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Table 2 Test conditions for data from Refs. 7 and 8

VOL. 7, NO. 10

Reference Rex hw/ha Configuration
7 5.67-7.4
8 2.5-3.5

2.5 X 106-6 X 107

105-106
0.139-0.142
0.012-0.027

Flat plate
Hollow cylinder

planform loading of 50 lb/ft2 is used. The lift coefficient is
taken to be Newtonian (2 sin2acosa). For this particular
example, transition onset is assumed to occur at a fixed length
Reynolds number of 106 and fully turbulent flow at 2 X 106.
The point of transition onset is taken as a reasonable estimate
for the virtual origin of the turbulent boundary layer. Bound-
ary-layer edge conditions are those behind a plane oblique
shock and the effect of three-dimensional flow on the center-
line heating is approximated by a small correction to the
prediction for two-dimensional flow, which accounts for a
transverse velocity gradient. The correction increases nearly
linearly with angle of attack and amounts to an increase
in heating of less than 13% at 50°.

The results are given in terms of the peak radiation equi-
librium temperature (emmissivity of 0.85) on the vehicle
centerline as a function of angle of attack and are summarized
in Fig. 2. It is emphasized that the altitude at peak heating
is different for each angle of attack because the equilibrium
glide trajectory is different. The altitude of peak heating
increases with increasing angle of attack, while the flight
velocity for peak heating in fully turbulent flow is essentially
constant at about 17,500 fps. These results are shown only
to illustrate the different temperature predictions by each
method, so the temperature differences rather than the mag-
nitudes are to be emphasized. Spalding and Chi's correlation,
which gives the best agreement with experimental data, gives
nearly the lowest peak temperature estimates. The difference
between the lowest and highest predictions can be greater
than 200°F.

The peak temperatures are given in this example for a
specific transition criterion and lift coefficient curve in order
to show the differences which are obtained by changing only
the method for predicting heating in fully turbulent flow.
However, it is known that the peak temperature dependence
on angle of attack is also very sensitive to the choice of transi-
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Fig. 2 Maximum centerline radiation equilibrium tem-
peratures (emissivity of 0.85) at peak turbulent heating

for a 200-ft, flat delta wing with 80° sweep.
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tion criterion and lift coefficient. These are additional fac-
tors which can affect the peak temperature predictions by an
amount comparable to that of the different heat-transfer
prediction methods.
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Effect of Suspension Line Elasticity on
Parachute Loads

JOHN S. PREISSER* AND GEORGE C.
NASA Langley Research Center, Hampton, Va.

Nomenclature
CDS(t) = instantaneous drag-area of parachute during infla-

tion
CDS0 = drag-area of parachute at steady full inflation
E(t) — normalized force, E = m<ix<L/qsCDSo
k = suspension line spring constant (slope of linear

approximation to force-elongation curve)
M = load amplification factor, M = Emax
mi,m2 = mass of parachute and payload, respectively
n = exponential power, n = 1, 2, 3, 4
qs = dynamic pressure at time of snatch force, qs =

p[zi(0)]2/2
T = natural oscillation period of system, T = 2ir/w
t = time from snatch force
tf = filling time (from snatch force to full inflation)
xi(t), xz(t) = displacement of parachute and payload, respectively
%(t) = suspension line elongation, £ = x<i — x\
p = atmospheric density
<p = parameter relating the velocities of mi and ra2, <p =
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Fig. 1 Elastic PARACHUTE,
parachute sys- DRAG

tern.

T = dummy variable of integrati on
co == natural frequency of system, co = (k/mz + A;/mi)1/2

Introduction

IT is commonly known that the maximum force or opening
load associated with the inflation of a parachute at infinite

mass conditions is greater than that experienced by a para-
chute under steady, full inflated conditions at the same dy-
namic pressure. This increased force or load amplification
(usually denoted by the symbol X) has been studied experi-
mentally for specific canopy types.1 A detailed analysis of
load amplification, however, has proven to be intractable,
since a parachute is both flexural and porous, and the flowfield
about it is rapidly changing during the inflation process.

This Note contains an analysis of parachute loads through
the use of a simple model which represents the payload, para-
chute, and suspension lines by a two-body spring-mass system.
This elastic model has previously been used to interpret ex-
perimental load histories.2 The present analysis is intended
to emphasize that a significant contribution to the over-all load
amplification can result from the elasticity of the parachute
suspension lines. In addition, the analysis shows that the
atmospheric density is an important factor in determining
how effectively load oscillations are damped out following full
inflation.

Analysis and Results

A simple mathematical model was constructed in order to
analyze the response of the payload to the parachute drag force
developed during and immediately following canopy infla-
tion. The model is based on the assumption that the payload-
parachute system can be described as point masses joined by
elastic parachute suspension lines (which act like a spring)
(Fig. 1). The equations of motion for the system may be writ-
ten as

mixi = -Px^CDS/2 + k(x2 - xj,
miXi = —k(xz — x\) (1)

Gravity has been neglected since it acts uniformly on the en-
tire system. It is also assumed that payload drag is negligible
compared to parachute drag, and that internal viscous damp-
ing can be ignored.

The dynamic pressure in Eq. (1) can be considered con-
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Fig. 2 Load amplification factor, M, for various drag
area functions.

stant during canopy inflation for the infinite mass case, such
as in a wind tunnel or for a flight test where the velocity
does not appreciably change from snatch force to full infla-
tion.

During inflation, the increase in drag area, CDS, can be de-
scribed by some function of time. Further, the drag area can
be nondimensionalized to. the fully inflated value of drag area
and expressed by the function

= f ( t / t f )

Equations (1) then can be combined to yield

(2)

This equation represents a simple spring-mass system subject
to a time-varying forcing function.

To approximate the range of typically encountered infla-
tion histories one may set f(t/tf) = (t/tf)n for t < tf and
f(t/tf) = 1 for t > tf.

To isolate the inflation process from other dynamic effects
(such as snatch force), one can choose initial conditions such
that there is no relative extension, £(0) = 0, and no relative
velocity, j(0) = 0, at the time of snatch force. The solution
to Eq. (2) is given by Duhamel's integral.3 For t < tf,

for the t > tf}

qsCl)So rj if

(3)

- r)dr - tf)

Table 1 Normalized force E for various drag area functions
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Fig. 3 Normalized force histories, E9 for different depoly-
ment altitudes.

The force on the payload can be obtained by multiplying
Eqs. (3) by —k. This force can be expressed as (—kgsCDS0/
mico2)^ which reduces to — qsCDS0E for ra2 » m\. E is then a
force normalized to the steady load and can be obtained from
Eqs. (3), once the exponent n is specified and the integration
is performed. Table 1 lists expressions for E with n varying
from 1-4. The maximum value of E (or the load amplifica-
tion factor, M) can be determined after setting dE/dt = 0 and
obtaining those maximizing values of i for various values of t/.
This has been done for the cases in Table 1 and it was found
that M occurs shortly after full inflation (at approximately
tf + T/4). The load amplification factors are presented in
Fig. 2 as a function of the ratio of filling time to the natural
oscillation period of the elastic system. From Fig. 2 it is seen
that M varies between 1 and 2 and is generally decreasing with
increasing t//T. For t//T > 2 and n > 1, M varies approxi-
mately as 1 + (nT/2irtf). Therefore, when the filling time is
very short or when the natural period of oscillation is relatively
long (i.e., low value of &), elasticity can result in significant
opening load amplification. (Although the present analysis
indicates that suspension lines with a higher spring constant
can reduce opening load amplification, Ref. 1 indicates that
stiffer lines increase snatch force. Hence, both opening load
and snatch force should be considered, when designing a para-
chute system for a specific application.)

Another interesting result obtained from the elastic model is
the character of the load history immediately following full
inflation. Here the assumption of x\ (or z2) being nearly
constant cannot be made since the system will be rapidly
decelerating due to the drag provided by the fully inflated
canopy. Instead, one can now assume that the drag area
maintains a constant value. By setting xi/x\ = (1 + <p),
where <p « 1 a dimensionless parameter, Eqs. (1) can be com-
bined to yield

= 0 (4)

Hence, this change in assumptions produces an equation dif-
ferent from Eq. (2). For £ < 0, the parachute is closing on
the payload and the second term in Eq. (4) represents nonlin-
ear damping of the spring-mass system. For £ > 0, the para-
chute is increasing its separation distance from the payload
and energy is being put back into the system. For any single
cycle oscillation, energy is added and then dissipated. The net
result is an oscillation about the steady drag loading history.
The amplitude of oscillation will depend on the "damping"
term. One obvious consequence of this is that for a given
parachute system the amount of "damping" decreases as the
density decreases. Hence, one could expect oscillating load
histories initiated by the inflation process to persist at high

altitude even when the parachute drag area remains steady.
Numerical solutions of Eqs. (1) were obtained for identical
parachute systems, operating under nearly infinite mass con-
ditions, at the same dynamic pressure but different altitudes.
The resulting payload force histories were normalized to the
steady load and are presented in Fig. 3 as a function of the ra-
tio of time to filling time. Note for both cases that the open-
ing load is amplified, as predicted by the earlier analysis.
Also, note that the load oscillation following full inflation for
the higher altitude case has less "damping" than the lower
altitude case, as predicted by the later analysis. This altitude
or density effect can be noteworthy above about 80,000 ft.
For parachute tests at lower altitudes, the elastic system will
have high "damping." And load oscillation due to suspension
line elasticity would not be expected.

In general, when the drag area does not remain constant
following full inflation, load oscillations can be much more
severe than that indicated in Fig. 3. This was the case for
the flight test reported in Ref. 2, where it was shown that the
elastic model could provide a good reproduction of the payload
force time history.

Conclusions

Using a two-body spring-mass system to analyze parachute
loads, the following conclusions can be stated:

1) For infinite mass parachute deployments, suspension
line elasticity can result in an amplification of the opening load.
For those cases where the growth in drag area during infla-
tion is proportional to (t/tf)n, the magnitude of the effect can
be approximated by 1 + (nT/2irtf).

2) For parachute deployments at high altitude (above
about 80,000 ft), oscillating load histories initiated by the in-
flation process will persist as a result of reduced "damping"
due to the small value of atmospheric density.
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Technical Comment
Erratum: " Solar Deflection of Thin-

Walled Cylindrical, Extendible
Structures"

ROBERT J. EBY* AND ROBERT D. KARAM|
Fairchild Hitter Corporation, Germantown, Md.

[J. Spacecraft Rockets, 7, 577-581, (1970)]
aT4 and aT\v in Eqs. (6) and (10) should read crT74 and

o-T^av, respectively, a is the Stefan-Boltzmann constant.
Similarly, the a in Eq. (15) should be a. The same error
occurs in the example; thus, aT*av = 233.43 and <rT3

&v =
0.384.
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