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FIGURE 8 DECELERATION AT.30,000 FEET FROM M = 1.3

Fig. 8 Deceleration at 30,000 ft from M = 1.3.

out the region and was rated operationally acceptable by the
pilots. The airplane was also decelerated from Mach 1.3
to 0.9 by reducing the throttle to the idle setting without
deflection of a drag device. The airplane behaved in the
same manner quantitatively and qualitatively as with appli-
cation of the thrust reverser. However, time to decelerate
was longer and there was no initial pitchup with reduction
of throttle. Speed instability existed throughout the tran-
sonic area.

In Fig. 8, deceleration times are presented for an initial
Mach number of 1.3 at 30,000 ft in the same manner as for the
subsonic decelerations. Again, the thrust-reverser mechani-
zation provided performance and handling qualities superior
to those of the speed-brake equipped airplane.

Summary

The thrust-reverser equipped airplane was preferred over
the clean or speed-brake configurations for deceleration be-
cause of the increased retardation available from the thrust
reverser without adverse effects on the handling qualities.

Conclusions

1) In general, a thrust reverser could improve the over-all
mission effectiveness.

2) In gross decelerations of both subsonic and supersonic
speeds, an airplane equipped with a thrust reverser can pro-
vide performance handling qualities superior to an airplane
equipped with speed brakes.

3) For an instrument approach under ILS conditions, the
advantages of the thrust reverser in speed control and ap-
plication of power at wave-off did not seem sufficient to bal-
ance the disadvantages of unconventional cockpit controls
and possible pitching moments resulting from application of
the reverser.

4) An integrated thrust-reverser/throttle controller was
the most desired thrust-reverser control mechanism for all
flight modes with the exception of the ILS approaches,
where it was not employed.
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Opening Time of Parachutes Under Infinite-Mass Conditions

H. G. HEINRICH*
University of Minnesota, Minneapolis, Minn.

For the infinite-mass case, defined by the ratio of the suspended to the canopy included
masses, equations have been developed which provide the canopy filling time for solid cloth
as well as for ribbon and ringslot parachutes. Using newly established experimental data of
the rate of canopy growth, the results obtained by this method agree satisfactorily with
empirical information given in the United States Air Force Parachute Handbook.

Nomenclat ure

a, 6 = const
A = if DQ

Z/TT
B = (irdv/2DQ)2

C = u/v, coefficient of effective porosity
Cp = pressure coefficient
CD = drag coefficient
CD& = drag area
d = instantaneous diameter of parachute inlet
dv = vent hole diameter
Dmax = maximum diameter of parachute
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DO = nominal diameter of parachute
Dp = instantaneous maximum projected diameter of parachute
DpC = drag of parachute canopy
DpS = projected diameter under steady-state condition
Ds = drag of suspended weight
m = actual mass flow, slugs/sec
ma = apparent mass
mi = mass of included air
rhi = ideal mass flow, slugs/sec
mp = mass of parachute
ms = mass of suspended weight
Ap = pressure differential
So = total area of parachute
Sp = instantaneous projected area of parachute
t = time
if = filling or inflation time
T = t/tf, dimensionless filling-time ratio
u = average velocity over the porous or slotted area
V = velocity; included volume of parachute canopy
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Vff =

Vs
Ut.
Uco
Wp
Ws

exit velocity through the slots of the canopy
velocity of flow entering the inlet
maximum included volume at end of inflation
velocity at instant of snatch
velocity of flow leaving the vent
f reestream or system velocity
weight of parachute canopy
suspended weight
VVFco
efficiency or flow coefficient
over-all geometric porosity
geometric porosity in the ribbon grids
critical porosity
density

Superscript

( ) = averaged quantity

I. Introduction

THE equation of motion of the parachute inflation includes
as significant terms the suspended weight, the size of the

parachute canopy, the instantaneous velocity, and the canopy
enclosed and apparent masses and their time derivatives. A
number of methods of mathematical presentation of the calcu-
lation of the parachute-opening dynamics have been proposed,
and their degree of complexity depends almost entirely on the
simplifications and empirical terms which they encompass.

The most analytically oriented opening-process theory,
shown in the Air Force Parachute Handbook,1 is based on
original work b\- O'Hara,2 and can be modified to yield, as
closed solution, the opening time of parachutes under infinite-
mass condition. However, this has not been attempted so
far, probably because of lack of information of the variation
of the nonsteady terms and a satisfactory mathematical
definition of the infinite-mass condition.

The following study uses the proposed canopy geometry
by O'Hara,2 but introduces a new experimentally determined
canopy size-time function and a definition of the infinite-mass
case. This method leads to a closed form solution and yields
results which agree very well with empirical data of Ref. 1.

II. Canopy Size -Time Function

In the equation of motion, the area and the volume or mass
terms are very influential during the parachute inflation,3 and
their satisfactory determination under infinite-mass condition
is very important. O'Hara2 derived them for the finite case
from the parachute geometry, but they can also be deter-
mined experimentally in drop tests or in a wind tunnel. Both
methods are cumbersome, whereas the wind-tunnel method
is probably a little easier to accomplish. For wind-tunnel
experiments duplicating the infinite-mass case, one has

Fig. 1 Drag coefficient of O'Hara shapes under steady-
state condition.11

Fig. 2 Ratio of projected and total canopy area vs time;
solid, flat parachute, infinite-mass condition.

merely to record the inflation process while the suspension
point of the parachute is held at a fixed position. For finite-
mass tests, this point has to be movable as shown in Ref. 3.

The Air Force Parachute Handbook1 utilizes in its opening
shock theory a linear drag area-time relationship, which, in
connection with a constant drag area vs the diameter ratio,
7rDp/2DQ, Fig. 1, and the geometry by O'Hara,2 leads to a
relatively simple mode of calculation. It is worthwhile to
note that this method provides for finite-mass cases acceptable
values for the maximum parachute force. Also, Pflanz4 has
shown that the maximum opening force of a parachute load
system, which is decelerated merely by the parachute drag,
varies insignificantly when the second time derivative of the
drag area-time function is zero, positive, or negative. This
statement is, of course, valid only within certain limits.

Newer studies of full-size, solid, flat parachutes under
finite-mass conditions by Berndt5 and Berndt and DeWeese6

have, however, shown that size-time relationships of actual
parachutes deviate considerably from a linear course. Also,
wind-tunnel tests3 with solid, flat parachute models indicated
more complicated curvatures. Unfortunately, size-time func-
tions of full-size parachutes under infinite-mass conditions
are presently not available. Therefore, wind-tunnel studies
were made in which solid, flat, and ringslot parachutes
inflated under infinite-mass conditions and the front and side
profiles were filmed with approximately 2000 frames/sec.
From these pictures, the projected area with respect to time
was determined and is shown in Figs. 2 and 3.

In Fig. 2, one notices that the area-time relationships under
finite- and infinite-mass conditions up to T = 1 are prac-
tically identical. Therefore, one may use the area-time
functions of Ref. 3, namely, DP/DQ = 0.097 + 0.471 T, and
Dp/Do = 1.4 - 2.871 + 2.05772 for the regions of 0 < T <
0.8 and 0.8 < T < 1.0, respectively. It is also of certain
interest to note that Fig. 2 indicates that a solid, flat para-
chute in the finite-mass case over-inflates much more than
under infinite-mass condition.

Figure 3 shows the area-time function of a ringslot or ribbon
parachute which for the infinite-mass case and as first approxi-
mation, and also in view of Pflanz,4 will be replaced for the
time being by a straight line. With this simplification, the
size-time function of a ringslot or ribbon parachute can be
presented then as DP/D0 = 2Tll2/ir as derived in Ref. 1.

As a matter of interest, the area-time relationship of the
same parachute model, but under finite-mass condition, is
illustrated. One notices characteristic differences as before
for the solid, flat parachute under infinite- and finite-mass
conditions. Both curves are, however, so far merely based on
wind-tunnel experiments. The approximation suggested
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D V = 50 fps O V = 85 fps

A V = 7O fps ——— FINITE MASS

Fig. 3 Ratio of projected and total canopy area vs time;
ringslot ribbon parachute, 15% porosity, infinite-mass

condition.

previously will first be tried and the results compared with
available information of full-size tests.

III. Infinite-Mass Condition

Under infinite-mass condition one understands a process in
which the systems velocity during the parachute inflation
remains practically constant. Such processes occur often in
reality. The inflation, however, follows the equation of motion
which can be written3 as

(d/df)[(m. + mp ma)V] =
(Ws + Wp)sina - - Dpc (1)

In general and for simplicity, one can set Ws » Wp,
Dpc » Ds, a = 0, or a ~ ir/2. Equation (1), simplified and
rearranged, amounts to

F* dt + dt '
(mp 4 ) r ( 2 )

In this equation one notices two mass terms, namely, the
suspended mass ms and the group in the parenthesis. If the
group, compared with the other terms, is very small, the con-
tribution of the last term of Eq. (2) to the total deceleration
force is insignificant and may be neglected. This raises the
question of how large this group may be in order to satisfy
this condition. Under these circumstances, the term infinite
mass is then strictly related to the suspended mass ms, and
the probable velocity decay is calculated in the following.

First a ratio of ms/(mp + w* + w0) = 100 has been
arbitrarily selected. This ratio represents, for a 4-ft or a 28-ft
solid, flat parachute, suspended masses of 1.405 slugs (45 Ib)
and 540.5 slugs (17,410 Ib), respectively.

Furthermore, an approximate filling time and a drag area-
time relationship has to be assumed. For this purpose the
filling times t/ were determined from the experimental curves
of Ref . 1 for infinite-mass cases. These values were combined
with canopy size-time functions as proposed in Refs. 1 and 3.
In this manner essentially two independent calculations were
made. The calculation using the filling-time information and
the size- time function of Ref. 1 yielded a velocity change of
AF = 0.01 Vs. Performing the same calculation with the
size-time function from Ref. 3, the velocity decay amounts
to AF = 0.03 7..

It can be shown that the velocity decay of a ribbon para-
chute-load system with similar surface loading is in the same

order. In summary, one can say that these velocity changes
during the parachute inflation are small enough and that a
mass ratio of ms/(mp + mi + ma] = 100 practically repre-
sents the condition of an infinite-mass case.

IV. Mass-Balance Equation

Having established the rate of canopy growth, one may
apply the continuity equation and determine the mass imbal-
ance which develops the included mass and causes the para-
chute to inflate. In order to encompass all conventional
parachutes, the mass-balance equation will be written for a
parachute with geometric or inherent porosity, such as ribbon
or ringslot parachutes. Later, the geometric porosity of the
ribbon grid7 will be expressed in terms of effective cloth
porosity,8-9 and in this form the equation can be directly
applied to solid cloth parachutes. Since the effective porosity
of cloth varies with the air density, this approach incorporates
then also the so-called parachute altitude effects.10

The rate of change of the included mass equals the difference
between the mass fluxes entering the inlet and leaving through
the porous area of the canopy. The cloth porosity of the rib-
bons or the concentric rings of the ringslot parachute will, for
the time being, be neglected. The mass balance then can be
expressed as

where \'g is the geometric porosity of the canopy excluding
the vent. Equation (3) includes the assumption that the out-
flow through the porous area occurs merely on the hemispheri-
cal roof portion, which fact, to a certain extent, has been
verified through wind-tunnel experiments.

Considering only the subsonic flow regime and realizing that
during the inflation the air density varies insignificantly, one
may eliminate the density p, divide by the system velocity
Fco, and obtain from Eq. (3)

dt tf dT
_
~~ 2 ,_^£ (4)

For a ribbon or ringslot parachute, the ratios representing
the flow through the inlet and the vent outflow, Fm/Foo and
FVFco, respectively, have been determined by wind-tunnel
experiments.11 Results are shown in Fig. 4. It can be seen
that the velocity through the vent varies very little, is almost
equal to the freestream velocity, and may be abbreviated as
Vv/Vm = ctQ. The ratio of the average inflow Fin to free-
stream velocity Foo is practically a linear function of T, and
can be written as Fin/Foo = a — bT. Solid, flat parachutes,
have about the same flow relationship.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 4 Flow ratios through inlet and vent area of O'Hara
shapes measured on rigid ribbon parachute model;,

\g = 35% under steady-state condition.11
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The average velocity through the slots, Vg, is a function of
the differential pressure and follows from Vg = 7?(2Ap/p)1/2

with if] an efficiency or flow coefficient,7 and Ap the pressure
differential between the inside and the outside of the para-
chute canopy. With the system velocity Foo it can also be
shown that Va/Vx = vi(Cp)112, where Cp is the pressure
coefficient.

The flow coefficient 77, also called the ribbon grid efficiency,7

amounts to 77 = m/rhi, in which m and m, are the actual and
ideal mass fluxes through the slotted grids related to viscous
and inviscid conditions. The actual mass flow through an
area consisting of ribbon grids can be presented also by means
of the coefficient of the effective porosity, C = u/v. In this
expression, u is the average velocity over the porous or slotted
area, and v an undisturbed freestream velocity.7 With this
definition and using V^ for y, the actual mass flow amounts
to m = pSGu = p$0CFoo. This can be related to the ideal
mass flow and yields

\'0Vm = C/\'g (5)

or, with the previous definition, C — \'97]. Using the so far
defined terms, Eq. (4) assumes the form

dr = 'L^TL )1W (a ~ bT) ~ TW a° ~
TT -(TFT > (6)

With the time functions d/Do and DP/DQ, the integration of
Eq. (6) yields the filling time tf.

Applying O'Hara's2 geometry, the inlet diameter d is
related to the projected diameter Dp by

- 7T/4 DP/D0) (7)

For the ratio DP/D0 one can now use the size-time functions
as discussed in Sec. II. For solid flat parachutes, it appears
to be justified to use the relationship writh the increasing
potentials of T7, whereas, for ribbon parachutes, the linear
size-time history will be tried.
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Fig. 6 Filling time of parachutes with inherent porosity
under infinite-mass condition.

that Eq. (6) yields

= 0.339/(0.121 - C) (8)
Equation (8) indicates that the filling time becomes infinite

when the effective porosity amounts to Ccrit = 0.121. An
effective porosity of 0.12-0.13 represents a nominal porosity
of approximately 340-365 ft3/ft2-min, and from experience
one knows that with such a high porosity at sea-level density
conventional parachutes usually fail to inflate.

Equation (8) can also be used to calculate a filling-time-
diameter relationship vs velocity, which can be compared
with experimentally established curves in Ref. 1, Fig. 5. The
information in Ref. 1 has been actually obtained from experi-
ments with ribbon parachutes with satisfactory porosity
characteristics. However, no particular porosity values are
specified. As can be seen, the curves derived in this analysis
compare well with those recommended on the basis of experi-
mental data.

V. Solution for Solid Cloth Parachutes

With Eq. (7) and the size-time function known, Eq. (6)
can be integrated. This may be cumbersome but not difficult.
Furthermore, one may assume that the volume of the inflated
canopy under steady-state conditions equals the volume of a
hemisphere having the same diameter, namely, Dps/Do =
0.65. The ratio of inflow to freestream velocity can be approxi-
mated2 by Vin/F* = 1 - T, which yields for solid, flat
parachutes a = b = 1. After integration of Eq. (6), one
notices repeatedly the term of (dt-/D0)2 which, in reality, is
usually less than 0.005 and, compared with the other terms,
can be neglected. This simplifies the result to such an extent
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Fig. 5 Filling time of parachutes under infinite-mass
condition.

VI. Solution for Ribbon and Ringslot
Parachutes

The in- and out-flow relationship shown in Fig. 4 was ob-
tained for a rigid ribbon parachute model with 33% geometric
grid porosity, \'g = 0.33, and an over-all porosity of \g = 0.35.
In accordance with these measurements, the inflow function
amounts to Fiu = Foo(0.91 - 0.3177), which yields a = 0.91
and b = 0.31. The same measurements also provided an
average pressure coefficient during the filling period of ap-
proximately (CP)l/2 = 1.12.

The mass-balance equation (6) applies, of course, also to
the inflation of ribbon or ringslot parachutes. Selecting in
view of Fig. 3 a linear size-time function, one may utilize
the geometric derivations of Ref. 1 and obtain d/D0 = 2/irT21*
and DP/D0 = 2/irTl/2.

With these functions, Eq. (6), for ribbon and ringslot para-
chutes, can be written as

dV/dT = Fra A{aTw - bT7/3 - £[0:0 - C(CP)1/2] -
~2C(CP)1/2T] (9)

For convenience, this equation contains the abbreviations
A = tfD<?/ir and B = (irdv/2D0)z.

Using as upper boundary again the volume of a hemisphere,
Eq. (9) can be evaluated for the filling time tf. As before, the
solution includes terms of (dv/Do)2 which for ribbon para-
chutes at the most amounts to 0.0025. Neglecting these
terms, introducing the values for a, b, and CP) and arranging
the solution accordingly, one obtains

Vmtf/D<> = 0.212/(0.296 - 1. (10)
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Equation (10) indicates a critical porosity of Ccrit = 0.264,
which is higher than we had before. This is probably the
consequence of the flow conditions reflected in the terms of
a and 6^1 . As shown before, the effective porosity C is
related to the geometric porosity \g through the flow coeffi-
cient 77. Nylon grids have flow coefficients up to approximately
?} = 0.85,7 and in view of Eq. (10), the critical geometric
porosity value is approximately X'^rit = 31%. This agrees
well with established experimental data, since it is known that
ribbon parachutes with geometric porosities of 30% and
higher have, in general, uncertain inflation characteristics.

The validity of Eq. (10) can also be checked by comparing
a calculated curve with those recommended in Ref. 1. For
this purpose, an effective porosity of C = 0.15 has been
selected, which is suitable for ribbon as well as ringslot para-
chutes. Assuming an efficiency factor of 77 = 0.85, the effec-
tive porosity, C = 0.15, represents a geometric porosity
\'g = 17.6%. This is an accepted porosity value for conven-
tional parachutes. The calculated and the experimental
curves are shown in Fig. 6, and one notices that the calculated
curve follows closely the mean experimental curve recom-
mended in Ref. 1.

In view of the agreement between the calculated and ex-
perimentally obtained opening times for ribbon and ringslot
parachutes, it appears that the assumption of a linear size-
time function as first approximation is satisfactory for calcu-
lations of performance data.

A better approximation, somewhat similar to the one used
for solid, flat parachutes, may be introduced when the size-
time relationship of parachutes with inherent porosity under
finite-mass condition is more reliably established.

VII. Summary

The infinite-mass condition is defined as a ratio between
the masses of the suspended weight and the included air.
Using this definition, the continuity equation, combined with
experimentally established size-time functions and a certain
parachute geometry during inflation, has provided solutions
the results of which compare well with experimentally estab-
lished parachute filling times.
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