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Introduction

KNOWLEDGE of the flowfield surrounding a parachute,
particularly during the opening, is essential to any under-
standing of parachute dynamics. This fundamental infor-
mation, however, has yet to be satisfactorily obtained.
There have apparently been no successful attempts at
mapping an opening velocity field, and most of the efforts
to obtain steady-state information have failed in certain
regions about the canopy. The reasons for this lack of suc-
cess lie with the nature of the measuring devices. They
either physically obstruct the flow or opening due to their
size, or cannot function in regions of high fluid rotation
such as are found in wakes and mouth regions. A system
which has none of these disadvantages was used by
Pounder1 in 1956 to measure steady flows about various
canopies. This was done by generating helium-filled soap
bubbles which were inserted into the air passing the para-
chute and photographed in a single plane. The neutrally
buoyant bubbles were dynamically indistinguishable from
the air surrounding them, and their high reflectivity made
them easy to photograph. The current investigation ex-
tends the use of this concept to ascertain the velocities
during a portion of the opening process. That point will be
when the filling time T is unity. The nondimensional fill-
ing time is the ratio of the time measured from suspension
line extension to the time interval between suspension
line extension and the first attainment of a canopy pro-
jected area equal to that under steady state conditions.
Two simultaneous orthogonal views of the flowfield are

Fig. 1 Typical streak photograph (side view) at T = 1.
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Fig. 2 Contours of constant axial velocity ratio, Vz/V«>, at T
= 1.

made, thus eliminating the need for assuming a planar
flow.

Apparatus

The investigation was conducted in the United States
Naval Academy 3% x 4% ft subsonic wind tunnel. The
particular parachute model used was an 18 gore, 18 in.
nominal diameter flat circular type having a 1.8-in.-diam
vent. Tunnel blockage limited the nominal diameter
to this value. The model was constructed of 1.1 oz rip-stop
nylon, MIL-C-7020, Type I, having a permeability of 114
ft3/ft2/min. The suspension lines were 18 in. long and
were tied to a 15/L6-in.-diam steel ring. The model de:

ployment system consisted of a 3-in.-diam, 12-in. long
streamlined aluminum tube mounted along the tunnel
centerline into which the parachute was loosely packed.
Deployment was initiated by raising a solenoid driven pin
which allowed a dead-fall weight to extract the parachute
from the tube. The model then rode along a 5 ft. long, 0.25-
in.-diam aluminum rod to a point where the moving
stream began the inflation. The rod served the dual pur-
poses of stabilizing the motion and, since it was graduated
into 1-in. intervals, of providing a length scale. In steady
operation the suspension line ring was located some 6 in.
downstream of the deployment tube.

The flow visualization itself centered around a Sage Ac-
tion, Inc. bubble generating system. The density of each

Fig. 3 Contours of constant axial velocity ratio, V2/V°°, at T
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Fig. 4 Contours of constant radial velocity ratio, Vr/ V°°, at T

bubble was reportedly within 2% of the air value. Simul-
taneous photographs were taken by two still cameras
mounted at right angles to each other and located 72 in.
off the tunnel centerline. ASA 3000 speed film was used
and illumination was provided by a high intensity Xenon
arc lamp mounted 8 ft upstream of the center of the test
section and somewhat off axis. Although this presented
the possibility of some disturbance to the freestream, it
was necessary to sufficiently illuminate the upstream
flow.

Experiment

The original experimental plan was to take a large
number of photographs at each of four or five different
fractions of the filling time. Each ,set of photographs
would include a number of randomly placed streaks. This
would provide a description of the particle velocities over
the full range of opening times. However, it was found
that in order to get well defined streak photographs, the
bubble residence time needed to be that corresponding to
a freestream velocity of approximately 10 fps. Horizontal
parachute operation, particularly during opening, at these
speeds gave a ratio of aerodynamic to static forces which
rendered the opening asymmetrical. It wasn't until the
process had progressed to T « 1 that the lack of symme-
try became small enough to be considered negligible. For
these times and those beyond, the differences in the maxi-
mum radii between the upper and lower portions of the
canopy were less than 7% of the average of these
two extremes. Future studies should either take place
in a vertical wind tunnel or combine greater levels
of illumination with increased airspeeds.

The tunnel speed was set at 8.5 fps. .A series of streak
photographs taken with the model undeployed gave a tun-
nel axial velocity of 8.36 fps, a radial velocity of 0.26 fps,
and a circumferential velocity of 0.51 fps. Errors of the
magnitude of the last two values would be expected in lo-
cating streaks made by the 0.125-in.-diam bubbles and
exposure time used here.

The actual opening time was found to be 0.82 sec by tak-
ing photographs at various time intervals measured from
initiation of deployment. The cameras taking the simulta-
neous photographs were synchronized by electronic time
delay and each set to a 0.0117 ± 0.0005 sec exposure
time. Ambient pressure and temperature for the tests
were 30.53 in Hg and 90°F, respectively.

Approximately 25 pairs of photographs were taken at
both T - I and in steady state. The bubble generating
head was mounted at various radial locations in order to
sufficiently cover the field. This resulted in roughly 250
matchable streaks for each of the two cases. A typical side
view photograph is shown in Fig. i. This is an unsteady

shot, as may be seen by the whipping action of some of
the suspension lines. The generating head is resting on the
deployment tube.

Results

The basic results of the study are given in Figs. 2-5.
These map lines of constant nondimensional axial and ra-
dial velocity as functions of flowfield location. This infor-
mation was obtained from each pair of photographs con-
sidering the fact that each camera had a conical field of
view with a 72 in. altitude. Axial locations of each streak
from top and side views usually agreed within % in. Cir-
cumferential velocities were typically less than ±0.5-0.7
fps. Consequently, the velocities are considered to be
functions of axial and radial location only. The particles
were generally found in a 30°-35° sector centered about the
radial along which they were inserted. This scatter sub-
stantiated the postulated necessity of taking the two
orthogonal views.

One of the two salient points of contrast between the
unsteady and steady flowfields are the relative dimensions
of the turbulent regions. These regions are shown as being
void of data. The large area of turbulence near the mouth
previously seen by Lockman2 in his pressure rake survey
is certainly in evidence in the steady-state data but no-
nexistent in the opening model. The wake sizes also differ.
The average vent plane area of the steady wake is roughly
2.4 times the corresponding value for the T = I case. Sec-
ondly, it can be seen that the effects of the opening cano-
py are confined to regions relatively close to it, while
those of the steadily operating parachute extend much
further. The lack of data over the first one or two inches
of radius is due to the fact that the generating head could
not be placed any closer to the centerline than l1^ in.
without obstructing the opening or being set into the
parachute rigging lines.

The aberrations seen between 10 and 14 in. upstream
are due to the suspension lines and ring. Here, due to the
relatively high density of 18 looped lines, there is an ob-
stacle to the flow.

A few qualitative observations were made while optical-
ly viewing the steady-state condition. In the regions of
turbulence and those bordering them, the bubbles oscil-
late. This vibratory motion is superposed upon any other
motion. Motions characteristic of ring vortices parallel to
the mouth plane and trailing vortices were also observed
in the wake. The highly irregular nature of this flow would
require considerably more data than that collected here to
get any direct measurement of net average velocities in
this region. A reasonable value could, however, be ob-
tained by applying the conservation of mass to the region
using the known velocity distributions in the nonturbulent
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Fig. 5 Contours of constant radial velocity ratio, Vr/V™, at T
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portions of the flow. Doing this here gives uncharted vent
plane region velocities of -0.49V°° and +0.65Voo for the
unsteady and steady cases, respectively. Considering the
rapidly expanding canopy, the reverse flow in the un-
steady case is not at all unreasonable. It is a well known
fact that at T = 1 the canopy is being compressed in the
axial direction.

Concluding Remarks

The velocity profiles about a flat circular parachute
model have been found for both a time late in the infla-
tion process when the canopy shape is close to the steady-
state value and in steady-state. The previous unavailabil-
ity of any similar data for the former case makes it quite
useful for assessing any analytical attempts at describing
the kinetics of opening. The data also suggest that the ex-
tent of the flow which is turbulent during opening is prob-
ably small enough that a potential flow mathematical
model would give a reasonable description of the opening
process.
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Introduction

THE present experimental data were aimed at obtaining
the effect of jet mixing, the effective length/diameter of
the ejector tube, the entrance length shape factor, the
shape loading, and the optimum primary jet location. The
most effective thrust weight of the ejector tube was also
examined from airborne vehicle point of view.

Simplified Theory

The similarity velocity profiles of a turbulent jet issuing
from a wall was first analyzed by Schlichting.1 The
streamlines were shown in Fig. la. The velocity profiles
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V = 0

c)
Fig. 1 a) Streamlines of a circular wall jet. b) The velocity
profiles u, v, as a function of y at an arbitrary x location, c) u =
0 line, and the induced velocity, d) Parameters of a jet agumentor
experiment.

have similarity solutions given as

K_ ^
877

1/2 - (l/4)7y2]

where
, 1 /2 (K) 1/2

u2ydy

eo is the turbulent kinematic viscosity. In subsonic flow eo/
(K)1/2 was found to be a constant2; therefore, variation of
jet momentum K does not change the geometrical pattern
of the streamline with respect to y, and x. The velocity
profile of the radial component v has a zero point (Fig.
Ib) due to the expansion'of the streamlines in the center
region just compensated by the induced inward velocity.
This occurs at r/ = 2. The velocity crossing rj = 2 line has
u component only and it is a measure of the induction
mass. From experimental data of Riechardt2 €o/(^)1/2 =
0.0161, hence rj = 2 line has an angle of a = 7.5° (Fig. Ic).
If an ejector is added to a jet, from the above streamline
analysis apparently the ejector length beyond the inter-
ception point of (u = 0) line contributes nothing to the
ejector pumping action; therefore, the ejector only re-
quires a fixed L/D according to a regardless of their diam-
eter.

A finite diameter jet for the real experimental case can
be simulated by a jet source at an appropriate location in-
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