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ABSTRACT

The possibility of an experimental approach based on dimensional
enalysis is considered. Dimensicnal analysis of the filling of a
perachute tied to a fiwed support is given. The physical variables
of the problem are discusced, and an attempt {s mads. to retain for
subsequent analysis all those variables for wbich the a priori
assumption of megligibility is not warranted. The variables are
reduced to dimensicnless form, i-mma to tebles of model rules which
must be obeyed for various purposes. The posaibility of a rigorous
experimental prosedure and, especially, of separating the effects of
the mnlmhrsudismudmught-ofthaﬁodolrms.
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I, INTRODUCTION

The subjeot of this thesis arose in eommection with the study
of the filling vrocess of parachute canoples conducted at thé
GAICIT 10-ft. Wind Tumnel (Ref. 1)s

The filling of a parachute canopy is one of & mumber of phenomena
ocourring during the descent of & pareghutey the canopy ls first extende
ed fran the pack wntil the shroudlines become taut, then it becames
infleted and, finally, tho perachute decelerates to its limiting velce=
ity and descends, usually in an oselllatory mlhim, While the descent
of an elready inflated parachute is reasoncbly trectable, the canopy
£illing process presents o challenge. The hope of elucidating this
problen on o retiennl basis must be eguivelent to the hope tlet some
partionlarly simple type of flow ccours dwring the inflation and thnt
not all of the large mumber of veriables imvolved Iring their effect to
bear. There exist sone indications that this might, in fact, be the
cago. For ingtance, there are indications that the filling process
night be governed by e flow resembling the familiar !xdraulie Juap, in
which the upstreem flow is "uneware" of the inflated portion of the
canopy demstrenn -- the two regions being separated by & more or less
digorete dissipation region which progresses toward the skirt,

Tnfortunately, the experimental information which is aveilable
does not seem sufficlently signifieant or extensive %o form a convine-
ing basis for hypotheses of this kind. It is especially true thet
the knowledge of the role played by the design poremeters is to a
large exbent based on opinion. It is therefore felt, timt while
experiments of o heuristic neture (such as meking the flow field
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during the inflation visible) would be useful in suggesting ideess,
whet is needed to evaluate such idets is & more definite empirical
ploture of the affects of the variables imvolved,

The dimensional analysis given here is intended morely to show
what the variables of tho problem are, and to give the model rules
which would be necesgary for rigorous experimentation.

2ince our interest lies in the fundamentel mechanics of canony
inflation, the case of & parachute tied to & fixed support is taken,
Consequently, Proude number#* is always zero and will net appoar

axplicitly. After the effects of tho basic veriadles are understoods
it wA1l be possible £0 extend the disoussiom to the soscalled "free
£light" ecases in whish the Froude number is greater than gero. It
should be noted that Froude number has a very definite effect, lead-
ing eventually to the inversion of the canomy for sufficiently high
valuet. ' |

* Proude number is the ratic of inertia tolmyfm. In the
resent application it is the ratio of to the welght
of the load oarried by the parachute.
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11, THC PHYSICAL VARIABLFS

The Fundamental assumpbion of dimensionnl amlysis 1s that a
given set o p&fsical variablos determines the moblom campletely.
This inplies thet:

&) there is no guamnt:ee that the list of varisbles is
cemplete, and

b) that the entire configuration, geomotrie, elastic, and
inertinl, is given by & finite mmber of characteristic values wnder
the condition of similerity. Comparison of models of dissimilar
design, on e dimensional breis, isg therefore impossible.

The acerodymemic variablos will bo %aken as v, P, K , ond QA .

The twrbulence level of the wind tunnel will not be considered.

The offect of gravily in the case of a fixed support would be
noticed only at very low dmamic pressures, eénd could be lmmediately
detected as the sagging of the oanopy. This isg alseo mmitted.

The desiym perameters whioh will be considered here are those

which specify the geometric confipuration of the parachute, its mass
distribution, and its elastic properties.
To specify the geometric configwation, we will use two chersotore

istie lengths, the over-all dismeter and & characteristic dinensiom
of the febric thread. The thread dimension is intreduced to make 2
distinotion between the over-all Reynolds number, and the Reynolds
nunber besed an the thread dimension whioch pgoverns the seepage through
the canopy end may well be in the laminar regime (Fig. 1).

It would be very desiradle also to comsider porosity, but,
unfortmately, o change in porosity in gemeral requires an essential
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ehange in the fabric goonetry. Comu'i&ly, experiments show thet
different fabries of the same porosity are not equivalent (Pig. 2).

The experimenter would Mmve to a.socﬁam whether the two
charactoristic lengthe do in faet detarmine the gemetrie configure-
tin. It hap been noticed, for instance, that the cloth porosity
chenges after a mmber of openings. It is also impossible %o repro=
swe the Toldy snd wrinkles of the canopy each time the parachute is
released, which couses an experimentel scatber. The results should
therefore be interpreted statistically. Fig. 3 shows the nature of
thig scatter: the release ocours et different points of nearly the
sane opening ocurve, giving good sgreement In the neighborhood of the
foreo pealms, but showing that the opeing time is sensitive to the
initiel entrance area at ingtant of release.

The speoification of the elastlc propertics of the parachute is

so canplicated that, at least, sce departures from rigor will be
unavoidables Properly, considering the fabrie to be a plastic,
enlsotropie medium, it womld be necessary to specify twenty-one

elastio parameters, and, in addition to the similerity of distributien,
require that the stress-strain diagrems remain sinilar. Let us
tentatively take the other extreme by assuming that the spring constant
of the siroudiines end the flaxural rigidity of the eanopy are the
anly important factora. Vhether this essumption is actually justified

can be decided only on the basis of consistency of the experimental
data derived from it., However, it should be mentioned that rigidity,
which varies inversely as the fourth power of the diemeter, is espe~
elally importent in smell models. It mey also be important in full
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soale parachmtes, in the neighborhood of the vent=,

To eomplete tho list of phyriocal variables, we specify the

digtribution of mees in the parachuts by the masg of the cunopy.

fhus, it ic cgoumed that the flow is completely described byt

velocity

density

ehsolute viseogity
epeed of aound

and the parschute by:

design infleted diamober

tireed dimenclion or ribbon width
spring constant of the ghroudlines
chovactaristic canopy rigidity
rmega of the canopy

&

uife=e

(2)

* This informetion is due o Mr. Dichinger.
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111, THE DIMTNSIONIFSS PARAUBTERS

To the nine physieal veriables, there corresponds ¢ et of six
dimensionless paromebers, which may be chosen in an infinibte number
of ways., Since the choices are nll dimensionally equivalent, the

choice made here is besed on physiecal significénces

Reynolds nunber R. =

Reynolds nmumber of the fauric % -

B3l el s o

Hach mmber X =
Shroudline elasticity .- (2)
Canopy rigidity Ve EI
| vt
Coanopy - inertia number® L T 1
o>
These are the independent paramgberg which, it is assumed, deternine

the performance of the paraciute. We cen now introduce, in dinensione
leas form, any of the perf{ormance vaeriables which may be of
interest. PFor instance,

Dimensionless time 7 AR T
e D 3
{8)
Dimensionless Loree P = 7 v? 5 x -
il

* The canopy inertia number is proportional to the ratio of the
of the eanopy ¢o the "apperent additional mess” of the parachute. .
It also determines the retlo of the inertia force in o cenogy
element to that in & £luid elements
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Thus, the expressions for the total filling time, T, end the maximum

foree, F . . 8ro of the forms

¥

™
..i"i‘i. = £.(R, R., M, 0., 0, I) )
T = Tl e Me a0 -
25

Also, if we are interested in squidding, we have:

830 By_» g @ s % 1 Ig) = 0 " ()
where the subsoript ( ) -~ denotes eritiocal wvalues.
It should be noted thet, if it is mesumed thet the paremeters
heve no of fest, then the expressioms for the performance variables (2)
bectme determined up %o & constent of proportionality, For instance,
the opening time ond shook besome™: |

T = -%» x conslant ‘(7)
Fox %pvznz’ x constant (8)

In general, the approximetion given by mﬁruoim of the type
of (7)end (8) must, for our purposes, be considered inadequate since

¢« An expression of this type, for the breathing freguency of a flet
eireular parasimte, © DA = constant, was found %o be cccurate o
within 14, however the anmplitudes of the modes excited were camplotely
altered by the paremeters.
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1V, MODEL RULES

Pigs. 2 end 5 show typical variation of force~time diagrems
for two different kinds of perachute. These curves are bhased om
simple experiments where all the paremeters, except the inertia
number, are varied at the same time over a limited range.

This type of data ls chertoteristio of the experimental infore
mation available at the present time. Both for accurate extrapolaw
tion of messurements oconducted om modela to fullwsige paraclmte,
and for the rational analysis of the £illing process, it is necessary
%o understand the effeoct of each of the paremeters, separately. In
‘the author's opinion it is perticularly importent to esteblish the
affeet of the inertia number, since an opening governed Ly canopy
inertia farces would be eharecteristieally different from cne in
which the mase of the canopy Mhas no effect. In the former cese the
rate of opening would be determined by the dymanmic pressure and the
inertie of the canopy, while in the latbter case Yy the volume=inflow
of air. It is the latter, flowedetermined ocmse which has been assumed
by O'Hare® and hy W. Mollew*® in the retiomal analyses which they
respectively suggested.

Teble I, on the following puge, gives the model rules which
mst be observed 1f we wish %o vary only one puremeter at a time.
This table was oconstructed on the agsumption that the Bbqeluta
viscosily of the fluid and the speed of sound will not be varied.
The free p!vaiﬁal varishles are encircled, and the others must be
chenged in the ratios piven. A study of Teble I will reveal the

® Ref. 2.
¢« Ref. 3.
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oxperimentel 4ifficulties imvolved in keeping the five parameters
congtant at‘tho same time.

Parameter

to be In order to

varied p v P -8 k {BI) geot a variatien
Ry -%— cm;at. @ @ p? mt‘. D’ -'g- # mt..
R e osmet. Q@ B 4 s

2

M -%.5' ® @ D -%—- v VD3 v # const
- I —%’- ‘oonat'. @ D ' aomt‘. p? -gg # oonat'.
eg -%- 6009'!;‘. D) D D?‘ . @ D3 k # oonat‘.
8, -%-— const. @ D Dz econst. "ﬁl ¥ ponst

TABIE I
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Considereble simplifiecation of the model rulee cen be introduced

by holding & emaller number of ;nmmetm congtent. For instance, if

wo negleot iach number & priorl, the following model rules applyt

Parameter

et SR PRI - S g
Re ~ OIOIO) -33— v w - # const.
I R CIOIONE = I SR P,
I + @@® » @ v w -ﬁ-;&ammt.
« HOO>» F ® W &t
« HOO» F v @ 5o

TABLE II

¥aoh Number Negleoted

Fupther simplificetion mey be introduced if & mmber of pereneters

is varied simulteneocusly.

Such experiment, however, could only serve

to put en upper linit on their cumletive effect. An exanple of

partioularly simple experiment which calls only for model of different

dismeter ia given below:



Parameter
to be
varied P v D d m k (E1)
Rand I const. oconst. @ gonst. D D" R >

TABLE III
Conbined Effect of R and 1
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Vo PRACTICAL SIGNIFICANCE OF THE LODEL RULFS

T4 ie not inbended o give here & rigid outline of an experie

mm*ba;l programe A study of the model rules, in p&rt;icula; of
Tadle I, will show tat complicacy of .i:he gituation requires that
eonsiderable emount of thought be given to the individunl experie
ments. It becanes necessary to consider the use of all poeaihlo
experimentsl facilitios, including

1) variedle density wind tumel

2) medium other than air

&) models of different sizes.
Particuler difficulties are comocted with the bullding of procision

parachute models. For oxample, true geometric scaling of the fabric,

in three dimengiona, would require the scaling of each component
fiber of which the threads are cuaposed, since otherwise the visgous
and elastic properties, and the mass distribution of the parachute
are disturbed. This is, of course, not feasible, For ascurate work,
therefore, it would be advisable %0 keep as far eway from chenging
the sccle s possible at first, and to turn to it gradunlly, as variocus
judiecious vioclations of the similerily rule besome justified in light
of more exact experiments. Such eautious viclations of the similarity
rule, seen to ofTer the casiest way out of the experimentel diffiocule
tiess As an illustration weo might mention

1, use of shroudlines of different material, digregarding

the change of mage distribution and rigidity which is involved.

2) upe of a light spring sugpensian between the parachute
and its suppori, which chenges the distribution of the elastie
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propertles, in addition to the overall spring consbant,

$) menipulation of the canopy reinforcements sé‘ aa_to obbain

the required rigidity. This presupposes that the rigldity of the

perachute is primerily due to tho reinforgements, which mey well be
found justifiable 1f the moddls are not too smell. However, changes
of mass digtribution of the canopy are involved.

I% appears, therefore, that the initial experimemtetion should
be conducted with the explicit purpose of showing how pood the models
actually are, and conversely, how much tempering with the inertia
number and other perameters ofn be ollowed for any required degree
of aceurecy. The experiments which serve this purpose are those which
put an upper limit om the combined effect of seversl rerameters. To
see what the possibilities ore, we might consider the following pro-
ocedure:

1. Putting an uppor limit on the combined offect of rigidity and
inertls to see, conservatively, how rmch tampering with the mass of

the canopy ¢t he tolerated.

‘Bxp. lo Apnlyeis of reprodueibility of rosults, consisting of the
gtudy of porosity changee &and wind tummel dust collection

after a large nmumber of opeonings, a statistical anslyeis
of fha scatter, and so on, with the purpose of esgtablishing
definitely the mlldi;by of the results, and inmoroving the
agcurasy to the point where smell variations in trend oan
bo digtinguished from the seatter.

Pxpe 1b Combined effect af conopy rigidiiy and inertia, over o
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wide range. Yso single meodel, variable density tumel, and
congtant Remolds numbers Speed should be low enough bo
neglect gravily (camopy must not sag). Tlot performance vs
rigiaity (const. V) and inertia (camet. x V).

Expe 1l¢ Efleot of slbterins the masc distridbution, smell range. Use

single model, constent denslty, and constant epeed. Small
weights are attached on the ingide xof the conopy along the
reinfercing tapes in suoh a mamer thet rigidity 1s not

affested. The weights must be very sall go that no local

ceometric changes result.

2. Improvisiag rigidity by neans of re-enforcoments, to put an upper
linmit on the effects of rigldity and its distribution in verious vital
spots of the purachutes 2 series of such experiments may shew that
canopy rigidity is wnimportent for certain Mﬂa over & working

range of acrodynemic variables.

8¢ If rigidity end Mech number can be neglected, the extet determinee
tion of the effects of the remining variables becomes possible, Effects
of inertia are debernined by repeating Exp. 1b, and the two Reynolds
number effects are messured by using parachutes of the same febrie but
different diameters. The following model rules apply:



Paramoter
to be In order to
varied fo v D d n k got & variation

e ‘ 22 |

R, 5 oonst. . D # oonst.

4 :

R —ﬁ; _g_B_ const -ﬁ- D # const.
B | e 7 '
I @ ) ecnst. oonst. const. o P # const. .

L constant @ k # const.

TABLE IV
Mach Humber end Rigldity Hegleoted
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