JOURNAL OF AIRCRAFT
Vol. 38, No. 5, September-October 2001

Modeling the Inflation of Ram-Air
Parachutes Reefed with Sliders

J. Potvin,* G. Peek,’ and B. Brocato*
Parks College Parachute Research Group, Saint Louis University, St. Louis, Missouri 63103

Sliders are aerodynamic devices designed to reduce parachute opening shock by delaying the canopy spreading
stage during inflation. Sliders are used on almost all ram-air parachutes of 1000-ft> surface area or less and can be
found on an increasing number of round and other cup-shaped canopies. The continued refinement and validation
of an inflation model of slider-reefed ram-air parachutes proposed a few years ago by Potvin (The Aeronautical
Journal, Vol. 101, No. 1007, 1997, pp. 299-313) are reported on. Model validation is accomplished by comparing
its predictions with data recently collected from a large number of parachute jumps. The comparison shows good
agreement between theory and experiment. Additionally, a series of new scaling laws correlating opening shock
and inflation time with descent speed, parachute size, deployment altitude, etc., are derived and discussed.

Nomenclature

A = constantdefined in Eq. (8)
A max = maximum parachute deceleration
Agiger(t) = slider deceleration
a(t) = payload deceleration
Cp(t) = instantparachute drag coefficient
(Cp) = average parachute drag coefficient,

[Cp(0) +Cp(14)]/2
D = constantdefined in Eq. (8)
Fhicion = friction between the slider and suspension lines
F; = empirical dimensionless factor
g = constantof gravity
K parachute spreading rate constant, defined

in Egs. (6) and (7)
L hora = fully inflated ram-air parachute chord
Liine = suspension line length
Lpan = fully inflated ram-air parachute span
L pick = ram-air parachute cell thickness or height
Mlider slider mass
Myogal = total mass, including parachute and payload
S, = final inflated parachute surface area
So = parachute surface area just before slider descent

fep duration of early pressurization

ty = duration of slider descent stage

tmax = time of maximum deceleration (relative to the
beginning of slider descent)

Vo = dimensionless speed, v/vg

V,V,V first, second, and third derivatives of the
dimensionless speed with respect to
dimensionless time t

vfF = payload descent speed before parachute
deployment (>0)

vr = terminal descent of the parachute-payload system
under a drag area 3, (>0)

v(t) payload descent speed (<0)

Vo = payload descent speed before slider descent (<0)

Wiotal = total weight, including parachute and payload

X = slider position relative along the suspension lines,

see Fig. 3
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Y = amount of unfolded canopy span, see Fig. 3

AT = tension line differential above and below the slider
) = dimensionless drag area, Egz/va1

0 = air density

X = parachute drag area at the end of slider descent
Ylider = sliderdrag area

() = instant parachutedrag area, CpS

P = parachute drag area before slider descent

o = length scaling factor

T = dimensionlesstime, g /v

Introduction

SLIDER is a device designed to delay the spreading of a

parachuteduring the early stages of its inflation, thereby reduc-
ing the amount of opening shock. It is of rectangular shape when
used on ram-air parachutes (Figs. 1 and 2) and of circular shape
when used on round parachutes."? A typical slider is made of nylon
fabric and nylon webbing and is built to descend the suspension
lines freely (Fig. 3). When packed in the deployment bag, it will
be placed against the base of the canopy and will delay canopy
spreading by virtue of its own drag, which keeps it initially pushed
againstthe bottom of the canopy. The slidermoves down the suspen-
sion lines only during the final stage of the inflation process when
the parachute’s inflated volume is large enough to generate the line
tension differential that is necessary to push it down (Fig. 3). This
device also reduces the rate of canopy spreading itself by travel-
ing down the suspension lines at a relatively slow pace, again due
to its own built-in drag. Both effects lead to payload deceleration
and slower canopy opening rates, thus generating reduced opening
loads. Typically, a slider’s surface area is about 1% of that of the
fully opened canopy.

Sliders come in two basic versions: first as a sail configuration
in which most of its surface area is covered with fabric (Figs. 2
and 3) and second as a pilot-chute-controlled version, which has
no fabric cover but is linked via free bridle to the system’s ex-
traction chute in order to acquire drag. The main attractive fea-
tures of sliders are their simplicity of construction and low cost,
in contrast to reefing lines that require the use of expensive one-
use-only pyrotechnic cutters.? Sliders have proven to be the reef-
ing method of choice for countless applications involving ram-air
parachutesof surfaceareas of up to about 1000 ft>. On the otherhand,
the use of sliders with cupped- or hemispherical-type parachutes
such as round and cruciform parachutes has been a more recent
development.!

Computer simulation of the aerodynamics of parachute inflation
is a very complicated problem.* Unlike aircraft, which are rigid
structures deflecting air around them, parachutes not only deflect
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Fig. 1 Flying ram-air parachute with slider shown as the dark-colored
rectangle above the jumper’s head; parachute risers are shown below
the slider.

Fig. 2 Inflating ram-air canopy with slider, photographed on its way
down the suspension lines; slider is shown as the dark-colored square
in the foreground.

air but also adopt shapes dictated by the very airflow that they cre-
ate. In the case of inflation, parachutesalso involve highly turbulent
and unsteady flows. Despiteall of this complexity,computersimula-
tions of parachuteinflation can actually be done with a good degree
of accuracy provided that the various stages of inflation are properly
identified and that the physics most relevant to each stage is inte-
grated into the model. This not only reproduces the most important
peak loads sustained but also provides a good amount of predictive
power with little empirical input. Successful simulations of inflat-
ing round and other cup-shaped parachutes have been discussed in
the literature by Wolf,* McVey and Wolf,> Macha,® Purvis,"® and
Potvin.

These detailedmodels differ from another class of models, which,
although based on sound principles, involve an assumed explicit
time dependenceof the instant opened surface area and shape, or of
other variables determined by the explicit payload trajectory.!%1
In general, these generic models are simpler but do not distinguish
between the various inflation phases. Despite their lack of input
details, however, they provide good fits of experimental data but
will generally have a lack in predictive power given the explicit
need for specific time-dependentinformation.

The ideal parachute model (IPM) is detailed enough to be
only applicable to the inflation simulation of parachutes reefed

Yz

Fig. 3 Sail slider schematics (figure from Ref. 18).

with sliders.!”"!® The IPM represents a second attempt at modeling
slider-reefed, ram-air parachute opening after the pioneering work
of Lingard'*'® and has recently been applied to cupped parachutes
as well.?” The IPM is a noncomputational fluid dynamics approach
to the study of inflation, being based on the simultaneous solution
of the equation of motions of the payload and slider.

Various predictions of the IPM have already been compared with
experiments'® and have been found to be consistent with the latter
within fairly large error bars. The first goal of this paper (and of its
conference version’!) is to present our latest attempt at validating
the model using new and improved parachuteriserload datarecently
collected from over 60 test jumps on ram-air canopies of different
designs, sizes, and wing aileron trim settings. The second goal is
to present a new series of scaling laws that relate maximum decel-
eration and time of maximum acceleration to parachute and initial
trajectory parameters. [Note erratum of Ref. 18: Figure 4b should
be plotted vs — ba(fnaxg/vo) rather than bu(tn.g/vo) as claimed,;
also Eq. (17) is incorrect and should be R, =t;g/vy = 2g28/4
(WZ—/Z0)'*/v2K .] [Note erratum of Ref. 21: Equations (2.11)
and (4.4) are incorrect and should be replaced by Egs. (16) and (20)
of this paper, respectively; as a consequence, Tables 4.2 and 4.3
contain errors.]

Review of the IPM

Four Stages of Slider Reefing Inflation

Accurate inflation modeling demands that the physics involved
be as detailed as possible, which can be done by first distinguish-
ing the various deployment and inflation phases involving different
hardware, fabric components, and forces at play. Most slider-reefed
parachutes deploy and inflate in four stages, which are, in order of
occurrence, line stretch, bag strip, early pressurization, and slider
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descent (or canopy spreading). During line stretch, the suspension
lines are first deployed and stretched, whereas during bag strip the
parachuteis extracted out of the containerbag but remains in a limp
state. This last stage is followed by initial pressurization, which
marks the instant at which the parachute begins to pressurize and
inflate into a temporary shape. During early pressurization,the slider
remains pushed against the base of the canopy because of its own
drag. At this point the parachute-payload system begins decelerat-
ing substantially. The inflation process ends with the slider descend-
ing the suspension lines to allow full spreading of the canopy. This
is the stage that is described by the IPM. Maximum loading is ex-
pectedto occurduring the sliderdescentphase becausea parachute’s
surface area becomes the greatest during that stage. Indeed, this is
confirmed by our new database for parachutes of surface area of
200 ft? or less. However, the database also shows that larger ram-air
parachutes and most cupped parachutes instead exhibit maximum
loading during early pressurization.Clearly, a large enough amount
of exposed canopy coupled to a high payload descentrate can cause
the highest loading to occur before slider descent. For this reason,
the IPM allows for the calculation of opening shock only for the
smallest of canopies.

Assumptions and Evolution Equations

The IPM is formulated through the simultaneoususe of the equa-
tions of motion of both payload and slider. The model is also sup-
plemented by an extra equation based on the amount of unfolded
parachute surface area being directly correlated with the location
of the slider along the suspension lines (Fig. 3). The articulation of
these three ingredientsis specific enoughto yield differentevolution
equations for ram-air parachutes and cupped-type parachutes* In
what follows we refine and further justify the approximations that
were originally presentedin Ref. 18 to constructthe basic evolution
equations.

The IPM is based on a series of approximations, four of which
are as follows.

First, it is assumed that the payload’s descent is vertical dur-
ing deployment. Additionally, vertical descent is assumed to con-
tinue until the very end of inflation. This is borne out of a large
number of observations that show the extraction pilot chute always
trailing straight above the canopy rather than flying behind it as
it would be during the glide phase. [On sport canopies, the pi-
lot chute is connected to a long bridle anchored to the top of the
parachute (Fig. 1).]

The absence of lift is a second approximation and follows from
the first. Because the parachute does not fly during inflation, there
is no lift force. Also the drag force continues to point upward.

The third approximation concerns unsteady drag coefficient and
apparent mass effects: By design parachutes decelerate at rates that
are large enoughto warranta time-dependentdrag coefficient. Stud-
ies of cup-shaped parachute opening by Knacke,> Strickland and
Macha,?? and Ludtke? indicate that, compared to its steady-state
value, the instant value of the drag coefficient C, during the spread-
ing phase increases with time by factors of 1.5-2.0. This should
be expected for ram-air wings as well, given the similarities of
the overall airflow around all inflating shapes. Unlike cup-shaped
parachutes,however, we expect the inertial effects of the air trapped
insideram-air canopies to be unimportant given the small volume of
the cells that enclose the air (Fig. 1). Indeed, comparing the weight
of the air trapped inside an inflated ram-air wing of typical surface
area (S; ~200 f*) and cell thickness (L ~ 1 ft) with that of a
2001b load at 4000-ftmean sea level (MSL) would give a weightra-
tio of order Wy, /pS s L, g ~ 15, thatis, two ordersof magnitude from
being numerically important. The combination of explicitly assum-
ing a time-dependent drag coefficient and little enclosed air leads
one to disregard altogether the so-called apparent mass terms in the
parachute drag force. This contrasts with the studies of cup-shaped
parachutes, which use a (constant) steady-state drag coefficient to-
gether with a time-dependent apparent mass term into the payload
equation of motion to account for both effects.*~6-24734

The fourth approximationis that there are harmonic forces from
the suspensionlines and risers: The springlike properties of the sus-

pension lines and harness risers are left out as well. The suspension
line natural frequencies that arise from the loading conditions typ-
ical of manned parachute use are at least 10 times higher than the
basic frequencies associated with ram-air inflation itself. Such fre-
quencies are, thus, high enough to permit the complete propagation
of the parachute drag force down the suspension lines and risers
and to the payload in a timescale that is much smaller than that of
inflation. Although such line and riser springlike behavior will be
visible on the measured force data, it will not substantially change
the overall shape of the force evolutionover the relevanttimescales.

These four approximations mean of course that the equation of
motion for the payload can be written simply in terms of the total
weight Wy, the parachute drag area Cp (t)S(¢), and the basic drag
equation as

M@ (t) = %pCD(t)S(t)v(t)z — Wt (1)

where v(¢) is understood to be negative. This equation is supple-
mented with the equation of motion of the slider, which can be ex-
pressed in terms of slider drag, line tension differential AT below
and above the slider, and line friction Ficgon:

Mlider Aslider = %pzs]iderv(t)z — AT + Ffricli(m (2)

As discussed in detail in Ref. 18, Eq. (2) incorporates other ap-
proximations such as that of a negligible slider weight and of the
replacement of slider speed in the drag equation by the payload
speed. Here X4 would be the slider’s drag area, which should
be about twice its steady-state value because of the slider’s quick
acceleration down the suspension lines.

Reference 18 also discusses that AT and Fiiion being di-
rectly correlated to total drag can be written as products of
Cp(1)S(H)v?(t) = Z(¢)v*(¢), an observationthat brings anotherim-
portant simplification, namely the slow opening, quick deceleration
approximation: In relation to the final and initial values of the speed
and drag area, it is assumed that the change of the square of the
velocity is much larger than that of the drag area, namely,

Y, -3 vy — v’
f 0 <« 0 - f 3)
Yo v}
These assumptions lead to rewriting Eq. (2) as
Mglider Aslider = CONSE - U(t)z (4)

where X (7) is replaced by a constant of order ~(X, + X ) /2.
Thelastingredientof the IPM consistsin expressingthe parachute
instantdragarea X () in terms of the locationof the slider X (¢) along
the suspension lines as shown in Fig. 3, namely,
~ ~ LchordLspan
() = Cp)S(t) = Cp(t) Lenora Y (1) = Cp() X () ———

line

®)

The evaluation of this equation involves the last major assumption,
namely, that of slow drag coefficient increase rate: Past experimen-
tal studies on round parachutes>?>?* suggest that during the same
time interval the increase in Cp (f) is much smaller than that of the
normalized wing span X (¢) /L., namely, by factors 1.5-2.0 and
10.0, respectively on typical aspect ratio ram-air wings. This as-
sumption allows the calculation of the second time derivatives of
Eq. (5) while using Cp (t)  (Cp) = [Cp(0) + Cp(t;)]/2 and solv-
ing for agiqe = d>X /d#?. This gives

Ex@)
dr?

The so-called canopy spreading rate constant K is dimensionless
and proportionalto several parachute constructioncharacteristics'®:

<CD ) )OLchord Lspan Z0
2FKmlolal Lline

slider

= Kv(1)? (6)

K

(M

Here Fi is a nondimensional factor to be determined empirically.
For manned-type openings, it has a value approximating 50. In a
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Table1 List and brief description of the ram-air parachutes flight tested'3-36~ 3

Number of
load-bearing  Surface

Model cells area, ft? Modifications Manufacturer
Goliath/MC-4 9 360 Standard Para-flite

Cruislite 7 220 Standard Para-flite

Evolution 23 240 Standard Para-flite

Stiletto 9 150 Standard and heavy slider Performance designs
Sabre 9 120 Standard, long and short brake settings ~ Performance designs
Sabre 9 150 Standard, long and short brake settings  Performance designs
Sabre 9 230 Standard, long and short brake settings  Performance designs
Trilobe 7 320 Standard Quantum parachutes

sense, Iy represents effects not yet included in the model, such
as parachute fabric stiffness,*> suspension line and riser stretching,
etc. Moreover, Fy is likely to include a nondimensional correction
to Eq. (5) that relates slider position along the suspension lines to
the actual amount of opened canopy surface area. However, it will
be shown that despite the uncertainty surrounding Fg, the IPM can
make several useful predictions without the explicit knowledge of
K or Fg, particularly with regards to scaling.

Thus Egs. (1) and (6) define the IPM, together with the parameter
inputs related to the trajectory before slider descent, that is, w, p,
and vy, and the parachute construction characteristics K, ¥, and
> ¢. The values of w and p are easily measuredin the laboratory;on
the other hand, vy, K, £ s, and X are calculated as explainedin the
following sections. These equations can be solved numerically to
yield the basic time evolution of the payload fall rate, acceleration,
and canopy surface area.

Comparing the IPM with Experimental Data

The first effort at validating the IPM involved the use of riser load
data collected at a low sampling rate (10 Hz) and on two of the four
parachuterisers that connected the payload to the parachutesuspen-
sion lines.'®3¢ This incomplete data gave accurate inflation times,
which could be compared unambiguously with the predictions of
the IPM. However, assumptions were needed to infer the value of
total drag. Moreover, assumptions were also needed to estimate de-
scent rate at the beginning of the slider descent phase, vy. In an
effort to generate better quality data, the test jumpers of the Parks
College Parachute Research Group have performed over 60 jumps
using much higher samplingrates (up to 1000 Hz) on measurements
performed on all four risers. Moreover, an electronic barograph was
used to attempt to measure the descent rate at line snatch time to
provide data for a calculation of v,. As discussed in more detail
in Refs. 36 and 37, the barograph, load cells, and data acquisition
system were built from standard designs using off-the-shelf sensor
and electronic components.

To address questions of size scalingand openingshockfor various
parachute designs, this new database includes the study of over 15
configurationsdefined by the following parameters: number of cells
(7-23 cells), total surface area (120-360 ft*), slider weight (0.5~
5.01b), and aileron trim (deep to shallow). These configurations are
listed in Table 1. The so-called aileron trim configurations consist
in changing the amount of what parachuteriggers call brake setting.
Such settings are temporary and rigged for the inflation phase only.
They are implementedby shorteningor lengtheningthe actuallength
of the suspensionlinesused for steering during the glide. Effectively,
brake settings amount to adjusting aileron deflection on the back-
side of the parachute wing. Brakes settings are used to cancel the
forward surge that many ram-air wings experience toward the end of
inflation. They are also used to reduce opening shock. Here standard
setting correspond to the aileron deflection installed in production
whereas long brake settings configurationscorrespondsto an aileron
deflection that is smaller than the standard setting. A short brake
setting configuration corresponds to an aileron deflection that is
larger.

All of these parachute configurations were deployed at 4000-ft
MSL followinga vertical, belly-to-Earth,and 5-s free-fall at a termi-
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Fig. 4 Time evolution of the total riser force sustained by three Per-
formance Designs parachutes: horizontal line below the peaks marks
the slider descent stage.

nal velocity of about 176 ft/s. Most deployments were initiated with
the same 31-in. hand-deployedpilotchutesystem. All canopieswere
flown under similar weight conditionsin the 200-220 1b suspended
weight range.

Sample Riser Loads Curves: General Remarks

Figure 4 shows the time evolution of the total riser force mea-
sured on Performance Designs Sabre canopies of 120-, 150-, and
230-f¢ surface area. The small peak on the left side of each graph
corresponds to the so-called snatch force that arises when the sus-
pension lines have deployed and the canopy has extracted out of
its deployment bag. On the other hand, slider descent is indicated
by the bottom horizontal line that corresponds to the signal gener-
ated by a hand switch triggered by the test jumper on witnessing
the descent of the slider. These data show that the slider descent
stage is characterized by the highest loads sustained on the smaller
canopies, namely, the 120- and 150-f Sabres. In contrast, larger
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canopies such as the 230-ff Sabre experience the highest load dur-
ing the bag strip or early pressurizationstages. This trend is because
a large parachute releases much more canopy fabric at bag strip and
at higher descent speeds, thus generating significantly more drag.
Finally, the onset of glide is visible on all three canopy sizes shown
and corresponds to the smooth double hump structure that follows
the jagged slider descent peak.

NotshowninFig. 4 is thatthe loadingmeasured on each parachute
riser is uneven throughout the inflation sequence 33 In particular,
the rear risers take most of the load during inflation, whereas the
front risers sustain more force at the onset of canopy glide.

Finally, the riser load data feature 4-8 Hz fluctuationsmodulating
the overall evolution curve. The main sources for these variations
are as follows: 1) the variations in the instant inflated volume of
each cell that occur during the early stages of inflation, as caused
by the partly stochastic nature of the filling process (see Fig. 3) and
2) the small-scale horizontal motions of the canopy that result in
violent back-and-forth rocking of the canopy, themselves caused
by fluctuations in canopy trim or by air temporarily trapped under
the canopy and spilling to one side. Such fluctuations provide the
driving force causing the suspension lines and risers to oscillate
axially. The payload loading that results is analogous to that of a
mass sustaining a constant force while being attached to a spring.
In the case of an undamped spring, the spring force increases to up
twice of that of the external force applied (if the mass has started
from rest). For a damped spring, the maximum spring force could
still exceed that of the applied force, but to a lower value.

Input Parameters
Descent Speed Before Canopy Spreading

It has long been known that parachute opening shock is very
sensitiveto the payload’s descent speed at the beginningof inflation.
Most often, large variationin opening shock on a drop-to-dropbasis
will be caused by speed variations that occurred during deployment,
line stretch, or bag strip. Our new database shows that v, is rarely
equal to the known deploymentspeed as assumedin Ref. 18 because
of the significant duration of the decelerationgeneratedduring early
pressurization. However, v, cannot be measured accurately with
current barograph-based technology given that the latter provides
only speeds averaged over timescales that are greater than the entire
duration time of slider descent.

Our approachis to estimate v, with a formalismthat takes into ac-
count payload decelerationbefore slider descent. The basic formula
is obtained by directly integratingthe equationof motion for the case
of the payload falling under a partly opened parachute of constant
drag area X, (Ref. 36). The resulting formula thus expresses vy in
terms of the barograph measurement of the parachute-load system
at the onset of deployment, namely, v, and the duration of early
pressurization, that is, Z, as estimated from the riser loading time
evolution graphs or from video. It is given by

o 1+ Aexp(—vrtep/D) @®)
=\ T + Aexp(—vrty,/D)

where D=m/(pXy), A= (—vs +vr)/(=vs —v7), and vg. =
2W/(pXy); moreover, vy <0, vsr >0, and vy > 0. Here vy would
correspondto the terminal fall speed of the payload when the canopy
is opened at a (fixed) drag area %,.

Values for S, and X, are calculated using photographs of the
parachuteduring early pressurizationfrom the jumper’s perspective.
Such photographs usually show the parachute initial surface area
So superposed to the outline of the slider that is usually pushed
against it. Relative to the known slider surface area, S is typically
five to eight times larger. For example, based on a decelerating flat
plate approximation (Cp & 1.5-2.0) ¥, is then estimated at ~20
and ~25 ft? for the Sabre 120 and 150 canopies, respectively.

On the other hand, the value of the early pressurization time
f,, can be measured by calculating the time difference on a riser
load evolution graph between the locations of the snatch force peak
and of the beginning of the slider-descent peak.3® The latter event

is tagged by the signal of the test jumper hand switch discussed
earlier as shown by the horizontal line in Fig. 4. (In the absence
of hand switch data, the slider descent peak can be identified by
comparing the peaks of the riser load graph with the slider descent
time as measured on video.*®) However, such a tag may suffer from
a significant error caused by the test jumper’s swiftness, or lack
of thereof, at triggering the switch. For small canopies, a better
approachis to locate the beginning of the tallest and most prominent
peak in the riser load graph.* In principle, the value of ., depends
on the specifics of the canopy design, including the size and angle
of the cell inlet, chord length, etc. In the case of the Performance
Designs Stiletto 150, for example, ., is long enough to allow a
deceleration to speeds that are lower than the deployment speed by
as much as 20-30% (Ref. 36). Again note that Eq. (8) is only an
approximation because it depends on the assumption of a constant
parachute drag area during early pressurization.

Final Drag Area X ¢

The numerical solution of the IPM ends when the drag area
reaches the value specified by X, = Cj(¢;)S/, aninput to the com-
puter program. The value of S, is given by the product of the span
and chord, as supplied by the canopy manufacturer. The values of
Cp (), on the other hand, is taken to be in the range of 2-3 as sug-
gested by the studies mentioned earlier.*~%2? As will be shown, such
a high final drag coefficient happens to terminate the simulations at
the point where the parachute begins to glide.

Canopy Spreading Rate Parameter K

The properuse of the IPM for comparison with experimentbegins
with the determination of the K factor appearing in Eq. (6). As
discussed earlier, such a number is difficult to calculate accurately.
This may notbe a problem, however, giventhe weak dependencethat
variablessuch as maximum decelerationa,,,, and time of maximum
deceleration #,,,, have on K, namely, ~K*!/3, as shown in the next
section. Here we take advantage of the fact that many repeat jumps
were performed for each parachute configuration tested: By the use
of the data of one jump chosen as the reference jump, a value of K
is obtained by matching the IPM to it. The same value is then used
in the analysis of the other test jumps of the parachute configuration
under consideration.

Theory Meets Experiment

Figures 5-8 show both theoretical and experimental time evo-
lutions of payload acceleration, as calculated from the total load
measured on the risers and as displayed on a jump-to-jump basis.
The theoretical curve is compared to the slider descent portion of
the experimental curve given that the IPM describes only this infla-
tion stage. The data come from the flight testing of the Sabre 150
and Sabre 120, which, as explained earlier, display a dominant peak
during slider descent by virtue of their small size. For each canopy,
Figs. 5-8 show the data for two brake settings. The experimental
accelerationis calculated from the total force sustained by all four
risers and sampled at a rate of 1000 Hz.

Figures 5-8 show good agreement between theory and experi-
ment on most of the single-jump curves displayed. By good agree-
mentwe mean thatthe IPM curveis matching well the basicenvelope
of the experimental curves by going througheach local fluctuationat
(approximately) midamplitude. Figures 5-8 show some of the best
agreements as well as the worst, where the theory is systematically
overestimating the acceleration at the end of slider descentby 1 g
or more. In general, comparing the IPM with the entire database in-
dicates a good match for about 80% of the 60 jump-to-jump curves
so far analyzed. What is most remarkable is that, for each parachute
configuration studied, such a good match is based on a drop-to-drop
change of v, while keeping fixed the values for K, p, Xy, X, and
W. As discussed before, such changes of the initial speed are due to
variationsin the duration of the early pressurizationstage so typical
of ram-air parachute inflation ®

Comparing the values of K computed in Ref. 18 with those ob-
tained here, we note that the latter tend to be greater than the former
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Fig. 5 Payload deceleration (in gravitational acceleration) vs time (in
second): Performance Designs Sabre 150 parachute with standard brake
setting.

by almost a factor of two in the case of the smaller canopies. This is
because v, is overestimated whenever vy ~ v is assumed, as was
done in Ref. 18. In most deployments, payload speed before slider
descent is always substantially lower.

Ram-Air Parachute Inflation Scaling Laws

Having validated the IPM to a good accuracy allows us to ex-
plore several of its most useful predictions, namely, the derivation
of scaling relationships that correlate maximum deceleration and
inflation time with relevant parachute parameters and deployment
characteristics. As shown in Ref. 18 and in the subsequent para-
graphs, this can be achieved by numerically solving the IPM
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for thousands of different parachute component sizes, deployment
speeds, and deployment altitudes and analyzing the resulting data
in the appropriate way.

Review of Basic IPM Scaling

Reference 18 shows how to obtain two very general scaling laws
from the combined solution of Eqgs. (1) and (6). This is done first
by rewriting these equations in terms of the following dimension-
less variables: T =1g /vy, V =v/vy, E= Tg*/vy, V=dV/dz,V =
d?V/dr?, and V =d*V /dr?. Combining these dimensionless ver-
sionsof Egs. (1) and (6) to eliminate the drag area gives the following
differential equation, which completely defines the time evolution
of the descent rate V (7):

R,V =V*V +6V>—6VVV +6V2—2VV 9)
Here R, is a dimensionlessratio defined by

K 6
2Wlolalg

This is an interesting result, which shows how parachute and de-

ployment characteristics determine the rate of change of the dimen-
sionless speed through the values of R, and through the dimension-

4

less final drag area &, = ¥ ;g2 /vy, which specifies the end of the
evolution.

This result also suggests that variables describing events before
final time 7 should be dependenton R, only. This appliesin partic-
ular to the maximum decelerationa,,,, and to the time of maximum
deceleration, f,,x. This observation was confirmed by thousands
of IPM simulations carried out at various values of parachute and
deployment variables, the results of which are graphed in Fig. 9.
Fitting the numerical data to a straight line yielded'®

amax/g = O36OR2“2 (] ])
fmax8/v0 = 1.532R 0 (12)

Using vy and a,,, as inputs, our old and new inflation database
suggests typical values of R, to be in the range of 1000-3000 for
the manned-type canopies studied. Also note the following.

1) Maximum acceleration and time of maximum acceleration
do not depend on the value of the final drag area X, as expected
because an,,x mostly occurs near the half-pointof the slider descent
stage when the parachute is partially opened (exceptions are shown
in Ref. 17).

2) Maximum d,,,, and f,,,,, are highly sensitiveto vy, which should
also be expected.

3) The weak dependence on K, thatis, ~K*!/3 helps in the vali-
dation of the IPM given its uncertain value.

4+

8 10 12 14 16

R,

Fig. 9 Maximum deceleration and time of maximum deceleration as obtained from numerical solution of the IPM over 2000 designs'®: numerical
data plotted against the dimensionless ratio R, defined in Eq. (10) (data from Ref. 18).
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4) Equations (11) and (12) can be combined to yield another very
powerful result, which can be useful in organizing data collected on
a large number of different parachutes, namely,

UO = 1'8] R?;.Ozzamax tmax ~ z-zamaxtmax (13)

the second equality obtained by assuming R, ~ 1000-10,000, a
range typical of sport canopies.'”'® We refer to Eq. (13) as IPM
scaling. This result simply shows a long-known fact that parachutes
that open the hardest also have the shortest inflation time.

Finally note that, strictly speaking, am.x is the maximum deceler-
ation of the payload during the slider descent phase of ram-air wing
inflation. Only in the case of small canopies does dm,x correspond
to the largest deceleration, that is, opening shock, sustained by the
payload during the entire inflation sequence.

New Scaling Laws

Scaling with respect to the change of selected parachute design
or deployment input values can now be derived.

Size Scaling

Changing the size of a given parachute design has repercussions
on the canopy spreadingrate constant K as well as on ayax and #y,x.
Looking at Eq. (7) suggests that a change of all constructionlengths
by a factor o results in

Knew X O'3K0|d (14)

which propagates into Egs. (11) and (12) as

amax amax
(U1.992 =0 1992 (15)
0 chute2 0 chutel
tmax _ 1 tmax (16)
po 1124 T o106 po 1124
0 chute2 0 chutel

The size scaling of a,,x and f,,,, can be established once the size
scaling of vy is known. In this regard, the IPM predicts two types
of size scaling depending on whether the opening is one of two
categories: 1) nominal, that is, when the opening sequence evolves
throughearly pressurizationand canopy spreadingof finite duration,
and 2) instant, that is, when early pressurization is almost instan-
taneous, for example, when caused by the premature release of the
canopy before line stretch as during the so-called line dumps. In the
case of instant openings, one has the following scaling law given
that Vo ~ Vyr:

(amax)chuleZ =0 - (amax)chulel (17)

-6 (tmax)chulel (18)

(Fmax)chuiez = O

Interestingly, Eq. (17) suggests that instant openings should give
higher opening shocks on large parachutes than small ones. Given
the rarity of instant openings, the current size of the database pre-
vents any meaningful experimental check of this result.

Regarding nominal openings, Egs. (15) and (16) depict a more
complex picture where scaling down in parachute size reduces the
rate of canopy surface opening [see Eq. (14)] while it increases the
value of the initial velocity vy. The latter observation follows from
Eq. (8) and occurs because smaller canopies feature a shorter early
pressurization time and a faster terminal descent speed vr. A de-
tailed analysisof the size-scalingpropertiesof Egs. (15) and (16) for
nominal openings can be carried out assuming that Z§* = o2 £
and the following scaling properties on the variables involved in
Eq.(8):t, o o, giventhatt,, isdirectly proportionalto a parachute’s
chord; D o< 1/02, given that D &< 1/%; and vy & 1 /o, given that
vr o 1/ 20 Implementing these proportionsinto Egs. (15) and (16)
gives the curve shown in Fig. 10, which relates the maximum accel-
eration ratio @ /a®™°! (o the scale factor o'. Here the reference
parachute (labeled chute 1) is characterized by the parameter set
characterizingthe standard brake setting of the Sabre 150 discussed

L5 1 T T T

clute2
amax

chutel
Fnax

Fig. 10 Maximum acceleration ratio vs linear dimension scale.

earlier: v =125 ft/s, 9 =20 ft*, vy, =176 fs, 19! =1.18 5,
w =205 Ib, and p=0.00211 sl/ft’. Figure 10 shows that for most
values of the scale factor, smaller parachutes actually open harder
than the larger ones, a trend that is opposite to that of instant open-
ings. For small-enoughscalereductions,however,the openingshock
reverses the trend and decreases at smaller o, a result of having a
parachute generatinglittle drag area from that point on. On the other
hand, the large-o limit of the curve displayed is given by

(amax)chuleZ ~ (1 /U) [(— vr /UO) 1992 (amax )] chutel (19)
which for #,,,, corresponds to
(tmax)chuleZ = 070.062 [(UO/—UT)lilz(tmax)]chulel (20)

One can use the data of Fig. 10 on the Sabre 120, which
sizewise is a scaled down version of a Sabre 150, by a factor
o ~ (120/150)%3 ~ 0.89; here one calculates a!? /al50 =1.13 and

52 /vy = 1.12, which is quite consistent with the averaged exper-
imental data shown in Figs. 5-8.

Scaling with Respect to the Canopy Spreading Rate Constant K

Scaling at fixed payload weight and initial speed vy can be derived
similarly. When chute 1 and chute 2 are defined as jumps performed
with parachutes of different designs, Egs. (11) and (12) yield

amax } [ amax } (

— o = —D 21)
. 0.332 . 0.332

|: ('O K) chute2 ('O K) chutel

[tmax : (/O : K)0.354] = [tmax : (/O : K)0.354] (22)

chute2 chutel

thereby suggesting a mild dependence on the spreading rate.

These scalinglaws, and the multitude of othersthatcanbe derived
at fixed K, provide ways of studying parachute inflation dynamics
without the explicit knowledge of K. These laws should also com-
plement existing scaling formulas pertaining to a ram-air parachute
glide performance'>*’ and provide a good basis for engineering
design.

Conclusions

This paper has shown that the IPM provides good modeling pos-
sibilities for the study of manned, slider-reefed, ram-air parachute
inflation. Our database shows clearly the strengths of the model,
namely, its good prediction capability for dp.x and f,,c. The IPM is
also simple and yet detailed enough to produce several scaling laws
that can be directly tested by experiment and subsequently used in
prototype design.
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