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Stiffness Scaling for Solid-Cloth Parachutes

H. Johari¤ and K. J. Desabrais†

Worcester Polytechnic Institute, Worcester, Massachusetts 01609

The parameters affecting the in� ation of solid-cloth, � at circular parachute canopies were investigated. A pri-
mary dimensionless parameter in addition to mass ratio, Froude number, and permeability is a stiffness index.
Comparison of sub- and full-scale C9 parachutes, along with small-scale wind- and water-tunnel models has re-
vealed that a relative stiffness index is able to correlate the � lling and opening times of various sized canopies.
The � lling and opening times can be expressed as the relative stiffness index raised to power ¡0.064, with a pro-
portionality factor of 1.3 for the � lling time. The proportionality factor that correlates opening times is 0.86 for
mass ratios in the range of 0.1–0.2, and it approaches 1.3 as mass ratio becomes very large. The index has utility
in correlating peak forces as well.

Nomenclature
a = sound speed
CF = force coef� cient, F=q So

C¤
F = peak force coef� cient

c = characteristicvelocity through fabric (permeability)
cd = suspension line drag coef� cient
Dmax = maximum canopy width when hung upside down
Do = canopy constructed diameter
Dp = mean projected canopy diameter
ds = suspension line damping factor
E = fabric modulus of elasticity
F = � uid force on the canopy
Fl = force on the payload
Fr = Froude number, Vs=gDo

F¤ = peak force on the canopy
F¤

l = peak force on the payload
g = gravitational constant
I = canopy second moment of area
ks = suspension line spring constant
ls = suspension line length
M = Mach number, Vs =a
MR = payload mass ratio, ml =½D3

o

MRc = canopy mass ratio, mc=½ D3
o

mc = canopy mass
m l = payload mass
n = number of suspension lines
q = dynamic pressure, 1

2
½V 2

s

Nq = dynamic pressure averaged over canopy inlet area
Re = Reynolds number, ½Vs Do=¹

r = local radius of curvature
So = constructed canopy area, ¼ D2

o=4
t = time
t f = � lling time
tmax = time at maximum diameter
to = opening time
Vs = snatch velocity
V1 = constant freestream velocity
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W = canopy weight
w = fabric areal density
® = angle of attack
1p = pressure differential across canopy fabric
± = canopy fabric thickness
±s = suspension line diameter
³ = relative stiffness index, fE=[½V 2

s .1 ¡ º2/]g.±=Do/
3

´ = stiffness index, .Dmax=Do/.W=wSo/
¹ = � uid viscosity
º = fabric Poisson’s ratio
½ = � uid density
¿ = normalized time, tVs=Do

¿ f = normalized � lling time, t f Vs=Do

¿o = normalized opening time, toVs=Do

Introduction

F ROM a parachute designer’s point of view, the three most sig-
ni� cant performanceparametersbesidesparachutestability are

the peak opening force, opening (or � lling) time, and the drag dur-
ing steady descent, that is, steady-state drag. These parameters are
typically obtained from full-scale testing of parachute prototypes.
Full-scale testing for design purposes is time consuming and not
cost effective. A better understanding of the � ow� eld surrounding
the parachute canopy may help signi� cantly with the preliminary
designof new parachutesystemsand even address questionsregard-
ing stability. Assessment of the � ow� eld in the immediate vicinity
(including the near wake) of a full-scale parachute canopy is quite
dif� cult, unless the parachute is tested in a wind tunnelor simulated
using sophisticatedcomputational � uid–structure interaction (FSI)
algorithms.1;2 However, at the present time, only a few parachute
systems can be simulated accurately. Owing to the large deforma-
tionsof the canopyduring in� ation and the necessarycomputational
mesh movement, the in� ation phase appears to be beyond the capa-
bility of the FSI computationsat the present time. On the other hand,
wind (or water) tunnels provide a controlled environment for mea-
suring the � ow in the wake of parachute canopies. Except for very
large-scale wind tunnels, blockage limitations typically require the
canopy to be scaled down. Cockrell3 states that a blockage ratio of

» 5% or less is required to faithfully reproduce the � ow� eld around
a parachute canopy in a wind tunnel.

Scaling of parachute performance parameters has been pursued
by severalinvestigators,both for roundand parawing-typecanopies.
Fu,4 Lingard,5 and Heinrich and Hektner,6 among others, have per-
formed dimensionalanalysis to correlateparachuteparameterssuch
as the openingforceandopeningtime.Becausethe � ndingsof Fu re-
late to the subsequent discussions, a brief description of his model
is presented here. In the model, the canopy and the payload are
considered as two point masses connected by a spring. Based on
this assumption, and through employment of the conservation of
mass, Newton’s second law, and geometric constraints, a set of dif-
ferential equations is derived. The opening/� lling times and forces
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are calculated by the model. The canopy geometry is prescribed
a priori during the in� ation phase. In the model, all of the aero-
dynamic forces are lumped into inputted drag coef� cients for the
canopy and the payload.

Although many studies in the past have attempted to relate full-
scale performance parameters of different parachute systems, few
studies have considered the scaling down of one type of parachute
canopy. For example, Lingard5 measured the opening forces on a
40-cm, solid-cloth,� at circular canopy in air and water under � nite
and in� nite mass conditions.More recently, Lee7 has compared the
opening time and peak opening force of free-falling one-quarter,
one-half, and full-scale C9 parachutes. Although he found that the
smallest (one-quarter scale) canopy generally had the highest nor-
malized peak opening force and the smallest normalized opening
time, no concrete relationship was found to correlate the full-scale
and subscale results. Changes in the canopy stiffness and perme-
ability (mean � ow velocity through the fabric) were thought to be
responsiblefor the observedvariations in the measured opening pa-
rameters. Furthermore,Lee suggested that lighter fabrics be used in
the construction of subscale models. A dif� culty with this sugges-
tion is that lighter fabrics generally have different permeability and
strength characteristics.

Niemi8;9 analyzed the available literature on the scaling of
parachute canopies, paying particular attention to stiffness. He de-
riveda relativestiffnessindex,based on the earlierwork of Kaplun10

and Knacke,11 that also contained dynamic parameters such as the
snatch velocity. It appears that the relative stiffness index of Niemi
correlated reasonably well with the normalized opening times of
Lee’s7 C9 parachutes.It turned out that a power law relationshipex-
ists between the normalized opening time and the relative stiffness
index of Niemi. In contrast, the peak opening force did not appear
to correlate with this relative stiffness index.

Thus far, it appears that Niemi’s relative stiffness index has only
beenused to correlate� nite mass in� ations.The 3-ft (91-cm)canopy
of Heinrich and Noreen12 and the 80-cm canopy of Lingard5 in a
wind tunnel (plus a 40-cm canopy in a water tank) appear to be the
smallest-scale solid-cloth, � at circular canopies that have been in-
� ated under controlled conditions. Heinrich and Noreen measured
the projected area of the canopy during the in� ation, as well as dur-
ing the force time history. From these measurements, Heinrich13

concluded that the projected diameter time history during � nite
and in� nite mass deployments have minimal differences. Lingard
measured the projected diameter and drag of in� ating small-scale
canopies under � nite and in� nite mass conditions. The small scale
of the canopies chosen in his studies was dictated by the need to
keep the blockage ratio to a minimum.

We are investigating the � ow� eld in the near wake of � at cir-
cular canopies in a low-speed water tunnel during in� ation and
steady-state (terminal descent) phases.14;15 We are employing 15-
and30-cmsolid-clothcanopiesin a60-cmsquarecrosssectionwater
tunnel. The blockage ratios for these 1

56 th and 1
28 th scale C9 models

during steady state are approximately 2.5 and 10%, respectively.
Note that, during in� ation, the blockage is even less. The low-speed
water tunnel was chosen because it produces longer opening times
than a wind tunnel at comparable Reynolds numbers with the same
scale model, and the particle image velocimetry technique was im-
plemented in the water tunnel with relative ease. This technique
allows the measurement of the velocity � eld in a plane at a suf� -
cient spatial resolutionto enable the calculationof the vorticity � eld
in the near wake of the canopy.The velocity � eld measurementsare
presented elsewhere.

In this paper, a detailed dimensional analysis of parameters that
are relevant solely to the aerodynamics of an in� ating parachute
canopy, as well as those that are relevant to the performance of the
entire parachute system, are presented � rst. Note that the majority
of past studies have only considered the entire system and not nec-
essarily the speci� c issues related to the canopy aerodynamics.The
relative importance of matching various parameters is enumerated.
Following the dimensionalanalysis,a comparisonof the parameters
for full- and small-scale solid-cloth,� at circular canopies in air and
water is presented, along with an expression for the correlation of

the � lling and opening times with a stiffness index applicable to the
very small-scale models and full-scale parachutes.

Dimensional Analysis
The parameters affecting the aerodynamics of the parachute

canopy are considered � rst in the analysis to be presented, and then
the entireparachutesystem, includingtheeffectsof suspensionlines
and payload,is examined.As far as the canopyaerodynamicsis con-
cerned, the primary independentparameters to be consideredare the
� uid force exerted on the canopy and the mean projected canopy
diameter. From the time history of these two parameters, the peak
force F¤, the opening time to (the time from the instant the lines
become taut to the time of peak opening force), and the � lling time
t f (the time when the projected canopy diameter � rst reaches the
mean steady-state diameter) can be found. Other independent pa-
rameters are ½, ¹, and a, as well as Vs (or the constant freestream
velocity V1 in in� nite mass cases), ® (with respect to the symmetry
axis), mc , Do , ±, an equivalent fabric modulus of elasticity E , and
º. The Poisson’s ratio relates the lateral strain to the longitudinal
strain in the fabric. Because nylon fabrics used in the construction
of parachute canopies possess a complex stress-strain relationship,
data from uniaxial tests performed on nylon fabrics in the warp
and � ll directions were utilized.8;9 The mean Young’s modulus in
the warp and � ll directions were averaged and used as the equiva-
lent modulus of elasticity. The numerical values of the equivalent
modulus of elasticity and Possion’s ratio were taken from Refs. 8
and 9.

Nylon fabrics used in parachute canopies are permeable, mean-
ing that the imposition of a pressure differential across the fabric
results in a net � ow through the fabric. Permeability is character-
ized by a mean velocity c across the canopy fabric; this velocity
depends on the fabric pore size and the pressure differential across
the fabric. Although these latter parameters may be included in the
dimensional analysis, the inclusion of the integral measure c at the
appropriatepressure differential suf� ces. It is also important to dis-
tinguish between porosity, which denotes the geometric porosity
(fabric area divided by the constructed area) of the canopy due to
the cut pattern, and permeability. The porosity is dictated by the
canopy design, whereas the permeability is a fabric property and
not a design parameter.

Accounting for the preceding parameters in a dimensional anal-
ysis results in the following relationships.

CF ´ F=q So D f1
¡¿; Re; M; ®; c=Vs; ±=Do; mc

¯½D3
o ; E=q; º¢

Dp=Do D f2
¡¿; Re; M; ®; c=Vs; ±=Do; mc

¯½D3
o ; E=q; º¢

¿o ´ toVs=Do D f3
¡Re; M; ®; c=Vs; ±=Do; mc

¯½D3
o ; E=q; º¢

¿ f ´ t f Vs=Do D f4
¡Re; M; ®; c=Vs ; ±=Do; m c̄ ½ D3

o ; E=q; º¢ (1)

If the � ow pro� le upstream of the canopy is not uniform, then
another parameter Nq=q, characterizingthe ratio of the average (over
the canopyarea) dynamicpressureto the assumeddynamicpressure
has to be added to the preceding parameters.

Other canopy properties, such as the mean fabric strain, can also
be written as a function of the preceding parameters. If the strain
is expressed as the tension in the fabric .r ¢ 1p/ over .± ¢ E /, then
the strain is proportional to (q=E/.Do±). These terms are clearly
present in the preceding set of parameters, justifying the exclusion
of fabric strain from Eq. (1).

Although stiffness of the canopy is not directly present in the
preceding set of parameters, it is a function of the last four dimen-
sionless parameters in the arguments of Eq. (1), that is, the canopy
thickness ratio ±Do , the canopy mass ratio MRc , normalized mod-
ulus of elasticity E=q , and fabric Poisson’s ratio. Alternatively, the
stiffness index ´ proposed by Heinrich and Hektner6 and de� ned as
´ D .Dmax=Do/.W=w So/ can be replaced in Eq. (1). Lee7 reports
that a standardC9 has an ´ of 0.15,with Dmax D 0.077 Do . However,
note that ´ appears to be applicableonly to canopies made from the
same fabric and with similar construction.
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If the entire parachutesystem, including the suspensionlines and
the payload, is considered in the analysis, the following parame-
ters need to be brought in: m l , g, as well as the suspension line
parameters ls , ±s , ks , ds , n, and cd . Once these parameters are non-
dimensionalized, the force experienced by the payload will have a
form as follows:
CF ´ Fl =q So D f .¿; Re; M; ®; MRc; ±=Do; c=Vs; E=q; º; Fr;

MR; ls=Do; ±s =Do; ks=q Do; ds=½Vs So; n; cd / (2)
In additionto geometricsimilarity,all of theprecedingdimension-

less parameters have to be similar between a model and full-scale
parachute to achieve complete similarity. Because it is not possible
to matchall of theseparametersbetweenfull- andsubscalecanopies,
the relative signi� cance of each parameter has to be considered.

Reynolds number Re, which denotes the ratio of inertia to vis-
cous forces, is on the order of 106–107 for full-scale parachute
canopies. It is believed that the Reynolds number does not play
a crucial role during the in� ation and terminal descent of round
canopies.5 Cockrell3 provides data on the steady-state drag coef� -
cient of full-scale canopies at lower speeds that indicate a depen-
dence on Reynolds number. These variations are thought to stem
from the variation of the mean projected diameter with Reynolds
number. Once the drag is normalized with the projected area (as op-
posed to the constructed area), the Reynolds number effect should
be minimal. As long as the � ow separatesat the lip of a canopy (and
Re > 104/, no Reynolds number effect is expected.

M is an indicator of the compressibility effects. Macha16 reports
that Mach number effects appear gradually for 0:4 < M < 0:9. For
the low-speed applications and small-scale models tested in low-
speed tunnels, Mach number has little effect on the parachute per-
formance parameters.

The initial ® of the parachute canopy is determined from the
� ight trajectory, and is an important parameter in determination of
the drag if it changes signi� cantly during the in� ation phase. For
round canopy models held in a wind tunnel, small changes in ®

do not have an appreciable effect on the opening time and drag
coef� cient.

Permeabilityof the canopy fabric, as characterizedby c=Vs , is an
important similarity parameterbecause it affects the � ow in the near
wake of the canopy. Permeability of the canopy fabric is thought to
affect large-scale vortical motions behind bluff bodies. Increase of
drag coef� cient and decrease of opening time is expected with a
reduction in permeability. Permeability appears to be even more
important under in� nite mass conditions.Wolf17 presentsdata from
� ight- and wind-tunnel tests that reveal that geometric porosity is a
dominant factor in the peak opening force of parachutes at in� nite
mass conditions.

MRc is an indicatorof the inertiaof thecanopyfabricandhasbeen
recognized in the past by Kaplun10 and Niemi8;9 as an important
factor. During in� nite mass in� ations, the canopy mass ratio is a
dominant factorbecause the overallmass ratio becomes immaterial.
The canopy mass ratio is also a factor in Niemi’s relative stiffness
index ³ . For full-scale canopies, the canopy mass ratio is typically
less than 0.01, which indicates that the in� ation rate is minimally
affected by inertia of the canopy. Thus, for subscale testing, care
should be exercised so that the canopymass ratio is kept as small as
possible.

MR, characterizes the ratio of the payload mass to the air mass
included in the canopy. The latter is approximately represented by
½ D3

o . The payloadmass ratio is a primary factor in the determination
of the peak opening force of � nite mass parachute systems. For
sub-scale testing purposes, this parameter has to be equal to that
of the full-scale system. Theoretical models of Fu4 and Lingard18

have both shown that the peak opening force increases at � rst with
increasing payload mass ratio and then decreases.

Froude number Fr has long been recognized as a principal pa-
rameter governingthe peakopeningload of parachutesystems.The-
oretical models and experimental data suggest that the shock factor
(the peak opening force over the payloadweight) is a linear function
of Froude number.18 Of course, for in� nite mass in� ations in a wind
tunnel, Froude number does not play a role.

The dimensionless parameters associated with suspension lines
are ls=Do , ±s=Do , ks=.q Do/, ds=.½Vs So/, n, and cd . The � rst two
parameters, along with the number of suspension lines n, are purely
geometrical parameters and could be duplicated in subscale mod-
els. The cable drag coef� cient is a function of the Reynolds num-
ber of the cable and can be a nonnegligible portion of the total
� uid dynamic drag at slow speeds. The remaining two parameters
are the effective parachute spring and damping constants. If the
damping term is re-written as n ds Do=ml Vs , Fu4 has shown that
this damping-relatedparameter has a minimal effect on the canopy
in� ation rate. The effective parachute spring constant can also be
written as nks D2

o=m l V 2
s , which is also expected to have a minimal

effect on the parachute performance parameters, as long the latter
has a value greater than two.4

The remaining two parameters E=q and º are the canopy fab-
ric parameters that contribute to the stiffness of the canopy. As
mentioned earlier, E , º, and ± can be replaced with the empirical
stiffness index of Heinrich and Hektner.6 However, we suggest that
the relative stiffness index of Niemi be used in place of ´ because
the former is a dynamic parameter containing the snatch velocity
and the drop altitude (through density). Moreover, Niemi’s index
combines several of the other dimensionless parameters, thus re-
ducing the total number of parameters. The relative stiffness as � rst
proposed by Kaplun10 has the following form E I=.q D4

o/. Utilizing
plate de� ection theory, Niemi8 writes the relative stiffness index as

³ D ©E¯£½V 2
s .1 ¡ º2/¤ª.±=Do/3

which can be applied to both � nite and in� nite mass in� ations. This
index can be rewritten as

f[E=.1 ¡ º2/w].±=Do/3
g.MRc=Fr /

if the snatch velocity is rewritten in terms of the Froude number.
The terms in the braces are only a function of the canopy fabric and
scale, whereas the ratio in the last set of parenthesesdependson the
drop conditions.

Based on the preceding discussion, the time history of the force
on the payload in low-speed applicationsbecomes a function of the
following parameters:

CF ´ Fl=qSo D f .¿; Fr; MR; ³; ®; c=Vs; ls=Do; ks =q Do/

(3)

Therefore, a subscale parachute model is expected to reproduce the
force time history accurately if the Froude number, payload mass
ratio, relative stiffness index, angle of attack, fabric permeability,
� neness ratio, and the parachute spring constant are matched be-
tween the sub- and full-scale systems. The peak opening force and
opening (or � lling) time can similarly be written as

C¤
F ´ F ¤

l
¯qSo D f .Fr; MR; ³; ®; c=Vs ; ls=Do; ks=q Do/

¿o ´ toVs=Do D f .Fr; MR; ³; ®; c=Vs; ls =Do; ks=q Do/ (4)

Data from Berndt and De Weese19 for full-scale C9 parachute
tests suggest that the � lling time ¿ f is only a function of the mass
ratio, and ¿ f becomes nearly constant for MR greater than » 0.1.
Fu’s model4 also shows the predicted � lling time to be very nearly
independent of the Froude number and spring constant. Moreover,
for standard rip-stop nylon at typical airdrop snatch velocities, the
permeability is quite small, of the order of a few percent.Of course,
if the permeability (or geometric porosity) increases,we expect the
� lling time to increase as well. Thus, for the range of parameters
in routine airdrop applications, it is expected that the � lling (or
opening) time be a function of the relative stiffness index ³ , the
initial angle of attack ®, and only a weak function of MR, except
at very low mass ratios. Data from Lee’s7 1989 vertical drop tests
of one-quarter, one-half, and full-scale C9s at a mass ratio of 0.13
can be � tted reasonably well with a power law dependence on the
relative stiffness index.8;9 The expression for the opening time was
¿o D 0:86³ ¡0:064. We will examine this power law dependence on ³
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for our very small-scale(relativelystiff) canopies.It is expected that
the proportionalityfactor is a function of the canopy geometry and
permeability. Filling time is also expected to have a similar form,
but with a different factor.

Concerning the peak opening force, Lingard18 states that the load
factor, that is, F ¤

l =m l g, is a linear function of the Froude number.
When the load factor is rewritten in terms of the normalized peak
opening force multiplied by (Fr /MR) it reveals that C¤

F is only a
function of the mass ratio, relative stiffness index, and permeabil-
ity. Lingard’s semi-empirical theory for canopy in� ation further as-
sumes that CF is a unique functionof time and mass ratio. Note that
Lee’s load factor data for a one-quarter scale C9 appear to follow a
weaker than linear dependence on Froude number.

For our small-scalecanopymodels,which in� atehorizontallyin a
water tunnel under in� nite mass conditions, the peak opening force
shouldonlydependon the relativestiffnessindexand the suspension
line spring constant. The permeability of standard nylon fabrics in
water is quite small and effectively equivalent to the impermeable
F111 fabric. The � lling time is expected to depend on the relative
stiffness index alone. In the next section, various dimensionless
parameters are compared among full- and subscale C9 canopies
in� ating in air and water.

Experimental Data
Five differentsolid-cloth,� at circularparachutecanopiesare con-

sideredhere.They are a full-scaleC9, Heinrich’s 3-ft (91-cm)wind-
tunnelmodel,13 our 12-in. (30-cm)water tunnelmodel, and our 6-in.
(15-cm) model tested in a wind and water tunnel. The very small
scale of the models considered in this study required that special
construction techniques be employed so that the stiffness could be
reduced as much as possible. The canopies were made from one
solid piece of standard 1.1 oz/yd2 rip-stop nylon fabric, instead of
individual gores being sewn together (see Fig. 1). They were manu-
facturedby cutting the material around a � at circular template at the
appropriate diameter. The edge of the nylon material was seared,
to prevent it from fraying. All of the models had a � neness ratio of
unity (ls D Do/ and 24 suspensionlines.The suspensionlines,which
were 100-¹m nylon thread, were attached to the canopy by a small
loop being tied at the end of the suspension line that was passed
through a hole near the edge of the canopy skirt. The suspension
lines were attached to a stationary streamlined forebody in the tun-
nel, as shown in Fig. 2. The forebody diameter was about 9% of the
smallest model canopy diameter, which resulted in minimal inter-
ference with the in� ation. The model canopies were in� ated under
constant freestream velocity, mimicking in� nite mass conditions.

Fig. 1 Parachute canopy model, 15 cm (6-in.).

Fig. 2 Forebody support arrangement in the water tunnel.

Fig. 3 Schematic of the deployment tube and the setup in the water
tunnel.

The canopies were packed into a round deployment tube down-
stream of the forebody, which was pulled away to start the in� ation
process. The inner diameter of the deployment tube was 0.07 Do .
The deployment tube was pulled away by a thin nylon string that
passed through a series of pulleys and was attached to a stepper
motor. The stepper motor extracted the deployment tube at a time
that was synchronizedwith the force measurement and the imaging
systems. A schematic of the setup is shown in Fig. 3. The details of
the canopy constructionand the experimentalsetup can be found in
Refs. 20 and 21.

The drag was measured by a load cell located inside the forebody
and attached directly to the suspension lines. The load cell output
was sampled at 150 Hz with a 12-bit A/D card. The canopy was im-
aged by a high-resolution progressive-scan charge-coupled device
camera at a 30-Hz framing rate. The images were analyzed by an
automated image processing program that computed the maximum
projected canopy diameter to within 1%.

The in� ationof the 15-cm model at a constantfreestreamvelocity
of 0.2 m/s in the water tunnel is shown in a sequence of images in
Fig. 4. Initially, thecanopywas packed into thedeploymenttubeand
the canopy was positioned such that the suspension lines were taut.
At time t D 0.0 s, the deployment tube was pulled away (Fig. 4a).
Once the deploymenttube had cleared the canopy, it initially took on
a cylindrical shape (Fig. 4b), which then transitioned into a conical
shape (Fig. 4c). Over this period, the canopy diameter had grown to
one-half of its fully in� ated diameter. The � uid then proceeded to
� ll the canopy from the skirt toward the top of the canopy,creatinga
nearly hemisphericalcanopy shape (Fig. 4d). With the upper region
of the canopy � lled, the in� ation of the canopy proceeded toward
the skirt until the canopy diameter reached its steady-statediameter
(Fig. 4e). The maximum force the canopy experiences occurred
after the canopy had become hemispherical in shape, but before
it achieved its maximum diameter. The canopy then overexpanded
beyond its steady-state diameter, achieving its maximum diameter
in Fig. 4f. After the maximum projecteddiameter was achieved, the
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a)

b)

c)

d)

e)

f)

g)

h)

Fig. 4 Sequence of images showing the in� ation of the 15-cm (6-in.) model in the water tunnel at a constant freestream velocity of 0.2 m/s:
a) t = 0.00 s, b) t = 0.23 s, c) t = 1.00 s, d) t = 1.23 s, e) t = 1.43 s, f) t = 1.70 s, g) t = 2.00 s, and h) t = 2.27 s.

canopydiameter shrankand the canopygeometrybegan to approach
that seen under steady descent. During the in� ation process, the
canopyin� atednearlysymmetricallyand remainedcenteredonaxis.
Only after the canopy had reached the overexpanded state did the
canopy wander off axis. The geometry of the 30-cm model canopy
during the in� ation was similar to that of the 15-cm model.

Two characteristicsof the small-scale model canopies that differ
from larger and full-scale canopies should be noted. First, the initial
conical shape of the small-scale canopies is different from that of

full-scale canopies, which typically form a more cylindrical shape
during the early stageof in� ation.At these small scales, the material
stiffnessbecomesmore apparent.6 For a givenfabric, largercanopies
are more � exible.Second, the maximum diameterof the small-scale
models typically occurred at the canopy skirt throughout the entire
in� ation process, whereas for full-scale canopies, the maximum
diameter is not necessarilyat the canopy skirt. During the in� ation,
full-scale canopies in� ate from the apex toward the skirt, and the
maximum diameter occurs at a point between the apex and the skirt.
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Table 1 Dimensionless in� ation characteristics of small-scale
water-tunnel models

Do , m (in.) Vs , m/s ¿ f ¿o C¤
F

0.30 (12) 0.20 1.91§ 0.40 1.94 § 0.44 3.61 § 0.42
0.15 (6) 0.39 2.07§ 0.38 2.18 § 0.44 2.91 § 0.69
0.15 (6) 0.20 2.10§ 0.50 2.07 § 0.58 3.48 § 0.80

Fig. 5 Time traces of force coef� cient and projected diameter for the
30-cm (12-in.) model in� ated under the in� nite mass condition, velocity
is 0.2 m/s.

Again, the stiffness of the small-scale models affects the � exibility
of the canopy.

A typical force and maximum projected diameter trace for the
30-cm model in� ated in the water tunnel at a speed of 0.2 m/s is
shown in Fig. 5. As expected, the drag rises slowly at � rst while the
canopy is unfolding.The projected diameter has an in� ection point
at approximately 0.5Do , beyond which both the projected diameter
and drag increase rapidly. The force coef� cient reaches its maxi-
mum value of 3.5 at a time of 2.63 s and then drops rapidly. There
are several large-amplitude oscillations in the drag force before it
settles into its steady-statevalue. The maximum projected diameter
reaches a maximum value of 0.88Do during the over-in�ated phase,
before settling into its steady-statebreathing mode with an average
diameter of 0.76Do . The horizontal solid line in Fig. 5 shows the
mean diameter during steady state. The point at which the diameter
curve crosses the solid line is the � lling time, as indicated in Fig. 5.
The openingand maximum diameter times are also shown in Fig. 5.
Table 1 lists the average measured � lling and opening times, along
with the maximum force coef� cient for the 15- and 30-cm models
in� ated in the water tunnel at constantvelocity.The standarddevia-
tions of the normalized parameters are also included in Table 1 and
are approximately 20% of the average values. The relatively large
standard deviations are a result of the unsystematic unfolding of
the canopy and not the uncertainty of the measurements. The mea-
surement uncertainties are approximately 1% and are signi� cantly
smaller than the standarddeviationsof the data. Such large standard
deviations are also present in full-scale tests. For our small-scale
models, the � lling time is generally within 5% of the opening time.
This is consistent with the commonly accepted notion that in� nite
mass in� ations result in the opening time being the same as the
� lling time.11 The maximum force coef� cients in our experiments
are also consistent with those measured by Lingard5 for similarly
scaled water-tunnel models.

Majordimensionlessparametersof Reynoldsnumber, permeabil-
ity, thickness ratio, canopy mass ratio, and the two stiffness indices
are listed in Table 2 for full- and small-scale C9s. The velocity
for the two water-tunnel models was chosen to produce the same
Reynolds number of 6.7 £ 104; the wind-tunnel model had a veloc-
ity that resulted in a Reynolds number comparable to that of the
water-tunnelmodels. The last column in Table 2 shows the range of
payload mass ratio used in the � nite mass experiments. The same
canopy fabric was used in all of the canopies listed in Table 2;

therefore, the fabric material properties are all the same. They are:
E D 4:69 £ 108 Pa, º D 0:14, w D 0.032 kg/m2 (0.94 oz/yd2/, and
± D 7:1 £ 10¡5 m (0.0028 in.). Note that, because E , º, and ± are
all the same among the different canopy sizes compared in Table 2,
the variation in ³ is due solely to variations in the � uid density,
snatch velocity, and canopy diameter. The implications of this on
the proposed correlations will be discussed in the next section.

Because our small-scale canopies were made of a solid piece
of fabric, the Heinrich and Hektner6 stiffness index becomes
´ »D Dmax=Do . Measurement of Dmax for our models revealed that ´

was 0.5 and 0.43 for the 6- and 12-in. models, respectively. These
values are to be compared against a value of 0.15 for the full-scale
C9 as reportedby Lee7 and 0.6 for theHeinrich3-ftmodel.The large
´ value for the latter is due to the full-scale construction methods
employed on that model.

The permeability for the different canopy sizes in Table 2 was
calculated based on the standard air permeability at 0.5-in. water
pressure differential.The permeabilityof the water models is based
on the measurements reported by Lingard.5

There are several interesting observations with regard to the di-
mensionlessnumbersin Table2.The permeabilityparameteris com-
parable among all cases considered,except for the smallest 6-in. air
model that has a value approximately three times higher than the
others. The canopy mass ratio is smallest for the two water-tunnel
models, even smaller than that associatedwith the full-scalecanopy.
This is due to the large density difference between air and water.
Thus, the inertiaof the canopy itself is negligiblein the water-tunnel
models, as is the case for the full scale. On the other hand, the 3-ft
and 6-in. air models have substantially larger canopy mass ratios.
The relative stiffness index increases as the velocity and canopy di-
ameter decrease, as expected. The range for ³ covers nearly eight
orders of magnitude among the cases considered. Even with such
a large range for ³ , the stiffness index ´ of Heinrich varies over a
relativelynarrowrange. This is becauseboth the snatch velocityand
canopy diameter are present in the relative stiffness index ³ .

The column designated by Do=Vs in Table 2 has dimensions of
time and is included to provide a timescale for the in� ation process.
The largest timescale of 1.5 s belongs to the 12-in. water-tunnel
model; the smallest timescale of 25 ms belongs to the 6-in. wind-
tunnelmodel.The resthave time scalesof theorderof a few tenthsof
a second.These data reveal the extreme frequencyresponserequired
of the instrumentation used for testing small-scale canopies in a
wind tunnel. Relatively long in� ation times can be had in water at
reasonable Reynolds numbers.

Correlation of Data
Because the opening time varies with mass ratio, our measured

in� nite mass opening times can not be correlated with the widely
available opening times for mass ratios in the 0.1–0.2 range. For
low mass ratios, the opening time is smaller than the � lling time,
whereas the two times are comparable for high mass ratio in� ations.
Therefore, � lling time was chosen as the parameter to be correlated
for small models and the full-scale C9.

The � lling times of full-scale C9 as reported by Berndt and
DeWeese,19 the 3-ft model of Heinrich and Noreen,12 along with
our small-scale models, are plotted in Fig. 6 against the relative
stiffness index ³ . The best-� t power law to the data is 1.3³ ¡0:064,
which indicates the ef� cacy of this index in correlating � lling times
for different scale canopies over the large range of ³ . The exponent
of¡0.064in this expressionis the sameas that foundbyNiemi when
correlating Lee’s7 opening times of one-quarter, one-half, and full-
scale C9s at a mass ratio of 0.13. However, there are no � lling time
data available for one-half or one-quarter scale C9s. Note that even
though the small-scale models had different geometries during the
in� ation than the full-scaleC9s, their � lling time still correlateswell
with the larger and full-scale canopies. This further demonstrates
the versatility of the relative stiffness index in accounting for the
variations in canopy stiffness.

Based on the preceding correlation, we suggest that the power-
law � rst proposed by Niemi8;9 is a valuable tool for scaling the
� lling and opening time of solid-cloth, � at circular canopies. The
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Table 2 Dimensionless parameters for C9 parachutes with different scales

Canopy C9 Re c=Vs ±=Do MRc ³ ´ Do=Vs ; s MR

28 ft (air) »107 <0.02 8.3 £ 10¡6 5.4 £ 10¡3 10¡11
¡ 10¡9 0.15 0.1–0.5 0.15–0.4

3 ft (air) 1.3 £ 106 0.017 7.8 £ 10¡5 0.08 4.0 £ 10¡7 0.6 0.4 0.24
12 in. (water) 6.7 £ 104 0.012 2.3 £ 10¡4 1.1 £ 10¡4 1.5 £ 10¡4 0.43 1.5 1
6 in. (water) 6.7 £ 104 0.021 4.7 £ 10¡4 2.1 £ 10¡4 3.1 £ 10¡4 0.5 0.4 1
6 in. (air) 6.3 £ 104 0.06 4.7 £ 10¡4 0.17 1.1 £ 10¡3 0.5 0.025 1

Fig. 6 Dependence of the � lling time on the relative stiffness index,
—— is the best power law � t to the data.

preceding expression is applicable to both in� nite and � nite mass
in� ations. It is suggested that the exponent ¡0.064 is universal for
all solid-cloth,� at circulartype canopies.On the other hand, thepro-
portionality factor depends on whether the � lling or opening time
is considered.Furthermore, this factor should be independentof the
mass ratio (based on the payload or total mass) as long as the mass
ratio is greater than about0.1. All past studies have indicateda rapid
increase of � lling time with MR as it gets smaller than »0.1. The
proportionalityfactor is also expected to depend on the permeabil-
ity of the fabric, as tested under the pertinent pressure differential
across the fabric. As the permeability increases, the proportionality
factor should increase.Finally, care should be taken when data from
drop tests are considered in the evaluation of the robustness of any
correlation because of the variability of the canopy angle of attack
at the start of the in� ation process.

As statedearlier, the variationsin the relativestiffnessindex in the
current experiments stems from the changes in � uid density, veloc-
ity, and canopydiameter,and not from the fabricmaterial properties.
Thus, the proposed correlation is strictly applicable to � at, circular
canopieswith the standard1.1 (0.94 actual)oz/yd2 fabric.However,
the earlier work of Niemi has shown that the relative stiffness index
is also capable of correlating the opening time full- and subscale
C9 canopies constructed from the different (heavier) fabrics. Based
on this evidence, we suggest that the correlation should hold for
different canopy fabrics, perhaps with a different proportionality
factor.

The peak opening force of a full-scale C9 in� ating under in� -
nite mass condition is plotted in Fig. 7 along with our measured
peak force coef� cients. As expected, C¤

F increases as the canopy
becomes stiffer. Unfortunately, there are no data available for the
peak forces on subscaleC9 parachutesat in� nite mass conditions.A
power law � t of the form C¤

F D 5:0³ :05 for the limited data results in
a reasonablecorrelation.Certainly,more data are needed to validate
this scaling.Data on the in� ation of our small-scale models at � nite
mass are needed to allow correlationwith the full- and subscaledata
of Lee.7 For � nite mass in� ations, the load factor should be corre-
lated with the index ³ for each mass ratio to bypass the effects of
Froude number. Niemi22 has suggested that the peak opening force
of � nite mass in� ations can be correlated through a “modi� ed im-

Fig. 7 Peak force coef� cient as a function of the relative stiffness index
at in� nite mass conditions; power law � t to the limited data is shown.

pulse” parameter that incorporates the relative stiffness parameter.
The de� nition of this parameter and the correlation procedure are
describedin Ref. 22. However, the resultingcorrelationbetween the
theory and the data of Lee7 is only fair.

Conclusions
A detailed dimensional analysis of the parameters affecting the

in� ation of solid-cloth � at circular canopies was carried out. The
canopy aerodynamics in isolation and the entire parachute system
were considered separately. Comparison of sub- and full-scale C9
parachutes along with small-scale wind- and water-tunnel models
have revealed that a single parameter, namely, the relative stiffness
index, is able to correlate the � lling and opening times of various
canopy sizes. The � lling time, normalized by the constructeddiam-
eter and snatch velocity, is

¿ f D 1:3³ ¡0:064
D 1:3¡¡©E¯£½V 2

s .1 ¡ º2/¤ª.±=Do/3¢¢¡0:064
(5)

The opening time for mass ratios in the range of 0.1–0.2 can also
be expressed as follows:

¿o D 0:86³ ¡0:064 (6)

The proportionality factor in the last expression depends on the
mass ratio and increases by up to 50% as the mass ratio becomes
large. Fabrics with large permeability are expected to produce pro-
portionality factors that are different from those in the preceding
expressions. The utility of the effective stiffness index in correlat-
ing the peak openingforce needs to be investigatedat the same mass
ratio for a range of canopy sizes.
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