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"2 Many new applications of the parachute hive been developed ia recent years.
In addition to unconvencional desigas for emergency ascape parachuhes,top\xsti-
cated parachure systema have been uged for Tecovery of space capsules and ram-air
gliding parachutes for the delivery of esn nd equipmeat,

In the UK imporcent advancoes have been made in the prediction of parachute
inflation loads, in formulating design rules for rem-air gliding parachutes and
in the use of nev materials in parschute construcrion, Test techniques continue
to {mprove and aircraft launched parachute test vehicles have become a reliable
mathod of obralning verforvance daca, Progress is being made in stabilicy
analysis and nev techniques devised for cbrsining basic data, <,

The Nemorandum fe substantially the same as a leotwre givem to the Royal
Aeromausioal Soctety on 10 Marok 1983, at ¢ Hamilton Place, London.
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| INTRODUCTION

To the layman the parachute is often no more than a large pocket handkerchief which
brings men safely to earth without a bump, but to the aeronautical engineer it is a
complex aerodynamic decelerator, which has a large number of degrees-of-freedom and
dynamic characteristics which are often difficult to account for by classical aerodynamic
theory. Whichever view one may care to take of the parachute what is certain is that
advances in parachute technology are nearly always a result of a balanced programme of
both theoretical and experimental work, and for this reason equal attention will be given
in this paper to both the experimental and theoretical aspects of parachute technology.

There are many types of parachute, in the same way as there are many types of air-
craft, and for exactly the same reason, each type being designed and tailored to meet a
oarticular requirement. Thus there is the flat circular porous fabric parachute, such as
the Irvin PXI Mk 4, for paratroop use, shown in Fig fa, shaped low porosity fast opening
fabric parachutes such as the GQ Aeroconical for amergency escape from aircraft (Fig 1b),
structurally strong ribbon parachutea such as the conical and hemisflow types for high
speed weapon delivery, cruciform configuration parachutes for good stabilicy (Fig lc),
and high performance ram air gliding parachutes for use in tactical assault opeuuom by
spacially trained military persounel (Fig 1d),

In describing advances in parachuta technology one is tezpted at first to consider
only the many racant spactacular advances in applications &nd types, ranging from the
steerabls highly manceuvrsble gliding parachute to the large sophisticated drogus and
pavrachute clustar used in the United States to recover the 4Apollo crev module back teo
earth fron spacs. Butz if a review of this kind ves made it vould de difficult to do
justice to any ona field, Rather the esphasis must primarily be on the tore fundanental:
and scientific aapacts of parachute technology in relacion to the basic prodlems
gevarated by the wany applicaticns of the parachuta. '

Thus in the dasign of ccuventional parachutes thres ginonl »pnén of operation
ate isporzang, inflatfon, stabilicy and landing, but for tha ram air pnnd\uu slide
parforeance and control wust also b teken {nto account. It is proposad thevefore to
take each of these sspacts {o tuen and consider vhare technical advances have baes wade
in recout years, :

The problems isvolved will first ba illustratsd by presenting parschute parforzance
data obrained in recent rest work. Test tachniquas vill also be cutlined as reliable
parachute dats often raquites the use of sophisticated and expensive full scale test
tachniques, such as the airctafe launched RAE ﬁnaehun tedt vehicies, and in fact many

of our recant advances have bewn wide in the cachniques of parachute uu‘iul'z + A look .

vill then be takan st the cheoretical basis ou vhick particular parachuts dehavicur can
be euplaivad and at some of the advances which bave besn vudo facantly as u tesule of

this combined work.

1. PARACHUTE INFLATION _
Misssrch aimed at improving our vaderstanding of the factors governicg the iofla-

tion characteristics and load/time Listosy of pasachutas Tig been takin; placs both in




the United Kingdom and overseas for some years. One important aim of this research is to
obtain an aircrew emergency escape parachute, for use in the next generation of ejection
seats, which as well as having fast opening characteristics at low aircraft speeds also
extends the allowable deployment speed up to at least 300 knots EAS and altitudes up to
5500 metres, without the parachute breaking up or applying more than 25 'g' to the man
during inflation. The 25 'g' limit is fixed by physiological comsiderations and of
course bulk and weight considerations limit the structural safety that can be built into
an escape parachute. The last consideration is in fact true of almost all parachute
installations and it must be remarked that it is a constant complaint of parachute
designers, particularly whers weapons parachutes are concerned, that far too often
insufficient space is allowed to house & parachute expectad to withstand high-speeds and
inflation loads of many tons! -

When consideving parachute inflation it is firat necessary to clearly discinguish
between parachute and attached load combinations vhere the change of velocity during the
inflation process is smell, usually known as the infinite mass case, typified by the air-
craft brake parachute, and those cases whare the changs in velocity during inflation is
large; the finite mass case.

This difference is usefully illustrated by an ejection seat parschute system where
it is a relatively siwple matter to analyse the amall sest drogus parachute vhich fairly
closely vepresents the infinite mass case, but wuch more difficult to analyse is the
case of the man on his large escape parachute vheve there is & considerable loss of
speed as the wan is rapidly decelervated during the sctual inflation procass.

InZletion load data for parachutes deployed at Mgh-sbnda cun be obtained uaing
the RAL parachute test vehicle air launched from a Canberra aircraft in the wanner
sketched in Fig 2. With this very useful experimental technique the vehicle is pro-
gracond to first deploy asd inflate a snall sest drogus panchun_. wvhich, after a shore
tite delay, is then releasad to deploy the man carrying parachute under test, thus
sizulacing the sequance of the Hartin Bakar ejection seat system. (It should ba noted
that the test vehicle is norually ballasted to equal the mass of 3 99% wman, plus his

flying kit.) The vehicle is instrusmented to weasure deceleration due to pavachuce
deploymsnt and inflatfon, and a scrain geuged link slong the axis of tha vehicle
measures wain parschuce drag forces directly, Alrspesd along the descent trajectovy is
weasured by mesns of u picot static prode fitted to the tose of the vabicle.

Fig ) shous tha pesk opening lom deterwingd using the test vadicle for the seat
drogue parachuts and for a CQ Astoconical ascape pavackute, over a range of spesads, and

st altitudes of 1500 aild 20000 fest. Examination of the drogue data shows the peak losd

to {ncresse in proportica to the *lines taut' velocity squared, as would be expected, at
both alticudes tasted, and vith o reduction in the pesk lvads st the higher alticudes.

1o this cass cosparison of the messured loads vith the steady drag calculsted for the
speeds téstad, tuleiplicd by a small koown opening shock factor gives excelient agres-
mnt. In the case of the man curvying parvachute hovaver the sltituds séfect {3 reversed
and 8 similay talculation to that tor the drogus gives & resule which ie soms ten times
greatar than ‘the weasgsed valuel Claarly the fisite mass casé requites special anslysis.
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Calculation of opening loads for the finite mass case has been investigated by
several workers, for example Heinrich in America has developed a filling time theory~,
and Roberts has considered the interplay between fluid and system dynamics . Both
methods have their drawbacks, the filling time approach does not recognise the existence
of external forces which can affect inflation, ég a drogue attached to the crown of the
parachute, while Roberts' method mkes‘ c;m:sidu‘able assumptions in the modelling of the
fluid flow and parachute structure and involves complicated machematics.

Dr Lingard at the Royal Aircraft Establishment (RAE) has receantly pointed out that
what in fact the parachute designer rully'requiua is a simple theory which will enable
him to rapidly obtain a good estimate of the peak inflation load and the shape of the
load-tine curve likely to occur in a particular deployur{t _'situac'ions. This would allow
him to perform trade-off calculations upon the effect on _ixifiation loading of various
pavameters such as the deployment lines snatch velocity, ﬁcr’achuu disiseter, mass of the
suspended store, and altitude and flight angle of dééloyun:.:z Reliable pudic:iom of

this type have the great advantage that thay reduce tha amount of uqmuzve en: s:ork

required on a particular parachute design.

Lingard has therefore mads a detailed study of the factors "'dpt‘émiqi.ng éﬁ'cnins.‘.
loads. Nis analysis shows that a particular parachute dasign, of non.fr'\a;l dim'aur l‘.)0 .
alvays inflates in a charactaristic manner, and that the form of lh. lond time cuwc is

determined principally by the mass ratio pavesetat H - loDo s Where u As the
suspendad mass, a3 it is this ratic which datermines tlu wanner in which th: “trajeczory -

velocizy reduces during inflation. For a given mass ratio the pea: inflacion load is
V. is the lines snateh -

shown to be proportional to the pavamtar *.'i/;uo where A
velocity (TAS). Yo use lLingard's wethod it is hovever Xirst necessary to sastadlish the

unique force coefficient diwensionless time inflation chavactaristic, c?(t) + of the
pavachute frcm one or tvo mxperimentsl results. Such data can hovevar be guickly
 obtained from a siwple fore of pauehuu test vehicle deopped fron & techered bnloon or
Ixoe a sitgls test using che alr lauached test vehicle,

“The squations of sotiocn of eht inﬂntins puuhm and ttu suspended store are mm

vrittsn in cha form

n‘g‘é ‘ .8 cos - lbvz‘;’(\')so and i% “ =y “3 *

vhere v {s the valocity slong the trajectory, § the . :ajsuccry sngle, S the ving
avea, and c,,(f) the in!hucn tora coefficient/dimsnsival o3 h.ﬂ relaticaship as

detsrained by test.

The valus of this snalyticel vork, snd its associsted colputat program for solving
the equations for v and ¢ and hencs inflecion force over the inflavion pericd, is

illustrated by the graph at Fig &, vhuve the affect of & vida tange of suspanded wass o

" pask intlation torea and peak stove decalexation foi the Asrocshical parachute
- (b, « 7.38 maties) is presentad. For suspended mads in the range 80 to 135 kg

(N ® 0,16 to 0.27 at ground ievel), typical of sivercw plus varfous feems of tlyiua kic., :

m altituda effect previously uoted from trials data (Fig 3) 2~ predicted sad vha
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overall values of store deceleration are in very good agreement with the trials data. As
a matter of interest the calculations have been extended well beyond the normal range to
a very high suspended mass of 10000 kg (Mr = 20.4) to demonstrace the effect of approach-

ing the infinite mass case,

Similar calculations for different parachute diameters have shoun that over the
range of suspended mass of interest a larger parachute, giving a lower mass ratio, would
result in a reduction in peak load. In fact as a result of computer studies of this
nature a 5.8 metre flying diameter version of the parachute has been constructed and
tests showed a reduction of peak load of some 302 compared to the original 5.2 metre
design.

3 CONTROL OF INFLATION CHARACTERISTICS

In parallel with this vork methods of automatically controlling inflation
characteristics are being studied. A conventional escape parachute is often characterised
by a very rapid increase in drag area tovards the end of inflation which tends to lead to
peak loads ar this point (Fig $). What is really required however, is a characteristic
such that the maximum tolerable daceleration, consistent with human limitations, is
applied rapidly and ther held as staady as posaible uncil a safe trajectory velocity is
achieved. Considerable improvement in sjection ssat performance, and in particular
veduction of forvard throw on the main parachute, is predicead if this ideal parachuce
inflation charactaristic can ba achieved.

The rescarch approach has bésn one of building into the. gnuehun features which
wadify {ts opening characteristics. For example attachmant of the stat dregue to the

~erowm of the main paraehuu by & bridls, vhich is & festure af che &m:m m« seat
" system, reduces the initial vate of cpening of the main cancpy and hneg pak loxds. In

fact fn RAE crials whare the drogue vas. daliberately arranged to break seay fmng the sain

cuanopy &t 'main lines snatch' an increase of some 40% in inflation load was cmwmud.

Encouraging results are also deing obtained by work in eonjuncticn wizh Isvia (38). Ltd
on prassurs relisf Ml\m. situsted {n the canopy crown, vhieh buest st & puat-n‘aiuﬁ

_speed O reduce peak internsl pressutes and hence inllation load,

Iz ia {ateredting to soce that a very sophisileated method of moditying the lnile-
tioh chavacteristics of an escape parachuce {# incoeporatad in thé Automatic _b;ﬁiuﬁn

 Hodulstion (AIN) paraciute developed in Canade by Dayid Webb and his tess st Irln

Induscries, Oncario®, This persthute uses s comdinteion of unidirectional nn'z‘ch' tabric’
4o the ctovn srea of the casosy plus a unique YR af wanufs pnmuu ‘uad i the '
wouth of the waln canopy to eontrol overall infiavien cime (Fig &). '

The ssell wmouth parachute, called a Nebd pavachuta, autozatically rexains ia thé

centes of the mouth area throughout the iﬁ:lium ;umoﬂ. due ¢o lre gavemesy. Tire
apount of control of 2anopy opaning can tm variad by “sitering che size aad position. of

" the Kabd chuze and ohv:miy as duployeaat op“a h jacreaded o is the authoricy of

this control, Thé purpone of the stretch h!wie £ the crovn srea {9 ko vaxy ths cuwpy
pumuy aa di:ut !uicdah of Jn dyvanic wmwn appum aza beoce to goduu peak




F5(F) 514

N A ot i e 12, iy ko 0

Tests have already demonstrated significant advantages in control of iaflation
force, and maximum safe deployment speed at altitude compared with conventional round
parachutes, and, although it is perhaps a complex design, there is little doubt that this
type of parachute has a promising future,

4 PARACHUTE STRENGTH

Discussion of the parachute inflation process leads naturally to the subject of
parachute streungth since it is during inflation that the peak loads and stresses appear
in the parachute structure. As a general rule a canopy will be subject to its greatest
stress in those areas vhere the local radius of curvature is a maximum, when the
differential pressure across the canopy reaches its maxioum value; but without detailed
knowledge of the load distribution it is impossible to assess what safety margins exist
on the structure, Experience suggests that vith parachutss designed to the simple stress
formula given by Johns7 and in the American Recovery System design 3uides. margins are
adequate, but there is continual pressure to improve the structural efficiency of para-~
chutes which has resulted in more sophisticated methods of stress analysis, such as the
pressure~strain equilibrium approach embodied in the CANO digital computer program
developed in the United 8:1:039. Unfortunately litcle detailed full scale test work to
verify the predicted strasses appears to have baen attespted, due mainly no doubt to che
difficulties encountered in measuring fabric strcsses under dynamic conditions.

The situation promises to be rectified hovever by use of the Omaga gaugs, daveloped _
in the 19708, which can be glued on to textiles to measure stress directly, has tempers~

turs compensation incorporated, and is small evough not to be affected by local.

curvature 10 .

As 2 result of thié uncertainties of stress analysis it is often found necessary
to Jaternine the damage boundaries for a parschute by experiment, using the aiscrafe
launched parachute test vahicle mentioned puviouﬁly. in thase tests parachute break up
speed is detercined by increasing tha daployment spasds on successive drops until signi-
ficant parachute damage oceurs during inflation. A etypical denage muty obtained over
¢ range of altitudes by this technique $e shown in Fig 7. i

ticen. considering the subject of parachute strength, it sust be noted that tha use
of Reviar in highly stressed parachutes, particularly uhen stovage space is at a presius,
has rasulted in wajor fmprovemints io structural efficieacy. Revlar is en aranid fiyre

manufactured by Du Pont de Nemours snd Co. and is charactarised by a high streagth weight

ratio. Keviar 29 fidres have tenacities as high as three tioes that of nylon ind &
specific gravity of 1.4 compared to I, for ayloa, These tvo properties coupled together
wesn that it is posvible to produce narvow woven fabrics from Keviar 29 sacarial st less
thaa one-hall the weight and spprosimitely oone-third the bulk of aylon waterials with tha
_sace ultimate teénsile scrength. Furthermove Kevldr retaius approximately half its
strength at about 290°C, the temperature st vhich ayloa fails. One imporcant difference

vhich affects detail design is the elongetion of Keviar under load, Kevier stretchicg by

caly 43 of its original length before failing whereas nylog stretchus by approzimately
53, _ . .
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The principal use of Kevlar in the UK has been for small hybrid nylon/kevlar sub-
munition parachutes and for the rigging lines of personnel parachutes, but in the USA a i
conical ribbon parachute of 12.5 feet diameter has been constructed in 'all Kevlar' with {
a weight and volume saving of some 50% of its equivalent nylon parachute and with no
marked effect on opening loads or performancell. Only minor changes in the design of the !
canopy near the crown vent were required to accommodate the high modulus of Kevlar,
Kevlar materials are more costly than nylon but the number of recent successful applica-
tions of Kevlar in parachute construction suggests that it will be increasingly used in
future.

3 STABILITY DURING DESCENT

Another important area of parachute performance is the stabilicy of the fully-
inflated canopy and suspended store during descent. United Kingdom specifications for
escape parachutes call for discurbances in descent to be damped, wvith any sustainped :
oscillations not exceading £15° to the vertical, vhile for the airborne forces applica- 2
tion 210° is usually specified. This is not an exacting requiremant compared to the
stability requirements of some types of wespon parachutes but large oscillacions increase
the risk of ground impact injury to & parachutist and any improvemsnts that can be made
on perscnnel parachutes by sizple mathods are welcome,

O e

Ic is vell-known tiat the use of low porosity cloth in flat circular conscruction
‘ gives the repid spening charscceristics required of sacape parachutes, but has an adverse
i effect on stability. Such a parachuts will sask a non=zero angle of atcack where i
_aight glide, cone or oscillate in & stacically, dut not necessarily dynamizally, stable
condicion. In chis context & parachute is stazically stable vhen any charge in angle of
sttack is oppoted by the ascrodynesic soment developed, this belng a necessary condicion
tor stability, but the systew is dynamiczlly scadle only vhen the restoring momsnts ' 7
decresse the smplitude of each succeeding oacillation tovards tevo. _ _

3
3
b
3
H

i

Ong simple wodification vhich can greatly dwprove the stability of noa-porcus round
canopies is the ineroduction of tvo or wore asymmetricslly disposed slots in the canopy
to give the parachute s horissntal velocity (driva) in a defined divection opposite o
the slot positions. Drive in persconsl perachutes has the addicional sdvantage thae il
steeving lines are ficted to the siote the pacrachutist can then manipulate the slot areas
and hence the flov throwgh the ‘slots to stesr fnto viod to reduce ground speed or to
avoid grouid obvnuclu.' ' '

BTN

tn scae applications of « parachute, drive, or an angle of attack vhare the pavas
chute tries to glide or cscillate, is au embarrasssent end in these cates & vell chosen
configuration, such a3 8 crucifore having a suitable srw ratio, can give vety satisfactory '
stability vhile descending vertically. Research fo the United Kingdow on very stadle
systens has io fact concentrated ca this type of parachute as the design is simple to
sanufacturs and has satisfactory opening and drag characteristics.

B tis iroe e TS S S SR OO A S

Detailed ahalyticsl investigations of the factots affecting pavachute stability
have bean making steady progress at Lefcescer University over the last fev years undet
Tesaarch agraemetits spoasorad by the RAE. A computer based six-degrea-oi-fresdom
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parachute stability model has been formulated by Dr Cockrell and his team and both wind
tunnel and water tank me2surements have been made on rigid and flexible scale model

canopies to provide basic data for use in stability calculatioms.

An example of the type of wind tunnel data obtained at Leicester on canopies at
different angles of attack to the airflow, is presented in Fig 8a. The simplifying
assumption is made that for static stability analysis the centre-of-gravity of the canopy
systen lies at che rigging line confluence poin:‘z. The statically stable angle of
actack is chen chat angle at which che pitching moment about the centre-of~gravity is
zero and small disturbances result in a restoring moment, te with the sign convention
given on Fig 8a static equilibrium occurs when dcﬂldo is positive, resulting in dg‘fda
also positive (wiere CH is the normal force coefficient and CN pitching moment
coefficient). The degree of static scability is then indicated by the slope of the
momant curve at the trim angle.

On this basis the nil porosity round canopy tested can be expected to have a trim
angle o of 38° and the 4:! arm ratio cruciform to have good static scabilicy at a trim
angle of 0%, t@ this canopy vould descend along & vertical path (in sero vind conditions),

A further vesult cbtainad at Leicestar, shoun at Fig 8b, illuszrates that by
increasing the arm vatio of a nil perosity cruciform cancpy the trim angle of attack is
steadily reduced and that the detived charvacteristics of nesar zero waan tris angle is
achieved only vith an arw ratisc greater than approximateiy J.8 to 1} wieTe the range of
possidle triv sagles is decreased to 23°, (Azo ratio is definad as the leageh of an am
divided by ies videh = see Fig 8,)

The theoretical vork &t Leicester has also stresnad the importance of tiic apparent
#3488 couponents in the equations of sozion determiuing che parachute diepicg. '
characteristics. -

The agparent sass atfece arises vhen & pavachute, of any other body for that
aatier, sccalevates through & fiuid, &» during an oscillation. For exssple, in

. accelevated linsar motich not oaly 48 there 8 body inevcia force wqual to wf , vhere w

is the usss of the dody and f its accelavation, but also & fluid {nercia foice, dud o
the fluid accelervated %y the body. This can be vrittan a8 o'f uhere w' (9 tevmed the
apparéat mass and hence the toeal force requited cah be expressed w» P o {n * 0')¢ . _
1f meobV, end w' e ke Vo, vhere Vb is the body volume and Kk {8 &b Epparent wass

cosfficient, it {v seen that sinte the latter can be about 1.0 to $.0, ssparent sass has.

a considerable effect on body dynamics = {f tha denuity of the body is of the order of
that of the fluid in vhich it is iwsersed, This is precisely the case vith a lasge
‘volune body suth as & parachute and stove, and deace the sppatent wass componanis cannot
be neglected in the equations of wotion decemmining the pérachute stadbility characteris~
_tics, There are of coutde othet similar cases, of vhich tha aitsbip is & vell-kaove
exawple, ' B :
Yavuz, Cockrell and Jorgenien at Leicester have recuntly completed soms vety

original experimental work to obtain apparent wass date for parachute canopies = which . -
has provided valuable informacion. Tha technique suployed force snd mooent seasurement -
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during the accelerated motion of a model parachute submerged in water in z ship tank.
Results show that the apparent mass coefficient depends on canopy shape, angle of actack,
and on the acceleration modulus ﬁbolv2 and, except at high values of the latter, can be
considerably in excess of the values calculated from potential flow theory. As a result
of the Leicester research programme on parachute stability the following conclusions have

recently been drawn.

(a) Experimentally derived values of apparent mass cozponents must be used in
parachute stability calculations.

(b) The condition for static stability for a parachute is dcﬁldq positive, If
dcslda at equilibrium is large and pusitive this is also a sufficient conditcion
for dynamic stabilicy., However vhen considering the dynamic stability of canocpies
for vhich chido is positive but small, a further nacessary condicion is that the
appareat case cowponent along the normal axis must be grester than that along the
centre line axis of the parachuce.

(c) Dynamic stability is gensrally improved with i.gcecucd aleitude and increasad
atore Gase. '

A3 part of a generel programem of stability work RAE has conducced research in
parallal vith the Leicester prograome aimed st providing data on the stabilicy
~ characteristics of fullscale canopies, using a specially instrunented stabilizy test
vahicle. This daca is currently being used to validato Leicester cosputed predictioas
for a nusbar of parachute designs.

Typical of this vork is full scele data recently obtained cn 0 versicos of & 4
am ratio crucifors configuration canspy which vas shoun td have extellent stadilicy in
vercical descent and low response to gust effects. . Cozpariscn of the experinental data
vith. Leicester computer pradicticns is proving wost encsutaging.

6 LANDING '

To avoid landing injury to & parethutist Vnited Kirgdon specificaiions for
eoergency shcape parachutes call for a vertical rate of dascent, at sas level, not
exceeding 7.5 w/s, at saniwus all up veight, vhile the figute recommended for alirdorne
forcas parachutes (s & weat of 8.0 w/s. Persitted horizontal veloeity, or drive, fo
future smmrgancy escape patachutes Bas recaut!s beeh veduced 26 not wove than 30U of the
vertical rate of descent. - - '

Canopy cloth sreal/dvag efficiincy {s the priscipal parsnater of importence whan
landing rates of descent ére cousidered, since cloth ares is norwslly restricted by
asgektily maxime Hulk and veight likitations. the sisple flat ciscular perachute is
surprisingly efficient in this respect and this together with ity simple construction oo
doubt accounts for fts coaticued ube for airboroe fotces parachute systems,

Boulid parachutes incorporating drive Jlots and glide capability, can, due to the
alterwd presiute distridutiovn on the canopy schieve lower and wmore uniform verticsl
tates of descent than coaventicnsl uaslotted parachutes of the sams size. 1 slot
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control lines are fitted the parachute can then be steered to advantage to select a

desirable landing area or to land into wind with a low forward speed relative to che
ground. )

Current ram air gliding parachutes achieve yelatively high horizontal veleocities, ;
but in this case means of incidence control are fitted to enable the parachutist to flare §
out on landing and hence achieve very low rates of descent at touchdowm. This aspect of
ram air performance is Jdiscussed more fully in a following secrion.

while considering landing if che parachute fails to open or if during airborne 3
forces operations parachutists collide and becocwe entangled a parachutist can have a very
hard landing indeed! To cater for such an emergency all airbome forces parachutiscs
carry a reserve parachute, for use in an emergency, normally mounted on the chest. A
bigh scandard of reliabiliey is vequived of all airdorne forces parachules systems and
this is particularly so in the case of the reserve. MHere the problem is mainly one of
rapid deployment at the lov descent speeds which can occur with a partially malfunctioned
wain, and che aveidance of entanglement betveen the inflacing reserva parachute with the
retained malfunctioned main. Critical rates of descent vith a partially inflaced main
eve &round 15 ©/s, a descent rate vhich can lead to severe landing injuries, if oot
fatalicies, but where there is very little sirspead to stresd the roseive, ’

Considerable improvemant in reserve performance has vecently been achicved by tue
: . oav frvin PRT vesarve v ich incorporates & spring-loaded kicker board ¢o feréibly deploy
‘ B " the veserve and @ rubber ring fitced in the canopy crovm avea t3 rapidiy increase the
croun to & diamscer vhich pravents entanglesnt vith the vigging lices of che
calfunscionsd aaia, '

7 RAM AIR GLIDING PABACRUTE

One of the wost intevesting aad potentially feportase parachute developments in ,
recent years is the vaa air glidicg pavachute. The va» ait pavachure differs froz -
convantional designs in chat whea inflatad it resembies a tov aspect ratio wing {Fig %).
1¢ i Bowever latihiy coustrucied of fabric, which alloke it 22 be packed o the sara

. way as » conveational cancpy. The leading edge of ths viusg ie opsu o that rap afy -
ptessure maintains the viag shape in glidiog flight. Naias'as pitah and dank control cce
providad by steeridg lines stesched to the crailing edge of the tanopy; tura control is
effected by an asysmetric pull on the stesring lines énd angie cf iacidenca control and
Flare out accewplished by ab even pull. '

Becacie of its glide capability snd controllability the rim air patachute cifets
consideradble scopn for the deiivesy of trooph =~ who cen fly themswlves to a target, aal
also for the delivery of supplies or veapoms to a givea point, cader radio coatrol or Sy
sutoitic control linked to a guidance system.

The monmeats sind forcey acting ob & vam siv parachute ian £light are sdova
diagramssticaily ia Fig 10. . As dravn the parachute is glidiag from left to right vith a
velocity V at a glide sogle to the boriscatal v . ' E :
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Resolving the forces on the system horizontally and vertically

e G

Lc siny - (Dec +Ds) cosy = 0

S s s

mg = Lc ¢os Y- (Dc +Ds) siny = 0O .,

RS

From the first equation it can be shown that the tangent of the glide angle Yy is equal

1/L/D , where L/D is the overall lift/drag ratio; a familiar relationship for

to
Theretore in still air the glide angle, and

aerodynamic efficiency in gliding flight.
hence the glide distance for & given height loss, is a function only of the lift drag

ratio.

NN LB 3 R K A

From combination of the two force equations it can be shown that

v {2 gy
P s CL

and hence velocity down the flight path is dependent on wing loading W/s and air i

density.

Ehe system is arranged to f£ly at the angle of incidence corresponding to optimum
L/D by rigging the canopy, that is by positioning the store and hence the centre-of~-
gravity of the system, such that the equilibrium attitude is at the optimum angle of
incidence o . The parachute will be in stable equilibrium vhen the sum of the momants
acting on the system is zero and when, with the sign conventions adopted, the slope of
the pitching moment curve dCM/du is negative - that is when any small disturbance

L

results in a restoring couple.
]
In a typical system the rigging angle ¢ could be 2°, resulting in the system ‘
flying with a wing angle of incidence a o¢f around 8°, Rigging the canopy with ¢ too ]
high results in a lower trim angle of incidence and a fall-off in performance; sotting ;
¢ too low may lead to the trim angle boing beyond the stall and a considerable drop in

performance with severe control problems.

Any improvemant {n overall gliding performance is very dependent on reducing drag
and one of the recaunnndstioql made by RAE in Ref 13 is for the use of small diameter
Kevlar suspension 'ines, This not only reduces drag but the low extensidbility under
load improves rigging accuracy, If Kevlar lines are combined with bifurcation of lines
near the wing togethar with a reduction in current wing thickness chord ratios, estimates
indicate that improved L/D of about 3.3 should be possible, with aa aspect ratio 2.0

‘,_,,_,r..‘..,.x.-:v.i - J.«A.v.-;_ SO

< wing.. .

. Increase of aspect ratio, which theoretically should improve L/D and hence glide L
angis; has so fzr proved disappointing in practice, for as the span increases so do the
‘required rumber of suspansion lines and hance liue drag; also due to the flexible nature
of the wing surfaca, coutrol reversal and 'end cell collapse’ problems can be accancuated.
Reaaarch in this area is however continuing, #3 the potential ‘improvemsnts in glide

TR A R

pceformance are considerable.
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Typical horizontal velocities achieved with man carrying ram air parachutes in

gliding flight are around 12 m/s and hence wind effects on gliding distances achieved can

be large.
Using the relationships derived earlier, and noting that incremental displacements

in the x and 2z directions, dx and dz , in time dt may be wricten

dx = (u+ uw)dt and dz = wdt

(where v, is the horizontal wind veloci:j and u eV cosy and we= Vsiny) flight
trajectories may be calculated, Fig !!, extracted from Ref 13, illustrates the effect of
10 m/s head and tail winds om the flight trajectories of four systems; a current man
carrying ram air parachute system, the same system with reduced wing loading

(ms = 100 kg), with a 102 reduction in drag coefficient, and the current system with half
brakes applied (by pulling dowr evanly on the control lines). In each case flight
commences at 8000 metres altitude., The large effect of wind on performance is apparent

and it is clear that large glide distances can oaly be obtained with man carrying ram
An jmpravement in aerodynamic efficiency is

air parachutes when there is a tail wind,
Iv is also obviously hetter to fly at

shown to improve perfurmance under all conditions.
balf brakes in a following vind for maximum glide distance and to resume the zero brake
configuration for vind peneiration.

Work at RAE b .. 4" :% included a theoraiical investigstion of pitch stability of ram

air parachutes, basud on a two=dimensional vodel, Ref 1) shows that trailing-edge

deflection is an effective msans of changing glide angle and that stall recovery can be

effacted by returning to zero deflection, It is also shown that the flare manceuvre, if

corvectly executed, {s particularly effective in achieving low vertical and horiztonal
velocities at touchdown and that pitching oscillatiocns ars danpaed.

8  COMCLUSIONS

Many nev applications of the parachute have been developed in recent yesrs, for
example, in addition to unconventionsl dasigns for smergency escaps parachutes, vary
sophisticated parachute systems have been used for recovery of space capsulas apd reo air
gliding parachuces for dalivery of pavatroops.

Considaradle advances have bean made in supporting parachute technology, in the
Unieed Kingdom important advances have been mads in the prediction of parachute iafla-
tion loads and mechods of conrrolling {nflstion, in formulating design rules for ram air
gliding parschutes, and in the use of nav materisls in pirschute construction. Parachute
test techniques continud co improve and sir launched parachute test vehicles, such as
those developed at the RAE, hLave nov becoms a scphisticated and reliadle tathod of
obtaining full scale psrformance data. _

Steady progvess is being sads in the fiald of parachute scadility analysis and in
particular nev techniques of messuring parachute spparent wmass characteristics have besn
davised by the University of Laicestes. Our knowledge of canopy stress dnalysis has

growa only modastly and further vork i requived in this field, The potsntisl of the ram
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air gliding parachute is such that further research work in this area promises to lead to

significant performance improvemerts in the future.
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