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4

The Influence of horizontal wind shear layers
upon descending, statically stable parachutes has been
studiedanmalytically and experi.mentally. The Invesnzigatlon
was concerned with horizontal displacements, response velocity,
response time, and angle of atta,3k. Experiments were conducted
with two circular flat ribbon, two ringalot, and one ribless
guide surface parachute modbl,. The results show that the
analytical predictions are a satisfactory first approximation
of the observed performance characteristics.
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SYMBOLS

CD drag coefficient

m moment coefficient

Saerodynamic drag force

I to-al forces a.tlrig On parachute-load system

T A apparent tuaas force

g gravity

h altitude

ho reference altitude (shear layer T.o*ndary)

I unit vector in horizontal diiectior.

k unit vector in vertical direction

m mass oF euspeh, -d load

M ' apparent mass

S area

t time

tr response t'.me

T nondimensional time

9 unit vector in direction of relatlve wind

Vp parachute velocity

VEp horizontal component of parachute velocity

vertical component of parachute velocity

Vxpo initial horizontal parachute velocity

TR relative wind velocity

SVw wind velocity

non-steady wind velocity

Vxwo Initial wind velocity

ix



W wvatht of nmiaehute load

horizontal parachute displacement

Sangle or attack

'6wind gradient

e paraohute in~linatIgn angle

P air density

angle of relative wind

Subscripts

o initial conditions of reference altitude

t total of system

Additional symbols are defined in the text when they occur.
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X. iT•RODUCTION

The motions of a parachute-load system in a nearly
vertical steady descent can be determined relatively easily
by coupling of the known steady state aerodynamic character-
.±s ULti nex (f with the metho(ds 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 interrupted by horizontal wind fields
known as wind shear layers. Upon entering such a shear
layer, the parachute system is subjected to an initial
angle of attack. Subsequent motions will be a combination
of angular and lateral displacements as shown in Fig 1.
The magnitude of these oscillations and displacementa will
depend, in part, on canopy type, equilibrium velocity,
damping, strength of the wind field, its 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 cbiracteristics of a
stable parachute-load configuration under the influence
of shear layers with constant and varying strengths.

Experimental 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 guide surface canopy with a cloth permeability of
120. Parachutes were vertically injected into a hori-
zontal flow wind tunnel. In this manner, the wind initially
acted normal to the longitudinal axis of the parachute
canopy. The cross wind velocities included a steady wind
field of 37 ft/sec and a non-steady layer varying nearly
linearly between 5 and 45 ft/sec. The parachutes were
injected into the constant flow field at 20, 30, and 40
ft/sec, and they were injected into the varying flow layer
at 15 ft/sec.

Under the assumption of a steady rate of descent,
the constant and the varying horizontal flow fields may
also 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 following chapters 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 is, in general, satisfactory.I4
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11. TWOTZCAL AIIAMYSS

A. Derivation or Mqtuations

When a dUscending parcohute enters a horisontal
wind field, the parachute-load system will accelerate as
it passes through the shear layer. If the parachute motion
Is restricted to the x-z plane, as in Fig 2, the velocity
may be written In component form as:

Tp - Vxp + Vp(k)

The horizontal wind field can be rc)presented
by a constant or a varying shear layer, Re shown in Pi 3.
In general, the wind profile is written with steady and
non-steady terms as follows:

. - (Vxwo + VXW) 1. (2)

Introducing the wind gradient - 4V w/dh one

can write the non-steady wind term as Vxw = f(h-hoe.
Whereupon, the complete wind profile becomes:

It is also necessary to consider the relative
wind which Is the difference between wind and parachute
velocities, as shown in Pig 4, or:

TR- (Vw -p), (4t)

and expanding Eqn 4:

VR - (Vw - Vxp) I V-pk, (5)

from which the magnitude of the relative wind follows .as;

IVRI - (Vw - +v , (6)

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

~~ _•• /IvRI. 7

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

zip mJF (8)

LLý
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sn- s of all external forces
mt- mass of parachute and load plus Included mass

-. oml 10-04 UGV -- -r pwc i

t!haerodyamic dsgj, gravit, .,n he apP&Arent ms ef reot,.'.
1athemsatically, these may be ez~pressed respectively &st

+ + . (9)
To determine the aerodynamic drafr1 It is e ssumed

that the strength of the wind shear layer Increases grad-
ually with altIute. Bance, o#dy;xIo effects can be neglected
MAdthe parachute will align Itse*lf with the relative wind
velocity vector, as shown in Fig 4. The drag force Is thenwritten convent;ionall~y as#

or. Introducing •kqn 6 and 7 Into Bqn 10, it follows:'

The weight force acting on the system Is:

Vmgsk. (12)

The apparent mass force arises from the transfer
of k)netic ener• from the parachute to the surrounding
air (Rh'se 4 a•d-5). This effect is only noticeable while
the parachute is accelerating or decelerating with respect
to the air and Is written:

liA- m' • -(13)

wherep ,YIn the apparent mass as determined from potential
theory and experiments (Ref 6). Byr Introducing Eqn. 5,
Bqn 13 becomes:

A•- m W - *P) - m[ #zp k • ( r5 )

The equation of motion is now written using
Eqns 11, 12, and 14,

-4 o• Sll {V w - V~p) • Vp •(•

Lo 77X+.p) _ '

~- IL7
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or in terW§ of the hoPisontal and vertical componenti ~directtions#+ respeotive]4ys

* , mt<Pxp " • I ((Vw VXP) + M' (4  - #Xp); (16)

Otto 0D 8 JV- Vp + m•- . (17) f
It is further aosmdd that the paoahute descends

at a constant ratel henoe, V - 0 and Nqn 17 may be solved
for the relative wind.

Substituting this value ofjIvninto Zqn 16 yields:

* mttxp - p ('4, VXp) + M' OW, -X

or

(mt+ m,)tp - V 1 + VXp - "t. - 0 . (19
zp zp

Equation 19 Is a differential equation of Vxp with respect
to time, which may be arranged in a more useful fozvm with
the following expressions:

dV dV dV
*xpiw ~ Vzp

dV dVr d

Vw Vxwo + X'(h- ho)

Substituting the above relations into Eqn 19 yields:

dV1

" • ,�(�h - ho) + , VXp

(20)

+ kir

-+ - + ... . ... . -+ . .+ -+-.-- - - -• _ • .•--. -++ -• • . .----~i.E Y• -. _} + _ / .- •. ... •... _+ ._-___ .- + -+ •_. .. • . .. +.. . . . .

"~ i 1:: 1+p '+I +• • • '+•++ " -+ -- _+ +++•j



since qn20 is a differential equation of Vx with respect
to h only a closed form solution can be touRf by standard
Methods 1tf T). The solution Is simplified with the fol-
lowing abbreviations.

)V2-i
Z -P

-mgvxvo

Y h- ho

dY - d

Equation 20 can now be written as:

d7V+ [PV- QzY e -Y)d 0 (21)

Equation 21 is an exact differential equation which is
solved as follows: 

P
Multiply Zqn 21 by

e P v + epy(PV- Q ZY) dY o0 (22)

Letting.

S- e P (P7- Q- zy) (23)I

N - (241)

Eqn 22 reduces 
to:

NdV + MdY -0. (25) I

A
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Writing a total differential equation as

dG dV + rydy -0'(6

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

-# (27) j
S e " (P- Q- z). (28)

Integrating Zqn 27 yields:

o -. v e •z+ f (Y), (29)

and differentiating Eqn 29 with respect to Y:

e- we + r'(y). (30)

Comparing Eqns 30 and 28, one finds:

e + f (Y) -e - e" (Q + z), (31)

which reduces to:

r - - ( + zy) e7. (32)

Integrating Eqn 32 yields:

'(Y) -(-• + z)eF - #el + o(33)

where C1 is an arbitrary constant of integration.

Now it is possible to complete Eqn 29, since
f (Y) is known. Hence,

S,- ve• +e• if Y + - - #}) + Cl (34)1

10______1_____________ ____
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But Q and C1 are both arbitrary and can be combined Into
a single constant, C2 . Thus, Eqn 34 becomes:

o - ve• + e (- + - + CP o (35)

and after rearranging terms, Eqn 35 bebomes:

v- -z/ + z _ o e -P. (36)
Q2

The solutlon is completed by introducing the initial para-

chute velocity at the boundary of the wind shear layer as:

Vxp - Vxp° at h - ho0

that is,

V Vxpo at Y - O.

Therefore,

-Q - z/ VXPO-

and

vz - e -) + y Y + v o e -. (37)

After substituting the respective values for Z, P, Q, Y,
and V, Eqn 37 yields the horizontal parachute velocity as
a function o-" altitude.

Vx p -vX + f (hho)+(Vxp°V, wo).

r--(h -hoLe Vzp+ ho)]

VzVm + (h -ho)]
zP (38)

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

4
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Vxwo + (h -ho) -Vxp (Vr. -VxPo)

-m (h - h)1 -
mt + M+ 6 (

or by Eqn 3e

xp:[ [(39)+ f - g' i- e+m'-ho
+

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 is to accelerate the parachute. For a
steady wind, the parachute accelerates until it moves with
the wind, as shown in Fii 5. When the wind field is a varying
shear layer, as in Fig 6, the parachute will accelerate to a
maximum response, which for large values of h - ho becomes:

2(Vw - x)mx= tz(40)

It is 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, this 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 w th
specifically high apparent mass or meteorological balloons,
the apparent mass should not be neglected, because the

apparent mass effect is a driving force in 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 parachute
inclinatioi. angle, 0 , which, theoretically, is eqqal to
the angle of relative wind as defined in Fig 4. Mathema-
tically, the inclination angle is expressed by:

9- tan zp . (4)

12



BOUNCOWC?,C
/SHEARLAVER

RESPONSE

XP

131

-v7 77



~-BMLJNDAR OF SHMEA LAYER

WIND RESPONSE

e4 -v:SLOPE

dh

Mt MAXIMUM
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Fig 6.. Parachute Wind Res~ponse in Gradient Wind

Shear Layer
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I- This relation follows if the parachute aligns itself in-
stantaneously with the direction of the relative wind.

in En 3 Tnhe hoizontal parachute velocity, as expressed
In qn 8, anbe integrated again yielding the horizontal

displacement or finally. the trajoetory. This is ac-complished L
after Introducing the following terms:

xpVm ~Vp _[_
I H--V

dY -dh1.g
(t+

Equation 38 is now written as:

U~p *Y + e-Y + ( (ldY (2)

where X is the parachute horizontal position. Integrating
Eqn 42 Leaves:

if 2 xPo ..py

zp zp

Xmt- -w-ep
+ Z (VwPo m

The constant of integration, C3. is determined
from the Initial conditions: 3

Jp O at h -ho 0

Therefore:

3.5

-z



-1
Zjl t'a~iotOr7 VqUatiori in now written nmvwpletely as: I

(hw -Vh (h-ho)
up

mt + uI

S1. ~-e N ' h- o

A isuperficial review of the wind response and trajectory
equations might indicate that they are independent of canopy
size, drag coefficient, weight, and air density. However,
these terms are all incorporated within the terminal descent
velocity Vzp, expressed conventionally as equilibrium speed

Ve - vZ,-•

The mind 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 to descend from ho to h becomes:

h - h0o
t - -(415)

VzP

Introducing &qn 45 into Wqn 39 and after rearranging
terms, the wind response takes the form: (16

Vw - .o9 • •e•- v-i (46)•
vxP [(VX ovp W)

whereupon solving for t yields:*

V1% toxp - (17 H i
It s cnveien tointroduce a nondimensional

time T = t/tr, where the response time, tr, is the timerequired for the parachute-load system to approach, to a (
*certain degree, the stead~y state conditions after ez'cering

S~the shear layer. In this view, the response time for a
i constant shear layer, Jig 7, has been determined for the

•i • condition that the wind response diminishes to 5 percent

m g

L 16

L VXL VX .

It. is convenien to Inrdc a .. _d m -n - _
tim T. "s-o: t/r whr terspnetie ,i hetm
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of the horizontal wind velocity; or numerically,

vx.o - Vxp. 0.05.
Vxwo

A constant wind shear layer implies that the slope 0 0 0,
and assuming Vxpo - 0, Eqn 47 reduces to:

t--m +" M

Subsequently, the response time is determined

by introducing the 5 percent wind response requirement; hence,

ot I V n (0.05), (49a)tr m---•- 9

or

mhs +q M,9 V
t -3 m g 149b)

Thud, Sqn 49b is the response time for a parachute-
load system in a constant wind shear layer, provided that
the rate of dtscent remains constant throughout the entire

layer. Continuing the analysis, the nondimensional time
is now found by dividing Eqn 49b into Eqn 48, yielding:

T In•. =w - -
V~wo (50)

It is interesting to note that the nondimensional
time is a function of the wind and parachute velocities
only. However, one m-,xh realize that the expression for
horizontal parachute .ocity, Eqn 38, containm all of the
parameters of any rea± problem.

For a gradient shear layer, the response time has
been 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,

mtft I~ 2 VwIz/gm ]
t- m V,, - VXDpo w , xp_/a. ." (51)

L(, - -Vmpv -Mg

w -'xp~max w Yx~ppmax

18
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Recalling FRqn 40 and again assuming Vxpo - 0 and
VXWO 0, nqn 51 simPllfle to:

r v_ - v__

t V-Z In .. ..- t (52)

And introducing the 95 percent wini; response requirement
yields the reaponlc timne Ln a g,',adlent 'hear layer to

tr - ýq•r, -T (53a)

or
tr 3 m 'g(53b)

r M

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

t 1 1Vx]T = A vw . (4
- J

r L w pmax4

In view of Eqn 49b and 53b, it is evident that the
response times in steady and non-steady shear layers are
identical 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 Fig 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 - ho sufficiently large,
the relative accelerations between parachute and wind vanish.
Hence, the apparent mass force also vanishes and the final
wind resDonse becomes independent of apparent mass.
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3. _Example Calculations

Calculations have been made for a parachute
entering a wind shear layer using the results of Eqns 38,
41, 44, and 49b. The computations arc basel on a wind
shear layer ty0ical of those found in the atmonphere (Ref 9).
which has a gradient Y - 0.1 and a maximum velocity of
40 ft/sec. A shear layer 800 ft deep, shown in Fig 10,
was used together with parachute descent velocities of25 and 50 ft/sec. The results of these calculations are
cross plotted in Pigs 10, 11, and 12.

Calculations have also been made for a shear
layer which has a gradient I - 0.1 and a depth of 400 ft.
These computations are shown for altitude vexsus horizontal
velocity in Fig 13, with terminal velocity conditions of 25,
50, 75, and 100 ft/sec. A set of calculations has also
been completed for steady wind shear layers of 10, 20, and
40 ft/sec, shown in Pigs 14, 15, and 16, respectively.
In each case the terminal velocity conditions were varied
from 25 to 100 ft/sec.

From the development of the preceding equations,
it is evident that the particular effects of the free or
damped oscillations 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 stable parachute systems
are considered, and remembering that in accordance with
Ref I 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 considered
from this point of view.

III. EXPERIMENTS

A. Introduction

Since the cross wind effects are of great prac-
tical importance, laboratory tests were-conducted be check
the validity of the analytical results. For this purpose, I
circular flat ribbon and ringslot models each of 15 and 25
percent total porosity and, for comparison, a ribless guide
surface model with a nominal porosity of 120, were injected
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into the wirdstream of a horizontal open test section wind
tunnel. A description of the models, testing facilities,
and experivents is given in Section IV.

The steady state characteristics of the parachutes
-ed are -own 100 be quite different (Ref :). Hence, one

would expect corresponding performance differences in the
cross 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 stability, Ref 1, one
may derive a refined analytical method based on the analysis
given in tis 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 atailable at present. Unfor-
tunately, certain limitations prevented the accomplishment
of this phase of the investigation at this tume, but a
qualitative comparison will be presented.

B. Experimental Procedure

The five parachute types mentioned above have
been tested in both constant and varying wind fields. A
steady wind tunnel speed of 37 ft/sec was used in combination
with parachute terminal velocities of 20, 30, and 4O ft/sec.
Experlments with terminal speeds below 20 ft/sec were found
to be inconclus.ive because of exceptionally large angular
and horizontal d.splacements. At speeds above L0 ft/sec
the horizontal dioplacements were Immeasurably small due
to the high canopy loadings.

Varying or non-steady cross wind experiments were Iconducted with an eatabl tahed velocity gradient increasing!
from 5 ft/sec at the top to 45 ft/sec at the bottom of the
shear layer. This wind profile corresponds to a gradient
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 varying shear layer was insufficient
to produce any measurable horizontal displacement, while
at 15 ft/sec the parachute oscillations were too large to
yield reliable results within the observable range. Hence,
experiments with the gradient shear layer were discontinued.
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-. Results

The results of experiments in the constant shear
layer are presented in Pigs 17 through 28 as g-av'hs of Ahe, Izonral Osplacement, hortzontal velocity, angle of attack,

and angle of relative waid as functions of the altitude.
In addition to the experimental curves, P curve showing the
analytical predictions is added to each ffgurae, These
analytical curves have been computed for the particular ex-
perimental conditions. The five test models are compared in
each figure except for angle of attack versus time in Fig 29,
which only shows oscillations of a ribless gulde surface,
and 15% porosity ringslot parachutes which are the most and
the least stable parachute; respectively.

In detail, Figs 17, 18, and 19 represent the tra-
Jectory plots for all models at terminal speeds 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 is 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 knowing 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 altitude versus horizontal dis-
placement or velocity, it appears that the high porosity
parachutes, namely, the 25% porosity ringslot and ribbon,
agree more closely with the theory, at least in the upper
portion of the shear layer. This is 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 stability conditions.

The angle of attack arises in view of the dynamic
stability characteristics of the parachutes in free descent
and is simply the difference between the parachute inclination
angle and the angle of relative wind as shown In Fig 30. A
statically stable parachute without dynamic effects or over-
shoot would always have a zero angle of attack. The inves-
tigated parachutes have different aerodynamic and dynamic
characteristics and the Figs 23 through 28 indicate different
angles of attack and vary in their alignment characteristics.
Since the rate of descent ib a consequence of the effective
drag, which in turn is a function of the angle of attack, the
rate of descent of the various parachutes will vary during
the initial phase of the parachute alignment. Therefore, the
experimental data presented in Fig 23 through 28 should 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 :-, as formulated in Section II. Figures
23, 24. -_'4 Z-• illustrate that, In general, the angle of
attar'. cau 'd ty the parachute oscillation is greater
at low term.aal velocities than at high terminal velc.Atles.
The oscillation is first exhibited when the canopy enters
the shear layer. This side gust causes an angular motion
which is a series of damped oscillations. In these exper-
imonts 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 guide surface parachute is
compared w th the 15% porosity ringslot in Fig 29. It
is apparent that the ribless guide 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 dom/doc. Reference 2 indicates
that the ribless guide surface is statically more stable
than the ringslot parachute and the observed dynamic
behavior Is probably a consequence of the stronger sta-
bility derivative.

It ia also evident that in principle both of
the highly stable parachutes, namely the 25% ribbon and
the guide 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 rapidly than predicted by theoretical
considerations, which operate with a constant drag area.
This effect is evident In the trajectory and velocity plots.
Therefore, the experiments have been conducted under con-
ditions which do not fully satisfy the assumptions made in
the analysis, which assumed as a basic condition that the
parachute aligned itself 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 shaws that the more-atable parachutes
follow in this respect the theoretical predictions best.
Both observations tend to support the theoretical findings
and the validity of the analytical approach.

D. Conclusions

The behavior of steadily descending pararhutes
under cross wind irfluence has been analyzed on the basis
of a simplified equation of motion. A number of predictions
concerning horizontal dispiacement, 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 Initially enter the shear layer.

It was also found that the highly stable parachutes,
namely the ribless guide surface, high porosity ribbon, and
ringslot canopies align themselves fastest to the relative
wind and assume fastest the horizontal wind velocity. In

Spractice, their oscillations would dampen out factest.

These statements3, however, should be understood
to be valid for the range of the investigation performed
under this study. Speculatively, 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. EXWPERD(NALL APPARATUS AND PROCEDURE

A. Introduction

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

B. Models

Five parachute models were used in the cross wind

canopies each of 15 and 25 percent total geometric porosity
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and a 120 nominal porosity ribless guide surface parachute.
Photographs and gore patterns for these canopies are shown
in Pigs 31 through 34.

All ribbon and rin slot parachutes were constructed
with a nominal diameter of 16 inches, while the ribless
guide surface had a 12.6 inch design diameter. The ribbon
and ringslot parachutes had 28 goi'os and suspension lines
and the ribless guide surface had only 12 gores and suspension
lines. Significant dimen% ions of each model are given in
Figs 32 and 34. A

-The canopy sizes 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 aerodynamic characteristics.

I
C. Cross Wind Tunnel

Considering the minimum size parachute models
to be employed, an opend 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 durilig their descent.I 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 experiments made with a 1/12 scale model
tunnel which particularly was used to study means of pro-
ducing gradient wind profiles. Basically, the wind tunnelconsi.sts of three sections, namely the nozzle, diffuser$
and fan, as shown schematically in Fig 35.

The nozzle section (Fig 36) has a contraction
ratio of 2.3 to 1. Horizontal shelves at the mouth of the
nozzle serve to straighten the flow after it passes cverSthe turInig vanes. Usirg th-e .urning vanes, it is possible
to maintain a velocity gradient at the nozzle exit. Figure
37 shows how the constant wind and gradient wind profiles
were obtained using the turning vanes.

A diffuser was added ahead of the nozzle to steady
the flow after lea'ving the fan. This section is essentially
8 ft square and 24 ft long. For simrlicity, the section
was made with straight walls except near the fan, wher'e a
transition faring was fitted to the fan.

The wind tunnel was to provide a 40 ft/sec constant
wind corresponding to a flow rate of 10,,000 CFM. In view
of this requirement, & tubular-centrifugal fan wve purchased
from American Standard Corporation and coupled to a 40 hpmotor. Adjustable inlet vanes on the fan allowed the flow
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Fig 33. Ribless Guide Surface Parachute Model
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Fig 36. Nozzle Section of Cross Wind Tunnel
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rate to be changed while the fan ran at a constint speed.
For this purpose, ser-po conti-nls were arranged for convcn-
lent velocity control.

D. Catapult

The available vertical space was insufiicient
to attain the desired terminal velocity conditions by free
failing models. Therefore, a pneumatic catapult was arranged
capable of accelerating 10 Its to 100 ft/sec within a
2 ft stroke. A schematic diagram of this system ia shown
in Fig 38.

In operation, the parachute model is attached
to the bottom of the catapult push rod, as shown in Fig 39.
In this manner, the driving force is transmitted directly
to the load,allowing the canopy to inflate as the system
accelerates. Figure 39 shows the parachute ready for
launching with 4 lines holding the canopy open for easy
air inflation. This method proved to be very successful.

At launch, an electric device releases theF
pushrod-piston assembly which then moves under the force
from compressed air stored in the reservoir above the
piston. By varying the reservoir pressure, one can obtain
the desired acceleration and the respective tunnel velocity
conditions. A'ter a stroke of approximately 2 ft, the
piston impacts the polyurethane cushion which stops its
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
theoretical predictions. For this purpose the parachute
models were injected into the cross wind tunnP1 at upe*eds
of 20, 3', td .eGs :L/bac, 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
is introduced into each tect. Hence, standard methods were
fo±lowed 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
accuracy.

The testing arrangement is schematically shown
in Fig 40, while Fig 41 presents the entire arrangement.
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Fig 41. Catapult Systems and Cross Wind Tunnel
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The system is composed of the catapult, wind tunnel, high
speed movie camera, photocells, and timing equipment.
The timing equipment, shown in Fig 42, consisted 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

Photographic coverage of the trajectory allowed
one to determine instantaneous position, velocity and
orientation of the parachute. A sequence typical of
photographs, shown In fig 43, indicates the rapid response
of the parachute-load system to the cross wind. In general,
the canopies collapsed slightly when entering the shear
layer, but approach within a short time the angle of relative
wind and assume a more regular ferm. 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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