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ABSTRACT | -
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The influence of horizontal wind shear layers
upon descending, statically stable parachutes has been

;
E studied analytically and experimentally. The investigation

was concerned with horizontal displacements, response velocity, i
i response time, and angle of attank, Experiments were conducted e
r with two circular flat ribbon, two ringslot, and one ribless Lo
v guide suriface parachute model, The results show that the %9

analytical predictions are a satisfactory first spproximation
% of the observed performance characteristics,
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SYMBOLS

drag coefficlent

moment coeificient

aerodynamic drag forece

total forces acting on parachute-ioad system
apparent mass fcrce

gravity

altitude

reference altitude (shear layer boundary)
unit vector in horizontal directicn

unit vector in vertilecal direction

mass of suspendad load .

apparent mass

area

time

response time

nondimensional time

unit vector in direction of relative wind
parachute veloclty

horizontal component of parachute velocity
vertical cowponent of parachute veloclty
initial horizontal parachute veloclty
relative wind velocity

wind velocity

non-steady wind velocity

initial wind velocity

b
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SYMBOL3 (CONT. )

welght of parachute load

W d chut DA
Xp horizontal parachute displacement
ox angle of attack

¥ wind gradient

2] parachute inalination angle

A geéometric porosity

P air density

&

anisle of relative wind

Subscripts
o initlial conditions of reference altitude
total of system

Additional symbols are defined in the text when they occur.
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I. ZINTRODUCTION

The motions of a parachute-load system in a nearly
vertical steady descent can be determined relatively easily
by coupling or the known steady state aerodynamic character-
istiecs {Ref 1) with the methods which lead to the prediction
of the theory of dynamic stability behavior (Ref 2). When
descending from a higher altitude, the steady descent is
very likely to be 1nterrupted by horlzontal wind fields
known as wind shear layers. Upon entering such a shear
layer, the parachute system 1s subjected to an initial
angle of attack. Subsequent motions will be a combination
of angular and lateral displacements a3 shown in Fig 1.

The magnitude of these oscillations and displacements will
depend, 1n part, on canopy type, equilibrium velocity,
damping, strength of the wind field, 1its gradient with
respect to altitude, and apparent mass effects.

In view of these facts, a study was conducted
at the University of Minnesota to determine analytically
and experimentally the trajectory characteristlcs of a
stable parachute-load configuration under the influence
of shear layers with constant and varying strengths.

Experlimental investigations were limited to five
parachutes, two circular flat ribbon and two ringslot canopy
types, each of 15 and 25 percent total porosity, and one
ribless gulde surface canopy with a cloth permeability of
120. Parachutes were vertically injected into a hori-
zontal flow wind tunnel. In thls manner, the wind initially
acted normal to the longltudinal axils of the parachute
canopy. The cross wind veloclties included a steady wind
field of 37 ft/bec and a ncn-steady layer varylng nearly
linearly between 5 and 45 ft/sec. The parachutes were
injected into the constant flow field at 20, 30, and 40
ft/bec, and they were injected into the varylng flow layer
at 15 ft/sec.

Under the assumption of a steady rate of descent,
the constant and the varying horizontal flow fields may
alse be considered as steady and non-steady gusts, when
recorded by an observer positioned on the descending
parachute-load system.

The analytical study of the flight path of the
parachute-load combination was pursued in view of an in-
vestigation concerning the wind response error of rising
spherical balloons {Ref 3). A solution has been obtained
in the followlng chanters for angular and horizontal dis-
placement, wind response, and response time for the parachute-
load system. In a number of cases a comparison between
calculated and observed behavior has been accomplished.

The agreement 1s, in general, satisfactory.

amore i,
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II. THEORETICAL ANALYSIS

A. Derivation of Equations

Whefi a descending parachute enters a horizontal
wind field, the parachute-load system will accelerate as
it passes through the shear layer., If the parachute motion
is reatricted to the x-z plane, as in Fig 2, the velocity
may be written in component form as:

The horizontal wind fleld can be ropresented
by a constant or a varying shear layer, as shown in Fig 3,

In general, the wind profile is written with steady and
non-steady terms as followa:

Vw = (Vxw, + Vxw) i. (2)

Introducing the wind zradient ¥ = AVyy/dh, one
can write the non-steady wind term as Vy, = 3’?"-ho’.
Whereupon, the complete wind proflle becomes:

Vu= [Vaw, +8(0 -no)] 1. (3)

It 18 also necessary to consider the relative
wind which 1s the difference between wind and parachute
velocities, as shown in Fig 4, or:

VR = (W -V, ®)
and expanding Eqn 4:
vR = (Vw - pr) i- vzpﬁo (5)
from which the magnitude of the relative wind follows as:
1
|VR| = [(vg - Vip)2 +'V§P] 5, (6)

and a unit vector in the direction of the relative wind
becomes:

v o= VR/|VRl. (7)

The motion of a descending parachute 1s governed
by Newton's Second Law, written symbolically as:

ZF - mtg‘gn 2 (8)

i i il o .
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(Vw =Vxp )

Relative Wind Acting on Parachute

Fig 4.
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L7 = sum of all external foroes
my= mass of parachute and lcad plus included mass

™ extemnal forses act on the parsohute a™
the serodynamic drag. Erevity, sud the SLORTENL s efrects .
Muthematically, tholo may be eipressed respactively as:

TF-B+W+¥, . (9)

To determine the aerodynamic drag, it is rssumed
that the strcnfeh of the wind shear layer oronu grad-
with altitude, Henoce, dyaamic effects can be neglected
nnﬂ he parachute will al iteelfl with the relative wind
velocity vector, as shown Fig 4. The drag force is then
written conventionally as:

Ta-opksvg®e, (10)
or introducing Bqn 6 and 7 into Bqn 10, it follows:
B=Opfs|Va|[(Vw - Vep) 1 -Vyp k] . (11)

The weight force acting on the system 1s:
W = gk . (12)

The apparent mass force arises from the transfer
of kinetioc energy from the parachute to the surrounding
air (Rels 4 and 5). This effect 18 only noticeable while
the parachute 1is accelerating or decelerating with reapect
to the air and is written:

P, o= m gl (12)

where m' 18 the apparent mass as determined from potential
theory and experiments (Ref 6). By introducing Egn 5,
Egn 13 becomes:

L Sl (Vy - Vxp)i - m Vpp K (1%)
Eqns 11, 1§?°,§3“§§f°° of motion is now written using
LF = my(lxp L + Vo )
- ok sanl[(vu - Vyp) 1 - ¥y g] (15)

T
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or in terms of the horizontal and vertical component
directions, respectively: :

Iltvxp - Op s' 3'VR' (v' - vxp) + m! ”w - xp); (16)

I

| |
S o i
f } Dt#‘p » - OD % 3|VR'V‘p + mg - "‘?zp' (17) F
§ It 4= further assymed that the parachute descends ]
% at a constant rate; hence, Vyp = O and Eqn 17 may be solved :
for the relative wingd. i
P
L Cp § 8 Vep
L 11
a Substituting this value of |VR|into Eqn 16 yields:
‘ (mg+ m*)Vyp - efb Vy + gfb Vipr‘ @'¢h =0 . (19) %
. Bquation 19 18 a differential equation of Vxp with respect i
to time, which may be arranged in a more useful form with :
the following expressions:
av av__ . 4V
'  VapmogfR =R e Ry,
av.  av a
3 . S W w ¢h . : ]
b Vwe=—xt=-an a&~ IVap . |

Vi = Vxwg + ¥(h - hg) ,

S ——

Substituting the above relations into Eqn 19 ylelds:

%‘“ﬁﬁg‘h'hc“mﬁﬂ-%

2p

(20)
- + w = 0
( )

T IVEp
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Since Egn 20 is s differential equation of V
to h only, a closed form solution can be foun
methods ﬁe

lowing abbreviations.

Y=h-hj

dY-dh.

Equation 20 can now be written as:

with respect
by standard

f 7). The solution is simplified with the fol-

v+ [W-q-2¥r]ar = o (21)
Equaticn 21 1s an exact differsntial equation which 1is
solved as follows:

Multiply Eqn 21 by G}PY;

e av+ ¥ (W -q-2z¥)ar=o0. (22)
Latting:
PY
M=@ (PV - Q - 2Y) (23)
PY
N=@Q"", (e4)

Egn 22 reduces to:

NAV 4+ NAY = O.

(25)

e i
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Writing a total differential equation as
do-gav-rguuo, (26)

where G is any arbitrary function, and comparing terms
in Bqn 26 with those in Bqn 25, it is evident that:

& -e™, (27)
R -eM(w-ao-m, (28)
Integrating Bqn 27 yields:
c=vel (), (29)
and differentiating Eqn 29 with respect to Y:
g - el + r1(y), (30)
Comparing Bqns 30 and 28, one finds:
e+ -ew-e®@+z), ()
which reduces to:
£1(Y) = - (Q + z¥) &%, (32)
Integrating Bqn 32 yields:
r = (-F+ L™ -FeF 10, (33)

where Cy 18 an arbitrary conatant of integration.

Now it 1s possible to complete Eqn 29, since
£(Y) 1s known. Hence, '

a = vef? +eff (-%Y+%5-§)+cl, (34)
10
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But @G and Cy are both arbitrary and can be combined into
a single constant, C2. Thus, Eqn 34 becomes:

o-ve”+e”(-§!+fg-§)+cg. (35)
and after rearranging terms, Eqn 35 betomes:

v..Qn_‘.PE/l-l-%—Y—cz e, (36)

Y

The solution is completed by introducing the initial para-
chute veloeclty at the boundary of the wind shear layer as:

v =Vx

xp Po at h = h,,

that is,

Therefore,

G = Q_E_ZZE - Vxpo»

vgﬂ_i._zﬁ(l-e”m)+%Y+vxpoe'PY. (37)

After substituting the respective values for Z, P, Q, Y,

and V, Eqn 37 ylelds the horizontal parachute velocity as
a function o altitude,.

Vxp = Vxw, * (h-ny)+ (pro - wao) .

(38)

Equation 38 can be rearranged as follows to yield the wind
response, scmetimes called the wind response error, ‘

11




Viwo + ¥(n-ny) - Vxp = (Vzwg - Vkpo) .
m, V2
. _g_. h -h t _Zp
{emt*-mvip( °):|]+b,“‘ g

—-n h -h s
1—emt+m '\é;:( O)]

or hy Eqn 3,

. -m
Vu = Vxp = (xug = Vapo) [e mg + W ;g; (n - ho)]

2
m,. V D _ (39)
+K'ﬁi§z l:l‘emtTm'Vz (h-ho)]
p

Physically the wind response is the velocity
difference between the parachute and surrounding air. As
the parachute enters a wind shear layer, the effect of the
velocity difference 1s to accelerate the parachute., For a
steady wind, the parachute accelerates until it moves with
the wind, as shown in Fig 5. When the wind fleld 1s a varying
shear layer, as in Fig 6, the parachute will accelerate to a
maximum response, which for large values of h - hy, becomes:

v2

m
w t 'z
(Vy - vxp)max ’UTF'—ER' (ko)
It 1a evident from Eqn 39 that the wind response
depends strongly on the rate of descent, wind gradient and

velocity differential between parachute and wind as the

parachute enters the shear layer. The apparent mass Influences

the response error. However, thls effect may be small for
highly porous canopies, (Ref 6). In the calculations of
Section III, the apparent and included masses were neglected
because of insignificance,

If the analysis were applied to parachutes with
specifically high apparent mass or metecrological balloons,
the apparent mass should not be neglected, because the
apparent mass effect 1s a driving force 1n addition to
aerodynamic drag, thus effectively reducing the magnitude
of the wind response,

Knowing the horizontal wind, the rate of descent,
and the wind response, one can also compute the purachute
inclinatilo:r. angle, © , which, theoretically, ls equal to
the angle of relative wind as defined in Fig 4. Mathema-
tically, the inclination angle 1s expressed by:

o = tan"l (‘_’wwicn) . (41)

zp
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This relation follows if the parachute aligns itself in-
stantaneocusly with thg dipegtiop of the relative wind,

The horizontal parachute velocity, as expressed
in Eqn 38, can be integrated again ylelding the horizontal
displacement or finally, the trajectory. This 1s sccomplished
after introducing the followling %erms:

ax ax dx
dh
V2p = aé' 3§R'Eh Vap
Y=h -h,

dY = dh

P = g
(mt + m')Vv

-
Zp

Equation 38 is now written as:

= Y - = 1 ay (42
%p [vz; TV, e "+ Voo W “3 t(2)

where Xp 18 the parachute horizontal position. Integrating
Eqn 42 leaves:

) zp Zp
V. v c (3)
xw My 1 . -PY

+<ﬁp-°_ - D’T—én (Y‘FFe ) +v§; .

The constant of integration, 03, is determined
from the initial conditions:

L - s = a4 > -

3 =0 at h=n~h Y =0,
Xp o
Therefore:

m V2

1 t
C3 = & (Vxp, - Vxwo * U'TF'ﬁén) *

“MumAJMMJMJJMJ
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'mgtmautozv equation is now written cowpletely as:

Vxw m, V
Xm e - )? e R ()

2 .
“‘[(vxpo Ve + ¥ o R (v—§2>] . ()

=M
a +ar g8 (b - )
l._emt-i-mvzp o .

& superficial review of the wind response and trajectory
equations might indicate that they are independent of canopy
size, drag coefficlent, weight, and air density. However,
these terms are all incorporated within the terminal descent
veloclity v,p, expreased conventionally as equilibrium speed

M= )

The wind response can also be expressed as a
function of time by assuming that the rate of descent remains
constant throughout the wind shear layer. Thus, the time
required for the parachute tn descend from hg to h becomes:

. h-ho (u)

Introducing Eqn 45 into Eqn 39 and after rearranging
terms, the wind response takes the form:

21\ =11 2

m, v U A4 D
Y ~ Vxp *[(wao - Vzpo _v.%l)e“t ® I?— ; > (46)
whereupon solving for t ylelds:

m Vg
- S A - -]
t--2 2 fo| e o TEE | an
m V
vxﬂo-vxm-“ﬁ-—éﬂ

It 18 convenlient to introduce a nondimensional
time T = t/t;, where the response time, tr, is the time
required for the parachute-load system to approach, to a
certain degree, the ateady state conditions after ertering
the shear layer. In this view, the response time for a
constant shear layer, Fig 7, has been determlned for the
condition that the wind response diminishes to 5 percent
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of the horizontal wind velocity; or numerically,

quo -~ pr
XWo

= 0,05 .

A constant wind shear layer implies that the slope @ = O,
and assuming Vxp, = O, Eqn 47 reduces to:

mt + m! Vz wao - pr
t m - - -EE [n (——-v;;:——). (ue)

Subsequently, the response time 1s determined
by introducing the 5 percent wind response requirement; hence,

a +ntV
St _.__2Zp
£, = . In (0.05), (49a)
or
m_+m'V
t A -y
tr o= 3 = ._EE . (49'0)

Thus, £qn 49b is the response time for a parachute-
load system in a constant wind shear layer, provided that
the rate of & acent remains constant throughout the entire
layer. Continuing the analysia, the nondimensional time
is now found by dividing Eqn 49b into Eqn 48, yielding:

\'/ -V
t 19 XWo Xp
T=¢g~=-"Kn T
N ( XWo

). (50)

It is interesting to note that the nondimensional
time 18 a function of the wind and parachiute velocitles
only. However, one m't realize that the expression for
horizontal parachute .ocity, Eqn 38, containc all of the
parameters of any reai problem.

For a gradient shear layer, the response time has
beenl defined as the time for the wind response to reach
95 percent of the maximum wind response value, as shown in
Fig 8. The analysis proceeds by dividing the argument of
Eqn 47 by the maximum wind response, (Vw - Vxp)max, yielding,

| v, -V, ) xmtvgp/hg
6= - mim vzp,[h \M 5 E;pimax Wy = Vxp'max ) (51)
" & Vxwo = Vxpo __Km%vi ng
w ~ xp’max w - 'xp’max
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Recalling Egqn 40 and again assuming Vxp, = O and
V*WO = 0, Bqn 51 simplifies to:

[ v, -V 1
m ‘Hﬂ' V ‘Uw -~ cx , - 1
t m - tm -Zp fy P max (52)
g -1
And introducing the 95 percent wini response requirement
yields the response time 1n a geadient nhear layer to
m+mt v =
A 0 - OQU"\
b, = - —te— BB In (T 2pe) (538)
or
Myt v
S Y o ]
t, = 3 =g (53b)

The nondimensional time for gradient shear layer
is obtained by dividing Eqn 53b into Eqn 52, leaving:

-t-_l A)[_ vw-vx ] I
T .E;- 3 Ll m- (54)

In view of Eqn 49b and 53b, it is evident that the
response times in steady and non-steady shear layers are
jdentical to each other and independent of the strength of
the shehr layer. It is also interesting to note that the
response time increases when apparent mass terms are intro-
duced as shown in Filg 9. Disregarding the instant of the
first impact of the parachute in the shear layer, the effect
of apparent mass is a driving force for non-steady winds and
a retarding force for steady winds; consequently, the response
time increases in each case, For h - hg sufficiently large,
the relative accelerations between parachute and wind vanish,
Hence, the apparent mass force also vanishes and the final
wind response becomes independent of apparent mass.
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B, Example Calculations

Calculations have been made for a parachute

entering & wind shear layer using the results of Eqns 38,

41, 44, and 49b, The computations arc based on a wind

shear layer typical of those found AIn the atmoaphere (Ref 9),
which has a gradient ¥ = 0.1 and a maximum velocity of

ko rt/sec. A shear layer BOO ft deep, shown in Fig 10,

wag usel together with parachute descent velocitiles of

25 and 50 ft/sec, The results of these calculations are

cross plotted in Figs 10, 11, and 12.

Calculations have also been made for a shear
layer which has a gradient J = 0,1 and a depth of 400 ft.
These computations are shown for altitude versus horizontal
velocity in Fig 13, with terminal velocity conditlons of 25,
50, 75, and 100 ft/sec, A set of calculations has also
Leen completed for steady wind shear layers of 10, 20, and
40 ft/sec, shown in Figs 14, 15, and 16, respectively.

In each case the terminal velocilty conditions were varied

from 25 to 100 ft/sec.

From the development of the preceding equations,
it 18 evident that the particular effects of the free or
damped oscillatlons of the parachute, which obviously are
initiated when the parachute enters the shear layer, are
neglected. In view of the fact that within the scope of
this study, merely statically atable parachute systems
are considerzd, and remembering that in accordance with
Ref 1 the oscillations of such systems diminish very quickly,
the presented method appears to be acceptable. It may also
be stated that Ref 1 shows that the horizontal displacement
of a statically stable system under damped oscillations
is small. Therefore, the presented trajectory analysis may
also be considered a good approximation, when consldered
from this point of view.

III. EXPERIMENTS

A. Introduction

Since the cross wind effects are of great prac-
tical importance, laboratory tests were-conducted t® check - e s
the validity of the analytical results. For this purpose,
circular flat ribbon and ringslot models each of 1% and 25
percent total porosity and, for comparison, a ribleas guide
surface model with a nominal porosity of 120, were inJjected
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Fig 10. Horizontal Velocity as a Function of Altitude of Point-
Mass Parachute System at Various Terminal Velocity
Conditions, Wind Gradient (¥ ) = 0.1 ft/sec/ft (0<h<400),
Wind Velocity (Vw) = 40 ft/sec (400 <h< 800
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Fig 11.
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into the windstream of a horizontal open test secction wind
tunnel. A description of the models, teating facilities,

_and experiments is given in Section IV.

The steady state characteristics of the parachutes
used sre known YO be quile different (Ref 2). Hence, one
would expect corresponding performance differences in the
crogs wind experiments,

Comparing then the results of the simplified
analytical process with those of the experiments, one may
observe certain characteristic differences which would be
caused by the damped oscillations or the dynamic behavior
of the parachute systems., Considering these deviations
in view of the theory of dynamic atabllity, Ref 1, one
may derive a refined analytical method based on the analysis
glven in tails study, combined with certain corrections
extracted from the theory of Ref 1 and from the presented
experimental results. The predictions of this method would
be mure realistic than those available at present. Unfor-
tunately, certein limitations prevented the accomplishment
of thils phase of the investigation at this t.me, but a
qualitative comparison willl be presented.

B. Experimental Procedure

The five parachute types mentioned above have

been tested in both constant and varyling wind flelss. A

ateady wind tunnel speed of 37 rt/bec was used in camblnation
with parachute terminal velocities of 20, 30, and 40 ft/sec.
Experiments with terminal speeds below 20 ft/sec were found
to be inconclusive because of exceptionally 1ar§e angular

and horizontal displacements. At speeds above 40 ft/sec

the horizontal dinplacements were immeasurably small due

to the hlgh canopy loadings.

Varying or non-steady cross wind experiments were
conducted with an established velocity gradient increasing
from 5 ft/sec at the top to 45 ft/sec at the bottom of the
ghear layer. This wind proflie corresponds to a gradilent
of ¥ = 5. Attempts were made to inject models at terminal
velocities of 15 and 20 ft/sec. At 20 ft/sec it was found
that the thickness of the varylng shear layer was insufficient
Lo produce any measurable horlzontal displacement, while
at 15 ft/sec the parachute oscillations were too large to
vield reliable results within the observable range. Hence,
experiments with the gradient shear layer were discontinued,
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c. Reaults

The results of experliments in the constant shear
layer are presented in Figs 17 through 28 aa graphs ¢of hori-
zonval ¢Y¥splacement, horlzontal velocity, angle of attack,
and angle of relative wiad as functions of the altitude.

In addition to the experimental curves, » curve showing the
analytical predictions 1s added to each figure, Thase
analytical curves have been computed for the particular ex-
perimental conditions. The five test models are compared 1in
each figure except for angle of attack versus time in PFig 29,
which only shows oscillations of a ribless gulde surface,

and 15% poroaity ringslot parachutes which are the most an\
the least stable parachute, respectively.

In detall, Figs 17, 18, and 19 represent the tra-
Jectory plots for all models at terminal apeeds of 20, 30,

and 40 ft/sec in a steady wind of 37 ft/sec. It can be -
seen that all models follow in principle the theoretical
predictions. It should be realized, however, that the com-
parison 18 merely extended over the initial part of the
acceleration process and one may expect a better agreement
in the later portion of the trajectory.

From the trajectory curve and knowlng the time
at any parachute position, one can determine the horizontal
parachute velocity as shown in Figs 20, 21, and 22, In
each of the above figures a respective theoretical curve has
been indicated.

In the case of altltude versus horizontal dis-
placement or velocity, it appears that the high porosity
parachutes, namely, the 25% porosity ringslot and ribbon,
agree more closely wlith the theory, at least in the upper
portion of the ghear layer. This 18 due, in part, to the
slow angular response of these parachutes in a cross wind
and the nearly constant effective drag force of these para-
chutes under these stabllity conditions.

The angle of attack arlses 1ln view of the dynamic
stabllity characteristics of the parachutes in free descent
and 13 simply the difference between the parachute inclination
angle and the angle of relative wind as shown in Fig 30. A
statlcally stable parachute without dynamlic effects or over-
shoot would always have a zero angle of attack. The inves-
tigated parachutes have differvent aerodynamic and dynamic
characteristics and the Figs 23 through 28 indicate different
angles of attack and vary in thelr alignment characteristics.
Since the rate of descent is a consequence of the effective
drag, which in turn is a function of the angle of attack, the
rate of déacent of the various parachutes willl vary during
the initial phase of the parachute alignment, Therefore, the
experimental data presented in Fig 23 through 28 ahould also
be considered in view of this aspect.
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In general, the results indicate that, as the
terminal velocity of the parachutes is increased, the
experimental observations agree more closely with the
simplified the »v as formulated in Section II. PFigures
23, 24, -4 75 1llustrate that, in general, the angle of
attar’. cau «d %y the parachute oscillation 1s greater
at low term..nal velocities than at high terminal velc :itiles.
The oscillation 18 first exhibited when the canopy enters
the shear layer, This side gust causes an angular motion
which 18 a series of damped oscillations. In these exper-
iments the observable process was about one half cycle
because of the small shear layer involved,

The restoring moment of each canopy will determine
the magnitude of these oscillations and the rate of damping.
Hence, one would expect a highly stable and well damped
canopy to exhibit less oscillations than other parachutes.
As an example, the ribless gulde surface parachute 1s
compared w' th the 15% porosity ringslot in Fig 29. It
i1s apparent that the ribless gulde surface dampens faster
than the ringslot, as would be expected. This effect is
due to the damping characteristics, which are related to
the stability derivative dCp/dcc. Reference 2 indicates
that the ribless gulde surface is statically more stable
than the ringslot parachute and the observed dynamic
behavior is probably a consequence of the stronger sta-
bility derivatilve.

It is aiso evident that in principle both of
the highly stable parachutes, namely the 25% ribbon and
the gulde surface parachutes, approach in any case the
theoretical angle of relative wind closer than the less
stable parachutes.

A further observation is interesting to note,
Namely, when the parachutes operate at a positive angle
of attack, they present a larger drag area to the hori-
zontal wind. Thus, one would expect that the models would
be accelerated more rapldly than predicted by theoretical
conslderations, which operate with a constant drag area.
This effect 18 evident in the trajectory and velocity plots.
Therefore, the experiments have been conducted under con-
ditions which do not fully satisfy the assumptions made 1in
the analysis, which assumed as a basic condition that the
parachute aligned 1itself with the relative wind instan-
taneously to a zero angle of attack.

The experiments show that, with higher terminal
speeds of the parachutes, the initial angle of attack is
decreased and the experimental results agree more closely
with theory. Furthermore, it can be seen that the most
stable parachutes align themselves faster to the resulting
velocity, and the angle of attack approaches zero relatively
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fast. This experience shows that the more ‘atable parachutes
follow in this respect the theoretical predictions best.
Both observations tend tc support the theoretical findings
and the validity of the analytical approach.

D. Conclusiona

The behavior of steadlily descending parachutes
under cross wind irfluence has been analyzed on the basis
of a simplified equation of motion. A number of predictions
concerning horizontal displacement, resultant velocity,
and angle of deflection have been made.

Experiments were conducted which showed, in general,
agreement with the theoretical predictions of horizontal
displacement and velocity. Particularly good agreements
were observed with the high porosity ribbon and ringslot
parachutes as they initlally enter the shear layer.

It was also found that the highly stable parachutes,
namely the ribless gulde surface, high porosity ribbon, and
ringalot canoples align themselves fastest to the relative
wind and assume fastest the horizontal wind velocity. In
practice, their oscillations would dampen out fastest.

These statements, however, should be understood
to be valld for the range of the investigation performed
under this study. Speculatlively, it may be said that in
the later portion of the trajectories, all statically
stable parachutes will align themselves closely to the
theoretical curves.

IV. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Introduction

The experimental equipment needed for the study
of cross wind effects posed some unusual requirements, aad
a particular design with various engineering compromises
became necessary.

B. Models
Five parachute models were used in the croas wind

effects program, including circular flat ribbon and ringslot
canopies each aof 15 and 25 percent total geometric porosity
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and & 120 nominal porcsity ribless gulde surface parachute,
Photographs and gore patterns for these canoples are shown
in F4gs 31 through 34.
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All ribbon and ringslot parachutes were constructed
with a nominal diameter of 16 inches, while the ribless
guide surface had a 12.6 inch design diametver. The ribbon
and ringslct parachutes had 28 gorecs and suspension lines
and the ribless gulde surface had only 12 gores and suapension
lines. 8Significant dimenkions of each model are given in
Figs 32 and 34.

P T

The canopy slzes were selected in view of diffi-
culties involved with the fabrication of small canopies.
Generally, parachute models with nominal diameters less
than 16 inches are difficult to construct and still maintain
reasonable aercdynamlc characteristics. |

[T,

c. Crosa Wind Tunnel

i

Considsring the minimus size parachute models
to be employed, an open' jet wind tunnel with an 8 ft high, :
3.5 ft wide nozzle was designed. This insured that the :
parachutes would stay in the wind field durifig their descent.
The 8 ft high nozzle would also give the model sufficient |
vertical distance to respond to the cross wind.

Aerodynamically, the wind tunnel configuration
was based on experimentec made with a 1/12 scale model
tunnel which particularly was used to study means of pro-
ducing gradient wind profiles. Basically, the wind ‘tunnel
consigts of three sections, namely the nozzle, diffuser,
and fan, as shown schematically in Fig 35.

The nozzle section (Fig 3€) has a contraction
ratio of 2.3 to 1. Horlizontal shelves at the mouth of the
nozgzle serve to straighten the flow after it passes cver :
the turning vanea. Usirg thed Jurning vanes, it is possible 3
to maintain a veloclty gradient at the nozzle exit. Figure :
37 shows how the constant wind and gradient wind profiles
were cbtained using the turning vanes.

: A diffuser was added ahead of the nozzle to steady
the flow after leaving the fan. This section is essentially
8 ft square and 24 ft long. For simprlicity, the section
was made with straight walls except near the fan, where a
trangition faring was fltted to the fan.

The wind tunnel wes to provide a 40 ft/sec constant
wind corresponding to a flow rate of 70,000 CFM. In view
of this requirement, & tubular-centrifugal fan wase purchased
from American Standard Corporation and coupled to a 40 hp
motor. Adjustable inlet vanes on the fan allowed the flow
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Fig 31.
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Fig 53.

Ribless Gulde Surface Parachute

Model
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Fig 34. Gore Patterns for Ribless Guide Surface Parachute Model
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NOZZLE SECTION

Pig 35. Cross Wind Tunnel




Nozzle Section of Cross Wind Tunnel

Fig 36.
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rate to be changed while the fan ran at a conatant apeed,
For this purpose, servo cnntirols were arranged for convon-
ient velocity control,

D. Catapult

The avallable vertical space was insufiicient
to attain the desired terminal veloclty conditions by free
falling models. Therefore, a pneumatic catapult was arranged
capable of accelerating 10 1lbs to 100 ft/sec within a
2 £t stroke, A schematlc diagram of this system 1s shown
in Fig 38.

In operation, the parachute model 1is attached
to the bottom of the catapult push rod, as shown in Fig 30.
In this mannel the driving force 1s transmitted directly
to the load, allowing the canopy to inflate as the system

-accelerates, Figure 39 shows the parachute realy for

lagunching with 4 lines holding the canopy open for easy
air inflation. 'This method proved to be very nuccessful,

At launch, an electric device releases the
pushrod=piston assembly which then moves under the {orce
t'rom compressed alr stored in the reservoir above the
piston., By varying the reservolr pressure, one can obtaln
the desired acceleration and the respective tunnel velocity
conditions. Aiter a stroke of approximately 2 ft, the
piston impacts the pulyurethane cushlion which stops 1its
movement and absorbs the kinetic¢ energy. At this instant
the parachute and load are released from the pushrod and
enter subsequently the wind shear layer,

E. Experimental Procedure

The primary objective of the experiments was to
obtain experimental data which could be compared with the
theoretlcal predictions. For this purpose the parachute
models were injected into the cross wind tunnel at cpeecds
of 20, 30, auid +0 [iL/sec, which were also the equilibrium
speeds of the system. These tests were all conducted in
a constant wind layer of 37 ft/sec.

, As in all experiments, a certain amount of error i
18 introduced into each tect. Hence, standard methods were :
foilowed to minimize experimental error such as averaging
data and curve fitting. In view of this procedure, the
results of Section III may be considered to be of acceptable ]
acecuracy.

The testing arrangement is schematically shown
in PFig 40, while Fig 41 presents the entire arrangement.
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Fig 39.

Parachute Model in Launch Configuration
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Fig 41. Catapult Systems and Cross Wind Tunnel
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The system 1s composed of the catapult, wind tunnel, high
speed movie camera, photocells, and timing equipment,

The timing equipment, shown in Fig 42, oconsoisted of a
light beam oscillograph, frequency generator, and an
electronic counter. The purpose of this equipment was

to determine the injection speed of the parachute as it

naanas tha nhatanalia

EFP I ww waew jratw Gw ww g g

Photographic coverage or the trajectory allowed
ohe to determine instantansous position, velocity and
orientation of the parachute, A sequence typicel of
photographs, shown in FPig 43, indicates the rapid response
of the parachute-load system to the cross wind. In general,
the canoples collapsed slightly when entering the shear
layer, dbut approach within a short time the angle of relative
wind and assume a more regular fcrm, Since the experimental
wind shear layer was relatively thin, the parachutes did
not fully return to a complete equilibrium, but the shown
sequence pictures are characteristic for the parachute
behavior in the initial phase of the trajectory.
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Fig 42. Timing Equipment for Determining Injection
Velocities
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Fig 43.

Photographic Sequence of Parachute Trajectory
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