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Introduction

OR decades parachute designers have used inflation scaling

laws relating inflation time and opening shock to many deploy-
ment conditions and construction characteristics! ™ Most of these
laws, however, are relevantonly to the basic circular parachute, with
or without geometric porosity, and without opening shock control
devices. In this Note new inflation scaling laws on the effects of
altitude and payload weight on the more modern ram-air parachute
wings (or parafoils) are formulated and discussed. This analysis is
a sequel to the numerical and experimental studies by Potvin'® and
by Potvinetal.!' on the inflation of parafoils outfitted with an open-
ing shock control device called the slider. These authors have also
discussed the inflation scaling properties of ram-air parachutes but
only with regard to changes of the canopy spreading rate constant
and overall size.

Ram-Air Parachute Inflation and Ideal
Parachute Model Scaling

Most modern parachutesuse opening shock control devices in or-
der to widen their deployment envelope. Ram-air parachutes are no
exception, given their potential to open very quickly and hard if the
spreading rate of the canopy is not slowed down. One such opening
shock control device is the slider, which is used on a wide variety of
parafoils"!! as well as on a few conventionalround parachutes.>~14
By design, slider-reefedparachutesdeploy and inflate in four stages:
1) suspension line deployment and line stretch, 2) extraction of the
parachute out of the bag, 3) early pressurization/partial inflation,
and 4) full canopy spreading/slider descent.

The scaling laws discussed next are based on the Ideal Parachute
Model (IPM), which is designed for the simulation of slider-reefed
ram-air parachutesinflating along a purely vertical trajectory.!” The
IPM is a non-Computational-fliid-dynamics approach to the study
of inflation, being based on the simultaneous solution of the equa-
tion of motions of the payload and of the slider. The study by Potvin
et al."' discusses its validation with data collected on dozens of
manned, instrumented jumps. Comparison between model and ex-
perimental data for canopies of up to 200 ft> surface area has shown
good agreement. Because the IPM describes only the full canopy
spreading stage, maximum opening forces are accurately calculated
only for those canopies that experience opening shock during that
stage.

The scaling laws formulated in Refs. 10 and 11 were obtained
from IPM simulations corresponding to thousands of different
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parachutecomponentsizes, deploymentspeeds, and deploymental-
titudes. The most interesting features of these runs were the scaling
of the payload maximum deceleration a,,x and time of maximum
deceleration t,,,,, which turn out to depend on only one dimension-
less ratio'®!:

Anax /8 = 0.36OR2'332 tnax8/ Vo = 1.532R;0'354 (1)
Here R, =pK V$/2Wg?* and parameters Vo, W, g, and p corre-
spond to the payload’s descent rate at the onset of full canopy
spreading, the combined weight of the parachute and payload, the
constant of gravity and the air density at deployment/nflation al-
titude, respectively. The dimensionless constant K describes the
opening rate of the instant canopy drag area Cp(¢)S(f) and is de-
fined by'® d*[Cp (¢)S(t)]/dt> = K V(1) Itis sufficient to know that
K is proportional to a combination of air density, parachute’s av-
erage drag coefficient C{*" over entire inflation sequence, slider
mass mgiger, suspensionline length Lgygpjine, Wing chord Lpora, and
span L, (when fully inflated), namely K o< [C}*" pLchora Lpan
Cp(0)S(0)]/2mgjiger Louspiine)- Not shown is the dependence of K
on the difference of surface-area ratios between slider and main
canopy, which has no bearing to the discussion at hand.!>!"! The
scaling laws discussed next and in Ref. 11 are based on the scaling
properties of ratio R,, which happens to be expressible in terms of
the more familiar Froude and mass ratio numbers as discussed next.

Because a parachutebegins deceleratingthe payload as soon as it
is deployed, the value of the descentspeed at the onset of the canopy
spreadingstage Vj is rarely equal to the speed at time of deployment.
An estimate for Vj is obtained by directly integrating the equation
of motion for the case of a payload falling under a partly opened
parachute of constant drag area Xq=Cp(0)S(0) from an initial
speed of Vi, which is the payload’s terminal freefall speed prior
to parachute deployment. The resulting formula thus expresses V,
in terms of the parachute-load system descent rate at the onset of
deployment(i.e., Vi), and of the duration of the early pressurization
stage fop, (Ref. 11):

1+ Ae~Vre/D
2

Vo = V| —m———
0 7(_1+Ae_vT,ep/D

wherem =W/g,D=m/(pXo), A= (—Vi+ Vr)/(—Vir— Vr)and
V2=2 W/(pZy); moreover, V; <0, Vi >0, and V; > 0. Here V;
would correspond to the terminal fall speed of the payload when
suspended under a partly opened canopy of fixed drag area X.
Such drag area turns out to be that of the parachute during the early
pressurizationstage.

New Scaling Laws
Altitude Scaling

Knacke' points out the surprise caused by round parachute test
dropscarriedout yearsago ataltitudesrangingbetween 2000 ft mean
sea level (msl) and 40,000 ft msl in launch conditions character-
ized by a near-constantdynamic pressure ¢ = %sz. On one hand,
parachutescarrying very heavy payloadsexhibitedalmostno change
in opening shock, as the dynamic pressures at the various inflation
stages remained similar those experienced at low altitude. Against
all expectations,on the other hand, the opening shock of parachutes
carrying light payloads was found to dramatically increase with
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altitude, in some cases by as much as 400% at 40,000 ft. Not much
has been done theoretically to understand this phenomenon. Some
measure of explanation can be obtained for the first time from the
derivation of altitude scaling as prescribed by the IPM.

Scaling with respect to a change of air density can be ex-
pressed in terms of the factor I', a ratio of air densities at high
and low altitudes (I" = p"igh / pl°%) while keeping fixed all construc-
tion lengths, weight, and other parameters. The following equa-
tions, a summary of the air density scaling laws, show the ensuing
r dependﬁnhce for the variablehsi Esed in Egs. (1) and (2): Khigh —
FKIOW’ V7_g — F—;{Zhv;_ow’ fog — F—l/2vflfow’ Ahlgh — FOAIOW’
Dheh = T=Iplow 8 =12l For '« 1 and small f,

. . P A
high —1/2y/1 high _ —1/27/1 high /|, —1/3
VO ~ - foow’ VT =1V VTOW (Amax /alﬁf&) ~(T / )

(_Vflfow/VOIOW)Z.OO and (tll:f: tl:):;'() ~ (F_0'146) (_Vflfow/VOIOW)—l.IM.
These equations give the resulting scaling laws for d,x and #,, in
the limit I' < 1 and for small 7, i.e., f, <2 s, a realistic range.
A more accurate calculation can be performed at arbitrary £, and
I, using a spreadsheet program together with the previous scal-
ing identities. Not obvious is the scaling of the time of the early
pressurization stage f,, which, according to the wind-tunnel study
of Montanez et al.,'” is calculated in terms of Vj;, the parachute
wing chord, and the cell leading-edge inlet size through the equa-
tion Zep = (Lenora/ Vir) (L cetiwiath Leettneight)*> /8, where 8 is a factor
depending mostly on cell inlet design. This result implies the fol-
lowing relationship: " = T''/? 0%

The value of a,,,, increases with altitude as I' decreases, being
proportional to I'"'/3, and is modulated by the design and drop-
specific ratio (Viz/ ;)" measured at low altitude. On the other
hand, the value of #,,,, increases or decreases depending on the rel-
ative values of " and (Vir/ V)" Typically, small parachutes car-
rying a heavy payload will be characterized by the least air density
dependence, given the payload’s high inertia causing almost no ini-
tial deceleration and leading to Vi, = Vi. On the other hand, lightly
loaded parachutes will feature the largest changes as Vi > Vy. The
altitude dependence of a specific canopy design can thus be manip-
ulated by tuning the magnitude of V, through the duration of the
early pressurizationstage ., [see Eq. (2)]. Canopies with very short
early pressurization duration would tend to open hard and be in-
sensitive to altitude effects (because V,, = Vj;). This would contrast
with designs featuring a long early pressurization(where Vi > V),
which would open softly at low altitudes but open very hard at
high altitudes. For example, using specific design parameters rele-
vant to sport ram-air parachutes would involve values of the order
of W~2101b, 2o~ 10 {t*, Zpna ~ 150fC, £, ~ 1 s, v ~ 176 ft/s,
Vi =135 ft/s, Vy = —158 ft/s, thus yieldin%_at 40,000 ft an increase
in maximum deceleration of the order of aps, /al" ~ 2.0. This es-
timate is of the same order of magnitude as the existing data on
the inflation of round personnel parachutes at high altitudes, but is
somewhat smaller given that parafoils use inflation control hard-

ware and old round parachutes do not.! In this example the time

of maximum deceleration would increase, but only slightly so that
1ol /1low ~ 1,09,

The increase of parachute opening force with altitude can be
understood by the fact that at low air densities opening speeds are
greater but in a proportion that leads to a greater dynamic pressure.
This can be seen by estimating the dynamic pressure at the onset of
slider descent using the data of the air density scaling laws. Here
one would have ,ohigh(VOh‘gh)2 = Pow (V)2 > piow (V4™)? because
the ratio Vi/Vj is always greater than unity at any altitudes. In the
caseof theheavily loaded parachute,one would have V, & Vi, which

only leads to a small change of dynamic pressure.

Weight Scaling

The scaling properties of opening shock with respectto weight is
another design law important to parachute developers, particularly
in the skydiving industry where parachute size and jumper weight
are scaled up or down from a well-tested prototype. Here a weight
change factor y is defined via Wyeavy = y Wigni, while keeping fixed
all construction lengths and deployment altitude. It is understood
that the parachute’s weight is negligible compared to that of the
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payload in order to be consistent with the constraint of fixed con-
struction dimensions.
Weight scaling of each of the var%ables used inl_ths. (1h) and (2) is
i eav ight eav
shown here: K heavy — ]/Othhl, VT y J/1/2V7_g , \% Yy J/1/2

Vflfighl, Aheavy — J/OAligm’ Dheavy — Dlighl, t:peaV)’ — —I/ZtEIif,hl.
h light h
For y — oo and small ¢, W~ —p PV E (ama” ]

Qi) A 2 (VI Py gl iy R )
(= V" V) =1124 Again, the duration of the early pressuriza-
tion stage is assumed to go as fep, ¢ Lcnora/vsr, therefore implying
t:;,gh =y~"2 15V Asin the case of altitude scaling, the exact change
of an,x and t,,, can be computed using a spreadsheet program to-
gether with Egs. (1) and (2) and the weight scaling laws just shown.
In the regimes of large weightincreases and small 7, the maximum
decelerationincreases with %3, while the time of maximum decel-
eration decreases or increases depending on the value of the ratio
Vie/ Vo.

As with air density scaling, the design- and drop-specific ratio
Vir/ Vo may be the crucial factor for determining weight scaling for
parachute designs characterizedby Vi > Vj, such as with canopies
with long early pressurization times. For example, using the sky-
diving parachute design parameters already listed one arrives at an
estimated aney? /ay=" ~1.97 when the suspended weight is dou-
bled. On the other hand, the time of maximum deceleration would

h light
decrease as fmay  /tmax ~ 0.77.

Concluding Remarks

The altitude- and weight-scaling properties of ram-air parachutes
show trends that are very similar to those of round parachutes.
This can be seen by rewriting Egs. (1) in terms of the well-
known Froude number (F, ~ V2/gS'/?) and mass-ratio number
(M, ~m/pS*?), given that R,/K = [F,(Vy)]}/2M, . However, to
be consistent with the analyses of Refs. 2, 3, 4 and 6, one needs to
relate the value of the Froude number, here calculated at the mo-
ment of full canopy spreading, to its value at line stretch, namely
F, (Vo) = (Vy/ Vir)*F, (Vir). Rewriting Eqgs. (1) in these terms shows
that highly loaded canopies characterized by V, ~ V;; feature open-
ing shocks that are directly proportional to the Froude number at
line stretch, in similarity with round-type parachutes?~* Because
V2 o W, these loaded canopies will show a moderate dependence
on the mass ratio, namely F o« W33 o M"?, again in a manner
consistent with round parachutes®
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Aeroservoelastic Design Optimization
with Experimental Verification
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Introduction

N optimal design of structures subject to fluid-dynamic forces,

the most common objective is to minimize the structural weight
subject to constraints on structural stability. A recent example in
aircraft structures is Eastep et al.! As stressed by Kuttenkeuler and
Ringertz? the use of optimal design methods tends to increase the
likelihood of obtaining structures that are extremely sensitive to
imperfections. As a consequence, possible interactions with for ex-
ample a control system can have severe effects on the structural
performance if not accounted for in the structural design optimiza-
tion.

In aeroservoelasticity,significant efforts have been devoted to the
use of active control systems to stabilize flexible aircraft structures.
In particular, wing flutter suppression using aerodynamic control
surfaces has been successfully demonstrated in wind-tunnel experi-
ments, see, for example, Ghiringhelli et al.> However, in most such
active control design the objective is to improve the performance of
a structure designed without consideration of the control system.

A previous study* focusing on structures with internal pipe flow
has indicated that significant improvements are possible in terms of
reduced structural weight and control system performance by inte-
grating the design of the control system in a structural design opti-
mization. An integrated design optimization was performed, where
the structural weight was minimized using both structural dimen-
sionsand control system parametersas design variables.In this Note
the same approach is applied to the system of a cantilever flexible
wing subject to unsteady aerodynamic loads.

Experimental Setup

A schematic layout of the wind-tunnel experimental setup is
shown in Fig. 1. A rectangular flexible wing with semispan 1.2 m
and aspect ratio 10 was mounted vertically in a low-speed wind
tunnel at Kungliga Tekniska Hogskolan. An electric servo was used
for digital control of an aileron having approximately one-fourth
the dimensions of the wing. To reduce the finite-span effects not
accounted for in the numerical model (see “Aeroservoelastic Anal-
ysis”), the wing was equipped with vertical winglets as shown in
Fig. 1. A detailed descriptionof the wing geometry, structural prop-
erties, actuator performance, and the digital control system can be
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Fig. 1 Schematic layout of the wind-tunnel experiment.

foundin Borglund and Kuttenkeuler? The environmental conditions
were room temperature and atmospheric pressure in all wind-tunnel
tests. Hence, standard atmospheric conditions is used in the subse-
quent analysis of the wing.

The elastic deformation of the wing was monitored by a non-
contact optical measurement system, capable of real-time three-
dimensional tracking of reflecting markers attached to the wing.
The optical system is based on four charge-coupleddevice cameras
mounted in the wind-tunnel walls (see Fig. 1). Sufficient observabil-
ity of the dominant aeroelastic modeshapes was achievedby placing
two markers (y; and y,) at midwing leading- and trailing-edge po-
sitions and another pair (y; and y;) closer to the wing tip. Thus, the
output to be used for feedback control of the wing is the four wing
displacements y,-y,, measured by the optical system. For more de-
tails on the optical system, the reader is referred to Kuttenkeuler?

Aeroservoelastic Analysis
Using beam theory for the structural dynamics, strip theory for
the unsteady aerodynamic loads, and discretizingusing beam finite
elements;’ the equations of motion for small elastic deformations
of the wing can be written in the form

w=Q(k,u)yw+qs 1)
y=Cw )

where the dot denotes differentiation with respect to time 7. The
state vector w(t) is composed of aeroelastic states, actuator states,
and states corresponding to approximations of time delays in the
digital control system. The system matrix Q(k, u) is complex non-
symmetric and depends on the airspeed u and the reduced fre-
quency k =wb/u, where w is the frequency of vibration and b
the wing semichord. The setpoint for the aileron deflection is de-
noted §(¢), which enters the state equation through the input vec-
tor ¢. The measured wing displacementsy(z) =[y; y, y3 y4]! are
extracted from the aeroelastic states by the output matrix C.
A simple output feedback controlleris defined by

§=k"(uy 3

where k(u) is a vector of four feedback gains, which are allowed
to depend on the airspeed. Inserting Egs. (3) and (2) into (1) and
transforming to the frequency domain using w(t) =we”’ gives the
nonlinear eigenvalue problem

{Ip — @/w)Q(k, u) + gk” ()CT}w = 0 @

where the reduced closed-looppole (eigenvalue) p = pb/u has been
introduced for convenience. The nonlinearity is caused by the de-
pendenceon thereducedfrequencyof oscillationk = wb /u, which is
the imaginary part of p. For a given airspeed u and control law k()
the eigenvalue problem (4) is solved iteratively using the so-called



