamics, as well as for trisonie and hypersonic wind tunnels. range safety at the Tonopah and Kauan test ranges. and
orgamizat-on distnibuted computers He has authored some 75 pubhications in aerodynamics.

The AGARD Fluid Dynanucs Panel 1s fortunate indeed to have two of the world's toremost experts on tugh-performance
parachutes as authors of this much needed AGARDograph

K J Orlich-Ruckemann
AGARD Flutd Dynanucs Panel
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Avant-Propos

LES AUTEURS

Les auteurs de cette AGARDographie ont pensé inclure au chapitre 2 de l'ouvrage, des résumés bibl sgraphiques concernant
certaines personalités cxceptionnelles qui ont condwit le développement des technologies des parachutes & hautes
performances et leurs applications. Il es* a noter que ces auteurs ont volontairement omis de mettre leuts noms a cote de ceux de
leurs distingués collaborateurs Par consequent, en tant que Directeur de la publication, a1 voulu remédier a ceite omission par
cet avant-propos

Les deux auteurs font partie du personnel techmque du Sandia National Laboratories, 'un des premuers laboratoires
specialisés dans la conception des parachutes aux Etats-Unts Tous les deux travaillent dans le domarne de T'étude et des essass
des parachutes, ot leurs contributions sont umversellement reconnues, deputs 1956 dans ke cas de Randall Maydew. et depurs
1977 dans le cas de Carl Peterson

Randall C.Maydew

Apres une pertade de service exemplaire comme navigatew /bombardier au Pacifique de 1944 a 1945, Randy Maydew sest vu
decerne les diplomes de B.S et M S en: geme acronautique de 'Universite de Colorado & Boulder Iha enswute passe trors ans au
NACA (NASA) Ames Research Center, ou i a realise des etudes sur fes couches hmutes turbulentes et lamnatres aux vitesses
supersoniques, avant d'entre chez la sandia Corporation (actuellement Sandia National Laborator-es) en 1952

I'n tant que cadre dans la section aérodynamique et par la sute de superviseur de la division de Taérodynamique
eypenmentale, Randy Maydew a travaille sur la conception de bombes et de missiles, la realisation d'essars en soutflerse, amai
que sur la conception et la ruse en ocuvie des nouvelles soufflertes transsonigques et hypersontques a Sandza.

Ln 1956, Randy a lance des travaux de recherche et developpement sur les parachutes, a Sandia, activite qui devait I'oceuper. a
divers degres pendant les trentes prochaines années, et ut a pernus la conception de quelques 200 systemes & parachutes, dont
plusicurs sont dotes de caractenistiques umques de resistance et de hautes performances Sont equipe a ete 'une des premieres a
utthser le Kevlar et lelaboration de codes machine pour 'etude des parachutes Cette méme equipe a cgalement organise divers
cours sur la conception des parachutes aux Etats-Unis et en Europe, En 1987, Randy a ete nomme co-reciprendane de la
distmction d'excellence dans le domaine de Farmement du Umisted States Department of Energy pour “le developpement de
parachutes a hautes performances pour les armes nucléares”

De 1965 & 1988, 1l a assure les fonctions de directeur de la sectior acrodynamique de Sandia, avec un personnel de 60-a 100
cttectits et la responsabihite de la rechierche en adrodynamtgue et Jde la conception aerodynamique de bombes, d'obus, de
1oquettes, de vehieules balistiques, de vehicules de rentree manocuvrants, de missiles guidés, de svstemes a parachutes et
Jeoliennes Pendant cette penode, en plus des travaux qu'il menant sut les parachutes, 1] a ete imphique personnellement en tant
que chet d'une equipe d'experts, quia reussi afocaliser un engin thermonudeaire perdu au large des cotes de TEspagne en 1966

Il a egalement participe @ des travaux de recherche avances sur la transttion de la couche imute etil a tant partie de la premiere
equipe amencaine a etudier Jes eolicnnes a axe vertcal Pendant cette méme periode 1 a participé & bon nombre detades
mtormatiques et experimentales de Uaerodynamigque et de Facrothermody namigue de velncales balistiques, de veheules de
rentree et de vehicules alatres amst que de systeme de parachute/de flottaison

Randy est membre assoute de TAmencan Instinwte of Aeronauties and Astronauties (AIAA) etil a preside 11 Acrodynanies
lestng Conference” organise par TAIAA en 71 [ a egalement servi comme secretarre (1963—-64) et Presido  (1969—70)
de la Supersomc funnel Assoctation, que est uie organsation internationale tegroupant quelyues 45 unversites, compagnies
actospatiales et laboratores nationauy. et yui siege tous les sis mots pour echanger des intormations sut la simulation duvol en
soufflerie 1l est Fauteur de plus de 75 rapports et communtcations divers

Carl W.Peterson

Catl Peterson a obtenu des diplomes BS .M A et Ph D del Universite de Princeton, aved mention Sumima Dum Laude et Phi
Betta Kappa Ha condutt des ravaun de recherche sur les slages visqueus hy personiques, les ecoulements des couches himtes,
fa dynamique des ondes de chou et la dynamique des gaz 1 a ensergne ces maticres pendant trows ans avant d'entret chez la
Sandia Laboratories

o tant que membie du personnel techmgue, Carl a particpe au developpement des technigues avancees de Clagno-tic des
<hamps d ecoulement pout les souffleries dz Sandia 1l a etudie des tuyeres et a developpe des rechautteurs pour les soutfleries
hypersonsques Carl fut promu superviseur de la division d'aerodynamuque expenmentale de Sandiaen 1971 1ha conduit des
tavaua de recherche dans le domaie de Ly persomgue, des lasers a dynanmgue gazeuse. do s couches imutes turbulentes etdes
mteractions et empennage Carl @ assure les tonctions de secretaire (1974—-1975) et de president (1978) de la Supersonic
Tunnel Association (VoIE cl-dessus)
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A partir de 1977, Carl a supervisé Jes travaux de la division des systemes & parachutes de Sandia. Il a mité et réahisé de la
recherche dans Ie domane de 'aérodynamique des parachutes. Avec son équipe, 1l est responsable du développement des
systemes A parachutes pour le mumsiere de la défense et la NASA, amsi que pour les programmes de la Sandia. Carl est lauteur
de nombreuses communcations sur les technologies des parachutes 11 a été nommé préstdent du comité techmque pour les
tecimologres des ralentisseurs aérodynamiques et des ballons de TAIAA en 1986 et en 1987, Carl a éié co-réapiendaire de la
distinction d'excellence du Umited States Department of Energy pour "le developpement de parachutes a hautes performances
pour les armes nucléatres™. Il est membre associé de TAIAA

Depurs le mors de mai 1988, Carl a assuré les fonctions de directeur de la division aérodvnamique de Sandia En plus de <on
travaul dans ce domaine, Carl gere des projects et des programmes de recherche en aérodynanuque et sur lanalyse thermique
des systemes de rentrée, les mssiles, les bombes, les obus et les roquettes I supervise les aspects technrques de l'etude, du
développement et de I'entretien de Ia réserve de tous les systemes & parachutes des armes nuclearres US Carl est responsable de
differents programmes de recherche et de développement des technologies en aérodynamique numérique et en
hvdrodynamique, ains que des souffleries hypersomiques et trisontques, de la sécurnite sur les champs de ur de Tonopah et
Kaua et de Finformatique répartie 11 est lauteur de quelques 75 y ublications trartant de Faérodynamque

Los Panel AGARD de la dynamique des flusdes peut Senorguetlhir d’avorr choist comme auteurs de cette AGARDographie
tant attendue les deuy premiers eaperts mondiauy sur les parachutes ihautes performances

K J Orha-Ruchemann
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CHAPTER 1
INTRODUCTION

1.1 The origins of high-performance parachute technology

For many years, parachute technology developed in an evolutionary fashion. It was sufficient to
rely on additional test data to build the experience base needed to meet the performance requirements
of the next high-performance parachute system. An evolutionary approach to parachute technology
development was appropriate then because parachute performance requirements were increasing in
small steps rather than by quantum jumps. Flight tests were both affordable and plentiful
Compamon technologies were evolving. This approach to parachute technology development worked
very well; many parachutes developed during that era are still in use today.

Several factors forced paracahute technology to advance much more rapidly during the past two
decades. Of primary significance was the specification of more stringent parachute performance
requirements, imposed to keep up with the rapid expansion of the flight envelopes of aircraft, missiles,
rockets, reentry vehicles, and spacecraft Companion aerospace technologies such as electromes,
computers, and material sciences had also accelerated rapidly, making these new flight environments
possible.

Concurrently, payloads became much more expensive and, as a result, recovery became much less
of an “option” than in the past. Aerospace system managers required greater assurance of success for
new parachute systems, even at these more severe recovery environments. Not only did they have little
tolerance for parachute failures, they also had little sympathy for the traditional parachute designer
excuse that the physical phenomena associated with parachute inflation are extremely complex and
underappreciated. Having observed the successful advancements in the companion technologies
leading to quantum jumps mn flight environments, they expected parachute technology to keep pace.

At this juncture, the approach for developing parachute technology was at a crossroads. Flight
testing costs had increased by more than an order of magnitude, making unaffordable the “design-
by-test” method of parachute design. Minimizing development costs of a project now required
shortening the time scales for development. As a result, parachute designers could no longer afford the
time required by an evolutionary parachute design process, even if they could afford the costs. These
constraints forced consideration of an alternate approach for developing parachute technology, one
that could ¢ Hport the development of parachute systems with substantially higher performance. The
alternate approach was to understand enough about the time-dependent aerodynamics and structural
dynamics of the inflating parachute to allow constructing approvimate models of the inflation process
that, in turn, could be used as parachute design tools.

A phenomenological approach to parachute design is not new. It is an old concept that was
rejected repeatedly in the past because modeling the aerodynamics of the inflating parachute was
considered to be impossibly complex. But, faced with the fact that the evolutionary approach was no
longer viable, the organizations responsible for designing high-performance parachute systems
reluctantly redirected their parachute technology programs toward achieving a better understanding
of how those systems work. Initially, they validated the reasons for having abandoned this approach
hefore: the inflating parachute really is one of the most complex aerodynamic systems to model, as
this AGARDograph will demonstrate. But progress was made. New design tools were developed as we
learned more about how parachutes interacted with the air around them Although we have much
more to learn, we have at least acknowledged our ignorance and have redirected ourselves to learn how
to design today’s high-performance parachutes.

1.2 Scope of this work

The term “high-performance parachute” is unavoidably subjective, yet it 1s necessary to bound the
types of parachutes considered in this AGARDograph. We have chosen to define several categories of
parachutes as “high performance.” The first category includes parachutes that are deployed at Mach
numbers above 0.7 or at dynamic pressures above 500 1b/ft2. An example is the 24-ft-diameter
Kevlar/nylon ribbon parachute developed for a 760-Ib payload to provide impact velocities of 75 ft/s
after release from an aircraft at altitudes of only 100 {t above the ground at release Mach numbers up
to 1.2. Pepper!! reported that this 90-lb parachute developed a maximum opening dece eration of
240 g at a deployment dynamic pressure of 2650 1b/ft. Another illustration uf a high-speed parachute
is the 5.2-ft-diameter Kevlar/nylon ribbon parachute!? developed to decelerate an 800-lb payload
from a deployment velocity of 2300 ft/s (M = 2.2) at an altitude of 3000 ft.

e o R
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Parachutes that recover very heavy payloads at any deployment velocity are also considered to
have high performance. An example of a very heavy payload for parachute recovery 1s the 174,000-1b
expended case of the Solid Rocket Booster (SRB) for the Space Shuttle. The original SRB recovery
system consisted of a 54-ft-diameter drogue ribbon parachute deployed at Mach 0.5 at 16,000 ft above
sea level followed by the deplcyment of three 115-ft-diameter ribbon parachutes at an altitude of
6500 ft to decelerate the booster to an ocean impact velocity of 90 ft/s. Runkle and Woodis! ® report
that the design drag load limit of the SRB drogue parachute is 270,000 Ib. It was tested to failure at
a drag load of 548,000 lb that, to the authors’ knowledge, is the highest drag load ever developed by
a parachute.

We have also designated as high-performance parachutes those with high pack densities, with long
pack life, or with unusual or severe test environments and/or deployment conditions. The 24-ft-
diameter parachute mentioned earlier is packed to a density of 43 1b/ft* and has an intended pack
shelf life of 25 years. An example of a parachute system designed to operate under severe test and
deployment conditions is a 4-ft-diameter guide surface parachute to recover a 160-1b, 155-mm artillery
shell. ! The parachute is packed in the nose cone ogive of the shell, the projectile is fired from an
artillery gun at an elevation angle of 87 degrees, and the parachute is deployed at apogee altitudes as
high as 70,000 ft by explosively separating the ogive from the shell. The spin rate of the shell is
250 revolutions per second (rps) at parachute deployment. In the gun barrel at launch, the s..ell
recovery system is subjected to an axial acceleration of 20,000 g, a muzzle velocity of 3000 ft/s, end a
spin rate of 300 rps.

Parachutes whose weight is small compared to their size and the drag they produce are considered
to be high-performance parachutes. Most modern parachute applications allocate minimal weight and
volume for the recovery system while requiring high drag efficiency. Designers are forced to build
parachutec whose strength-to-weight ratios have been maximized and whose aerodynamic drag
surpasses that of existing configurations. An example of a high-performance parachute in this
vategory is a new 52.5-ft-diameter parachute proposed for the F-111 aircraft Crew Escape Module.!”
It weighs only 30 Ib, yet its design load s 8000 1b and it has a drag coefficient of 1.1, nased on the
constructed diameter of the canopy.

Gliding parachutes are legitimate examples of high-performance parachutes; they incorporate
modern mate ‘ials and are capable of exceptional lift-to-drag ratios. Development of these systems has
been focused on man-rated applications, especially in the sport parachuting field. Gliding parachutes
for sport jumping have been designed in the more traditional manner of cut-and-try because the cost
of this approach is affordable and because designers are eager to fly their new configurations. The
aerodynamics of gliding parachutes is complex, especially in transient maneuvers such as flaring
before landing. Developing computer simulations of these phenomena would cost more than
evur tionary development using test results.

Gliding parachutes with guicdance and control systems can potentially impact payload recovery
beyond the special field of sport jumping because they provide an opportunity to land the payload on
& specified target, not just where the winds carry it. As the need increases for controlled parachute
recovery to a specific landing zone, development of both gliding parachute technology and flight
control technology is expected to increase. This AGARDograph does not include gliding parachute
design, however, because the authors expect future advances in this technology to exceed by far the
current knowledge base. When this occurs, a summary of that technology should be prepared.

1.3 Purpose of this AGARDograph

The purpose of this AGARDograph is to provide general state-nf-the-art srocedures for the design
and testing of high-performance parachutes. This includes the use of aerodynamic and structural
analysis and application of numerical codes to predict parachute inflation, deceleration forces,
payload and parachute trajectories, and canopy/suspension line stresses. Design problems such as
patachute collapse, parachute line sail, parachute stability, and body-wake interaction are discussed.
The use of nylon, Nomex, Kevlar, Teflon, and other materials is covered. Techniques for the design
and fabrication of prototype parachutes and deployment bags are presented, and parachute packing
methods are discussed. A section is included on testing of model parachutes in wind tunnels. Full-scale
testing, using a sled track or aircraft drop or rocket boost to deploy the parachute at the desired Mach
number and altitude, and descriptions of onboard and ground-based instrumentation are outlined.
Example parachute designs are given for differing system requirements of payload weight, deploy-
ment Mach number and dynamic pressure, parachute weight/volume, etc.

Other references s.1ould be used with this one to design high-performance parachutes. Cockrell’s
AGARDograph!® on Jhe aerodynamics of parachutes is recommended as a reference in the funda-
mentals of parachute aerodynamics. This work extends his contributions to the aerodynamic

g
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concepts, analyses, and numerical codes unique to the design of high-performance parachutes. Useful
exyerience, analytical techniques, and semiempirical design methods are contained in the Recovery
S :stemns Design Guide.' " Knacke' ® has recently published a comprehensive parachute design manual
t'.at the authors used as a primary reference resource. Design problems unique to high-performance
rarachutes are treated in greater detail in this work. Eleven AIAA Aerodynamic Decelerator
Conferences' ' 1% have been held in the United States since 1966. Four workshops in parachute
technology! 2°'#* have been conducted since 1982. The USAF!?* and The Royal Aeronautical
Societv! ® sponsored parachute symposiums in 1964 and 1971, respectively. Peterson' % gives an
overview of higi-verformance parachutes. The parachute R&D reported in these conferences, the
extensive parachute material in the open literature, and the parachute design material furnished by
the NATO scientific community form the background material for this AGARDograph.
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CHAPTER 2
HISTORICAL REVIEW

2.1 Evolution of high-performance parachutes

Parachutes have been known in China for two thousand years. Leonardo da Vinci made sketches
of parachutes in the fifteenth century, and people began to use them in flight three centuries later.
Brief reviews of those early days of parachute development are given by Cockrell,' ® Knacke,! ® and in
the USAF 1978' 7 and 1963% ! Parachute Design Guides. Not until the middle of the twentieth century
did the progenitors of what we would call “high-performance” parachutes begin to appear.

A major milestone in the development of high-performance parachutes was the invention of the
FIST ribbon parachute* by Messrs. Madelung, Isermann, Knacke, and Keller in 1938.2% " Knacke* '
indicated that in 1933 the Flugtechnisches Institut der Technischen Hochschule Stuttgart (FIST)
began theoretical and experimental investigations to determine the most suitable method of
decelerating aircraft in flight (and in landing) with parachutes. Conventional solid flat parachutes
were tested initially; but these parachutes oscillated so violently as to render the aircraft uncontrol-
lable. These test results stimulated the FIST to begin development of nonoscillating parachutes with
the following characteristics:

+» Reliable and controllable inflation
+ High drag

» Low opening shock

+ Stability

+ Simple design and construction

» Simple maintenance

According to Knacke, initial tests showed that a higher porosity canopy resulted in increased
stability and decreased drag. FIST tested vented canopies, ringslot canopies, highly porous fabric
canopies, and 1attice-fabric canopies before finally arviving at the FIST ribbon design that satisfied
their criteria. Knacke” ' provided detailed ribbon parachute design guidance in 1948, including the use
of pocket bands as inflation aids and selvage ribbons to increase rnibbon drag and strength. The pocket
bands and selvage ribbons were developed in Germany in the early 1940s,

Much of the pioneering work in ribbon parachute development and application took place in
Germany in the 1940s. In 1943, Knacke developed a quick-opening (0.45 s) unreefed 18-ft-diameter
ribbon parachute®® to decelerate an 1103-1b bomb after an aircraft release at an altitude of 340 ft and
a Mach number of 0.67. No failures of this parachute occurred during 50 ballistic development drop
tests at aircraft release Mach numbers up to 0.77. A total of 900 of these bombs were used in this
project “Liesele,” with no reports of parachute failures. Ribbon parachutes were alse used in 1944 to
recover V-1 and V-2 guided missiles and their components.

Knacke®® designed an 8.3-ft-diameter flat ribbon parachute to stabilize the 980-1b XS-2 Crew
Escape Module in the late 1940s. After reaching terminal velocity and an altitude of less than
10,000 ft above the ground, the pilot was to bail out manually from the nose section using a standard
28-ft-diameter personnel parachute. Knacke conducted 3/8-scale wind tunnel and aircraft drop tests
of the XS-2 parachute behind the aircraft to verify the design. The full-scale parachute was
successfully tested up to a deployment Mach number of 1.3 at the Edwards AFB High-Speed Track.
An uncontrollable flight condition developed during an XS-2 high-speey, high-altitude flight in 1953;
a violent pitch-up occurred to the Crew Escape Module as it separated from the aircraft, but the Crew
Module stabilized after parachute deployment near Mach 3.

A second milestone in the development of high-performance parachutes was the invention in 1941
of the guide surface parachute by Dr. Helmut Heinrich.>7 The guide surface parachute was first used
in Germany in 1943 for trajectory control of finless bombs and torpedoes because of its excellent
stability characteristics. Sandia National Laboratories has used the guide surface parachute since
1954 as a pilot parachute to deploy the main ribbon canopy and for recovery of rocket payloads,
artillery shells, and reentry vehicles,

The U.S. Air Force at Wright-Patterson AFB initiated a program in 1950 with Cook Research
Laboratories (CRL) to develop supersonic parachutes for the recovery of missiles and drones.?® They

* The various types of parachutes are discussed in Chapter 3.
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conducted 115 sled tests at Edwards AFB of small (28 ft%) guide surface, flat ribbon, and rotafoil
parachutes at deployment Mach numbers up to Mach 0.66. Engstrom?®® subsequently flight-tested
several small ribbon and guide surface parachutes at altitudes between 15,000 ft and 96,000 ft and
deployment Mach numbers from 0.38 to 2.38. Parachute operation at high Mach numbers was
unreliable; the canopies did not inflate fully, violent canopy dynamics were noted, and considerable
parachute damage occurred.

CRL combined theoretical studies with wind tunnel, high-speed sled, and free-flight, rocket-
boosted tests to develop the hemisflo and hyperflo parachutes. Pederson® ' conducted sled tests at
Holloman AFB, New Mexico, at Mach numbers of 1.0 to 1 5 of small (2.0- to 8.44-ft-diameter) guide
surface, conical ribbon, hemisflo, and hyperflo parachutes. These sled tests, conducted at infinite
mass test conditions, demonstrated successful operation of the parachutes at dynamic pressures up to
3000 1b/ft2, a major advance in high-performance parachutes. Pepper' '*2!! successfully tested a
2-ft-diameter hyperflo parachute with a composite structure (nylon coated with a silicon-glass-fiber
cloth heat shield and RTV silicone rubber for ablative protection) at a Mach number of 4 and an
altitude of 114,000 ft. Despite these successes, hyperflo parachutes have not been widely used in
system applications.

In 1952, Lockheed Aircraft Corporation” ® designed a parachute system to recover a 2700-1b ramjet
test vehicle from an altitude of 22,000 ft at Mach 2.5 The system consisted of a 67-in.-diameter
first-stage ribbon parachute and a 29-ft-diameter second-stage reefed ribbon parachute. The
first-stage parachute was successfully deployed at a dynamic pressure of 2960 1b/ft* (M = 2.4 at an
altitude of 22,500 ft).

Sandia and the Retardation and Recovery Branch at Wright-Patterson AFB initiated a joint
“Low-Level Delivery” flight test program in 1954 to demonstrate the feasibility of reliably and
repeatedly deploying a parachute from gravity bombs released from an aircraft flying at very low
altitudes at transonic speeds.” ® Thirty-three aircraft (B-47 and F-7U) drop tests were made to deploy
reefed 16-, 20-, 24-, 28-, and 40-ft-diameter, heavy-duty ribbon parachutes at Mach numbers of 0.6 to
1.0 at low altitudes using an instrumented recoverable parachute test vehicle. The test vehicle weight
was varied from 1750 to 2600 1. By 1956, these tests had demonstrated that ribbon parachutes could
provide the necessary deceieration to prove the feasibility of low-altitude delivery of gravity bombs
(including laydown on the ground).* '

Flight-testing techniques and instrumentation technology were improved to provide the data
needed to develop these ribbon parachutes. Parachute tests were conducted at the DOE/Sandia
ballistic ranges at Salton Sea Test Range in California and Tonopah Test Range, Nevada. The test
vehicles were trackea with radar and cinetheodolites to obtain metric (space position) data for
deriving velocity and acceleration data. Range tracking telescopes provided documentary film
coverage of parachute opening and performance. Range receiving stations recorded telemetry signal,
from the vehicle onboard accelerometers and other instrumentation. Onboard cameras (operating at
96 and 200 frames per second) provided photo coverage of the parachute deployment and inflation.
These measurements provided a quantitative assessment of the parachute performance for each test.

Sandia conducted supersonic deployments in early 1959 of a 20-ft-diameter reefed conical ribbon
parachute® ! ** ' using a rocket-boosted parachute test vehicle to demonstrate repeatable and reliable
parachute operation at high dynamic pressures. Three tests were conducted at parachute deployment
Mach numbers of 1.45 to 1.57 and dynamic pressures up to 2840 1b/ft>. Onboard cameras showed an
orderly deployment and parachute opening, and the parachutes were not damaged. The maximum
measured deceleration of the 1130-1b test vehicle during the reefed first-stage parachute opening was
119 g.

The U.S. Air Force and Sandia have designed many heavy-duty, high-performance parachutes for
weapon systems during the last 30 years. Sandia has designed over 200 parachute systems up to
130 ft in diameter for payloads up to 50,000 lb since 1954. Over 4000 development and reliability
verification flight tests (using sled tracks, rocket boosters, or aircraft) of full-scale parachute systems
have been conducted to date by Sandia' ? ! **21% at deployment speeds up to Mach 2.8.

2.2 Major contributors to high-performance parachute technology

Many engineers, scientists, and technicians have contributed to the literature on the design and
testing of high-performance parachutes. A few have made exceptional, lifelong contributions to
parachute technology development, as evidenced by their inventions, their technical papers and
reports, their successful designs and applications of high-performance parachute systems, the impact
of their teaching on other parachute designeyrs, and their service to the parachute technical community



http://www.abbottaerospace.com/technical-library

-

7

in organizing conferences and serving on commttees. The following individuals have led their
colleagues in both parachute technology advancement and its applicetion.

2.2.1 Professor Helmut G. Heinrich

Helmut G. Heinrich was born in Berlin, on August 5, 1910. He receir ed a Dr. Ing. in Aeronautical
Engineering from the Technische Hochschule, Stuttgart. Germany, in 1943. From 1935 to 1946 he was
employed first as a project engineer and later as Head of the Department of Aerodynamics at the
Research Institute Graf Zeppelin, in Stuttgart; he was also on the faculty of the Technische
Hochschule. He developed and patented the guide surface parachute in 1941, In 1946 he came to the
United States as a Technical Advisor to the Parachute Branch Equipment Laboratory of the Wright
Air Development Center at Wright-Patterson AFB in Dayton, / ‘hio. From 1951 until his death, he was
Professor of Aerospace Engineering and Mechanics at the Uwuversity of Minnesota.

“Doc” Heinrich was best known for his research on the theory and experiment of the aerodynamics
of decelerators. This research led to new decelerator designs, including the ribbed guide surface
parachute, the supersonic guide surface parachute, and a guide surface rotor. He also designed the
“omega sensor,” a device used to measure stress in flexible parachutes. For the Gemini space program,
he developed the Parasail parachute system; and his patented guide surface parachutes were used on
two unmanned Viking Mars space probes and the Venus probe. He was awarded 10 U.S. patents and
numerous patents in foreign countries. He published dozens of archival journal papers and many more
Air Force and University of Minnesota reports on parachutes. At the University of Minnesota and
elsewhere, he organized and helped teach several parachute short courses.

Doc was elected a Fellow of the American Institute of Aeronautics and Astronautics (AIAA) and
Fellow of the Royal Aeronautical Society of Great Britain. He received the Thurman H. Bane Award
from th~ I[nstitute of Aeronautical Sciences, the Aeronaut Ieo Stevens Memorial Medal from the
Wings of America Club, a citation for a Special Act of Service from the U.S. Air Force in 1956, and the
Out-tanding Teaching Award in 1972. He was continuously engaged in research at the University of
Minnesota. where he trained hundreds of undergraduate and graduate students in analytical methods
and experimental techniques.

Doc died on March 7, 1979, in Houston, Texas, one day after receiving the
AIAA’s first “Aerodynamic Decelerator and Batloon Technology Award.” His
citation reads:

For forty vears of continuous involvement with, and significant
contributions to, the science and technology of aerodvnamic
deceleration systems, and for teaching by doing and doing by
teaching.

2.2.2 Donald W. Johnson

Don was recently awarded the 1991 A1AA ~Aercdynamic Decelerator Systems
Award.” The citation reads:

For comprehenswe and sustained contributions to parachute tech-
nology in the areas of rihbon parachute development, rocket
recovery, and the applications of Kevlar to high-performance
parachute design.

Don was born in Bloomington, Illinois. After serving in the U.S. Air Force, he graduated from
Purdue University in 1957 with a B.S. in Aeronautical Engineering. He was elected to Sigma Gamma
Tau and Tau Beta Pi honorary engineering fraternities. In 1957 he joined Sandia Corporation {now
Sandia National Laboratories) as a Member of Techmecal Staff and was promoted to Distinguished
Member of Technical Staff in 1985.
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In the late 1950s, Don designed and successfully flight-tested a 13C-ft-diameter ribbon parachute,
the largest ribbon parachute ever fabricated until the recovery parachutes for the Space Shuttle Solid
Rocket Boosters (SRBs) were developed in the 1970s. In the 1960s, he developed a 76-ft-diameter
ribbon parachute for an 8500-1b store and a 69-ft-diameter ribbon parachute for the B-58 aircraft pod
store, both parachutes capable of deployment at transonic velocities. Don worked with the USAF to
develop a 22.2-ft-diameter (temporarily reefed) ribbon parachute capable of depioyment at Mach 1.2
at low altitude for the laydown delivery of a 2100-1b store. He developed a family of parachute
recovery systems (including flotation gear for overwater recovery) for sounding rocket payloads. These
systems used payload center-of-gravity control to force the payload into a flat spin from reentry
speeds as high as Mach 10; the resulting hugh drag allowed subsonic deployment of the parachute.
These 6- to 24-ft-diameter parachutes have been used to recover over 200 rocket payloads since 1963.
This same flat spin technique was adopted by NASA to decelerate the SRBs after reentry to subsonic
speeds before parachute deployment.

In the 1970s, Don developed a 13-ft-diameter lifting ribbon parachute for deployment at 300 to
800 knots at low altitude for a 2400-1b store. In the 1980s he developed a 46.3-ft-diameter ribbon
parachute for a 2465-1b store (for transonic, low-altitude deployment), and he developed drawings and
specifications for the production fabrication and packing of heavy-duty parachutes for four stores He
also developed a new recovery system for the F-111 aircraft Crew Escape Module.

Don has presented 10 papers, published 5 journal articles, and published 20 Sandia reports. He has
been awarded patents for “an all-radial construction ribbon parachute” and for “a method of
simultaneously disreefing a parachute cluster.” He is an Associate Fellow and 35-year member of
AJAA. He is serving his second appointment on the AIAA Aerodynamic Decelerator Systems
Technical Committee and was Technical Commttee chairman foi 1990 and 1991. Don was Technical
Co-chairman of the 1989 Aerodynamic Decelerator Systems Technology Conference. He taught
courses in parachute technology in Albuquerque, New Mexico, in 1985 and Munich, Ge :any, in 1987.

Don was a co-recipient of the U.S. Department of Energy, Division of Military Application “Award
of Excellence” in 1987. The citation reads:

For significant contribution to the nuclear weapons program
development of high-performance parachutes for nuclear weapons.

2.2.3 Theodore W. Knacke

The citation for Theo’s 1981 AIAA “Aerodynamic Decelerator and Balloon
Technology Award” reads:

For the introduction of modern technology and sound engineering
principles to the former art of parachute design, thereby enabling
aircraft, ordnance, spacecraft, and other advanced system design-
ers to successfully use parachutes to satisfv system requirements

Theodore W. Knacke was born in Zirtow, Germany, on December 20, 1910. He received B.S.
degrees in both Civil and Aeronautical Engineering in 1934, and his M.S. in Aeronautical Engineering
in 1940 from the Engineering College, Strelitz, Germany. From 1934 to 1946, he conducted parachute
recovery system R&D at the Aeronautical Institute Graf Zeppelin, Stuttgart-Ruit (FGZ) and its
predecessor (FIST), first as a group engineer and later as Chief of the Aeromechanical Department.
In 1938 he co-mvented the ribbon parachute. He worked for the Parachute Branch Equipment
Laboratory at the Wright Air Development Center, Wright-Patterson AFB, from 1946 to 1952, and he
designed the landing deceleration parachute systems for the B-47, B-51, and B-52 aircraft. Co-author
of the first USAF Parachute Handbook, he developed the ringslot parachute and started an extensive
supersonic parachute research program.

Theo was Technical Director of the U.S. Air Force 651111 Test Group (Parachutes), El Centro,
California, from 1952 to 1957. From 1957 to 1962, he was Vice President of Engineering at Space
Recovery Systems, Inc., El Segundo, California, where he guided the development of recovery systems
for the U.S. Army SD-5 Drone, the B-70 encapsulated seat, and the U.S. Air Force HETS reentry
vehicle. From 1962 to 1975, he was with the Northrop Corporation, Ventura Division, Newberry Park,
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California, first as Chief, Technical Staff, Recovery Systems and later as engineering representative
in Dayton, Ohio. The Apollo and Gemini manned landing recovery systems were developed under his
direction. Since retiring from Northrop, he has been a consultant for the U.S. Army, Navy, Air Force,
and private industry.

Theo was awarded 10 parachute patents in Germany and the U.S. between 1937 and 1961; his
patents on ribbon parachutes, reefing, and pocket bands were major contributions to the successful
design of high-performance parachutes. He lectured extensively from 1955 to 1987 at specis!
parachute short courses conducted at universities and research agencies. He has made many
presentations and has published 33 reports and papers on parachutes. In 1967-68 he was Cha 'rman of
the AIAA Aerodynamic Decelerator Committee, and he was elected an AIAA Fellow i 1982,

2.2.4 William B. Pepper Jr.

Bill received the 1986 AIAA “Decelerator and Balloon Technology Award.” The
citation for this award reads:

In reccgnition of twenty-seven years of major contributions to
parachute technology and design in the areas of weapon parachute
systems, reentry vehicle anua scientific payload recovery, and
Kevlar parachute technology.

Born in Montrose, Colorado, Witliam B. Pepper received a B.S. in Aeronautical Engineering from
the University of Minnesota in 1946 and an M.S. in Aeronautical Engineering from the University of
Colorado in 1947. He conducted aeronautical research and development at the NACA/NASA-Langley
Station, Pilotless Aircraft Division, from i947 to 1953. This work consisted of parametric studies of
aircraft wing and engine nacelle configurations, He used rocket-launched vehicles for aerodynamics
flight research.

Bill joined Sandia Corporation (now Sandia National Laboratories) in 1953 and worked until 1958
on bomb and missile aeroballistics. He conducted parachute R&D studies and designed parachutes
from 1958 until his retirement from Sandia in 1985, and since then he has been a consultant to
industry.

In the 1960s, Bill worked with the U.S. Air Force in the design and testing of heavy-duty
parachutes for five stores, He developed parachutes for test vehicles used in the atmospheric test
readiness program and developed a reefed 20-ft-diameter ribbon parachute that was flight-tested
successfully at Mach 2.42 (at a dynamic p. ssure of 5700 1b/ft*). Bill also developed a parachute
recovery system for a spinning (200 rps) 155-mm artillery shell. In the 1970s, he developed parachute
recovery systems for high-beta reentry vehicles, pioneered the use of Kevlar ribbons and suspension
lines in ribbon parachutes, and developed a Keviar/nylon 24-ft-diameter ribbon parachute for
transonic deployment of a store. In the 1980s, Bill studied parachute/store ballistic dispersion,
conducted supersonic parachute research, and developed an underwater parachute system for an
ocean-bottom piston corer.

Bill has presented 19 papers, published 18 AIAA articles, and published 91 NACA and Sandia
reports. He was 1ssued one patent on parachutes. An Associate Fellow of AIAA, he was a charter
member of the first AIAA Aerodynamic Decelerator Technical Committee. He was General Chairman
of the 2nd AIAA Aerodynamic Decelerator Conference.
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CHAPTER 3

DESCRIPTION OF HIGH-PERFORMANCE,
DEPLOYABLE AERODYNAMIC DECELERATORS

3.1 Retardation system basics

This chapter describes configurations of various high-performance decelerators, subject to the
definition of “high performance” as used in this AGARDograph. It draws heavily on Chapter 2 of
Reference 1.7 for the basics of retardation systems, and it extends these precepts to modern
developments in high-performance parachutes. The descriptions of configurations are accompanied
by limited aerodynamic performance data to permit comparisons of decelerator types so that the
designer’s initial choice of decelerator type may be closest to meeting system performance require-
ments. The designs discussed in the following sections represent those that have been extensively used
in operational recovery systems or that have shown potential for future application for high-
performance systems.

A retardation system consists of components that function together to control deceleration and to
stabilize the payload in flight. The system also provides controlled descent and flight termination
functions for the payload. The basic component of a retardation system is the deployable aerodynamic
decelerator, which transfers the momentum of the moving payload (or forebody) to the atmosphere by
acceleration of the ambient air. Other components of the system may provide the method of deploying
the decelerator, control of forces, support for the suspended body, landing impact attenuation, and,
in some cases, automatic detachment of the decelerator when its function is completed.

The decelerator’s aercdynamic lift, drag, and stability determine its operational characteristics.
Lift, the aerodynamic force perpendicular to the flight path, may be incorporated into a decelerator
to provide divergence from a ballistic path, a longer downtime, a decreased impact velocity, or glide
to a target. Drag, the aerodynamic force aligned with the flight path, is usually the decelerator’s
primary reason for being. Aerodynamic stability is important in determining dispersion and impact
conditions. Each of these aerodynamic characteristics may be adjusted by careful design of the
parachute geometry.

A modern decelerator must be efficient in terms of weigh* and packed volume. It must be flexible
so that it can be stored in a relatively dense package before use. Also important is the decelerator’s
capability of being deployed from this stowed position and of rapidly inflating to develop the required
transient aerodynamic force/time impulse. The design and fabrication of the deployment bag (with
the appropriate breakable line and canopy ties, bag liner, and cut knives) are just as important as the
design and fabrication of the decelerator in achieving reliable, repeatable performance. Deployment
and opening force characteristics of a decelerator significantly affect not only the weight and packed
volume of the decelerator, but also the integrity of the structure and contents of the object being
recovered.

Before discussing specific high-performance decelerator configurations in detail, we must identify
their principal parts and define the parameters and nomenclature used to measure their performance.
Figure 3.1 illustrates the basic features of a high-performance decelerator. Most decelerators are
symmetric about the system axis, which passes through the center of the canopy and the confluence
point of the suspension lines. Lifting parachutes are symmetric about a plane through the system axis.
Rotating parachutes have consistent asymmetries in each gore to generate spin about the system axis.

The canopy is the cloth surface that inflates to a developed aercdynamic shape to provide the lift,
drag, and stability needed to meet performance requirements. The canopy’s inflated shape (and
therefore its aerodynamic characteristics) can be varied by modifying canopy design parameters.
Specific parachute types were developed tu. optimize specific aerodynamic performance characteris-
tics. It is the geometry of the canopy that distinguishes one parachute type from another.

Suspension lines transmit the retarding force from the canopy to the payload, either directly or
through risers attached below the convergence point of the suspension lines to the body. The point of
convergence of all suspension lines of a parachute is called the confluence point. The distance from the
canopy skirt to the confluence point is the effective suspension line length £,.

The portion extending below the major diameter of the inflated canopy shape to the leading edge
of the canopy is the skirt. The crown is the region of the canopy above the major diameter of the

— e
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Apex

Gore

Suspension lines

Confluence point i
Riser

Figure 3.1. Principal components of a parachute (taken from Ref. 1.7)

inflated shape. Other parts of a parachute are also identified in Figure 3.1. The small circuiar opening
at the center of the crown is called the vent, which serves to simplify fabrication and provides
flowthrough relief for the initial surge of air when it impacts the canopy at the start of inflation. The
choice of the local porosity distribution in the vent and the upper crown is critical in the design of
ribbon parachutes for deployment at high dynamic pressures and supezsonic speeds because vent
porosity can play a major role in determining both inflation time and structural loads.

The apex is the center of the canopy. Vent lines (Figure 3.2) are canopy elements that are fixed
to opposed points on the vent hem (also called the vent band or vent reinforcement) and that cross
the vent through the apex, providing structural continuity across the canopy to each suspension line.
Many modern high-performance ribbon parachutes are designed using continuous radials across the
vent. In a continuous radial parachute, one continuous webbing is used to form the suspension lines
and radials on one side of the canopy, the vent line, and the radial and suspension line on the other
side of the canopy.

All of the high-performance decelerator canopies discussed herein are formed from 2.. even
number of gores bounded on each side by a radiai seam, on the top edge by the vent band, and on the
bottom edge by the skirt hem (also called the skirt band or si-irt reinforcement). The gore length is
measured along the center of the gore from the vent band to the skirt band. The simplest gore shape
is triangular with a linear variation ~° ~re width between the vent band and the skirt band. Some
parachutes use shaped gores to optin. .todynamic characteristics and minimize material stresses.

For flat circular canopies with N, gores, each gore has a vertex angle 8 of 360/N, degrees. A conical
parachute has the uninflated canopy shape of either an N,-sided pyramid or a cone, depending on
construction details; its base cone angle is u (Figure 3.3). Other parachute types use variations of the
basic triangular gore to gain improved stability. A biconical canopy has a cone angle u, beginning at
the apex of the parachute, but the cone angle is changed to u, beginning at an arbitrary location
between the vent and skirt reinforcements. The biconical construction (and the triconical canopy
construction, which uses three cone angles in each gore) reduces the stresses at midcrown of the
canopy.

aeaud
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Vent reinforcement

Horizontal ribbons

Mini-radials

Suspension line

Skirt reinforcement

Pocket band

Figure 3.2. All-radial construction of a continuous ribbon parachute

ol

Figure 3.3. Constructed profile of a conical canopy

(taken from Ref. 1.7)
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Parachute engineers use two different methods for defining the size of a parachute. One approach
defines a nominal area and nominal diameter of the parachute. Nominal area S, is the actual
three-dimensional canopy constructed surface area. For most canopy designs, S, is computed as the
sum of the gore areas inclusive of vent area, slots, and other openings within the gore outline. Areas
of surfaces such as ribs, flares, panels, or additional fullness to the cloth are also included. Nominal
diameter D, is the diameter of a circle whose area is S,,.

A second reference dimension of parachutes is the constructed diameter D,. D, is the diameter of
the parachute (measured along the radial seam) when projected on a planar surface. For all flat
circular and conical parachutes, D, is the actual “as-built” diameter of the canopy; whereas nominal
diameter is a hypothetical effective diameter, D, is an actual dimension of the parachute. Except for
flat circular parachutes, D. differs from D,. The constructed area S, is the area of a circle whose
diameter is D..

Aerodynamic forces change the shape of the canopy from its constructed configuration to a
concave scalloped contour when it fills to its inflated shape. To characterize the dimensions of the
inflated decelerator in constant-velocity flight requires projecting the area of the infleted canopy onto
the plane of the skirt reinforcement. This measured projected area is 8,. Projected diameter D, is
defined as the diameter of a circle whose area is S,,. Figure 3.4 defines other characteristic dimensions
of the inflated canopy. Other parachute and gore layout dimensions from Reference 1.7 are given for
completeness in several figures even though the dimensions are not discussed in the text.

| DL R

I
Inflated pro‘ile

/
/

Vertical tape

T
11
it
-_H.—J._H—- bt
=

Radial tape

i
H
gEnn=

Horizontal ribbon 1

rr—
L H—

bg——— es__.

Gore layout |

Figure 3.4. Flat circular ribbon parachute (taken from Ref. 1.7)
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3.2 High-performance decelerator configurations

Most of the shape factors, general aerodynamic characteristics, and applications of high-
performance decelerators listed in Table 3.1 are taken from Reference 1.7. Numerical values for
inflated shape factor D,/D, and the unreefed aerodynamic drag coefficient Cp, * represent a range of
values influenced by geometric factors and fluid dynamic parameters such as:

» Canopy size * Number of gores

+ Canopy porosity « Material type, strength, and porosity
+ Suspension line length  Air density

* Mach number » Dynamic pressure, q

o Forebody shape and size « dq/dt

Applications of specific high-performance decelerators are noted in Table 3.1. The term “drogue
parachute” refers to an initial-stage decelerator whose purpose is to decelerate the payload from its
initial flight speed and orientation with respect to the oncoming air. A pilot parachute, typically a
guide surface or a ribbon canopy, is commonly used to extract the deployment bag containing the main
canopy from the payload. Other high-performance decelerators provide cargo extraction, payload
stabilization, payload trajectory modification, and terminal descent functions such as providing a
specified impact velocity and impact angle,

Table 3.1. High-;erformance Decelerator Characteristics

Constructed Inflated
Shape Shape c Average Angle General
Type D./D, D,/D, D, of Oscillation  Application
Parachutes
1. Flat circular 1.0 0.67 0.45 to 0.50 0to £3° Pilot, drogue,
ribbon deceleration,
descent
2. Conical nbbon 0.95 to 0.97 0.70 0.50 to 0.55 0to +3° Pilot, drogue,
deceleration,
descent
3. Lifting conical ~0.95 ~0.70 0.55 o 0.65 Lateral Lifting stores
ribbon instability  (L/D~0.7)
4. Hemisflo 0.62 0.62 0.30 to 0.46 +2° Supersonic
ribbon drogue
5. Ringslot 1.0 0.67 to 070  0.56 to 0.65 0to £5° Extraction,
deceleration,
descent
6. Ringslot/solid 0.97 0.65t00.68 0.85t00.95 +18° to+22° Deceleration,
canopy descent
7. Ringsail 1.16 0.69 0.75t0 090  +5°to £10° Descent
8. Disk-gap-band 0.73 0.65 0.52t0 0.58 £10° to =£15° Supersonic
drogue,
descent
9. Guide surface 0.63 0.62 028t00.42: Oto x£2°  Stabilization,
(ribbed) pilot, drogue,
descent
10. Guide surface 0.66 0.63 0.30 to 0.34 Oto +3° Pilot, drogue,
(ribless) descent
11. Rotafoil 1.05 0.90 0.85 to 0.99 0to +2°  Drogue
12. Vortex ring 1.90 N/A 1.5t0 1.8 0to £2°  Descent
Other
1. Ballute 0.51 0.51 0.51 to 1.20 <zl° Stabilization,

supersonic
drogue

* Based on nominal canopy area, S,

:
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3.2.1 Parachutes

All high-performance decelerators are parachutes except for the inflatable ballute. Type desig-
nations of parachutes relate generally to the profile of the canopy, its planform, or other characteristic
features. While many parachutes are constructed with solid textile canopies, most high-performance
parachutes incorporate slotted textile configurations to relieve stresses at high deployment velocities.
These configurations are based on the flat circular ribbon parachute but include design features to
extend their performance to meet more stringent system requirements. The sections that follow
describe successful high-performance parachute configurations in greater detail and provide recent
examples. More detailed aerodynamic information on these parachutes is contained in Chapters 4
and 5.

3.2.1.1 Flat circular ribbon parachutes

Figure 3.4, taken from Reference 1.7, shows the constructed geometry and inflated profile of the
flat circular ribbon parachute. The canopy lies in a flat plane and consists of ribbons (also called
horizontals) separated by open spaces. Most of the drag is generated by the pressure differential
across the ribbons; these forces are transmitted to the radials and down the suspension lines to the
payload.

The gore layout in Figure 3.4 is for a cut-gore canopy construction in which each gore is built
separately from other gores. Gores are then sewn together along the radial tapes. The resulting ¢snopy
geometry is a regular polygon of N, sides. Horizontal ribbons are straight segments that are parallel
to each other and that intersect the radials at an angle of 90 — (360/2N,) degrees. Horizontal ribbons
are supported by small tapes called verticals, which are oriented perpendicular to the horizontals. The
primary purposes of the verticals are to control the spacing (gap size) between horizontals and to
minimize ribbon camber and twist during inflation and descent. Without verticals, gap sizes and
ribbon twist may increase until the local canopy porosity becomes high enough to prevent complete
inflation of the parachute. The spacing between horizontal ribbons and verticals is selected to provide
the porosity (the ratio of open space in the canopy to total canopy area) needed to obtain repeatable
inflation times and manageable loads.

The higher porosity of the flat circular ribbon parachute causes it to have lower drag, better
stability, longer inflation times, and lower inflation loads than the flat solid cloth circular parachute.
Reference 1.7 gives detailed comparisons of aerodynamic characteristics. An example is the
44-ft-diameter flat circular ribbon landing/braking parachute for the B-52.'7 Another successful
application is the 8.3-ft-diameter deceleration and stabilization parachute for the XS-2 aircraft
ejectable nose section for crew escape.®

3.2.1.2 Conical ribbon parachutes

Because the conical ribbon parachute exhibits ~10¢ higher drag than the flat circular ribbon
parachute without sacrificing stability, conical ribbon parachutes have superseded flat ribbon
parachutes for most high-performance applications. Figure 3.5 shows the construction of a cut-gore
conical ribbon parachute.! 7 The canopy is constructed as the surface of a regular pyramid of N, sides
and base angle u by joining gores having a vertex angle g less than 360/N, degrees. Other design
features are the same as for a flat circular ribbon canopy.

Several design modifications have been made to the conical ribbon canopy over the past 30 years
to improve its reliability and performance. One such modification was the introduction of a new
method for constructing conical ribbon paraci.utes to obtain higher ratios of parachute strength to
weight than could be achieved from cut-gore constructions. This new method is called continuous
ribbon construction. Instead of constructing gores separately and sewing them together, a single piece
of material is used to form each ribbon in the canopy. Each ribbon passes from one gore to the next,
continuing around the entire canopy with only one sblice per ribbon instead of 2N, splices. Since
cutting and sewing the ribbon material makes it weaker than the original uncut ribbons, the
continuous ribbon parachute is inherently stronger than the cut-gore parachute. Because the canopy
is constructed as a whole rather than on a gore-by-gore basis, construction complexity, fabrication
time, and costs are greater for a continuous ribbon parachute.

Another modificaticn to the conical ribbon parachute involved the use of a single length of
webhing to form four suspension lines. When laid on the table, the webbing assumes a “figure-eight”
shape as it forms the radials and suspension lines of one gore, then passes continuously across the vent
to torm the radials and suspension lines of the opposing gore. Only one suspension line splice is used
for every four suspension lines, instead of one splice for each suspension line. Like the continuous
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Figure 3.5. Contcal ribbon parachute (taken from Ref. 1.7)

ribbon construction, the figure-eight suspension line design increases parachute stiength while
decreasing parachute weight and volume.

An example of a conical ribbon parachute that uses these design features is described by Maydew

and Johnson.*' The parachute 1s a 22.2-ft-diameter conical ribbon configuration for decelerating a

2100-1b store. The typical gore construction is shown in Figure 3.6. The parachute is composed of 32
gores and 32 suspension lines with a 20-degree conical shape. The calculated geometric porosity of the

canopv is 23, The entire parachute, including suspension lines, is fabricated of nylon materials
except for the fiberglass cutter pocket liing.

The gores are composed of 46 equal'y spaced, continuous horizontal ribbons. Ribbon 1, which is
clusest to the apex and is called the ve .t band, consists of two plies of 1.75-1n.-wide, 10,000-1b nylon
webbing. Horizontal ribbons 2 t%,ough 13 are constructed of 2-in.-wide, 3000-1b breaking-strength
nylon webbing. Horizontal ribbons 14 through 26 are constructed of 2-in.-wide, 2200-1b nylon
webbing, and horizontal ribbons 27 through 45 are constructed of 2-in.-wide, 1000-1b nylon webbing.
Horizontal ribbons 14 and 27 are reinforced with one ply of 0.75-1n.-wide, 3000-1b nylon webbing. The
skirt band (ribbon 46) is made of one ply of 1.75-in.-wide, 10,600-1b nylon webbing. The ends of the
continuous horizontal ribbons are joined at the radials using 3-cord nylon thread in a 4-point
cross-stitch pattern. The radial on which the joint (called a “lap”) is placed varies with ribbon number;
on this canopy, the laps form spirals around the canopy. All horizontal ribbons are held in place by

0.56-in.-wide, 500-1b vertical tapes. One tape lies over the horizontal ribbons and one tape lies
underneath.

17
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Vent reinforcement, 2 plies,
10,000-1b webbing
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2 through 13, 3000 b
Suspension line
Horizontal ribbon
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nominal spacing i . .
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Figure 3.6. Typical gore construction for 22.2-ft-diameter, 20-degree conical ribbon parachute

Pocket bands are used on the canopy to provide a more rapid, symmetrical, and repeatable
inflation by generating radial outward forces at the skirt. On this parachute, a pocket band
constructed of 3600-1b nylon webbing, 1.72 in. wide, is positioned on the skirt band at each suspension
line, except at lines 1 and 17. At these two positions is a reefing line cutter pocket fabricated of nylon
cloth lined with fiberglass material.

Suspension lines are fabricated of slotted nylon webbing 1.13 in. wide with 9000-1b breaking
strength. Each suspension line begins with an attachment loop ~24 ft from the skirt and continues
over the canopy, terminating in a loop ~24 ft from the opposite skirt. One length of webbing forms
four suspension lines, and all suspension lines are spliced in the vent area. Two attachment loops (four
suspension lines) are brought together to form a line group. Each line group is covered with a
protective sleeve of nylon cloth.

Reefing is used in this parachute to decrease the initial opening-shock load on the canopy to allow
incorporating lighter materials into the parachute design. A canopy skirt reefing line, 19.25 ft long and
fabricated rom 1-in.-wide, 9000-1b nylon webbing, is used to restrict temporarily the opening of the
canopy o an effective diameter of ~14 ft. The reefing line’s cutter powder train is initiated with a
lanyard at parachute line stretch; the reefing line is severed 0.5 s later. A chrome-plated steel reefing
line ring is incorporated underneath the canopy skirt at each suspension ling, except at positions
where a reefing line cutter is present. These rings are held in place with a 6.75-in. length of
1 75-in.-wide, 6500-1b nylon webbing stitched to the skirt.



http://www.abbottaerospace.com/technical-library

19

Maydew and Johnson®! conducted 29 aircraft and rocket-boosted tests to deploy this
22.2-ft-diameter reefed parachute at dynamic pressures from 390 to 2720 1b/ft2, corresponding to low
release altitudes at Mach numbers up to 1.7. The reefed and full-open peak loads measured with
accelerometers in the 2100-1b test vehicle varied from 12 to 66 g and from 15 to 49 g, respectively, over
the range of dynamic pressures of reefed stage deployment. A typical vehicle deceleration record for
a supersonic deployment of this reefed parachute is shown in Figure 3.7. Note that most of the
deceleration occurs within 1.5 s. These data confirm that parachute deployment and inflation are very
time-dependent aerodynamic and structural interactive processes.
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Figure 3.7. Typical vehicle deceleration record

Other examples of high-performance conical ribbon parachutes include those developed by the
USAF and Sandia National Laboratories for ordnance deployed at very high dynamic pressures.
Pepper’ 2 and Pepper and Maydew?®'® describe the design of 12.5-, 17-, 20-, 48- and 76-ft-diameter
heavy-duty conical ribbon parachutes. Pepper®®** discusses a 20-ft-diameter reefed ribbon para-
chute designed for deployment dynamic pressures up to 5700 lb/ft?. At these extreme dynamic
pressures, the failure of a single ribbon can cause the progressive failure of the entire gore.
Consequently, new horizontal nylon ribbons of up to 4000-1b tensile strength, with special reinforced
selvage, were developed for this heavy-duty parachute. The selvage ribbon has three times the
edge-tearing strength of a flat ribbon. To achieve tear resistance, some of the fill yarn is moved to the
edges of the selvage ribbon by a special weaving process. Selvage ribbons were used in all of the
parachutes discussed above.

Ap extension of the continuous conical ribbon parachute, called an “ull-radial” construction, has
been developed by Johnson.?® The new design feature involves the substitution of “mini-radials” for
the verticals (shown in Figure 3.4). Figure 3.2 shows that the ribbons in a continuous ribbon parachute
are actually constructed as concentric circles centered at the apex rather than as parallel straight lines.
Each ribbon is perpendicular to the radial tape. Mini-radials are used irstead of verticals in all-radial
continuous ribbon parachutes because they are also perpendicular to the continuous ribbons. The
magnitude of stress concentrations at ribbon/radial and ribbon/mini-radial crossings is reduced by
making these crossings perpendicular, even when low elongation materials such as Kevlar are used.
Since the mini-radials do not intersect the radials, bulky sewn joints and undesirable stress
concentrations are eliminated. The term “all-radial” comes from the observation that both radials and
mini-radials are segments of lines that pass through the apex.

The first application of all-radial construction for a high-performance system is discussed by
Johnson and Peterson.’® Both the 3.8-ft-diameter, 20-degree conical ribbon pilot parachute (a cluster
of three is used) and the 46.3-ft-diameter, 20-degree conical ribbon main parachute were designed
using this all-radial construction. Since this type of parachute cannot be placed on a flat pattern,
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fixtures®® are used during the layout and basting of the parachute to control the alignment of the
ribbons and the radial members.

Waye®7 recently developed an interactive computer code to define the layout of conical (either
single or multiconic) ribbon parachutes. The code determines the pattern length, vent diameter, radial
length, top and bottom lengths of the ribbon, and geometric local and average porosity for the designer
with inputs of constructed diameter, ribbon widths, ribbon spacings, radial width, and number of
gores. The gores are designed with one mini-radial in the center and an option for the addition of two
outer mini-radials. The code output provides all of the dimensions necessary for the design and
construction of the parachute. The output can also be used as input into other computer codes used
to predict parachute loads.

3.2.1.3 Lifting conical ribbon parachutes

In 1973, Rychnovsky®®3? initiated the development of a two-stage lifting parachute system to
provide a method for delivering a 2400-1b payload only 100 ft above the ground from an aircraft
traveling at Mach numbers up to 1.2. A lifting parachute has intentional canopy asymmetries that
cause it to trim at an angle of attack with respect to the direction of flight. It is designed to slow the
payload down while simultaneously increasing its altitude above the ground. At this point, sufficient
altitude is available for the deployment and inflation of a large, lightweight, second-stage parachute
that provides a vertical ground impact at very low speeds. This lifting parachute development
program included analyses,®'® *!* extensive wind tunnel tests,®'* *'% and over 40 full-scale flight
tests using B-52, A-7, F-4, and F-111 carrier aircraft.’ '* It is summarized here because it represents
the first major attempt to use a lifting parachute for a high-performance application.

A sketch of the 13-ft-diameter slanted ribbon lifting parachute is shown in Figure 3.8. Its canopy
configuretion is based on a 20-degree conical all-radial ribbon design. There are 24 gores with
thirty-one 2-in.-wide continuous ribbons. The vent band (ribbon 1) is made of 3000-tb nylon
reinforced with 10,000-1b nylon webbing. Ribbons 2 through 10 are made of 3000-1b nylon and ribbons
11 through 31 are made of 1500-1b nylon. These ribbon strengths were based on structural analysis of
the canopy,®'* on wind tunnel tests, and on full-scale flight tests. The skirt band reinforcement of
ribbon 1 is 10,000-1b, 1-in.-wide Kevlar webbing. Figure-eight suspension lines are used on this
parachute; they are 18 ft long and made of 13,500-1b Kevlar webbing. The radials are reinforced with
1000-1b nylon ribbon, with one ply over the horizontal ribbons and one ply under the suspension line
at the radial juncture.

Lined gores

Parachute y

layout Lined
Y skirt =

Slanted ribbon gores

ey,

Relative wind
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ribbon
construction

Figure 3.8. Slanted ribbon lifting parachute
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The basic ribbon parachute was made to trim at a nonzero angle of attack by creating a porosity
asymmetry across the canopy. On early configurations, the seven gores on the top of the canopy, where
lift is required, were lined with 7 oz/yd® nylon cloth from ribbons 6 through 30 to create a local region
of low porosity. In the five lower gores diametrically opposite the low-porosity region, a high-porosity
region is created hy inclining the horizontal ribbons relative to the basic canopy-inflated contour. The
slanted ribbons were intended to act as a cascade, allowing increased flow through that portion of the
parachute and deflecting the flow downward through a larger angle than would Le possible without the
slanted ribbons. Extensive wind tunnel and flight test data indicated that the trim angle of this 13.5-ft
lifting parachute was ~35 degrees and the lift-to-drag ratio (L/D) was 0.7. Similar performance was
obtained when the slanted ribbons were replaced by standard ribbon construction and when other
liner configuratiosis were used at the top of the canopy.

Rychnovsky and Everett®'® and Bolton® '® presented the first wind tunnel aerodynamic data on
this lifting parachute. Bolton, Holt, and Peterson®'® conducted wind tunnel, whirl tower, and
full-scale aircraft drop tests to increase the trim angle and L/D of this basic lifting parachute.
Modifications investigated included increased liner area, increased slanted ribbon area, flow-directing
side vents, and ram-air-inflated leading-edge chambers. Trim angiss as high as 46 degrees (Figure
3.9a) were obtained with small-scale (40-in.-diameter) wind tunne’ models (Figure 3.9b), whereas
maximum trim angles of 40 degrees were obtained subsequently with flight tests of full-scale
parachutes.
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Figure 3.9a. Lifting parachute lift/drag wind tunnel data
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Figure 3.9h. Small-scale wind tunnel lifting parachute canopy

Full-scale tests of different ronfigurations of the 13-ft lifting parachute were conducted in the
NASA-Ames 40-ft by 80-ft wind tunnel.*'%*!® Figure 3.10 is a photograph of a lifting parachute in
this facility. The full-scale payload shape was mounted on the wind tunnel strut for this test.
Potentiometers measured the model pitch and yaw angles, and parachute axial force and roll moment
were measured by strain gauges located within the forebody. Parachute pitch, yaw, and roll relative
to the forebody were measured using a small computer-controlled video camera mounted on the model
base. Table 2 of Reference 3.19 summarizes the aerodynamic performance of these full-scale, lifting
parachute parametric wind tunnel tests. Trim angles as high as 40 degrees were obtained in these
full-scale wind tunnel tests.

Analysis of the flight mechanics of lifting parachutes proved to be essential in developing their
design. Flight dynamics test data were analyzed on an analog computer using a two-body model with
7 degrees of freedom. Computer simulations indicated that the major source of roll torque was the
parachute normal force, coupled with the yaw angle of the lifting parachute relative to the forebody.
The pure roll torque is small compared to this yaw-induced rolling torque. NASA wind tunnel data
confirmed that yaw-roll interaction was a prime source of aerodynamic roll moment of the lifting
parachute.

A roll attitude control system was used for all of the flight tests of the 13-ft lifting parachute. It
orients the payload aiter aircraft separation and before and during parachute deployment so that,
when the parachute inflates, the lift vector is directed up ward. The roll-control system eliminated roil
rates induced by the store ejectors and turbulence beneath the aircraft. The system consisted of a
solid-propellant gas generator and valved nozzle assemblies. The valved nozzle assemblies are
constant-flow, three-position devices (clockwise thrust, null thrust, and ccanterclockwise thrust) with
40-Hz minimum response. The generator contains ~8.3 Ib of fuel that will generate a total angular
impulse of 675 ft-1b-s with a nominal 2-s burn time. The roll attitude of the store 1s obtained by
electronically integrating the roll rate sensor output.

Bolton®'! 313 developed an analce/digital (hybrid) computer simulation cf the equations of
motion for a forebody/parachute system. The system was modeled as a composite body in the
translational and rotational equations of motion, and the parachute was treated as a flexible extension
of the body, free to rotate in pitch, yaw, and roll relative to the body. The hvorid simulation was used
extensively vo analyze the forebody/lifting parachute flight mechanics. This included an evaluation
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Figure 3.10, Full-scale lifting parachute in NASA-Ames 40-ft by 80-ft wind tunnel

of the effect of parachute aerodynamic modificati~ns on the system motion, an evaluation of the
effectiveness of the body-mounted, roll-control system in maintaining the correct parachute roll
orientation (i.e., lift vector nearly vertical), and an evaluation of the effect of the lifting parachute
aerodynamic/flight mechanic characteristics on the ground dispersion and impact velocity and angle
of the store.

Schatzle and Curry® !* also developed a hybrid 9-degree-of-freedom (9-DOF) code to simulate the
flight characteristics of an aircraft-delivered vehicle with a lifting parachute system. They compared
their predicted flight dynamics and trajectory of a forebody with a lifting first-stage parachute and a
ringsail second-stage parachute with output from a 6-DOF digital code and with flight test data. The
agreement was very good, indicating that both digital and hybrid computers provide valid simulations.

Analyses of the wind tunnel data, flight test data, and computer simulation of the store/lifting
parachute indicated that the hot-gas roll-control system used for full-scale flight tests performed
satisfactorily. It oriented the lift vector of the 13-ft parachute nearly vertical during the 2.s
operational time of the lifting parachute. In addition to the roll-control system, accurate fabrication
and quality assurance techniques’® " were developed to ensure a very symmetrical lifting parachute
and thereby minimize the pure roll torque coefficient developed by the lifting parachute, especially
during the opening process, when the dynamic pressures are very high.

The lifting parachute canopy is reefed for 0.5 s to decrease the opening-shock loads. After
investigating 16.5-ft and 18-ft lengths, a 20.6-ft, 13,500-1b Kevlar reefing line was used for reefing the
lifting parachute at the middle of each gore. A special pyrotechnic-actuated reefing line cutter was
developed®*! for cutting the Kevlar line. A programmable time delay firing signal is provided by
means of an interconnecting cable that is attached to one of the suspension lines and terminates in a
plastic connector attached to the cutter assembly on the parachute,

The maximum inflation axial forces generated by the 13-ft hfting parachute were measured with
aceelerometers on the payload in 13 flight tests and are presented in Figure 3.11 for the three reefing
line lengths. The predicted decelerations for the 18-ft-long reefing line are also shown in Figure 3.11.
The measured decelerations are, in general, less than the predicted decelerations. probably due to the
asymmetric opening process of this lifting parachute, which is not taken into account by the predictive
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model. Note that the maximum opening-shock load was ~185,000 Ib at a dynamic pressure of
2750 1b/ft. Rocket-boosted parachute structural overtests were conducted at these high dynamic
pressures (25% above the maximum design dynamic pressure) to verify the parachute structural
design margin.
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Figure 3.11. Measured and predicted reefed lifting parachute opening-shock loads

The lifting parachute’s performance was demonstrated in a 1978 flight test wherein the 2400-Ib
payload was lifted 460 ft above the aircraft release altitude. The F-4 aircraft was flying at Mach 0.97
and at an altitude of 180 ft above ground level at release. The time sequence of events and the
resulting store altitude, range, and velocity are given in Table 3.2. The aircraft was climbing at 15 ft/s
at the time of payload release. A series of photographs (Figure 3.12) shows the payload lifting from
0.68 s to 2.3 s after release from the aircraft.

Table 3.2. Sequence of Events on Lifting Parachute Flight Test

Time of Event Altitude Velocity Range
Event {s) (ft above MSL)  {it/s)  (ft)

Release 0 5548 1073 0
Koll control initiated 0.47 5547 1064 502
Tail can off 0.60 5546 1062 639
Lifting chute inflated 1.00 5530 951 1055
Lifting chute acting 3.00 5748 297 2044
Ringsail chute deployed 5.35 5959 155 2431
Store apogee 6.80 6005 133 2624
Ringsail chute inflated 7.75 5994 80 2719
Impact 19.45 5367 58 2729

MSL = mean sea level
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Figure 3.12. Photos of test PTU-101, F-4 release of lifting parachute/store (concluded)

3.2.1.4 Hemisflo ribbon parachutes

The construcied shape of the hemisflo canopy is a portion of a spherical surface that usually
continues past a hemisphere at the skirt. Figure 3.13' 7 is a sketch of a 15-degree hemisflo parachute.
‘This configuration has adequate drag and good stability over the range of Mach numbers from 1.5 to
2.5, although conical ribbon parachutes are as good or better at speeds below Mach 1.5 (Table 3.1).
Hemisflo parachutes are used almost exclusively for drogue applications at supersonic speeds.

Considerable design information, including the results of wind tunnel and flight tests, has been
developed for hemisflo parachutes.?®322-33! Bloetscher® 2® successfully conducted rocket-boosted
tests of a reefed 16-ft-diameter hemisflo parachute (with 10% extended skirt and 14% porosity) at
Mach numbers from 1.5 to 1.84 at altitudes to 15,500 ft. The tests confirmed that this parachute had
excellent aerodynamic characteristics and adequate strength to withstand opening-shock loads of up
to 200,000 lb. An application of the hemisflo parachute is the stabilization brake parachute for the
3130-1b aircraft crew module for the F-111.!7®32 This 6-ft-diameter parachute has a geometric
porosity of 15% and sixteen 2400-1b suspension lines. The F-111 drogue is designed to operate up to
a Mach number of 2.2.

Peterson et al.! % investigated using a hemisflo parachute for decelerating an 800-1b payload from

Mach 2.15 to subsonic Mach numbers at low altitudes. The maximum dynamic pressure at parachute
deployment was 4400 1b/ft2. Wind tunnel tests at NASA-Lewis Research Center indicated that the
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conical ribbon parachute models had higher drag than the hemisflo parachute, but the drag of the
hemisflo was more constant over the Mach number range of 0.1 to 2.6. Additional wind tunnel tests® **
showed that only the hemisflo was stable in the wake of the actual payload to be recovered; most
conical ribbon parachutes were unstable and exhibited periodic inflation and deflation motions
(squidding). However, 19 rocket-boosted flight tests of these 3.7-ft- to 5.3-ft-diameter conical ribbon
and hemisflo parachutes showed that the conical ribbon parachutes stayed inflated during the
deceleration to subsonic speeds, whereas the hemisflo collapsed when the payload slowed to Mach 1.
Although a conical ribbon parachute was subsequently chosen for this systems application, the flight
tests'2 and wind tunnel tests®®? suggest that this hemisflo parachute might have periormed

satisfactorily if its suspension lines had been made longer to allow placing the canopy farther behind
the base of the forebody.
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3.2.1.5 Ringslot parachutes

The ringslot parachute was invented by Knacke and co-workers at the FIST?* in Germany in the
1930s during the evolutionary process of their invention of the ribbon parachute. It was developed by
Knacke and Hegele in 1949 at Wright-Patterson AFB as a low-cost substitute for ribbon parachutes.”’
This parachute is constructed with erther flat or conical designs. The canopy is constructed of
concentric cloth strips, generally 1 ft wide, separated by slots in a manner similar to the assembly of
ribbon designs. Fewer operations are required, simplifying manufacture and reducing cost, compared
to ribbon parachutes. A gore layout and the inflated profile are illustrated in Figure 3.14.!7

The performance characteristics e between those of the ribbon and solid cloth canopies (Table
3.1). The ringslot is more stable than a solid canopy and is suitable for deployment at moderate
subsonic speeds, higher than a solid canopy could withstand. Ringslot parachutes are used for aircraft
landing deceleration, extraction of air drop equipment,”* tandem engagement midair recovery
systems,”** and final recovery parachutes. The opening reliability is comparable to that of ribbon
parachutes. Purvis® ** systematically varied the canopy reefing ratio in his wind tunnel studies of the
effect of pocket bands on the drag of 5-ft-diameter ringslot parachutes at subsonic speeds.
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Figure 3.14. Ringslot parachute (taken from Ref. 1.7)
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3.2.1.6 Ringslot/solid-canopy parachutes

15337 ( 3 36)

Johnson also see Peterson and Johnson invented the ringslot/solid-canopy parachute to
satisfy the system requirements of a prototype parachute cluster to decelerave the F-111 aircraft Crew
Escare Module to an impact velocity of 25 ft/s. Since the parachute system must be deployed at
dynemic pressures as high as 300 1b/ft% the parachute was designed with geometric porosity in the
center of the canopy to control inflation loads. The low impact velocity, coupled with the restrictions
In narachute system weight and volume, required this parachute to have the highest possible drag
coefficient. This requirement suggested designing the outer portions of the canopy to have no
geometric porosity.

The resulting ringslot/solid-canopy parachute is shown in Figure 3.15. It is a 20-degree conical
solid canopy with eight 12-in.-wide rings spaced 1 in. apart in the vent area. The constructed diameter
of this 48-gore parachute was originally %2.5 ft, but higher-than-expected drag coefficients measured
in flight tests have permitted a reduction in canopy diameter to 49 ft. Nylon was used for the vent
rings and the solid canopy, and Kevlar was used wherever possible for the rest of the parachute
structure to save weight. The suspension lines are 60 ft long and made of 400-1b Kevlar tape. Two
stages of reefing are used to control aerodynamic loads. The three parachutes are connected at the
skirts to provide position control during inflation. Each parachute weighs only 30 lb. Several aircraft
drop tests with a 3200-1b test vehicle demonstrated the feasibility of this new hybrid parachute design.
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3.2.1.7 Ringsail parachutes

The ringsail is another derivative of the ringslot design It was invented by E. G. Ewing®®® in 1953.
This parachute design' ™*! is complex and develops a unique shape from the combination of a curved
basic profile and fullness at the leading edge of annular cloth rings. Geometric features, including
leading- and trailing-edge fullness, are illustrated in Figure 3.16. The constructed profile is a circular
arc, tangent to a 15-degree cone at the apex and tangent to a 55-degree cone at the skirt. The ringsail
canopy is constructed of wide concentric cloth strips separated by gaps in the upper crown; this
portion is like the ringslot parachute. Over the remainder of the canopy, the gap spacing is zero and
geometric porosity is obtained from the crescent-shaped slots, which result from the fact that the cloth
dimension between radials is longer for the leading edge of each sail than for the trailing edge of the
sail below it. Geometric porosity is determined by the three-dimensional inflated shape of the sails as

well as by gap spacing.
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Major applications of the ringsai! parachute include a 63.1-ft-diameter parachute for the 2340-1b
Mercu:y capsule,'” a cluster of three 85.6-ft-diameter parachutes for the 13,000-1b Apollo
capsule,! 7798339 and the 70-ft-diameter parachute for the 3130-1b F-11i Crew Module.??? The
ringsail parachute was selected as the final recovery parachute for the U.S manned orbital and space
flights because of its lighter weight, slower inflation rate (thus lower opening-shock load), and
improved stability, compared to a solid canopy. Pepper’® ** designed and tested a 32-ft-diameter
ringsail parachute as the second stage for a transonic, low-altitude, store application;
16 rocket-boosted tests demonstrated the feasibility of this parachute system at deployment dynamic
pressures up to 2600 lb/ft%.

A 38-ft ringsail parachute was used as the second-stage decelerator with the lifting parachute
described in Section 3.2.1.3. This ringsail canopy had 36 gores and seven rings of 2.25-0z/yd® nylon
cloth with 90 Ib/in. tensile strength. The top three rings were the ringslot pattern (no fullness) for the
higher loading in the vent area during opening. The bottom four rings were the ringsail pattern. The
suspension lines, made of 2000-1b Kevlar, were 44 ft long. Analysis of phototheodolite data of several
full-scale tests indicated that the drag area (C,,S) of this parachute in terminal descent was 736 ft*,
with a standard deviation of 25 ft%. The maximum oscillation of this parachute in terminal descent
with the 2400-1b payload was +6 degrees.

3.2.1.8 Disk-gap-band parachutes

The disk-gap-band parachute was developed and patented by C. V. Eckstrom in the mid-1960s,
under contract to NASA-Langley Research Center. Intended to operate at very low dynamic pressures
at high altitudes (above 200,000 ft) and supersonic speeds,® *' * ™ this parachute is designed to have
better stability than a solid flat canopy without loss of the desirable features of drag efficiency and
ease of construction. The canopy is constructed as a flat circular disk and a cylindrical band separated
vertically by an open space (Figure 3.17). The right-angle change in constructed shape from the band
to the disk portion of the canopy provides a discontinuity in the surface shape and causes the airflow
to become separated around the edge at all times. By adjusting the width of the gap, the flow of air
exiting from the interior of the canopy can be controlled sufficiently to maximize the drag of the
parachute while maintaining the required degree of stability. 'The air flowing through the gap provides
an additional disturbance to the air flowing over the outer surface of the canopy.

A gore consists of a triangular top and rectangular bottom (Figure 3.17). The disk, gap, and band
areas are 53¢, 12, and 35 of the nominal area S , respectively. Dacron materials were used for the
Viking 53-ft-diameter disk-gap-band parachute to withstand the effects of heat sterilization and
densely packed storage until deployed in the Martian atmosphere. The Viking parachute was
developed by NASA-Langley Research Center; Martin Marietta Corporation, Denver, Colorado; and
Goodyear Aerospace Corporation, Akron, Ohio.* #* %16

3.2.1.9 Ribbed guide surface parachutes

Heinrich? 7 7 ¥ invented the ribbed guide surface parachute in Germany (FGZ, Stuttgart-Ruit)
in 1941 for braking and stabilizing finless bombs, torpedoes, containers, and mines. The shape of the
guide surface parachute was designed to provide exceptional stability. To understand how this is
accomplished requires comparing how the airflow separates from conventional flat circular parachutes
with how the airflow separates from the guide surface parachute.

Because flat circular cloth parachutes have continuous, smoothly-varying elliptical inflated
shapes, the location of flow separation is determined by the local flow conditions along the curved
canopy skirt, such as Reynolds number and streamwise pressure gradients. As the flat circular
parachute oscillates, the location of separation moves around the canopy and creates a time-
dependent pressure distribution that sustains the oscillatory motion. By changing the inflated canopy
shape from a smoothly-varying ellipse to the discontinuous canopy configuration shown in Figure 3.18,
the guide surface parachute fixes the location of flow separation at the discontinuity in canopy slope
(at the position of maximum diameter), even when this canopy is displaced to large angles of attack.
Therefore, the pressure distribution on the guide surface canopy is nearly independent of parachute
oscillation angle. Without time-dependent pressures to sustain the motion of the canopy, the guide
surface parachute remains at its equilibrium angle of attack of zero degrees with respect to the
oncoming flow. Additional stabilitv is provided by the conical guide surface at the canopy skirt.

The design of a typical riobed guide surface parachute is illustraced in Figure 3.18.! " The canopy
shape is intricate. It is constructed from roof panels, guide surface panels, and internal ribs joined
together to form the main seams. The canopy has a slightly rounded crown (roof) and an inverted
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conical front (guide surface) extending from roof edge to skirt reinforcement. Ribs are placed between
gores in a plane with suspension lines to maintain the constructed profite during operation. As
discussed above, stability comes from the abrupt flow separation edge formed at the juncture of the
guide surface and roof panels. Maximum coning angles are 2 degrees. Low-porosity cloth is used in the
roof and guide surfaces to promote fast inflation and to maintain its inflated shape.

The ribbed guide surface parachute is reliable and very stable, but it has a lower drag coefficient
than other parachute configurations and is difficult to manufacture. Heinrich describes both
stabilization and brake guide surface parachutes in Reference 2.7. On a stabilization guide surface
parachute, the size of the guide surface is increased to improve the stability. This decreases the drag
and the parachute opening-shock load. The drag coefficient of a typical brake guide surface parachute
is ~209% higher than the drag coefficient of a typical stabilization guide surface parachute.

In 1943, Heinrich et al.®>*7 successfully tested a 7.2-ft-diameter guide surface parachute with a
geodesic suspension system to stabilize a finless torpedo after an aircraft release at 456 ft/s.
Heinrich® *® discusses the extensive use of guide surface parachutes in Germany in the early 1940s to
stabilize 1100-1b to 8810-1b bombs, 1100-1b to 2200-1b mines, and torpedoes. The U.S. Navy® ** used
an 87-in.-diameter guide surface parachute to stabilize the Mark 44 and 46 torpedoes after release
from a helicopter. Another systems application of the ribbed guide surface parachute is the
5-ft-diameter pilot parachute used to deploy the main ringsail canopy to recover the F-111 Crew
Escape Module.” **

3.2.1.10 Ribless guide surface parachutes

The ribless guide surface parachute was developed by H. G. Heinrich and R. S. Gross at Wright
Air Development Center, Ohio, in 1948 as a low-cost substitute for the ribbed guide surface parachute.
This type is constructed of bell-shaped roof panels and guide surface panels, joined together to form
the main seams. The desired shape' * is obtained by widening the roof panel to extend around the edge
of the guide surface panel to the skirt edge. The rib is eliminated, thereby simplifying construction.
The resulting flow separation edge is less abrupt, accounting for a slightly higher oscillation angle than
the ribbed guide surface parachute. A vent at the outer edge of each guide surface panel also promotes
flow separation. Dimensions for roof and guide surface panels depend on canopy diameter and the
number of gores in the canopy. A sketch of the ribless guide surface parachute is shown in Figure 3.19.
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Figure 3.19. Ribless guide surface parachute (taken from Ref. 1.7)
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The ribless guide surface canopy may be used for stabilization, decelerati :, or extraction
applications, and for other applications requiring extreme stability. quick opening, and high
reliability. Cook Research Laboratories,:«:« under contract to the USAF, conducted ex ensive wind
tunnel, sled, and flight tests of the ribless guide surface parachute. They conducted a succ~ssful sled
test of a 6.5-ft-diameter parachute at a velocity of 1214 ft/s.2® Sandia Iiational Laboratories has used
ribless guide surface parachutes for many system applications over the last 30 years. Typical examples
are the pilot parachute to extract the main canopy for low-altitude delivery of payloads,! recovery of
rocket payloads,’ * %% and recovery of spinning shells.! **

The “modified” ribless guide surface canopy®® 1s also used by Sandia. This canopy is constructed
by joining gore panels that were formed by a single gore pattern rather than the two patterns required
in constructing the conventional ribless guide surface canor;. This canopy may also be used 1or
stabilization, deceleration, extraction, and for other applications requiring a high degree of stability
and reliability. This parachute is not as stable as the conventional ribless guide surface canopy;
nonetheless, canopy oscillation is less than +5 degrees. The manufacturing cost of this canopy is
somewhat lower than that of the conventional ribless guide surface parachute and can replace it for
most extraction ar lications.

3.2.1.11 Roiating parachutes

We describe three types of rotating parachutes in this section for completeness, even though the
systems applications have hcen very hmited. Rotation is achieved by providing opznings (both
asymmetrical and symmetrical) in gores to create a cascade of rotationally identical pitched sails. An
alternate approach is to assemble a number of identical fabric sails rigged to provide the desired pitch
and twist. Improved parachute performance and weight eificiency are obtained in exchange for the
added complication of canopy rotation and the need for a swivel. The rotating parachutes have low
opening loaas, good stability, and high drag. These parachutes work well if limited to diameters of less
than 10 ft. Problems with inflation and rotation have occurred with larger rotating parachutes.

3.2.1.11.1 Rotafoil

The rotafoil was invented by E. G. Ewing*®' of the Radioplane Company 1n the early 1950s. The
construction is similar to that of a flat circular parachute. Each gore is a flat polygon with an open slot
on one side of the gore (Figure 3.20)." ? The openings in each gore transform each roof panel into a sail
during operation, which causes canopy rotation. The parachute is relatively low in bulk and weight
Slot areas should vary from ~20¢ to 32 of the total parachute area, S, as parachute diameter is
decreased from 10 ft. A swivel has to be used to permit parachute rotation, relative to the suspended
L.ayload, while transmitting minimum torque to the payload.

The stability of the retafoil is very much a function of the design. Models ra..ge from stable to
unstable, with a decrease in drag coefficient in the stable models. The parachute canopy is relatively
low in weight and bulk but, because of the swivel, this parachute system becomes butkier and weighs
mere than do comparable ribbon, ringslot, or guide surface parachute systems. This parachute canopy
may be used for general deceleration applications, and most designs are reliab’e in opening. A
7-ft-diameter rotafoil has beun deployed at a velocity of 590 ft/s.!

3.2.1.11.2 Vortex ring

The vortex ring canopy wa, developed by Barish Associates of New York. It consists of four
sail-like panels that rotate about its apex like helicopter blades in autorotation ! 7 The panels, untike
the gores of conventional parachutes, are rigged to produce the panel shape and pitch needed to
achieve the desired rotation rate. Pitch is determined by emp'oying shorter leading-edge lines than
traling-edge lines from the junction of each suspension line (Figure 3.21). A swivel minimizes the
torque transmitted to the payload. This canopy has excellent stability characteristics. Gross and
Riffle’ " present wind tunnel and aircraft drop tes. data for this vortex ring parachute. Reefed vortex
ring parachutes of 9.5 and 105 ft in diemeter have been deployed at velocities of 676 it/s and 220 ft/s,
respectively.'” Care must be taken in rigging to avoid inflation problems, and large vortex ring
1 arachutes take a very long time to inflate.

3.2.1.11.3 Rotating flexible decelerator

Peppes’ ™ designed the rotating flexible decelerator (RFD) in 1979. A sketch of a 2-fi-diameter
RFD is shown in Figure 3.22. The RFD “blades,” as well as the circular vent cap required for positive
inflation, are made of Kevlar cloth. Since the blades cover only about two-thirds of the gore width,
they assume an angle of attack relative to the rotational velocity vector as a result of the interradial
bulge from air loads. This results in a force vector that 1s tilted relative to the plane of rotation and
therefore generates a rotational moment
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Figure 3.20. Rotatoil parachuve (taken from Ref {.7)

Pepper conducted wind tunnel tests of the 2-ft-diameter RFD at speeds to Mach 2. He also
conducted thght tests at transonic speeds of both a 2-ft-dhameter and a 6-ft-diameter RFD. These test
tesults indicated a drag coefficient of 1.0 to 1 25 (based on disk area) and excellent stabilitv (Legligible
conng angle) The high spin rate of the canopy creates gyroscopic stability and large centrifugal torces
that eatend the rotor blades radially, producing additional drag. The flying shape of the RFD is much
more like a ..t spinning disk than the semielliptical shape of nonrotating cross parachutes.

Doherr and Synofzik’" have used rotating parachutes to decelerate submunitions. They
measured the drag coeffictent and the propeller advance ratio inverse using scale-model rotating
parachutes (circular flat, extended skirt, cross, and guide surface) in wind tunnel tests at DLR, FRG.
They also defined (and measured) a rotor quality coefficient for comparison of different rotating
parachutes. The altitude loss per revolution of a rotating parachute decreases as the rotor quality
number increases.
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Figure 2.21. Vortex ring parachute (taken from Ref. 1.7)

3.2.2 Ballutes

Goodyear Aircraft Corporation, Akron, Ohio, developed the ram-air-inflated conical balloon
“ballute” in the early 1960s for the USAF to stabilize and decelerate payloads at high altitudes and
high speeds. Inflatable closed-envelope decelerators evolved from early experiments with towed
spherical balloons.!” The sphere provided a high-drag blunt body and was fabricated from material
of very low porosity so as to stay inflated from a stored gas source.

Alexander®®® investigated the feasibility of deploying inflatable decelerators at altitudes to

200,000 ft and speeds to Mach 10. A “burble fence,” made from a tubular ring affixed to the balloon
just aft of the sphere’s maximum diameter, is incorporated to provide flow separation for subsonic
stability (Figure 3.23). Suspension lines are extended over the top of the sphere and around the
radials, leaving the ballcon surface from the point of tangency to the line confluence point. The
trailing spherical balloon decelerator became known as a “ballute” and has evolved into a more
uniformly stressed shape (Figure 3.24), which incorporates the cone of suspension lines into radial
members of the balloon’s forward surface. The compressed gas supply was replaced by ram-air
inflation to minimize installed weight. Air scoops forward of the ballute’s maximum diameter provide
air iulets for inflation and ram pressure to fill and maintain its final shape.
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McGirr, Aebischer, and Weinberg®*® conducted aircraft flight tests of 29-in.- and 41-in.-diameter

ram-air-inflated ballutes and successfully demonstrated deceleration of 500-1b stores at ballute
deployment speeds up to 1000 ft/s.
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Figure 3.22. Rotating flexible decelerator
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Figure 3.23. Balloon decelerator (taken from Ref. 1.7)
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Figure 3.24. Ballute geometry (taken from Ref. 1.7)
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CHAPTER 4
STEADY-STATE AERODYNAMICS

4.1 Characterization of parachute aerodynamics

The complexity of parachute aerodynamics is a direct consequence of the mission that parachutes
are designed to accomplish. They are required to decelerate payloads that will not slow to a
sufficiently low speed quickly enough on their own. Hence, parachutes must have much more drag
than the object that they decelerate. Whereas most of the aerodynamics community is concerned with
optimization of the aerodynamic efficiency of streamlined, low-drag shapes, parachute designers seek
to create the maximum amount of disturbance to the oncoming airflow that can be achieved within
the constraints of parachute weight and volume. As a result, parachute aerodynamics is irrevocably
associated with the airflow around bluff bodies, which includes some of the most difficult problems in
fluid mechanics. For example, the air flowing around the parachute separates from an unknown
(a priori) location on the canopy and consists of air that flowed around the canopy and air that flowed
through the canopy. The shedding of vorticity from the bluff canopy shape may affect canopy stability
and cause a periodic motion of the parachute and payload.

These bluff-body aerodynamic phenomena are further complicated by the presence of the payload
just ahead of the parachute. The turbulent wake generated by the payload flows into the parachute,
causing a reduction in parachute drag and stability. At supersonic and transonic speeds, the location
of shock waves is determined by the combined payload/parachute configuration, rather than by the
parachute configuration alone. Since shock wave location affects canopy pressure distributions, the
performance of the parachute depends on the payload’s physical characteristics as well as the
parachute’s characteristics.

If the parachute is successful in decelerating the payload, the oncoming airflow velocity (relative
to the parachute) decreases during the initial phase of parachute function. For many high-
performance parachutes, the oncoming airflow velocity can change significantly during the time
required for the parachute to inflate. The process of parachute inflation is intrinsically time-
dependent when this occurs. The adjectives “nonsteady” or “transient” will be used instead of
“unsteady” to distinguish between these irreversible time-dependent aerodynamic events and periodic
fluid motion having ordered frequencies. In addition to the dependence of inflation parameters un
nonsteady flow parameters, other time-dependent aerodynamic events are observed during the
operation of high-performance parachutes. An example is the phenomenon of wake recontact,
sometimes called “canopy collapse.” This phenomenon occurs when the parachute decelerates the
payload so rapidly that the air behind the parachute catches up to the canopy, causing it to deform
(“collapse”) and lose drag.

The final complexity comes from the requirement that the parachute provide drag only after the
payload is allowed to fly by itself while it accomplishes its own mission. Before the parachute is
needed, the payload must retain its own aerodynamic characteristics, not the aerodynamic charac-
teristics of the parachute. This requirement means that the parachute must be stored out of the
airstream until it is needed. Space limitations on the payload invariably dictate that the parachute’s
stored shape be much different from its inflated shape. When it is time for the parachute to be used,
it must be deployed in its stored shape and then transformed into its high-drag shape as quickly as
possible after it is ejected from the payload into the airstream. No other aerodynamic structure
undergoes such an enormous change in shape during the course of performing its aerodynamic
mission. From a fluid mechanics perspective, the changing parachute shape during inflation creates a
“chicken and egz” dilemma: the shape of the parachute depends on the aerodynamic forces acting on
the canopy, but the airflow that generates the aerodynamic forces depends on the shape of the
parachute canopy. From a structural perspective, the maximum structural loads that must be
withstood by the parachute occur while the parachute is changing shape, and the magnitude of these
forces is influeunced by that shape.

To summarize, calculation of parachute deployment, inflation, and payload deceleration requires
a solution to the nonlinear, time-dependent equations of motion for turbulent, separated airflow
around and through bluff bodies traveling at supersonic, transonic, and subsonic speeds. The
upstream boundary condition for the calculation is the nonuniform flow generated by the payload.
The boundary condition representing the parachute surface is a purous body whose shape must be
calculated at each time step. The equations of motion for the parachute are coupled to the equations
of motion for the airflow. In view of the extreme complexity of this problem, it is not surprising that
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parachute designers have for many years traditionally relied on empirical methods rather then
analysis. As recently as 1971, parachute design and development was viewed as “largely empirical.”!®
Even today, the full three-dimensional inflation problem described above is much too large to be
solved on the largest, fastest computers.

Advances in computer technology and numerical modeling make it both feasible and desirable to
begin development of numerical models of parachute inflation. These numerical models will be the
parachute design tools of the future. In the meantime, analysts have attacked smaller parts of
parachute acrodynamics separately, a piece at a time. Simplifying assumptions are made to include
only some aerodynamic phenomena in approximate simulations of the complete parachute problem.
Predictions are compared with data from flight and wind tunnel tests of parachutes to determine
which phenomena are important in describing each aspect of the parachute inflation process for a
given flight regime and parachute configuration. One important result of this approach, which has
been pursued for less than two decades, has been a better understan:” ng of how parachutes work. A
second result has been the creation of approximate-design tools whicl,, when used in conjunction with
experimental data and design experience, have reduced the time and cost of producing successful
parachute designs.

The approximation that allows the greatest simplification in modeling parachute dynamics is the
assumption of steady-state aerodynamics. Expressed in physical terms, the steady-state approxima-
tion views parachute inflation as a series of events, each of which is in static equilibrium and related
to the instantaneous velocity. At any instant in time, the parachute’s aerodynamic and structural
characteristics are assumed to be a function of the oncoming airflow velocity and parachute shape at
that time, as if the velocity and shape had always had those values. The steady-state approximation
implies that the aerodynamic phenomena related to the changes in velocity of the parachute/payload
are not as important as the phenomena related to the magnitude of the velocity itself.

It may seem contradictory to express the inflation of high-performance parachutes in terms of
steady-state aerodynamics, when the very definition of “high performance” implies rapid decelera-
tions. Yet, for many high-performance parachute systems, such as small parachutes deployed at
supersonic speeds, the steady-state approximation is an appropriate model of the fluid dynamics.
Even in cases where nonsteady aerodynamics is important in characterizing parachute motion, an
understanding of steady-state parachute aerodynamics is essential for appreciating the effects of the
transient fluid dynamics. This chapter examines the steady-state aerodynamics of high-performance
parachutes, including analytical methods, numerical approaches, and wind tunnel and flight test data.
The reader is referred to Cockrell’s AGARDograph'® for a first-principles derivation of steady-state
aerodynamic equations of motion.

4,2 Steady-state parachute drag

The single most significant aerodynamic characteristic of a parachute is its drag, defined as the
component of the aerodynamic force in the direction of the relative airflow (Figure 4.1). The
aerodynamic drag produced by the parachute decelerates the payload and accelerates the air in the
vicinity of the parachute. The momentum of the payload is transferred to the air through which it
passes. The primary source of parachute drag is the pressure differential across the canopy, but
inertial and viscous forces also contribute to parachute drag. The parachute drag, D, is related to
parachute drag area, C;,S, and dynamic pressure, g, by this definition:

D= q- C[)S B (4.1)

The drag area of a parachute depends on its type, inflated shape, size, Reynolds number, Mach
number, Froude number, material elasticity, and porosity. Depending on the relative size and
positions of the parachute and its payload, the payload wake may also affect parachute drag. The
parachute designer has control over some of these parameters and can therefore perform trade-off
studies among them to obtain the desired drag performance. Among the adjustable decelerator design
parameters are the parachute type, shape of the gore pattern, suspension line length, material type
and strength, and porosity of the fabric and geometry. Clustering and reefing greatly influence the
measured drag coefficient by causing major changes in the parachute’s inflated shape; they are also
treated in this chapter.

In parachute canopies, the generation of drag differs from that produced by solid bodies in two
respects. First, the drag-producing surface of a parachute is porous; air may pass between ribbons and
through the material itself. Second, the airflow pattern around the canopy is usually not steady, even
when the parachute is moving at a constant speed. The motion of the canopy during descent may be
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oscillatory, gliding, spiraling, or any combination of these. Because of these complexities, accurate
theoretical methods to calculate the drag of textile canopies have not been developed. Drag
coefficients are usually determined experimentally, either from captive tests (wind tunnel, whirling
arm, or rocket sled) or from free-flight tests (aircraft drop, rocket boost, tower drop, or ejection from
rocket sled).

Wind tunnel and flight test drag data at subsonic, transonic, and supersonic velocities from
selected references are presented by type of parachute in this section on parachute drsag. Approximate
subsonic drag coefficient values for the different kinds of high-performance parachutes are * ted in
Table 3.1. In addition, drag coefficients are given in the 1963%! and the 19787 USAF I .cachute
Design Guides. These drag coefficient values are sufficiently accurate for preliminary parachute
design.

Figure 4.1. Forces acting on a parachute

4.2.1 Flat circular ribbon parachute drag

In 1971, Heinrich and Haak® ! made careful measurements of drag coefficients of 16-in.-diameter
rigid and flexible parachute models (without a 10rebody) of flat circular ribbon parachutes at angle of
attack in a subsonic wind tunnel. Maynard® 2 measured the drag of ..5- to 1.25-ft-diameter rigid and
flexible parachute model (with cone-cylinder or Mercury capsule forebodies) in a wind tunnel at
Mach numbers 1.6 to 3.0. Downing, Arenson, and McClow? ® measured the drag area of four ribbon
parachutes with porosities between 8.6% and 23.3% at deployment speeds up to 500 mph, using a
rocket-boosted test vehicle on the USAF sled track at Edwards AFB. In 1958, Rosenlof*® conducted
37 flight tests of a general-purpose bomb casing released from a C-119 aircraft to measure the drag
coefficients in terminal descent of seven ribbon parachutes 12 to 40 ft in diameter. Engstrom?®
measured the drag coefficients of {lat ribbon parachutes between 2 and 6 ft in diameter in free-flight
tests at Mach 1. ‘mbers 0.38 to 2.38 at altitudes of 15,000 ft to 96,000 ft. These tests were conduct~d
with a special parachute test vehicle released to free-fall from a balloon or an aircraft, or
rocket-boosted from an aircraft.

4.2.2 Conical ribbon parachute drag

McVey, Pepper, and Reed*! tested 3-ft-diameter, 20-degree conical ribbon parachutes with
geometric porosities from 15% to 309 and suspension line lengths one to two times the parachute’s
constructed diameter. These wind tunnel tests were conducted at dynamic pressures of 75 to
500 1b/ft% Utreja'® developed an empirical formula for the subsonic drag coefficient of a 20-degree
conical ribbon parachute which accounts for the effects of geometric porosity and suspension length,
Bacchus, Vickers, and Foughner* ® measured the effect of porosity, suspension line length, and reefing
line length on the drag of a 1/8-scale model of the 54-ft-diameter, 20-degree ribbon drogue parachute
for the Space Shuttle Solid Rocket Booster in the NASA-Langley 16-ft wind tunnel. Pepper and
Reed*” show the effect of subsonic Mach numbers and geometric porosity on the drag coefficient of
a 20-degree, 3-ft-diameter conical ribbon parachute; they also show reasonable agreement between the
drag measured with a force balance and the drag calculated from canopy pressure measurements.

Purvis*® presented a combination of old and new wind tunnel data to illustrate the effects of
inflated diameter, geometric porosity, reefing line length, suspension line length, number of gores, and
number of ribbons on parachute drag. He used the Sandia National Laboratories data published by
Heinrich and Uotila*®**® and the data from five 1985-86 Sandia wind tunnel tests conducted in the
LTV Low-Speed Wind Tunnel. Figure 4.2 illustrates the effec.s of diameter ratio (inflated diameter
divided by constructed diameter) on subsonic drag coefficiznt. Data lie along a single curve, even
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though results for both ribbon and solid canopies are plotted. Figure 4.3a shows the effects of
suspension line length (Lg;) on the drag coefficient for ribbon parachutes with geometric porosities
between 10% and 40%. Figure 4.3b shows the effects of suspension line length and number of ribbons
on drag for a 10% geometric-porosity ribbon parachute with 8, 16, and 32 gores. Figures 4.4a and 4.4b
present the drag data for 5-ft-diameter, 10% porosity, 5-, 10-, 20-, and 40-ribbon parachutes as a
function of suspension line length ratio. Purvis’ measurements represent state-of-the-art information
on parachute drag in wind tunnel subsonic flow and provide insight into the physical mechanisms by
which these ribbon, solid, and ringslot parachutes generate drag.

1.0 T T T T
o 3-ft Ribbon canopies
08 ® 3-, 5-, and 6-ft Solid canopies i
' — Disk drag; Cpp, = 1.18 (D/D.)?,
based on constructed canopy
area, S,
0.6 |- .
QU
|&]
04} —
0.2 .
0.0 ]
0.0 0.2 0.4 0.6 0.8 1.0

Diameter ratio (D/D,)
Figure 4.2, Effect of inflated diameter on drag coefficient
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Suspension line length ratio (Lg; /D)

Figure 4.3a. Effects of suspension line length and geometric
porosity on the drag coefficient of 3-ft-diameter ribbon parachutes
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Figure 4.3b. Effects of suspension line length and number of ribbons on the drag
coefficient of 105 geometric-porosity ribbon parachutes with 8, 16, and 32 gores

Measurements of conical ribbon parachute drag by Peterson and Johnson? !! also show the effect
of suspension line length on parachute drag coefficient (Figure 4.5). As the suspension line length is
decreased, the suspension line angle increases and the inward radial component of suspension line
load becomes larger, causing the canopy to assume a smaller diameter and a more streamlined shape.
These changes cause corresponding decreases in the parachute drag.

Subsonic and supersonic flight test drag data for conical ribbon parachutes are presented by
Pepper,®* who conducted three rocket-boosted tests of a reefed, 20-ft-diameter conical ribbon
parachute. These parachutes were deployed at dynamic pressures of 4700 te 5700 b/ft?, corresponding
to Mach numbers of 2.34 to 2.43. Pepper measured reefed (using a 12-ft-long reefing line) and
full-open drag areas (Cp,S) of 35 ft® and 130 ft% respectively. Moog, Sheppard, and Kross*!?
conducted flight tests to measure the drag area of the reefed and full-open stages of the 54-ft-
diameter drogue and the cluster of three 115-ft-diameter, 20-degree conical ribbon parachutes for the
Space Shuttle Solid Rocket Booster.
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Figure 4.4a. Effects of number of gores and suspension line length on
the diag coefficient of 5-ft-diameter, 10% porosity, 5-ribbon parachutes
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Figure 4.4b. Effects of number of gores and suspension line length on
the drag coefficient of 5-ft-diameter, 10% porosity, 40-ribbon parachutes

Maydew and Johnson®! analyzed the results of 29 flight tests of a reefed, 22.2-ft-diameter conical
ribbon parachute at deployment dynamic pressures up to 2700 Ib/ft2 {Mach 1.7) to calculate transient
and terminal parachute drag areas. A typical deceleration record tor the 2100-1b payload is shown in
Figure 3.7 and the measured drag area during inflation is shown in Figure 4.6. No discernible effect
of Mach number on the drag area of the reefed parachute was observed over the Mach number range
of 0.7 to 1.0. The parachute’s terminal drag area of 189 ft*> was determined by using theodolite
trajectory data with Eq. 4.1.

Pepper! "' 1% developed a 24-ft-diameter hybrid Kevlar/nylon parachute for the recovery of a
760-1b payload released from an aircraft at low altitude at subsonic and supersonic release speeds. He
analyzed the results of 70 flight tests (31 aircraft drop tests, 28 rocket-boosted sled-launched
free-flight tests, and 11 rocket-boosted tests) and calculated drag areas. The parachutes were
deployed at dynamic pressures from about 300 to 2700 1b/ft? and at Mach numbers up to 1.58. The
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Figure 4.5. Wake-free parachute drag measurements
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Figure 4.6. Comparison of two methods of determining steady-state drag area

measured full-open drag area of 265 ft? agreed well with the drag area measured in subsonic tests of
the same parachute in the NASA-Ames 40-ft by 80-ft wind tunnel. This results in a drag coefficient
of 0.59 (based on the constructed area of 452 ft%) for this low-geometric-porosity (20%) ribbon
parachute. The drag area of this parachute when permanently reefed with a 28-ft reefing line was
122 ft2. In flight tests, this parachute produced a peak deceleration load of 240 g when deployed at
M=1.58. It generated these peak loads very early in the inflation of the canopy; as a result, measured
peak g forces were approximately the same for both reefed and full-open parachutes. The 24-ft-
diameter parachute decelerated the 760-1b payload from 1753 ft/s to 100 ft/s in less than 1 s.

Peterson et al.'? conducted 18 rocket-boosted tests of 4.3- to 5.3-ft-diameter conical ribbon
parachutes designed to recover an 800-lb payload flying at subsonic and supersonic speeds. The
maximum design condition was a deployment dynamic pressure of 4400 lb/ft? corresponding to a
Mach number of 2.15 at an altitude of 11,000 ft. Typical drag area of the ribbon parachute as a
function of flight Mach number (as calculated from onboard accelerometer and theodolite ground
track data) is presented in Figure 4.7 and compared with a fairing of flight and wind tunnel data from
the 1963 USAF Parachute Design Guide.?* They observed that the drag area at both subsonic and
supersonic speeds is a strong function of the length of suspension lines; however, the length affects
inflation, squidding, and stability of the parachute in the forebody wake. Additional information on
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the drag of these conical ribbon parachutes at supersonic speeds is contained in the discussion of
forebody wake effects of parachute drag (Section 4.2.6). The reason for discussing conical ribbon
parachute drag in that section is because of the major influence of the forebody on the drag of
supersonic conical ribbon parachutes.

Additional information on the drag of conical ribbon parachutes at subsonic, transonic, and
supersonic speeds can be found in References 4.13 through 4.15 and in the examples used in other
chapters of this AGARDograph. References 1.1, 1.3, 1.7, 1.8, 2.10, 2.13, 2.14, 3.2, and 3.28 are a few of
the references from the previous chapters that contain data on conical ribbon parachute drag for
various applications and configurations. The conical ribbon parachute is probably the most common
design for high-performance applications in the transonic and low supersonic speed range.
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Figure 4.7. Drag area for l-open 5.27-ft-diameter conical ribbon
parachute with 9-ft-long suspension lines

4.2.3 Hemisflo parachute drag

Transonic and supersonic wind tunnel tests were conducted by Galigher,®** Deitering and
Hilliard,>* Homan,®*® Bloetscher and Arnold,*'® and Alexander and Foughner®* to measure
hemisflo parachute drag coefficients. Of particular note were Galigher’s tests of the 6-ft-diameter and
1.5-fc-diameter F-111 crew capsule stabilization hemisflo parachutes in the AEDC Propulsion Wind
Tunnel 16S at Mach numbers of 0.5 to 2.5. Pederson?!® measured the drag area of 4.1- to 6.8-ft-
diameter hemisflo parachutes at transonic speeds using the USAF sled track at Holloman AFB, New
Mexico. Bloetscher®?® and Bloetscher and Arnold*!® measured the drag area of 16-ft-
diameter hemisflo parachutes in rocket-boosted flight tests at deployment Mach numbers 1.5 to 2.7
(dynamic pressures up to 5155 1b/ft?). Babish®3® measured the drag of 5-ft-diameter nylon and Kevlar
hemisflo parachutes in sled tests at dynamic pressures up to 6000 Ib/ft* and Mach numbers np to 2.2.
Peterson et al.? and Pepper, Buffington, and Peterson® ? also investigated hemisflo parachutes at
supersonic speeds; their results are presented in the section on forebody wake effects.

3.24

4.24 Drag of other parachute configurations

Heinrich and Haak*! made careful drag measurements of 16.6-in.-diameter ringslot parachutes of
varying porosity in a subsonic wind tunnel. Wind tunnel and flight test drag data for ringsail
parachutes are presented by Ewing® 38 in his comprehensive design manual. Eckstrom,® ¢! Bobbitt and
Mayhue,*!” Mayhue and Bobbitt,*'® and Alexander and Foughner® % measured the drag coefficients
of disk-gap-band parachutes in wind tunnels at speeds up to Mach 3. Eckstrom® ‘! and Eckstrom and
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Figure 4.9. Comparison of drag coeificient vs, Mach number
for conical ribbon and hemisflo parachutes (taken from Knacke,
Ref. 1.20)

Subsonic D, =0.7D,

Supersonic

Ribbons near the skirt
are not inflated, may
experience flutter damage

Figure 4.10. Shape of conical ribbon parachutes at subsonic and
supersonic speeds

The behavior of an inflating parachute is governed by the nonlinear interaction between the flow
field (which includes the forebody wake) and the deformable textile structure. Even though the
detailed fluid dynamic phenomena are not completely understood or accurately modeled, there is
little doubt that these phenomena control parachute performance and behavior. If a supersonic
parachute behaves differently from the same parachute flying at subsonic speeds (as is indicated in
Figures 4.8 through 4.10), then it is reasonable to assume that the differences in parachute behavior
are linked to the differences in the fluid dynamic interactions.

If this premise i3 valid, then any investigation of supersonic parachute aerodynamics should focus
on developing an understanding of how the supersonic flow field around (and through) the
parachute/forebody combination differs from the subsonic flow field around the same parachute/
forebody combination. Figure 4.11 provides insight into the changes in fluid dynamics of the
parachute flow field when the oncoming velocity is increased above the speed of sound. It is a schlieren
photograph of a hemisflo parachute taken in the NASA-Ames Research Center’s 9-ft by 7-ft
Supersonic Wind Tunnel at Mach 1.9. The complex shock wave structure and the supersonic jets of
air flowing from between the ribbons of the parachute are evidence of both the complexity of
supersonic parachute aerod:’namics and the differences between subsonic and supersonic speeds.
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Perhaps the greatest atrodynamic changes occur at the skirt of the parachute. At subsonic speeds,
there is a large pressure differential at the skirt (positive outward) that causes full inflation of the
parachute. At supersonic speeds, the shock wave extends from in front of the canopy across the skirt
plane and beyond the canopy, as shown in Figure 4.11. The pressure differential across the skirt is
determined primarily by the pressure behind the shock wave; since the shock wave angle changes very
little in the vicinity of the skirt, it is expected that the pressure differential across the skirt is much
smaller at supersonic speeds (when the normal shock wave is present) than at subsonic speeds. This
model would explain why conical ribbon parachutes assume the “partially inflated” shape observed in
wind tunnel and flight tests, and sketched in Figure 4.10.

If the normal shock wave across the skirt of a conical ribbon parachute is indeed responsible for
causing weak pressure differentials across the skirt (with canopy shape change and flutter as the
consequence), then it would seem prudent to attempt to swallow the normal shock wave and contain
it in the mouth of the parachute. If this can be accomplished, a large pressure differential is created
across the skirt; the pressure level inside the canopy is approximately the normal shock recovery
pressure, and the pressure outside the canopy is approximately free-stream static pressure. By
restoring this large (positive outward) pressure differential, the shape of the parachute canopy can be
restored to its normal subsonic shape, the drag coefficient will increase, and flutter damage to the skirt
ribbons will be minimized.

Many of the parachutes designed specifically for supersonic flight attempt to swallow the shock
waves, for the reasons cited above. Figure 4.12 compares the shock wave in front of the conical ribbon
parachute with the swallowed shock wave in the mouth of the supersonic-X parachute (see Babish®3!),
Because the shock wave is contained inside the supersonic-X parachute, its inflated shape is stable
and the structure does not suffer flutter damage. The supersonic guide surface parachute (see
Heinrich*2!-4%%) also attempts to contain the shock wave inside the canopy mouth, but it does so by
using a conical centerbody as a shock generator (Figure 4.13). In order to swallow the shock wave, all
of the mass entering the parachute must pass through the parachute. Consequently, these special
supersonic parachutes are constructed with higher canopy porosity than is used for subsonic
configurations. They also are designed to allow less air to pass out of the canopy at the skirt, so that
the positive pressure differential at the skirt will cause the skirt to remain fully inflated. In essence,
these specialized supersonic parachutes are based upon the same principles used to design the diffuser
section of a supersonic wind tunnel,

Unfortunately, the ratio of inlet (skirt) area to outlet area (vent area plus canopy porosity) needed
to swallow the shock wave is a function of Mach number. Therefore, these supersonic parachutes
perform well over a limited range of Mach numbers, but at lower Mach numbers their performance is
reduced because the shock is disgorged. Drag efficiency is usually lower than that of the conical ribbon
parachute at subsonic speeds, because of the high porosity designed into the canopy (see Figure 4.8).
If good drag efficiency is required at both supersonic and subsonic speeds, conical ribbon or hemisflo
parachutes may be preferable to special supersonic parachutes.

Lingard, Barnard, and Kearney*** conducted a detailed study of 20-degree conical ribbon, equiflo,
hyperflo, supersonic-X, and ballute decelerators at Mach numbers between 0.5 and 4.35 to provide
comparative performance data for design purposes. From their results and the work of others,!-%3224.20
it can be concluded that none of these parachute configurations is to be preferred over the other
configurations at all Mach numbers between 0.5 and 4.35. Each canopy type performs well at some
Mach numbers but not at others. Variations in drag coefficient, inflation performance, stability, and
flutter among these parachutes were significant. All data indicate that the designer must select a
parachute configuration based on its performance across the full Mach number range that the
parachute will experience in flight, not just the Mach number at deployment. Special configurations
developed specifically for supersonic flight should be chosen if operational emphasis is focused on that
speed regime. If both supersonic and subsonic performance is important, the parachute designer
should consider more traditional configurations, such as conical ribbon and hemisflo parachutes.

Parachute designers must be careful how they apply supersonic parachute drag data from the
literature to specific systems, even when they use quality data from the references cited in this section.
The reason for caution is that the drag of the parachute is not solely determined by parachute
parameters, but also by forébody parameters such as forebody shape, diameter, and proximity to the
parachute canopy. If published test data were obtained using different forebody diameters and shapes
than is planned for the new application, the designer should not expect these data to apply directly
to the new system, Consideration of forebody wake effects on parachute drag, especially at supersonic
speeds, is a prerequisite in designing a supersonic parachute system.
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Figure 4,12, Comparison of shock wave location between a conical
ribbon parachute and a supersonic-X parachute
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Figure 4.13. Examples of specialized supersonic parachute configurations
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4.2.6 Effects of forebody wake on parachute drag

The drag and stability of high-performance parachutes may be strongly influenced by the
character of the wake from the forebody that flows into the parachute canopy (Figure 4.14). The
aerodynamic drag of the forebody causes the fezebody wake to have reduced streamwise velocity and
dynamic pressure relative to the free-stream (undisturbed) airflow. The low-momentum air in the
forebody wake flows into the parachute canopy and, depending on the drag of the forebody and the
diameter of the canopy relative to the wake diameter, the resulting loss in parachute drag due to the
oncoming wake may be significant. This is particularly true for parachutes whose inflated diameter is
comparable to the diameter of the forebody wake. Most forebody wakes are turbulent at the
operational flight conditions when high-performance parachutes are deployed.

* Generated by forebody

+ Characterized by lower streamwise velocity
and dynamic pressures than are found in
free-stream (undisturbed) air

+ Flows into parachute canopy

Figure 4.14, Description of the interaction between the parachute
and the forebody wake

Any analysis for predicting the wake-induced parachute drag loss must contain a model of the
turbulent wake velocity distribution and a method of predicting how that velocity distribution affects
the performance of the parachute. Both of these tasks involve complex and, in the case of turbulence,
unsolved problems in fluid mechanics. There are no completely analytical descriptions of the
turbulent wake for which simplifying assumptions have not been made. Yet, parachute designers need
a method for calculating the reduction in parachute drag caused by the forebody turbulent wake, in
order to obtain an efficient parachute system. Current analytical (albeit approximate, empirical, or
both) wake-effect design methods, along with samples of experimental wind tunnel data, are
presented here for both subsonic and supersonic flows. Comprehensive discussions of the effects of
forebody wakes on the drag of parachutes are also given in the 1963%! (pp. 205-211) and the 19787
(pp. 278-283 and 373-375) USAF Parachute Design Guides.

4.2,6.1 Effects of forebody wake at low speeds

Several approximate, semiempirical formulations® **~**! have been developed for the incompress-
ible, turbulent, axisymmetric forebody wake with no axial or radial static pressure gradients. In order
to obtain a closed-form solution for the velocity defect u(Z,R) in a turbulent wake, it is assumed that
the velocity defect on the wake centerline, u(Z,0), is small compared to the free-stream velocity. This
assumption is valid only at distances many forebody diameters downstream of the forebody base.
Similarity solutions are postulated for the wake width b(Z), the radial coordinate R, and u(Z,0).
Assumptions about turbulent mixing lengths are also made. A complete derivation of the governing
equations is given by Peterson and Johnson.! * The resulting linearized equation for the streamwise
velocity defect distribution in the turbulent wake is presented below in the form used by Heinrich and

Eckstrom:* %

A a . —r?
Us  (Z/DgF exP[0.435.k2.(Z/DB)2n}’ (4.2)
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where
u=Ug—U(ZR) {4.3a)
m = 0.85 (4.2b)
n = 047 (4.3¢c)
a =042 « exp(0.93 « Cpg) 4.3d)
k = 0.54 » exp(0.84 « Cpp) (4.3¢)

and

r= -R% . 4.4)

In these equations, Uy is the free-stream velocity, U(Z,R) is the axial velocity anywhere in the wake,
Z is the physical dimension in the axial direction, and R is the physical dimension from the wake
centerline in the radial direction. Dy is the forebody diameter, Ry is the forebody radius, and Cpy, is
the forebody drag coefficient. The parameter H is an empirical constant that is defined using
experimentally determined values of velocity defect on the wake centerline. Heinrich and Eckstrom? #°
have used the following empirical expression for H:

kZ/D m+n—1
H= E—(—g—%— . (4.5)

Heinrich and Riabokin® ?” recognized that the reduction in parachute drag is directly related to
the reduction of dynamic pressure in the turbulent forebody wake. Etherton, Burns, and Norman* **
integrated the equation for the dynamic pressure distribution over the area of the inflated canopy to
obtain the effective average value of dynamic pressure acting on the parachute. They assumed that the
ratio of actual parachute drag CDc (with the forebody wake flowing into it) to the ideal parachute drag
Cp, (with no forebody wake effects) was equal to the effective dynamic pressure q,q acting on the
candpy divided by the free-stream (undisturbed) dynamic pressure q. The effective dynamic
pressure is found by integrating q from the wake centerline (R = 0) to the skirt of the inflated canopy
(R =R,).

k_ﬁ=g—e—g=—l—_ Rp( —_l_12
O o R L 1 U) 2xRdR . 4.6)

Substituting Eqgs. 4.2 through 4.5 into Eq. 4.6 provides an approximate equation for estimating the
drag loss caused by forebody wake effects:

Co. 2 . f . f o _f
CDQ: l+;p-.2 . g[l—exp(g e 1,0+ Zexp(2g o1y — Z] , 4.7)
where
a
f= 4,
(Z/Dn)m (4.8a)
and
-1.0
(4.8b)

8T 0435 K2 (Z/Dgf

Peterson and Johnson® *2 conducted an experiment in a low-speed wind tunnel to evaluate existing
approximate analytical methods for predicting the reduction in drag caused by forebody wake effects.
The drag of a 15-in.-diameter, 20-degree conical ribbon parachute was measured at several axial
stations behind a 4.5-in.-diameter ogive-cylinder forebody with and without fins. The parachute was
tested at five different axial distances behind the forebody. The tests were made at forebody angles
of attack of 0, 10, and 20 degrees.

Parachute drag was measured with an axial force balance located in the aft section of the forebody

model. Photographs of the parachute were taken to measure the inflated canopy position, the angle
of the suspension lines, and the X and Y dimensions across the canopy skirt. These data were used to
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determine the amount of forebody wake that flowed into the parachute. The same parachute was
tested in “undisturbed flow” (where wake effects were negligible) so that the effects of suspension line
length on parachute drag could be separated from the drag losses caused by the turbulent wake.
Surveys of total head pressure were made across the forebody wake at these same axial stations and
integrated across the canopy skirt area to determine the effective dynamic pressure acting on the
parachute.

The measured velocity distributions in the forebody wake were compared with the predictions of
Heinrich and Riabokin®?’ and Heinrich and Eckstrom*?® for all zero angle-of-attack data. A typical
comparison is given in Figure 4.15. The poor agreement between the experimental velocity data and
both predictions (using their empirical constants) points out a major weakness in the parachute drag
loss analysis. The simplified equations for the velocity distribution in the turbulent wake, upon which
the drag loss analysis is based, do not provide good predictions of velocity across the wake for an
arbitrary forebody shape. However, if wake measurements are available, better agreement can be
obtained by adjusting the empirical constants. The empirical constants in the expressions for m, n, a,
and k (Eqs. 4.3b through 4.3e) were modif zd to provide optimal agreement with velocity defect
measurements in this experiment:

m = 0.64 (4.9a)

n = 0.33 (4.9b)

a=051-. exp(2.02 . C[)B) (4.9¢)

k=085, exp(0.65 . Cm;) . (4.9d)

With these modified constants, Heinrich and Eckstrom’s*? analytical wake velocity defect profiles

showed acceptable agreement with measured profiles (Figure 4.15).

0-5 L ' L] ' 1 I L l T ' L)
L Heinrich and Riabokin (Ref. 4.27) -
«w=w =« Heinrich and Eckstrom (Ref. 4.29)
0.4 eeessseee Heinrich and Eckstrom, modified -
constants (Ref. 4,29)
@ Data

0.3} .
=2
3

0.2

0.1

0.0

00 02 0.4 0.6 0.8 1.0 1.2

Figure 4.15. Velocity distribution across the turbulent wake at
4.83 body diameters downstream

Typical measured values of parachute d.ag loss due to the forebody wake are compared with
effective dynamie pressure ratios from wake surveys in Figure 4.16. The excellent agreement confirms
that parachute drag loss is proportional to the reduction in effective dynamic pressure acting across
the canopy. Using empirical constants determined from wake surveys, the modified Heinrich and
Eckstrom®2® methed produced good agreement with drag loss measurements. One can conclude that
accurate estimates of wake-induced parachute drag can be obtained from existing theory if wake
velocity profiles are known and the empirical constants used in theoretical models of turbulent wake
are adjusted accordingly.
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Figure 4.16. Comparison of measured parachute drag loss due to forebody with theory

4.2.6.2 Effects of forebody wake at supersonic speeds

Figure 4.17 is a sketch of the interaction between the forebody wake and the parachute system at
supersonic speeds. As discussed in the last section, experiments and analyses conducted at subsonic
speeds have shown that the momentum defect in the forebody wake can cause reductions in parachute
drag. Parachute drag loss due to forebody wake is usually greater at supersonic speeds than at
subsonic speeds, because the momentum defect of the supersonic wake is usually significantly larger
than the momentum defect of the subsonic wake. A second reason is related to the higher dynamic
pressures associated with supersonic flight. These high dynamic pressures usually restrict the size of
the parachute so that the parachute can survive. As a result, many supersonic parachutes are
constrained to approximately the same size as the diameter of the forebody wake. When D /Dy, ~ 1,
drag loss due to effects of forebody wake is larger than for D /Dy > 1.

Viscous wake

Inviscid wake Deceleration bow shock

Forebody bow shock

< 'F'oreboal

Recompression shock

M>»1 —» Trailing parachute

Figure 4.17. Forebody and trailing decelerator flow field
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i A comprehensive discussion of tue effect of forebody-induced wakes on parachute drag at ;
! transonic and supersonic speeds is given in the 1963%! (pp. 211-224) and the 1978" 7 (pp. 283-286 and '
i
H

375-378) USAF Parachute Design Guides. Reference 1.7 cites 41 wind tunnel test programs in which
the decelerator performance was measured in a body wake. Typical parameters that were varied
during these tests included Mach number, decelerator trailing distance, body-decelerator diameter
: ratio, and decelerator porosity. n

\ The supersonic wake behind slender forebodies is shown in Figures 4.17 and 4.18. The near wake
(with an internal free-shear layer) is the region of recirculation between the base of the forebedy and
the downstream location where the wake core necks down to its minimum thickness. The far wake is
the region aft of the core neck that spreads in a rather uniform manner downstream. The 1963 USAF S X
Parachute Design Guide®* develops approximate equations (again based on similarity assumptions) :
that describe the far wake behind the forebody. These equations can be used to compute the
approximate average dynamic pressure in the wake that a parachute would experience. This approach

‘ is the same as that used to estimate drag reductions in subsonic wakes.

Inviscid outer wake
BOWW Expansion fan

/ Wake recompression shock

Free-shear layer

[ —

Boundary layer—==%-

Turbulent viscous
inner wake (far)

Forebody
Neck

Riser line—* / \ Laminar sublayer
Recirculating base flow, Rear stagnation point

near wake

Figure 4.18. Turbulent wake in presence of riger line

In 1968, Nerem and Henke'®' developed a momentum-integral theory for the turbulent
axisymmetric far wake; the viscous wake profiles compared favorably with wind tunnel wake data.
"They also made supersonic wind tunnel drag measurements of parachutes in turbulent wakes. They
concluded that, from a fluid mechanics viewpoint, the general features of the wake behind a high-
speed body in the absence of any trailing decelerator are well understood. However, the presence of
a decelerator in such a wake may alter the characteristics of the forebody wake because of the presence
of the decelerator, the suspension lines, and the risers. Intuitively, the interaction can be expected to N
depend on both forebody wake characteristics and parachute characteristics. Nerem and Henke i 3
sought to define the extent of the alteration of the upstream wake by the decelerator. They showed
that the supersonic turbulent wake behind the forebody is not significantly disturbed when the
trailing decelerator is placed in the far wake. They obtained reasonable agreement between their
numerical far-wake solutions using the momentum-integral method and Mach 5 wind tunnel data
behind a wire-supported, 9-degree half-angle cone model.

Henke* *® conducted wind tunnel tests at Mach numbers between 2 and 5 of a parachute located :
4.5 to 8 forebody base diameters (X/D) aft of a cone-cylinder-flare forebody, shown schematically in
Figure 4.17. The forebody was a 0.182-scale model of the Arapaho C free-flight test vehicle. Tests were
made at ratios of canopy area to forebody base areas (A./Ay) of 3.4 and 5.9. The Parasonic parachutes
(members of the hyperflo family of supersonic parachutes) used in this test were constructed with an
uninflated shape that approximates the fully inflated shape of the standard hyperflo parachute (see
Figure 4.13).

The Parasonic parachute data (Figure 4.19) show the typical decrease in drag coefficient with
increasing Mach number. Note that the drag data also depend on the distance from the parachute to
the forebody base. The minimum axial distance between the canopy and the base of the forebody
(4.5 body base diameters) was found to be a critical location; when the canopy was located closer to ;
the forebody base than this distance, severe wake deformation resulted. In some cases, the
' modification to forebody wake characteristics was so severe that the wake was considered to be
“blown.” In this “blown” wake condition, the flow separates from the forebody before it reaches the
forebody base. The entire flow field between the forebody and the parachute is subsonic, enabling
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most of the oncoming airflow to pass around (rather than through) the canopy. An extremely low
parachute drag coefficient results from this situation.

At canopy inlet locations greater than 7 body base diameters aft of the forebody base, the
oscillation stability of the parachute was found to be very time-dependent; at times, the motion
became divergent. It was concluded that, from a combined wake and stability standpoint, the
optimum location of the canopy inlet was approximately 6 body base diameters downstream.
Parachute designers should note that this result applies to the specific experiments conducted in
Reference 4.34. The optimum location of a supersonic parachute behind the forebody is a function of
forebody shape and size, parachute type and size, Mach number, and Reynolds number. Data from
specific experiments are useful guidelines but not assurances of success when applied to other systems,
forebodies, and flight regimes.

1.1 A T I
Symbol X/D
0 o 5
09f S 2 .
(6] o 7
0.7 i
S a
0.5 =
Pb 200
0.3F e kig
0.1 1 1 L
0 2 3 4 5

Mach number

Figure 4.19. Drag coefficient vs. Mach number, Arapaho C with
nose cone forebody, A./A;=3.4 (takcn from Ref. 4.35)

Babish* *® defines a critical trailing distance beyond which there is no modification of the body
base flow region by the decelerator. His empirical evidence shows that, for any practical body-drogue
combination, the critical trailing distance is not likely to exceed 7 body base diameters. This distance
is frequently used for the design of subsonic and supersonic systems. Another “rule of thumb” design
criteria successfully used at Sandia for many parachute systems is to place the canopy 11 body
diameters downstream of the forebody. McShera*3? measured the total and static pressures in the
wake of a 2.38-in.-diameter cone cylinder at 0.21 to 7.6 forebody diameters downstream at wind tunnel
test Mach numbers of 2.30 and 4.65. He concluded that a decelerator should be located at least
7.5 body diameters downstream to minimize the unsteady flow effects, especially in the near wake.

A complete discussion of wake flow at subsonic, supersonic, and hypersonic speeds of laminar and
turbulent near and far wakes, including the mathematical modeling, is presented by Chang.*3®
Noreen, Rust, and Rao** developed a method for calculating the flow-field characteristics of a body-
decelerator system in supersonic flow. The flow around the forebody, the forebody wake, and the flow
around the decelerator are considered separately. Numerical solutions were generated for the flow
field about a cone-cylinder body at a Mach number of 3. The analysis used for the decelerator extends
axially from the upstream tip of the decelerator downstream to its apex. The wake of the decelerator
is not included in the analysis; hence, the base pressure coefficient of the parachute must be obtained
from another source to obtain a complete pressure distribution for a drag coefficient calculation.
Results of the decelerator analysis were compared with experimental surface pressure and shock shape
data obtained in a wind tunnel test of a 30-degree, half-angle cone decelerator model. Differences
between calculated and measured values of ~10% were observed. Lau**’ developed a theory for
analyzing a supersonic wake for decelerator applications. He correlated this theory with wind tunnel
data (including McShera’s) and, qualitatively, with shallow-water tow channel test results.

Babish' *! proposed the idea of supersonic drag-level staging by deploying the decelerator in the
near wake. In this approach, the parachute would modify the base flow by producing a divergent or
blown wake, thereby lowering the drag. Drag-level staging was intended as a concept to replace
mechanical reefing. He conducted subsonic and supersonic scale-model wind tunnel tests and made
trajectory calculations to demonstrate the feasibilty of the concept. While the principles underlying
this concept are valid, the loss in drag can be accompanied by unsteadiness of the wake flow, which
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could cause flutter damage and reduce the reliability and repeatability of such a parachute system;
these problems were observed in M=2 tests of ribbon parachutes located 4.6 diameters behind the
forebody.' The authors are not aware of any full-scale system applications of Babish’s concept.

Pepper, Buffington, and Peterson®?? conducted comprehensive tests of hemisflo and 20-degree
ribbon parachutes with several forebody shapes in the NASA-Ames 9-ft by 7-ft Supersonic Wind
Tunnel in 1986. The purpose of this test series was to evaluate the effects of forebody shape and
diameter, parachute porosity and reefing, and Mach number on parachute drag and stability. In
addition, these experiments sought to define the influence of test technique, forebody mounting
system, and parachute attachment method on supersonic wind tunnel parachute drag, in order that
the validity of these and previous wind tunnel measurements of supersonic parachute drag could be
assessed.

Hemisflo and 20-degree conical ribbon parachutes were initially tested in the Ling-Temco-Vought
{LTV) Low-Speed Wind Tunnel prior to the NASA-Ames test in order to measure subsonic drag
coefficients. The measured drag coefiicient of both the 10% and 20% porosity ribbon parachutes was
0.45. At NASA Ames, they were tested at nominal Mach numbers of 1.55, 1,71, 1.86, 2.06, and 2.53.
The diameter of these model parachutes was 15 in. The two ribbon parachutes (of 10% and 20%
porosity) and the hemisflo parachute were tested with suspension lines (Lg;) 15 in. and 30 in. long,
respectively. The parachutes were tested both reefed and full-open; the length of the reefing line was
53% of the constructed canopy circumference.

Several forebody shapes (with diameters ranging from 3.2 to 5.9 in.) were tested to generate
different forebody wake structures that flow into the parachute canopy. Both boattail and ogive-
cylinder forebody models of varying diameters were used to assess the effects of forebedy wake on
supersonic drag; the “boattail forebody” model consisted of fore and aft boattails and either a flat or
an aero-streamlined nose. Detailed photographic data (using still photography, motion pictures,
high-speed video, and schlieren photographs) were taken at each Mach number and for each
forebody/parachute configuration. "Vt photographic data it would not have been possible to
identify test runs where reflected shock waves (see Figure 4.20) or suspension line rollup invalidated
the data.

Pepper, Buffington, and Petzzsan>#* indicote that the drag of both hemisflo and conical ribbon
parachutes was lower at supersonic speeds thaa 3; low subsonic speeds hehind all forebodies. Hemisflo
parachutes provided higher drag and better canopy stability than the conical ribbon shapes. It was not
possible to determine whether the differcnce in ~anopy shape or in suspension line length was
responsible for the better perfermance of the nemi.flo parachutes. Porosity changes (10% to 20%) did
not significantly change the Jdrag of the eonical .inl on parachute (Figure 4.21). Reefing the conical
ribbon parachutes did not cause signiticait change. in drag because the inflated diameter of the
full-open parachute was nearly the same as the reefed diameter. Reefing the hemisflo parachutes
caused substantial reductions i1 dray.

0.42

13 4 i Ll 1
 First data point
0.38 . . @ Last data point
. ® -
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Reflected shock hitting ®

0.34 - skirt of canony
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0.30 }— Hemisflo parachute 7]

LSL/D‘.=2.0 d
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0.26 }- No reefing -
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Figure 4.20. Effects of forebody’s refiected r ,»ot« wave impingement
on the model parachute drag measurements
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Figure 4.22 shows that changes in the forebody diameter caused major changes in drag of the
ribbon parachute. For example, the parachutes inflated to a smaller diameter and exhibited more
dynamic motion (squidding*, shape changes, and angular motion) behind a larger-diameter forebody,
thereby resulting in lower drag. These tests confirmed that the influence of the forebody wake on
parachute drag is greater at supersonic speeds than at subsonic speeds. They also proved that it is very
difficult to obtain valid wind tunnel parachute drag measurements at supersonic speeds.

0-28 L) ' L) l L) l 1) , 1 | L

1 ® 10% Porosity .
o .

0.24 b A 20% Porosity
L . _
020 e o a -
© [ . ° A
0.16 - ..‘

')
- Ribbon parachute -
LSL/]) =1.0
0.121= No reecfing ]
| 3.2-in.-dia Boattail forebody with i
blunt nose and fins
0.08 i 1 . i 1 1 1 1 i 1 i
14 1.6 1.8 2.0 2.2 24 2.6

Mach number
Figure 4.21. Effects of canopy porosity on drag coefficient
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Figure 4.22. Effects of forebody diameter on conical ribbon parachute drag

4.2.7 Reefed parachute drag

Temporary reefing, using one or more stages, is a methcd of sequentially controlling the drag area
of a parachute canopy to limit the maximum structural loading of the parachute. Skirt reefing, with
one or more reefing lines passing through reefing rings attached to the skirt band of each gore at a
suspens:vn line juncture, is most ~ommonly used for high-perforniance systems. The reefing lines are

;_g;uidding is defined on page 80.
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passed through reefing line cutters, which consist of a pyrotechnic or an electronic timer along with
an explosively driven cutter knife to sever the reefing line. After a preselected time, the cutter fires
and the knife severs the reefing line, allowing the parachute canopy to open fully or to the next reefed
stage. By limiting the inflation loads, temporary reefing allows the parachute to be constructed from
lighter materials, thereby minimizing the packed parachute weight and volume.

Permanent reefing is similar to temporary reefing in implementation, except that the permanent
reefing line is not cut; it remains as an integral structure of the parachute. Permanent reefing serves
several purposes. A small amount of permanent reefing will usually increase the stability of a
parachute. Permanent reefing may be used as an overinflation control line, which allows the parachute
to open fully but prevents overinflation with the accompanying higher aerodynamic loading. A third
use of permanent reefing is to minimize canopy collapse due to the overtaking wake (see Johnson and

Peterson®©).

Parachute skirt reefing was developed at the Forschungsanstalt Graf Zeppelin in Germany in 1941
(see Knacke®*2*4*%) for better control in limiting aircraft diving and landing/approach speeds.
References that describe reefing of high-performance parachutes (especially ribbon canopies) are
Knacke, 8442443 the 1963 Parachute Design Guide,>’ and Ewing, Bixby, and Knacke."” These
references also provide data on reefed parachute drag coefficients. Riffle®>”” conducted an extensive
wind tunnel test of 18-in.-diameter models of reefed parachute canopics to measure drag and static
stability. His data (see Table 4.1) for flat circular ribbon, 20-degree conical ribbon, ringslot, hemisflo,
and ringsail canopies are directly applicable to high-performance parachute systems.

Table 4.1. Drag Coefficient and Comparative Static Stability of
Reefed Parachute Canopy Model (taken from Ref. 3.23)

Geometric dc
Porosity Cp at ( '")
Canopy Type D,/D, (%) a=0 da /a=0
Flat circular ribbon - 21.60 0.500 —-0.0016
0.466 0.365 --0.0018
0.366 0.272 —-0.0044
0.282 0.197 —0.0070
0.172 0.094 —0.0098
20° Conical ribbon - 21.48 0.533 —0.0012
0.466 0.365 —-0.0014
0.366 0.280 -0.0052
0.282 0.205 —0.0109
0.172 0.115 —0.0063
Ringslot - 17.48 0.521 —0.0030
0.466 0.355 -0.0040
0.366 0.272 -0.0111
0.282 0.186 —0.0077
0.172 0.1156 ~0.0092
Hemisflo . 19.70 0.466 —0.0103
0.466 0.406 -0.0133
0.366 0.300 -0.0126
0282 0.168 —(.0330
V.172 0.090 —0.0100
Ringsail - 8.85 0.540 —0.0034
0.417 0.350 -0.0034
0.328 0.260 —-0.0034
0.252 0.200 —0.0035
0.154 0.100 —0.0040
where

D, =18-in. constructed diameter of parachute
D, =diameter of circle formed by reefing line
—&ally inflated
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Sandia National Laboratories has conducted several subsonic w.ua tunnel tests of reefed, conical
ribbon parachutes. McVey, Pepper, and Reed** measured the effects of porosity, reefing line length,
and suspension line length on the drag and inflated shape of a 3-ft-diameter, 20-degree conical ribbon
canopy. Figure 4.23 illustrates the effects of reefing line length (L,/D,) and porosity on tne drag
coefficient. They noted that the suspension line length had only a minor effect on the drag coefficient
of the reefed canopy. Purvis? ® measured the effect of number of gores and reefing line length on the
drag coefficients of 5-ft-diameter, 10% porosity ringslot and conical ribbon canopies. Figure 4.24
illustrates these effects for the ribbon canopy. Baca* ** measured the effect of riser length and number
of parachutes in a cluster (up to eight) on the cluster drag efficiency of 15-in.-diameter conical ribhon
canopies reefed with a 15-in.-long line. His results (Figure 4.25) show that reefed cluster drag was
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greater than the drag of a single reefed parachute for certain riser lengths.
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Figure 4.25. Cluster efficiency factor for reefed ribboa parachutes

Reefed parachute flight test drag data for high-performance ribbon parachutes were measnred by
Rosenlof*® in 1958. He conducted 37 aircraft drop tests of 12-, 16-, 20-, 24-, 32-, and 40-ft-diameter
flat ribbon parachutes (full-open and reefed to approximately 10%, 30%, and 60% of the full-open
drag area). He measured the terminal rate of descent and the resulting drag area. Rosenlof obtained
a good correlation of reefed drag coefficient with reefing ratio for all six parachutes.

Holt* ** conducted 21 high-aititude aircraft drop tests of a 76-ft-diameter conical ribbon para-
chute (with two stages of skirt reefing) attached to 20,000- to 45,000-1b test vehicles. The reefing line
lengthe and reefing line cutter time delays were 35 to 45 ft and 75 to 90 ft and 4 s and 10 s for the first
and sec. nd stages, respectively. He measured the drag area of both reefed stages, as well as for the
full-open parachute in terminal descent.

Pepper®* conducted three rocket-boosted tests of a 20-ft-diameter conical ribbon parachute
(skirt-reefed for 2 s with a 12-ft-long line) deployed from an 1100-1b test vehicle at dynamic pressures
of 4700 to 5700 Ib/ft? (Mach 2.29 to 2.43). He measured a reefed drag area of ~35 ft and noted that
this value was essentially constant over the Mach range of 0.44 to 1.92. He also presents a correlation
plot of drag area reefing ratio versus reefing line length ratio for wind tunnel and flight data. Maydew
and Johnson®! conducted 29 rocket-boosted and aircraft drop tests of a 22.2-ft-diameter conical
ribbon parachute (skirt-reefed for 0.5 s with a 15.5- or 19.25-ft-long line) deployed from a 2100-1b test
vehicle at dynamic pressures up to 2723 1b/ft? (Mach 1.7). The reefed drag area is shown in Figure 4.26
as a function of Mach number. L, is the reefing line length. These data also indicate that the reefed
drag area is invariant from Mach 0.5 to 1.5. During the design of the 54-ft-diameter conical ribbon
drogue parachute for the Space Shuttle Solid Rocket Booster recovery system, Utreja®® correlated the
reefed, drag area data from Riffle’s® *® wind tunnel tests and the flight tests by Holt**® and Maydew
and Johnson.® ! This correlation of drag area ratio as a function of reefing ratio is shown in Figure 4.27.
The subscript r indicates reefed, and A, is the geometric porosity.

Buhler and Wailes* *® designed a cluster of three 69.8-ft-diameter ringsail parachutes with one

stage of mid-gore reefing for the B-1 Crew Module. They measured drag area ratio as a function of
reefing line ratio from several full-scale drop tests. These useful design data are presented in their

paper.
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Figure 4.26. Steady-state drag areas for reefed parachutes
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Figure 4.27. Effect of reefing ratio on drag coefficient (taken from
Ref. 4.5)

4.2.8 Parachute cluster drag

Multiple parachutes may be deployed together in clusters to meet special system requirements.
Clustered parachutes inflate more rapidly than a single parachute of comparable drag area. Clustering
allows the use -  the same type of parachute for a wide range of loads. Clusters may be used to provide
redundancy or backup parachutes, in case other parachutes in the cluster fail. Knacke' ® and Peterson
and Johnson' %! d.scuss advantages and some of the disadvantages of clusters.

Cluster interference effects are discussed in the 1963 USAF Parachute Design Guide®! and by
Braun and Walcott,'*” Heinrich and Noreen,**® Pepper,**® Ewing, Bixby, and Knacke,'” Moog,
Sheppard, and Kross,*!? Moog, Bacchus, and Utreja,**® Heinrich and Schmitt,*®' Baca,*** and
Knacke.! ® Braun and Walcott**” measured the drag of ringslot and ribbon parachutes of different
porosities ir clusters of two to seven canopies in a subsonic wind tunnel. Their data showed that the
number of canopies, the riser line length, and the angle of attack (up to 25 degrees) had only a small
effect on the drag coefficient of clustered canopies. On the other hand, Heinrich and Noreen®®
measured a 22% decrease in drag for a four-canopy cluster compared to a single canopy in subsonic
wind tunnel tests of a 16-in.-diameter ringslot parachute.

Moog, Sheppard, and Kross*'? and Moog, Bacchus, and Utreja*®® present scale-model wind
tunnel and flight drag data for the cluster of three 115-ft-diametei ribbon parachutes for the Space
Shuttle Solid Rocket Booster recovery system. Figure 4.28 shows that the drag efficiency for the full-
open cluster is ~0.95, whereas the drag efficiency at various reefing ratios (L,/D,) is >1. The wind
tunnel data for the reefed canopies show a higher drag efficiency than the flight data. Lg, is the length
of the suspension lines.

441

4 50

Baca® *! conducted a comprehensive subsonic wind tunnel test to measure the effect of riser line
length and number of canopies in the cluster (two to eight) using a 15-in.-diameter conical ribbon
parachute, both reefed and full-open. Figure 4.29 illustrates typical data, showing the decrease in drag
efficiency as a function of number of canop:es and length of risers for full-open canopies. Baca’s data
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for reefed parachutes (Figure 4.25) show the same trends as Moog's results. Knacke!® compared
Baca’s wind tunnel data on 1.25-ft-diameter ribbon parachutes with Apoilo flight data for 88- and
129-ft-diameter ringsail parachutes, He found a good correlation of drag loss as a function of number
of canopies. Moog, Bacchus, and Utreja*® reported that the Apollo ringsail parachutes, which have
a geometric porosity of 12%, experienced a drag loss of about 6%.

In summary, most drag data for cluster parachutes show a decrease in drag efficiency for full-open
porous canopies and either an increase or a decrease in drag efficiency for reefed porous canopies,
depending on the number of canopies and length of the risers. The cited references may be used to
estimate the drag of a cluster from single-canopy drag data.
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Figure 4.28. SRB main parachute (115-ft-dia) reefed and full-open
cluster efficiency (taken from Ref. 4.50)
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4.3 Canopy pressure distribution

Most of the drag generated by a parachute is created by the pressure differential between the
upstream (concave) and downstream (convex) sides of the canopy. The magnitude of the drag (and
therefore the performance of the parachute) is largely determined by the magnitude and distribution
of pressure differential across the canopy. Brown®5* derived the relationship for the component of
parachute drag resulting from the differential pressure distribution p, which is assumed to be known
everywhere on the canopy:

Dpressure = I f p - cosf «dS . (4.10)

In Eq. 4.10, 6 is the angle between a line tangent to the canopy at any location on the surface and a
line perpendicular to the parachute axis. dS is the elemental surface area of the canopy at the same
location.

In addition to being the dominant force in establishing parachute drag, the canopy pressure
distribution also determines the stability of the canopy, and it must be known in order to predict
stresses throughout the canopy material during the inflation process. Unfortunately, canopy pressure
distributions are difficult to predict or measure because they depend strongly on the rapidly changing
shape of the inflating canopy, canopy type and porosity distribution, velocity of flight, and
deceleration history. Parachute designers must rely on both analysis and experimental data to predict
the canopy pressures expected for each new parachute configuration and application. Analytical and
experimental methods for determining the steady-state pressure distribution over a canopy are
discussed in this section. Numerical methods for predicting canopy pressures are discussed in
Chapter 5.

4.3.1 Analytical methods for predicting canopy pressure distributions

Since most of the parachute drag is caused by the differential pressure distribution across the
canopy, rather than by the friction of the air flowing over the parachute, analytical methods for
predicting canopy pressure distributions have neglected viscous effects. The flow is considered to be
an ideal inviscid fluid, which was started from rest and is therefore irrotational at all times. With these
assumptions, a velocity potential ¢ is defined to satisfy the linear Laplace equation within the domain
of the flow:

V=0 | (4.11)

The flow velocity U is _
U=V (4.12)

and the boundary condition on the canopy surface equates the known velocity through the canopy to
the derivative of ¢ normal to the surface:

apfon,=U.n, . (4.18)

Cockrell* ® gives a concise summary of potential flow analytical methods for calculating the steady-
state canopy pressure distribution.

Ibrahim!® analyzed the steady potential flow about an idealized parachute using conformal
transformation techniques. Thin-walled, rigid cup shapes are used inste..d of an actual parachute
shape to permit derivation of an exact analytical expression for the velocity potential. Ibrahim
compares the velocity distributions of a shallow spherical cup, a hemispherical cup, and a deep
spherical cup (on both convex and concave sides) with that of a sphere. His analytical solution for the
nondimensional velocity distribution V/Vy; on the cup is

B ',2‘1 B
"“+B~' F%%o0s|z inl=
V _ cosd J[(BBF ‘COS(Z) Sm(z) 2-+3sind+ cosp
Ve = 2 4 3tan~ + - o
BT B +B~' + 2cos(g) y2(cosB+sind) s (4.14)

where the upper and lower signs in Eq. 4.14 correspond to the convex and concave sides of the cup,
respectively. The angles 8 and 6 are shown in Figure 4.30. The parameter B in Eq. 4.14 is

1—sin(3—9)

= 1+sing+0) (4.15)
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Va
Figure 4.30. Velocity distribution on a spherical cup

Klimas*%® modeled the parachute canopy as a series of vortex rings, enabling him to include the
effects of geometric porosity on canopy pressure distribution. Calculated internal surface canopy
pressures agreed fairly well with measured wind tunnel values. His method cannot predict pressures
on the convex side of the canopy because the flow there is separated and rotational. Klimas®** used
this same vortex method to calculate the convex and concave side velocity distributions over a
hemispherical cup, which agreed exactly with Ibrahim’s’® calculations (Figure 4.31). He also
calculated the pressure distributions over 10% and 25% geometric-porosity ribbon parachutes (for
incompressible, inviscid flow) and compared these with wind tunnel-measured pressure Jistributions
of scale-model ribbon parachutes. A comparison for the 25% porosity parachute is shown in Figure
4.32. The pressures agree fairly well from the skirt region around the canopy until the probable flow
separation region is reached (about 30% of the distance from the skirt to the vent); as expected, the
inviscid model breaks down in the separated flow region.
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Figure 4.31. Velocity distribution on hemispherical cup
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Roberts* developed an approximate theory for predicting the pressure distribution over porous
disks. He also made systematic measurements of pressure distribution over a series of slotted
9-in.-diameter disks in a low-speed wind tunnel which he compared with his and other theories.
Muramoto and Garrard*® mathematically modeled the pressure field about a ribbon parachute in
steady descent by replacing the canopy with a continuous distribution of axisymmetric ring sources.
The numerical solution for differential pressure across the canopy is compared with wind tunnel
pressure data in Figures 4.33a and 4.33b for 20% and 30% geometric-porosity parachutes. Again, the
agreement is good near the skirt region but breaks down near the vent region where the increase in
geometric porosity causes flow separation.
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Figure 4.33a. Calculated and measured differential pressures on a fully
inflated, 20% geometric-porosity ribbon parachute (taken from Ref. 4.56)
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Figure 4.33b. Calculated and measured differential pressures on a fully
inflated, 30% geometric-porosity ribbon parachute (taken from Ref. 4.56)

4.3.2 Canopy pressure distribution data

The value of the inviscid methods described in the previous section is limited to calculating
steady-state pressure distribution on the inside of the parachute canopy. None of them are intended
to predict pressures on the outside of the canopy, where separation and other viscous effects are
important. Numerical methods are being developed that take into account viscous effects; these are
discussed in Chapter 5. In the meantime, it is necessary to use experimental canopy pressure
distributions to design parachutes for steady-state conditions.

Heinrich, Ballinger, and Ryan* *” measured the pressure distribution over rigid, 2.5-in.-diameter
models of a flat circular ribbon canopy with 20% geometric porosity and a guide surface canopy in a
transonic wind tunnel at Mach numbers between 0.6 and 1.2, These stainless-steel models were sting-
mounted with no suspension lines and were tested over the Reynolds range of 0.7 to 1.0X10°, based
on the model diameter. Both internal and external canopy surface pressures were measured. These
pioneering wind tunnel studies are of particular interest because these two canopy designs have been
used extensively for high-performance applications. These pressure data provide physical insight into
the flow field around the canopy and the effect of Mach number on that flow field.

Typical pressure coefficient data®' over the external surface from these carefully executed

experiments are presented in Figures 4.34 and 4.35 for the ribbon and guide surface canopies,
respectively, Data for the ribbon canopy show a decrease in external pressure coefficient (i.e., the
external pressure minus free-stream pressure, nondimensionalized by dynamic pressure q) and an
increase in internal pressure coefficient with increasing Mach number. The combined effect is a
decreasing differential pressure coefficient across the canopy as Mach number increases. Shadowgraph
pictures taken during these tests (one of these photos is Figure 4-92 of Ref. 2.1) were able to
characterize the air jet passing through the slots between the individual ribbons. This air jet is
subsonic below a free-stream Mach number of ~0.8. Beginning at Mach 0.8, the airstream between
the ribbons begins to show the diamond pattern that is characteristic of sonic flow between the
ribbons expanding to supersonic flow farther behind the canopy. Supersonic flow is generated by the
combination of low pressure on the outside of the simulated canopy and (approximately) isentropic
stagnation pressure inside the simulated canopy.

The pressure distribution across the roof of the guide surface canopy’®” does not change
appreciably with Mach number. The internal pressure distribution is also nearly constant and nearly
equal to the isentropic stagnation pressure. However, a significant change of the external pressure
coefficient with Mach number was observed along the guide surfaces. The net force that keeps the
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canopy inflated decreases rather rapidly with Mach number. Figure 4.35 shows that for the taps
located on the guide surfaces the external pressure coefficient changes from negative to positive values
at transonic free-stream velocities. !
-0.8 |
! U ! Pressurg taps g
61 10 ’
Taps 1 and 14 \ 45 11 l
Taps 2 and 13 3 { 12 {
-0.6F Taps3and 12 2 | 13 —
_ 1 | 14
d S i
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Figure 4.34. External pressure coefficients vs. Mach number for flat circular
ribbon canopies (taken from Ref. 2.1)

04— T T T T T T

&) Taps 6 and 19
=011

--0.2 }-Taps 8 and 17

—Taps 7 and 1
Taps 5 and 20

Taps 3 and 22 Taps 4 and 21
| | | 1

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Mach number

Figure 4.35. External pressure coefficients vs. Mach number for guide surface
canopies (taken from Ref. 2.1)
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Sandia National Laboratories measured pressures on a 34.4-in.-diameter, 25 % geometric-porosity,
nylon ribbon parachute in a subsonic wind tunnel over dynamic pressures ranging from 100 1b/ft? to
400 1b/ft%*%8 Heinrich et al.* * conducted wind tunnel tests at Mach 1.08, 1.2, and 3.0 to measure the
pressure distribution over a rigid model of a 26% porosity circular flat ribbon canopy with and
without suspension lines and an ogive-cylinder forebody. Representative data from these tests are
presented in Reference 2.1. Haak and Niccum®® measured the pressure distribution over a 26%
porosity rigid model of a flat ribbon parachute in wind tunnels at Mach numbers of 0.8, 1.2, and 3.0.

Other experimental measurements of canopy pressure distributions include the work of Melzig
and Schmidt,*®* who measured canopy pressures at four points on a flexible, flat ribbon parachute in
a subsonic wind tunnel. Niccum, Goar, and Lenius*%? measured the steady-state pressure distribution
over a rigid, 1.94-in.-diameter model of a 20% porosity, flat ribbon parachute at wind tunnel test
Mach numbers of 0.8, 1.2, and 3.0. Heinrich and Saari* % found large discrepancies between the drag
force measured by Melzig and Schmidt*®! and the drag force calculated by integrating the pressure
distribution over the surface area of the parachute. Heinrich, Noreen, and Dale*®* measured
aerodynamic coefficients and pressure distributions of solid flat and ringslot model canopies in a
subsonic wind tunnel with a streamwise velocity gradient.

In the early 1970s, Sandia concluded that the experimental data base of pressure distribution over
ribbon canopies (both for steady state and during inflation) was inadequate for computing parachute
stresses. Hence, a comprehensive wind tunnel test program was initiated to test several ribbon
parachutes over a range of dynamic pressures from 35 to 500 1b/ft? in the LTV Low-Speed Wind
Tunnel® %4 % and the Naval Ship Research and Development Center (NSRDC) Transonic Wind
Tunnel.*®” These nylon model parachutes had a nominal diameter of 3 ft and were constructed with
a 20-degree conical angle and 24 gores. The vent diameter was 10% of the base diameter D..
Suspension line lengths of 1.0°D,, 1.5+D,, and 2.0+D,; geometric porosities of 0%, 10%, 15%, 20%,
26%, 30%, and 40%; and skirt reefing line lengths of 0.53-D,, 1.06+D,, and 1.58+D_ were tested.

The first LTV test* and the NSRDC test observed the disreefing characteristics and measured
the drag (using a strain gauge balance) before, during, and after disreefing the parachute in the wind
tunnel. The pressure distribution around the parachute was measured simultaneously with the strain
gauge balance drag. Pressure instrumentation consisted of two flexible, clear plastic tubes glued and
tied to each radial, alternating inside and outside of the canopy and extending out of the canopy
through the vent. Notches were cut in the tubes at 23 radial stations both on the inside and outside
of the canopy to provide 46 pressure orifices; the flexible pressure tubing terminated in a Scanivalve.
A pressure transducer scanned the 46 pressure ports. Side view photographs were taken of each
configuration to determine the inflated shape of the canopy profile. Typical side view sketches
(Figures 4.36 and 4.37, reproduced from the photographs) illustrate the effect of geometric porosity
and suspension line length on the shape of the fully inflated canopy.

Pepper and Reed discuss some of the canopy pressure distribution results from the two LTV and
the NSRDC wind tunnel tests in Reference 4.7. The effect of suspension line length on the pressure
distribution inside and outside a 25 % porosity canopy is shown in Figure 4.38. Test results establiched
general relationships concerning the effect of porosity, line length, and reefing on steady-state canopy
pressure distribution. They observed that the parachute drag force obtained by integrating the
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Figure 4.36. Side view sketches of fully inflated parachutes (Lg; /D.=1.0)
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measured pressure distribution over the photographically obtainec canopy side profiles agreed within
10% of the drag measured by a force balance in the test body.

Heinrich and Uotila*®*!° carefully analyzed all of the data from the first LTV test.*¢® These
results are presented as pressure distributions, measured and calculated drag coefficients, and
projected diameters and drag areas of reefed and unreefed parachutes as a function of geometric
porosity and suspension line length. In addition, radial force coefiicients were calculated from the
pressure data. These differential pressure distribution data have been used at Sandia as generic inputs
for the stress analysis (using the CANO and CALA codes) of conical ribbon parachutes.
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Figure 4.37. Side view sketches of fully inflated parachutes with line
lengths of 1.0, 1.5, and 2.0 D, (\=25%) (LTV test)
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Long after these tests were conducted, the wind tunnel models used in these experiments were
found to be too flexible. They stretched enough at the dynamic pressures of the test to cause
significant changes in effective porosity between their inflated shapes and the constructed (no-load)
shape. Hence, the use of the correlations presented in References 4.7, 4.9, 4.10, and 4.64 through 4.66
should be limited to indicate trends only. Operational parachutes (especially those with Kevlar radials
and suspension lines) will undoubtedly stretch much less than these model parachutes, and will
therefore have different inflated shapes, effective porosities, ¢ »d pressure distributions.

Garrard and Piper*®® measured the pressure distribution at thirteen points inside and outside the
canopy of a 4.5-ft-diameter flat ribbon parachute of 20% geometric porosity at low dynamic pressures
and strain levels. Their pressure data compare favorably with the pressure data of Niccum, Goar, and
Lenius.* 2 Garrard, Wy, and Muramoto®® also measured the pressure distribution at six points
inside and outside the canopy of a 1.5-ft-diameter cut-gore ribbon parachute of 25% geometric
porosity in a low-speed, subsonic wind tunnel. They used these two sets of pressure data to calculate
steady-state stresses in ribbon canopies; these stress calculations will be discussed in a later section.

Henfling and Purvis*’® measured the pressure distribution across the surface of parachute

ribbons at five chordwise points and several spanwise stations in a low-speed wind tunnel. Kevlar was
used in the parachute models to prevent them from stretching under load. Because of its high
modulus, the Kevlar material can eliminate stretching without adding stiffness, which can also affect
parachute shape (and therefore the measured pressures). Henfling and Purvis observed significant
variations of the differential pressure distribution, both in the chordwise direction (at a fixed spanwise
location) and along the span of the ribbons. These data show that both ribbon angle of attack and
ribbon curvature have significant effects on the ribbon pressure distribution. Since chordwise and
spanwise pressure measurements were not made in any previous tests, the specific values of pressures
measured in earlier ribbon parachute experiments are called into question.

We conclude that the existing body of experimental pressure data must be used with care, to avoid
the consequences of assuming more accuracy and applicability than actually exists. This caveat is no
different from the care that should be exercised when using analytical/numerical approaches to
estimate canopy pressure distributions. Despite the honorable intentions of both experimenters and
analysts, the parachute technical community has fallen short of its goals to provide adequate
quantitative steady-state pressure distributions for use in designing high-performance parachutes.

4.4 Stability

The stability of the parachute may affect the motion of payload and the trajectory of the
payload/parachute. Parachute instabilities may cause problems for the payload when it impacts the
ground or for sensors located on the payload. The stability of a parachute depends on its canopy
configuration, its location behind its payload, and the interaction of the payload wake with the
parachute.

Parachute aerodynamics considers two classes of stability. The parachute is considered to be
statically stable if it returns to its equilibrium position when it is displaced from its equilibrium
position. The parachute is considered to be dynamically stable if its aerodynamic moments and forces
damp out unsteady motion. A third type of parachute “stability” involves the constancy of the
canopy’s inflated shape rather than the motion of the parachute with respect to its payload. Although
this is not stability in the classical sense, the stability of the inflated shape of the canopy is important
for achieving adequate drag efficiency; it is also considered in this section.

4.4.1 Static stability

Cockrell,'® Ewing, Bixby, and Knacke,"” and Knacke'® present detailed discussions of the
concepts of parachute static stability. Figure 4.39 provides a qualitative illustration of parachute
stability. A parachute is statically stable at angles of attack where the pitching moment coefficient C,,
decreases with increasing angle of attack. Its equilibrium angle of attack a., is where

ICn{cteq)
s <0 (4.16a)

and Cm(aeq) =0 . (4.16b)
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It should be noted that the formal mathematical definition of static stability contradicts the
common vocabulary used by parachute designers. Flat circular and conical solid-canopy parachutes
meet the formal mathematical stability criteria for equilibrium at large angles of attack; they exhibit
limit cycles or pendular motions with an amplitude of 25 degrees from the flow direction (see Table
3.1). However, many parachute designers consider these parachutes to be “unstable” because of the
large amplitude of motion exhibited by these parachutes and because they will not “fly quietly” at
small angles of attack. The same is often said about the ringsail and disk-gap-band canopies, whose
limit cycle angles are between 10 and 15 degrees. With due respect for the mathematical definition of
stability, the parachute design engineer’s definition has more practical significance. Although these
solid canopies are “stable” because they satisfy Eqs. 4.16a and 4.16b, many applications cannot
tolerate the dynamic motion associated with such large angles of attack.
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Figure 4.39. C,, vs. angle of attack, «, for a stable and an unstable
parachute (taken from Ref, 1.8)

The cycle limit of ringslot canopies is ~5 degrees. Conical ribbon and guide surface parachutes
have equilibrium angles of attack of <3 degrees. The stability of the geometrically porous canopies is
a weak function of the porosity; increasing the porosity of ringslot and ribbon parachutes will reduce
the equilibrium angle of attack, but only slightly.

Knacke'® provides an excellent physical explanation of the stability characteristics of various
parachutes using sketches of the parachute wake flow. Smoke flow visualization in a subsonic wind
tunnel of a hemispherical cup shows that the airflow separates from the leading edge of the
hemisphere in alternating vortices. This alternating flow separation causes large differences in the
skirt’s pressu: ¢ differential on opposite sides of the canopy, which in turn produce large destabilizing
normal forces and large amplitudes of oscillation. The solid flat circular canopy exhibits this kind of
motion.

For parachutes with geometric porosity, part of the air flows through the canopy and pushes
vortices in the near wake farther downstream behind the canopy. Since more air passes through the
canopy, less air flows around the canopy skirt; hence, the vortices shed at the skirt are weaker for
porous-canopy parachutes than for solid-canopy parachutes. Separation can occur at each slot in the
canopy, rather than only at the skirt. As a result, the airflow separates more uniformly around the
canopy, thereby minimizing the destabilizing alternate flow separation of the vortex trail. This is the
aerodynamic design principle for the stable ribbon and slotted parachute canopies.

The guide surface parachute is designed with a sharp edge around the canopy, which causes
separation uniformly around the canopy over a wide range of angles of attack. In addition, the
inverted leading edge (guide surface) creates a large stabilizing normal force. Both the normal force
and the drag force create a stabilizing moment if the parachute is displaced from its zero
angle-of-attack position. The guide surface parachute has the largest stabilizing moment and the best
damping characteristics of any parachute.

Static stability data for high-performance parachutes in wind tunnels are presented in the 1963
Parachute Design Guide? ! and by Ewing, Bixby, and Knacke.! * Braun and Walcott**? measured the
effect of reefing ratios, riser lengths, and number (up to 7) and type (ribbon and riraslot) of
parachutes in a cluster upon the static stability in a subsonic vertical wind tunnel. Measurements were
made at angles of attack up to 25 degrees. They concluded from this systematic study that the static
stability increased with increasing riser length. The stability of reefed parachutis peaked at a reefing
ratio of ~0.5. They also observed that single-canopy test results cannot be used to predict the
aerodynamics of clustered configurations because of interference effects.
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Riffle®* measured the effect of reefing ratio on the static stability of 18-in.-diameter flat and
conical ribbon, ringslot, hemisflo, and ringsail parachute models in a subsonic wind tunnel. The slope
of the pitching moment is tabulated as a function of reefing ratio for these five canopies in Table 4.1.
Heinrich and Haak*' measured the effect of porosity on the stability of ten 16-in.-diameter ringslot,
ribbon, and guide surface parachute models in a subsonic wind tunnel. Their normal force and
moment wind tunnel data for the ribbon and ringslot parachutes were considerably different for a
rigid metal canopy than for a cloth canopy.

When the forebody diameter is small relative to the parachute diameter, the destabilizing +ffect
of the wake on the parachute’s static stability is negligible. Problems can be avoided when small
parachutes are used as drogues or payload stabilizers by placing the parachute far behind the payload.
If this is not possible, the strong body wake interaction with a small-diameter parachute (at both
subsonic and supersonic deployment conditions) requires very careful design trade-offs on type of
parachute, suspension line length, permanent reefing, porosity, and gore shaping. Using a porous
canopy and placing it as far behind the payload as practical (10 body diameters aft of the vase is
desirable) are perhaps the most effective design strategies for minimizing wake effects on static
stability.

These scale-model wind tunnel data adequately demonstrate the effects of various parachute
design parameters for the preliminary design of subsonic high-performance parachute systems. Ins
most cases, static stability has not been a major problem for high-performarice parachutes since they
consist primarily of the stable guide surface, conical ribbon, and ringslot configurations. If parachute
stability is & primary design objective, it can be enhanced by designing the canopy to provide uniform
airflow separation around the leading edge of the canopy skirt, increasing the airflow through the
canopy, shaping the skirt through reefing and gore shaping, and providing a large restoring moment
as created by a guide surface or extended skirt.

4.4.2 Dynamic stability

A system is dynamically stable when the parachute’s aerodynamic forces and moments decrease
the amplitude of each succeeding oscillation toward zero or to a small steady-state amplitude. Selected
references on the dynamic stability of parachutes are Lester *”" White and Wolf,' > Wolf,* ** Tory
and Ayres," 7* Doherr and Saliaris,* 7® Eaton,*”® Cockrell e . al.,"”” and Cockrell."® Cockrell' ¢ and
Cockrell et al.* ™ discuss the work of the other references witli regard to the significance of added mass
coefficients on the parachute’s unsteady motion. Ludwig and Heins* ’® modeled the dynamic stability
of personnel guide surface parachutes. Heinrich and Rust® " ® modeled the dynamic stability of a
stable parachute decelerating an unstable payload.

Neustadt et al.*®" developed a 3-DOF model of the motion of a spacecraft stabilized and
decelerated with two parachutes deployed serially. Two high-altitude aircraft drop tests were
conducted to measure the motion of a parachute-retarded “builerplate vehicle.” A stabilization
parachute was deployed after the vehicle was released from an aircraft at an altitude of ~-30,0C0 ft.
The stabilization parachute oriented the vehicle to an ungle of attack of ~30 degrees. The
stabilization parachute was then released and a drogue parachute was deployed at an altitude of
~25,000 ft. Figure 4.40 shows the approximate orientation of the vehicle at line stretch of the drogue
parachute. Figure 4.41 shows the damping of the vehicle attitude for about 10 s after drogue parachute
deployment, and illustrates the excellent agreement between theory and experiment.

White and Wolf* 7 studied the three-direncional motion of a freely descending parachute system
with a 5-DOF analysis (the roll motion was neglected). The system consisted of a symmetrical
para.hute rigidly connected to a payload. They developed the first criteria for longitudinal and lateral
dynamic stability of a steady gliding motion, and they were the first to analyze coning motion. Their
theoretical coning rate calculations agreed well with Sandia’s coning rate m~asurements of a
50.5-ft-diameter parachute attache to a 700-1b test shape descending through the altitude range of
180,600 to 121,800 ft. Wolf* ™ continued this work by studying the stability and the three-dimensional
motion of a nonrigid parachute and payload system. From a small-disturbance stability analysis of the
equations, he showed that a relatively small parachute could be used to stabilize a statically unstable
payload.

Wolf and Spahr* %2 modeled the three-dimensional motion of multiple parachutes attached to a
forebody; the motion of each parachite in the cluster was irdividually modeled. Computer-generated
riotion pictures of a cluster of thre: 48-ft-diameter parachutes showed qualitative agreement of the
motion with pictures of the full-scale flight.
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Perhaps the greatest aerodynamic changes occur at the skirt of the parachute. At subsonic speeds,
there is a large pressure differential at the skirt (positive outward) that causes full inflation of the
parachute. At supersonic speeds, the shock wave extends from in front of the canopy across the skirt
plane and beyond the canopy, as shown in Figure 4.11. The pressure differential across the skirt is
determined primarily by the pressure behind the shock wave; since the shock wave angle changes very
little in the vicinity of the skirt, it is expected that the pressure differential across the skirt is much
smaller at supersonic speeds (when the normal shock wave is present) than at subsonic speeds. This
model would explain why conical ribbon parachutes assume the “partially inflated” shape observed in
wind tunnel and flight tests, and sketched in Figure 4.10.

If the normal shock wave across the skirt of a conical ribbon parachute is indeed responsible for
causing weak pressure differentials across the skirt (with canopy shape change and flutter as the
consequence), then it would seem prudent to attempt to swallow the normal shock wave and contain
it in the mouth of the parachute. If this can be accomplished, a large pressure differential is created
across the skirt; the pressure level inside the canopy is approximately the normal shock recovery
pressure, and the pressure outside the canopy is approximately free-stream static pressure. By
restoring this large (positive outward) pressure differential, the shape of the parachute canopy can be
restored to its normal subsonic shape, the drag coefficient will increase, and flutter damage to the skirt
ribbons will be minimized.

Many of the parachutes designed specifically for supersonic flight attempt to swallow the shock
waves, for the reasons cited above. Figure 4.12 compares the shock wave in front of the conical ribbon
parachute with the swallowed shock wave in the mouth of the supersonic-X parachute (see Babish®*!),
Because the shock wave is contained inside the supersonic-X parachute, its inflated shape is stable
and the structure does not suffer flutter damage. The supersonic guide surface parachute (see
Heinrich*2'-*%%) also attempts to contain the shock wave inside the canopy mouth, but it does so by
using a conical centerbody as a shock generator (Figure 4.13). In order to swallow the shock wave, all
of the mass entering the parachute must pass through the parachute. Consequently, these special
supersonic parachutes are constructed with higher canopy porosity than is used for subsonic
configurations. They also are designed to allow less air to pass out of the canopy at the skirt, so that
the positive pressure differential at the skirt will cause the skirt to remain fully inflated. In essence,
these specialized supersonic parachutes are based upon the same principles used to design the diffuser
section of a supersonic wind tunnel,

Unfortunately, the ratio of inlet (skirt) area to outlet area (vent area plus canopy porosity) needed
to swallow the shock wave is a function of Mach number. Therefore, these supersonic parachutes
perform well over a limited range of Mach numbers, but at lower Mach numbers their performance is
reduced because the shock is disgorged. Drag efficiency is usually lower than that of the conical ribbon
parachute at subsonic speeds, because of the high porosity designed into the canopy (see Figure 4.8).
If good drag efficiency is required at both supersonic and subsonic speeds, conical ribbon or hemisflo
parachutes may be preferable to special supersonic parachutes.

Lingard, Barnard, and Kearney*** conducted a detailed study of 20-degree conical ribbon, equiflo,

hyperflo, supersonic-X, and ballute decelerators at Mach numbers hetween 0.5 and 4.35 to provide
comparative performance data for design purposes. From their results and the work of others,'-3224.20
it can be concluded that none of these parachute configurations is to he preferred over the other
configurations at all Mach numbers between 0.5 and 4.35. Each canopy type performs well at some
Mach numbers but not at others. Variations in drag coefficient, inflation performance, stability, and
flutter among these parachutes were significant. All data indicate that the designer must select a
parachute configuration based on its performance across the full Mach number range that the
parachute will experience in flight, not just the Mach number at deployment. Special configurations
developed specifically for supersonic flight should be chosen if operational emphasis is focused on that
speed regime. If both supersonic and subsonic performance is important, the parachute designer
should consider more traditional configurations, such as conical ribbon and hemisflo parachutes.

Parachute designers must be careful how they apply supersonic parachute drag data from the
literature to specific systems, even when they use quality data from the references cited in this section.
The reason for caution is that the drag of the parachute is not solely determined by parachute
parameters, but also by forébody parameters such as forebody shape, diameter, and proximity to the
parachute canopy. If published test data were obtained using different forebody diameters and shapes
than is planned for the new application, the designer should not expect these data to apply directly
to the new system. Consideration of forebody wake effects on parachute drag, especially at supersonic
speeds, is a prerequisite in designing a supersonic parachute system.
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Doherr*83 conducted subsonic wind tunnel tests at the Deutsche Forschungs- und Versuchsanstalt
fiir Luft- und Raumfahrt in West Germany to measure the dynamic stability characteristics of
parachutes and parachute/payload systems. The payload had 2 rotational degrees of freedom (no roll)
and the parachute had 3 rotational degrees of freedom relative to the load. The experimental data
were compared with dynamic stability results from a numerical investigation of the nonlinear 5-DOF
motion of the wind tunnel models. Wind tunnel three-component (axial, normal force, and pitching
moment) data for the parachute were used in the numerical analysis. These comparisons suggested
that the numerical method was satisfactory only for highly statically stable parachutes.

Saari*® developed a dynamic model of the three-dimensional motion of a lifting or gliding
nonsymmetrical parachute.

In general, achieving acceptable dynamic stability has not been a major problem in parachute
design, Cockrell“® points out that this conclusion is largely due to the fact that high-performance
parachutes usually have high porosity, which gives them excellent static stability in pitch. Good static
stability characteristics are the largest contributors to satisfactory dynamic stability criteria.

Drogue parachute

[UR demed i
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Figure 4.40. Vehicle orientation at drogue parachute line stretch
(taken from Ref. 4.81)
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Figure 4.41. Vehicle attitude vs. time—computer and drop test
results (single drogue) (taken from Ref. 4.81)

4.4.3 Inflation instabilities

Inflation instabilities can cause a parachute to lose drag and to develop motions that may fatigue
canopy materials and result in the failure of the parachute. These instabilities are not related to the
slope of the pitching moment curve. They are caused by the periodic coupling between the canopy
shape and the unsteady airflow in and around the canopy. At low speeds, inflation instabilities are
often called “squidding” and are usually observed in parachutes whose porosity is so high that
inflation becomes marginal. Severely reefed parachutes exhibit this problem when the reefed diamete:
is approximately equal to the vent diameter, allowing the air flowing into the mouth of the parachute
to flow out of the vent without generating the positive canopy pressure differential needed to keep the
parachute inflated. Reducing the porosity in the vent region or changing the reefing ratio has solved
squidding problems in the past.

At supersonic speeds, inflation instabilities can result from forebody wake interactions as well as
from excessive porosity. Wake-induced inflation instabilities were reported by Pepper, Buffington,
and Peterson,®** who tested 15-in.-diameter hemisflo and conical ribbon parachutes behind several
forebody shapes in the NASA-Ames 9-ft by 7-ft wind tunnel at Mach 1.5 to 2.5. The schlieren
photograph in Figure 4.11 shows the complicated interaction of the forebody wake with a hemisflo
parachute at Mach 1.9. They made qualitative observations of canopy inflation stability (determined
from video images and defined as the squidding), shape changes, and dynamic motion of the canopy.
These authors concluded that changes in the inflated shape of the canopy caused changes in the flow
approaching the canopy which, in turn, further changed the shape of the canopy. The hemisflo
parachute was observed to have better canopy stability than the conical ribbon parachutes. However,
the hemisflo parachute had longer suspension lines than the conical ribbon parachutes used in this
test. It was not possible to determine whether the diiference in canopy inflation instabilities was due
to the longer suspension line lengths of the hemisflo parachutes or to the different canopy
configurations.

Peterson et al.!? and Peterson®?® used these wind tunnel data to design a parachute system to

operate at low altitudes at deployment velocities of 690 to 2300 ft/s to decelerate an 800-lb payload.
Nineteen rocket-boosted flight tests were conducted co validate this subsonic/supersonic parachute
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design. The forebody diameter was 13 in. and the diameter of the conical and biconical ribbon and
hemisflo parachutes varied from 3.7 to 5.3 ft. All three parachute configurations with 5-ft-long
suspension lines experienced squidding, inflation problems, and drag areas that were very dependent
on Mach number. These parachutes oscillated behind the payload at subsonic speeds. The conical
ribbon parachutes with 9-ft-long suspension lines experienced no inflation problems and produced
drag areas that were not strong functions of Mach number; their stability was excellent at supersonic
velocities, but oscillations persisted at subsonic velocities. The parachute oscillation frequency
coupled with the pitch frequency of the test vehicle, which resulted in a coning motion of the test
vehicle. The driving force that sustains the oscillations appears to be the interaction of the payload
wake with the parachute canopy. Permanent reefing of the ribbon canopy eliminated the subsonic
oscillations; this became the baseline design. It was concluded that permanent reefing, extended
skirts, and gore shaping improve supersonic parachute drag, enhance stability, and reduce the
maximum opening-shock loads of ribbon parachutes.

4.5 Aerodynamic heating

The two most recent USAF recovery system design guides hoth discuss high-temperature
parachute materials and aerodynamic heating of parachutes, The 1963 Parachute Design Guide®!
{p. 340) tabulates the thermal characteristics of nylon, Dacron, glass fiber, etc. Ewing, Bixby, and
Knacke!7 describe the use of high-melting-point organic polymers (from Freeston et al.*®®) and the
use of protective coatings to create textile materials that retain structural integrity at temperatures
above 300°F. Freeston et al.*®3 propose fabrics woven of fine metallic wires, high-melting-temperature
glasses, coated refractory fibers, metal and metal oxide whiskers, and ceramic fibers. Nylon has
limited supersonic decelerator application because it melts at about 482°F. Ewing, Bixby, and
Knacke"? point out that the aramids Nomex and Kevlar, synthetic organic fibers that do not melt, are
more suitable than nylon for parachutes operating at high speeds. Nomex and Kevlar lose all their
tensile strength at about 700°F and 930°F, respectively. Aramids do not melt, drip, or fuse together
when exposed to flame, and they have good resistance to commonly used chemicals and solvents.
Bisbenzimidazobenzophenanthroline (BBB) polymers have been produced as fibers with demon-
strated heat-resistant properties in yarn and textiles in environments up to 1100°F (Jones et al.**?),
More information on high-temperature materials is presented in Chapter 8 and by Hartnett, Eckert,
and Birkebak*%" and Olevitch.*%®

The 1963 Parachute Design Guide®* (p, 262), Nerem,'® Scott,*® and Ewing, Bixby, and Knacke'”’
provide excellent background material on the theoretical methods for estimating the aerodynamic
heating of parachutes, Wind tunnel measurements of aerodynamic heating of parachute ribbons,
cloth, and mesh have been conducted by Block,** Schoeck, Hool, and Eckert,**! Scott and Eckert,*®*
Eckert et al.,*® and Scott, Eckert, and Ruiz-Urbieta.*?* Corce*' tested 5- and 8-in.-diameter
supersonic-X model parachutes, constructed of BBB and Kevlar, in tow-density wind tunnel wake
flow tests at Mach 8 at temperatures up to 760°F.

The effects of aerodynamic heating on parachute system design and performance are presented by
Bloetscher and Arnold,*'® Alexancer,"® Pepper,>'*4% Gillis,>* Peterson et al.,**® and Peterson and
Johnson.!* Bloetscher and Arnold*'® reported that a 40-ft-diamecer disk-gap-band parachute made
of 2-0z Dacron cloth suffered “extensive” aerodynamic heating damsge after deployment at Mach
3.31. Pepper®!! designed a 2-ft-diameter hyperflo nylon ribbon parachute using a silicone-coated,
glass-fiber cloth as an upstream-facing heat shield on the canopy and four coats of RTV flexihle
silastic as an ablative couting on the ribbons and suspension lines. This parachute was deployed from
a 140-1b test vehicle at Mach 4.1 at an altitude of 104,000 ft during atmospheric exit, The recovered
parachute shcwed severe aerodynamic heating damage from the approximately 20 s of flight above
Mach 3 both during atmospheric exit and reentry. Pepper redesigned the parachute by reinforcing
the skirt band and stitching glass-fiber cloth ribbons on both edges of the nylon-roof grid structure.
This parachute was deployed at Mach 4 at 114,000 ft altitude during reentry and spent only 9 s above
Mach 3. The recovered narachute suffered only moderate heating damage.

Pepper*®® designed a 19-in.-diameter Kevlar conical ribbon parachute as the first stage of a
parachute systom to recover a 57-1b reentry vehicle nosetip. He conducted four sled-launched
free-flight tests at deployment Mach numbers of 1.93 to 2.74 (dynamic pressures of 4500 to
9000 1b/ft?). There was evidence of aerodynamic heating on the recovered Kevlar parachutes at
deployment Mach numbers >>2.5, where stagnation temperatutes were above 665°F. The Kevlar
retained adequate structural strength, but the high temperature levels, combined with the high
dynamic pressure, caused the canopy to remain “set” in its inflated shape after the flight was
completed. Peterson et al.*®® and Peterson and Johnson'** discuss the use of Kevlar for thermal
protection at moderate supersonic speeds. It appears to have the best strength-to-weight ratio of all
high-temperature parachute textiles.
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CHAPTER 5
NONSTEADY AERODYNAMICS

5.1 Introduction

This chapter treats those aspects of parachute aerodynamics whose physical processes are

fundamentally time-dependent. The deployment process, which occurs when the parachute is
withdrawn from its stored configuration and stretched out in the sky, is the first time-dependent
event. The transient nature of parachute deployment is iii- strated in Figure 5.1 (from Pepper*'® for
a 24-ft-diameter parachute deployed from a 760-1b test vehicle at a dynamic pressure of about 2600
1b/ft?. A gas-generator-powered telescopic tube, installed along the centerline of the parachute pack,
deployed the parachute at a velocity of about 160 ft/s relative to the test vehicle. Table 5.1 shows the
sequence for deploying the 24-ft-diameter parachute from the two-leaf bag; many critical events take
place during the ~0.25 s required for parachute deployment. Design of the deployment system (which
includes the design of the deployment bag, bag-lacing cut knives, suspension line ties, canopy ties, and
other cut or break ties) is just as important in the successful design of a high-performance parachute
system as the accurate prediction of aerodynamic and structural loading of the canopy during
inflation. Procedures for designing parachute deployment systems and predicting their performance
are reviewed in this chapter and in Chapter 9.

The inflation of a high-performance parachute also involves time-dependent changes to the
canopy and the surrounding airflow. Again, Pepper's**® 24-ft-diameter parachute illustrates thase
nonsteady events. Note that the time from generator firing to the peak opening aerodynamic load of
about 220 g is only 0.30 s; the total time from gas generator fire to the end of the parachute
deceleration spike is only about 0.7 s. This chapter reviews both analytical and experimental work
characterizing the body mechanics (trajectory and motion) and the fluid mechanics of the parachute/
forebody combination, beginning with parachute deployment and continuing through inflation, when
the parachute is rapidly decelerating the payload.
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Figure 5.1. Parachute deceleration of a 760-1b test vehicle
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Table 5.1. Sequence for Deploying a 24-ft Parachute From a Two-Flap Bag
(deployment time is 0.15 to 0.40 s)

1. Fire the gas generator.
2. Preak fourteen nylon dust cover tacks (one turn of 24-1b nylon).

3. Brleak) twelve nylon thread-line loop tacks to bag (two turns of doubled 40-1b
nylon).

Cut 1500-1b nylon bag lacing at forward end of bag in two places.
Cut cable (lanyard tacked with one turn of doubled 40-1b thread).
Break two doubled 90-1b nylon line ties at two stations.

Cut line retainer 150C-1b nylon in two places (each knife safe-tacked with one
turn of doublad 24-1b »-lon).

Break two 200-1b nylc~ sine ties at fifteen stations.
9. Cut two 1000-1b nylon expansion loops.
10. Cut bag lacing at grommet 8.

11 (i‘ut rg(;ﬁng cutter cable in two places (safe-tied with one turn of 40-1b nylon
thread).

12. Cut 1500-1b nylon canopy retainer in two places (knives safe-tacked with one
turn of doubled 40-1b nylon thread).

13. Cut bag lacing in canopy compartment in two places at grommet 14 (safe-
tied with one turn of dcubled 40-1b thread).

14. Break two 200-1b nylon canopy ties at three stations,

15. Canopy inflates, Tail can and bag are attached permanently to parachute at
vent area,

NS o

®

5.2 Parachute deployment

The 1963 Parachute Design Guide,>! the 1978 Recovery Systems Design Guide (Ewing, Bixby,
and Knacke'”), and Knacke!' address different methods of initiating deployment. Methods
commonly used for high-performance parachute systems include pilot parachutes, drogue guns,
tractor rockets, and thrusted bae plates; these are discussed in Chapter 9. Static lines are seldom
used to deploy high-performance parachutes.

5.2.1 Line sail

Figure 5.2 shows the sequence for an orderly deploymen: of a high-performance 46.3-ft-diameter
ribbon parachute from a 2465-1b (at release), 18-in.-diameter payload. A cluster of three 3.8-ft-
diameter ribbon parachutes®® was developed to deploy the main parachute in the presence of severe
aircraft flow-field effects and large payload angles of attack. Ovrderly deployment (taut suspension
lines and stretched-out/taut canopy exiting the deployment bag to provide a symmetrical canopy
inlet/mouth at the start of inflation) is a difficult design task, but it is essential in order to avoid
parachute damage during inflation. The sequence of events that occur during deployment of the
46.3-ft-diameter parachute from its four-leaf bag is given in Table 5.2. The bag design required careful
selection of line and canopy ties, location of cut knives, selection of canopy retainer and bag lacing,
a°.d other facets of bag construction in order to achieve the orderly deployment shown in Figure 5.2.
“Jeployment bag design is discussed in Chapter 9.

If the parachute is deployed at er. angle to the relative wind (instead of with the wind),
aerodynamic forces associated with the crosswind component of drag on the suspension lines may
cause the suspension lines to be pulled out of the deployment bag prematurely. The resulting
phenomenon is called “line bowing,” “line sail,” or “fish hooking,” depending on the severity of the
process. Line sail has been known to cause (or contribute to) increased deployment times, excessive
snatch loads, asymmetrical deployment, canopy damage from bag friction, snd unpredictable canopy
inflation such as false venting or unsymmetrical inflation. The design parameters that may be chosen
to control line sail are pilot parachute drag area, the number and strength of line ties, and deployment
bag configuration.
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Figure 5.2, Ordesly deployment of the main parachute using the cluster
of three 3.8-ft-diemeter pilot parachutes

Figure 5.3 shows the severe line sail observed during deployment. of the same 46.3-ft-diameter
parachute when the payload was at a 20-degree angle of attack and traveling at Mach 1,28, Aircraft
flow-field interference caused the payload to pitch to this high angle of attack after exiting the bomb
bay. The high angle of attack of the payload at supersonic speeds results in a turbulent wake with large
lateral pressure and velocity gradients. The 5-ft-diameter ribbon pilot parachute was unable to remain
inflated in such an asymmetric and violent wake flow field. The F-111 aircraft flow field, with the
strong lateral and longitudinal pressure gradients resulting from the shock waves shown in Figure 5.3,
also caused the parachute to collapse after its initial inflatior.. Once the pilot parachute collapses, it
cannot provide enough drag to avoid the severe suspension line sail. The severity of the line sail at line
stretch is evident from the lines looping aver and past (downstream of) the deployment bag in Figure
5.3. The severe line sail caused poor canopy deployment and unacceptable damage to the canopy.

Mocg®! and Purvis!?*253 have modeled line bowing and line sail. Moog’s model consists of
breaking the suspension lines and canopy into several point masses, each acted upon by the
aerodynamic drag of a line seginent. The point masses are elastically coupled in chain-like fashion
between the deployment bag and the vehicle. By tracking the line masses relative to the vehicle, the
extent of the line bowing can be calculated at any time. Moog calculated the line bowing of a parachute
ro recover the Space Shuttle Solid-Fuel Rocket Boosters (SRBs). He showed that mortar-deployment
of the SRB nose cap (which acted as a pilot parachute to deploy the main parachute) reduced line
bewing over mortar-deployment of the main parachute because the nose cap increased the bag strip
velocity. Moog validated his model with Viking decelerator flight test data.
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Table 5.2. Sequence of Events Occurring During Deployment of the 46.3-ft Main
Parachute From Its Four-Leaf Deployment Bag

1
2.

3.
4,

© oo o

10.

11,
12,
13.
14.
15.
16.
17.
18.
19.

Deploy and inflate the cluster of three 3.8-ft pilot parachutes.

Break fifteen doubled 24-1b nylon tacks holding the dust cover and suspen-
sion line groups.

Break twelve 90-1b nylon line ties (three stations on four bag panels).

Breok loose two line-retainer cut knives (snubbed with 200-1b nylon and with
doubled 50-1b safety tacks in two places).

Cut 6000-1b nylon retainer in two places.

Break fifty-two 500-1b nylon line ties (thirteen stations on four bag panels).
Break safe-ties (doubled 50-1b nylon tacks) on four bag-lacing cut knives.
Cut 2000-1b Kevlar bag lacing at four places.

Break twenty 500-1b nylon line ties (five stations on four bag panels).

Break loose two canopy retainer cut knives (snubbed with 200-1b nylon and
with doubled 50-1b nylon safety tacks in two places).

Cut 6000-1b nylon canopy retainer in two places.

Break safe-ties (doubled 50-1b nylon tacks) on four bag-lacing cut knives.
Cut 2000-1b Kevlar bag lacing at four places.

Break eight 500-1b nylon line ties (two stations on four bag panels).
Break safe-ties (doubled 50-1b nylon tacks) on four bag-lacing cut knives.
Cut 2000-1b Kevlar bag lacing at four places.

Break sixteen 200-1b nylon canopy ties (four stations on four bag panels).
Break 1000-1b nylon vent break cord.

Bag seﬁarates from deployed 46.3-ft parachute; bag strip time (from step 2
through step 19) is 0.4 to 0.7 s,

Flight test deployment with severe line sail, Mch 1.28

-

~
d .

~

Suspension lines

Deployment bag
Pilot parachute
Suspension lines showing line sail “‘/ Time: 0.30 s
&W\ Pilot parachute
f — A i L 1 L - i e L '3
-80 -80 -40 ~20 o 20

Sepqration distance (ft)
Computer simulation of flight test line sail

Figure 5.3. Comparison of flight test with computer simulation of line sail
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Purvis®?®3 developed his numerical simulation of deployment (called LINESAIL) to provide
analytical guidance for the redesign of the deployment system for the 46.3-ft-diameter parachute. His
finite-element approach is similar to that of Sundberg,>* in which both the suspension lines and
canopy are modeled as flexible, distributed mass structures connected to a finite mass forebody. The
physical system and a schematic representation of Purvis’ discrete element model are shown in Figure
5.4. The forebody, suspension lines, canopy, and pilot parachute/deployment bag are modeled as a
series of elastically connected mass nodes. The motion of each node is determined by the tensile and
aerodynamic forces acting on the structural segment represented by the node. The forebody and pilot
parachute/deployment bag are separate special nodes, with all undeployed suspension line or canopy
nodes lumped in the pilot parachute/deployment bag node. The aerodynamic forces on the forebody
and pilot parachute/deployment bag nodes consist of forebody drsg and pilot parachute drag,
respectively. Table 5.3 lists the nomenclature used in the Purvis equations that follow.

Referring to Figure 5.5, the equations of motion for the ith deployed mass node are
mX, = Tycosf, — T,. jcos0,_; + Fy, (5.1)
mf, = Tysind, — T,_ysind,_, + F, (5.2)

where T, is the tension between nodes i and i+1, and F,, F, are the axial and radial components of the
aerodynamic forces acting on the line segment represented by the ith node.

Pilot parachute, deployment
bag, undeployed canopy
Partially deployed canopy

Suspension lines
Forebody

(a) Physical system

’

m
(slug/ft)

Forebody

Canopy

Suspension lines

1

|
[
[ T T
[ | I R |
| I 1 S N 1

L—— S(‘ » I . LSI. ‘ _l 'l""’

(v, Mass density distribution:

4
”

Pilot parachute/
bag node
Deployed canopy nodes

Suspension line nodes

Forebody

(¢) Muass node model

Figuve 5.4. Discrete element model
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Table 5.3. Nomenclature Used in the Purvis Equations

A cross-sectional area of suspension line at ith node (ft?)
ay speed of sound (ft/s)

B, tensile damping coefficient at ith node (lb-s)

B, tensile damping constant (s %)

Ca tangential aerodynamics force coefficient

Cp drag coefficient

Cy, aerodynamic normal-force coefficient derivative

E; elastic modulus of ith node (Ib/ft?)

1
f(M,,) viscous cross-flow normal-force derivative

FyFa, aerodynamic forces at ith node (Ib)

F, F., axial and radial forces at ith node (Ib)

Kig line group interference factor

K, line twist factor

m, mass of ith node, slugs

N number of suspension lines

q dynamic pressure (Ib/ft)

S aerodynamic coefficient reference area {ft?)

s, distance between nodes i and i+1 (ft)

Lgr. suspension line length (ft)

S0, unstretched distance between nodes i and i1 (ft)
T, tension in ith line segment (Ib)

v, total speed of ith node (ft/s)

Ve, tangential velocity component at node i (ft/s)
w suspension line width (ft)

AT cylindrical coordinates

Q aerodynamic angle of attack of ith line segment
€ strain of ith line segment

i material density at node i (slugs/ft%)

oo ambient air density (slugs/ft")

Moo ambient air viscosity (slugs/ft-s)

0, line segment orientation angle

rA m, g
[-——— X, —’I

— X

Figure 5.5. Mass node geometric parameters
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Following Moog,®* the tension between two mass nodes is expressed as a low strain rate stress-

strain relation plus a linear damping term

T,= E,AiNe¢ 4 B¢ . (5.3)

The strain and strain rate are computed from

& = (s, = 89)/Sy, (5.4)

and

é, = 5.5,/5()l . (55

Negative values of tension are not allowed. From the geometry of Figure 5.6, the line segment length

is
§ = \/(le - x)+ i —nf . (5.6
Differentiation gives
éx :[(XHI - xn)(’.‘ul - *|)+(r|#l - rl)(’“l#l - I“l)J/SI . (5.7)

The elastic modulus B, is computed using the linear stress-strain assumption® ' and rated sirength

versus elongation-at-failure data

E, = rated strength/A e - (5.8)
The damping parameter B, is
B, = 2By m, \JE/p, (5.9)

where E,/p, is the wave speed in the line material and vhe constant B, has a value between 0 for no
damping and ! for critical damping. The form of the damping parameter was determined analytically
from the longitudinal equation of motion of a single line segment fixed at one end and given an initial
unit displacement at the other. The constant B, was determined "y numerical experiment, and was
found to be 85, of that required for critical damping (Moog® ' recommended using 5 to 10¢,). The

large vilue was required in part by the one-step, Kuler integration scheme used in Purvis’ analysis.

Figure 5.6. Line segment tension parameters

The axial and radial components of the line segment aerodynamic forces, shown in Figure 5.7, are
Fy = —Fxsinf, + Facosf, (5.10)

F; = Fycos6, + Fasing, . (6.11)
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The expression for the normal force is similar to that used by Sundberg,®* which is based on the
familiar cross-flow/drag formulations

Fy, = (NKKi)qSCusina, sine} . (5.12)

The dynamic pressure, g, and angle of attack, «,, in Eq. 5.12 are based on the speed orientation of the
ith node with respect to the absolute velocity vector. The dynamic pressure q has the usual form based
on the square of the node velocity. The node reference area, which is an individual line segment

planform area, is
S = WSp, (513)

where w is the suspension line width and s, is the unstretched length of the element. The normal-force
coefficient derivative is

Cn, = (M) - (5.14)

Figure 5.7. Line segment aerodynamic forces

Since the suspension lines for the systems of interest in the current work are flat ribbons, the
aerodynamic normal force due to cross-flow on an isolated ribbon segment should be the same as that
on a two-dimensional flat plate. However, during deployment the lines are bunched together, forming
a rough cylinder with a diameter equal to the deployment bag diameter. The net aerodynamic normal
force due to cross-flow on the line segment bunch should then be approximately the same as that on
a two-dimensional circular cylinder. To model both behaviors, the form of the function f(M,,) was
taken from viscous cross-flow effects on a circular cylinder, with the magnitude adjusted such that the
zero Mach value corresponds to the two-dimensional incompressible flat plate drag coefficient. The
behavior of the function in the critical Reynolds number regime was found to be important.

The net normal force on a node is reduced by the product of a line twist factor, K, and a line
group factor, K, . The line twist factor represents a reduction in the actual load on a line segment due
to the fact that the line segment may be twisted. When the line segment is twisted, the cross-flow
velocity component is no longer perpendicular to the maximum planform area of the segment. The
actual cross-flow velocity component normal to the planform is the net cross-flow component reduced
by the cosine of the twist angle. Assuming that each line segment has a specific twist angle, and that
the distribution of twist angles is uniform between 0 and =, then the twist factor may be expressed as

N/2

Kr = (§) > cos() . (5.15)

pee

where N is the total number of lines. The summation must be evaluated numerically.

Similarly, the line group factor (sometimes known as the shadow factor) accounts for the shielding
of some lines in the group from the cross-flow velocity by other segments which are upwind. Assuming
a uniform distribution in load between zero and the maximum, the line group factor may be expressed
as

Kio=}Y (I'Q) =3 (5.16)
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The axial (tangential) aerodynamic load on a line segment is assumed to consist solely of a
turbulent skin-friction drag acting on the wetted area of each segment. The form of the tangential
force is

Fa, = — VopeVip, [V7|N(28) Cy (5.17)

where the negative sign and the absolute value are used to give the proper direction to the force. The
factor of 2 in front of the area accounts for the fact that the wetted area is twice the planform area of
a line segment. The axial-force coefficient, given by

Ca = 0.37/ [ pa 0o Lt fitco) 2 (6.18)

is based on an approximate turbulent skin-fricticn drag formula derived from an experiment by
Blasius (see Ref. 5.5). The formula is based on free-stream speed of sound and suspension line length
rather than hne segment velocity and length; however, the magnitude is still small, and experimental
data show that the turbulent skin-friction coefficient for a flat plate varies less than 109 for Mach
numbers up to 2.

The effects of line ties and deployment bag friction, where appropriate, are incorporated into the
tension and force equations, respectively. Line tie effects are represented as a node deployment
restriction. Untied nodes are allowed to deploy only when two conditions are met: (1) the previous
node has been deployed, and (2) a nonzero tension exists in the line segment between the deployed
and undeployed nodes. When a node is tied, the second condition is modified such that the tension in
the segment must be greater than the rated strength of the ties before the node is allowed to deploy.

As noted by Moog,®! the magnitude of the deployment bag friction force, also known as inelastic
bag stripping force, is commonly determined in ground tests. In the present analysis, bag friction is
represented as a constant force acting only on the last deployed node. The force is assumed to act on
the node from the time it is deployed until the next successive node is deployed. The line of action of
the force is along the segment between the last deployed node and the deployment bag node.

Figure 5.8 shows the flowchart for the deployment simulation program, which incorporates the
complete analysis. Prior to any attempt at predicting line sail, various aspects cf the simulation were
studied and compared with experiment. In addition, values for driving parameters, such as canopy/
deployment bag friction and pilot parachute drag area, were obtained from experimental data.

Purvis used the simulations described in References 5.2 and 5.3 to guide the redesign of the
deployment system for the 46.3-ft-diameter parachute that experienced the severe line sail shown in
Figure 5.3. The dynamics equations (5.1 to 5.7) were verified with data from a static parachute
deployment test (ground tests with no airflow) and flight of other parachute systems. Using
LINESAIL, he then reproduced the line sail shown in Figure 5.3. Subsequent simulation results
indicated that practical changes in line tie strengths did not control the line sail, but increasing the
pilot parachute drag was a very effective method of controlling it. The pilot parachute drag area was
increased from about 10 ft® to 17 ft? by replacing the 5-ft-diameter parachute with a cluster of three
3.8-ft-diameter parachutes. An advantage of the cluster is that the individual canopies extend farther
out of the store wake into the higher dynamic pressure and less turbulent airstream, thus reducing
their tendency to collapse and maximizing their tendency to reinflate if collapse does occur. The
deployment system baseline design was changed to this cluster pilot parachute system, which
operated successfully (with no line sail problems) in many flight tests during the development of this
currently operational store (see Figure 5.2 and Johnson and Peterson®®). Purvis lectured on the use
of these line sail codes at the 1985 Helmut G. Heinrich Short Course on Decelerator Systems
Engineering.! 2!

Johnson®®7 investigated the performance of a cluster of three 49-ft-diameter parachutes for
the 3130-1b F-111 Crew Escape Module (CEM). A drogue gun is used to deploy the pilot para-
chute. Deployment may occur with the drogue gun firing at CEM angles of attack between —30 and
4120 degrees. This means that the pilot parachute and main deployment bag may be deployed into
the wind. Adding to the problem of avoiding line sail was the length of the suspension lines; the main
parachute deployment bag reaches line stretch about 80 ft from the CEM. LINESAIL showed that
controlling the line sail caused by the crosswind deployment required larger pilot parachute drag
However, the pilot parachute had to be so large that the bag strip velocities would be high enough to
cause significant damage to the parachutes, even with a Teflon-lined bag. Johnson’s solution was to
use a dual pilot parachute system, with a 5-ft-diameter ribless guide parachute placed inside a 10-ft-
diameter circular flat parachute. The 10-ft parachute breaks away at a drag force of 2000 b, leaving
the inflated 5-ft parachute to deploy the main parachutes at high deployment velocities.
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Figure 5.8. Flowchart for deployment simulation program LINESAIL

LINESAIL has proved to be accurate and easy to use for designing deployment systems. It is one
of the few parachute predictive numerical codes that can be trusted and used as a design tool.
LINESAIL is being modified to provide improved modeling of the energy dissipated during the
breaking of line ties, and it is being written for use on small personal computers. It should be useful
in the preliminary design of new high-performance parachute systems to ascertain whether line sail
problems might occur and, if so, to calculate what pilot parachute drag area and line tie strengths are
required to minimize line sail problems.

5.2.2 Snatch loads

The Parachute Design Guide? 'and Ewing, Bixby, and Knacke' 7 present thorough discussions of
canopy suspension line extension and the resulting impulsive loading of suspension lines when the
canopy is deployed. This short-duration loading, known as “snatch load,” arises from the difference in
velocity between the suspended payload and the deploying decelerator. The rapid deceleration of the
decelerator, in contrast to the relatively slow deceleration of the suspended load, creates a sizable
differential velocity that must be reduced to zero. The snatch load is defined as that force imposed
upon the suspended load by the decelerator to accelerate the mass of the decelerator from its velocity
at line extension (not stretch) to the velocity of the payload. Snatch loads are imposed before inflation;
hence, snatch loads and opening-shock loads are not additive. An example of a measured snatch load
from a flighy test is shown in Figure 3.7,

The 1963 Parachute Design Guide®! derives the energy and the velocity equations to develop a
method for calculating the snatch force. Snatch loads can be reduced by controlling the deployment.
Controlling the deployment may be difficult if the parachute must function over a wide range of
dynamic pressures, but several approaches have been used successfully. Perhaps the most effective
means for reducing snatch loads and controlling deployment is to pack the parachute in a deployment
bag in a manner that allows the suspension lines to be pulled out of the bag before the canopy. “Lines-
first” deployments reduce snatch loads because the canopy is unable to inflate (and therefore increase
the differential velocity between the deploying mass and the payload) until its velocity is the same as
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the payload’s. Reducing the weight of the parachute also lowers the amount of mass that must
suddenly be brought up to the speed of the payload. Parachutes should not be made much heavier
than is needed to accommodate inflation loads. Reducing uninflated-canopy drag area or pilot
parachute drag area also reduces the inertial loads at line extension. Reducing these parameters,
however, will have a large effect on proper deployment and inflation; they cannot be changed without
affecting deployment and reliability.

Ewing, Bixby, and Knacke!” point out that the high-onset shock generated by the snatch force can
cause unacceptable inertial loads in attached devices such as reefing line cutters. The shock has been
known to fail the pryotechnic fuse train or to prevent the firing pin from actuating the percussion
initiator in a cutter improperly mounted on the skirt. Snatch-generated inertial loads may tear reefing
line cutters loose from the canopy skirt. This has occurred in tests of the 46.3-ft-diameter parachute
developed by Johnson and Peterson.®® Two 2-lb reefing line cutters are attached to two of the sixty
6000-1b Kevlar suspension lines at the canopy skirt. The deployment bag was very carefully designed
to minimize snatch loads. Deceleration histories from onboard accelerometers indicate that the snatch
load is less than half the ope ning-shock load. However, extensive flight testing showed repeated failure
of the two 6000-1b Kevlar suspension lines that support the reefing line cutters at deployment
dynamic pressures above 1500 Ib/ft?,

Reference 1.7 (p. 240) presents a method (unpublished work by Wolf in 1976) for estimating the
body-canopy separation velocity at line stretch. It has proved to be quite useful because, for many
practical systems, the approximation to measured values is close.

Holt* *® measured snatch load and opening-shock data for 21 flight tests from 1963 to 1967 of a
reefed, 76-ft-diameter ribbon parachute. The maximum measured snatch and opening-shock loads
were 91,500 and 123,600 Ib, respectively. The snatch load exceeded the opening shock in four of the
flight tests. These high snatch loads suggested that the deployment system (primarily the deployment
bag) had not been properly designed. Since 1954, Sandia has conducted many high-dynamic-pressure
flight tests of high-performance parachutes. Several parachute failures have occurred because of
excessive snatch loads. In 1958, a parachute laboratory was established at Sandia and, shortly after,
a development program was undertaken to minimize or control snatch loads. This development
program, which required many flight tests with trial-and-error deployment bag designs, resulted in
the very successful four-leaf deployment bag pate