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THECRETICAL PARACHUTE INVESTIGATIONS
Progress Report No 23

INTRODUCTION

1.0 T~1is is the twenty-third quarterly report covering
the time from 1 September 1962 to 30 November 1962 on the study
program on basic information of Aerodynamic Deceleration.

1.1 A8 in preceuing reporting periods, work during this
reporting period has been pursued in accordance with the
technical program, and is described in the following sections

of this report,




Project No 1

2.0 Investigation of Wake Effects on the Behavior of
Parachutea and Other Retardation Devices Behind
Lurge Bodies at Subsonic and Supersonic Speeds

2,1 Veloclty Distribution in the Wake of Bodies of

Revolution in Turbulent Subsonic Flow

A preliminary technical report concerning this work
has been written and will be submitted for review shortly.
Further reports are under preparation.

2,2 Theoretical Analysis of Turbulent Wake in Supersonlc

Flow
No new work concerning this phase of the program

will be reported.
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Project No 4

3.0 Investigation of Basic Stability Parameters of
Conventional Parachutes

This project will be reported as two separate inveati-
gationg., They are:
1) Experimental determination of the apparent
moment of inertia of parachutes.
2) Wind tunnel and theoretical investigation of
dynamic stability of conventional parachutes.

3.1 Experimental Determination of the Apparent Moment
of Inertia of Parachutes

3.1.1 Introduction
Progress Report No 22 introduced the notation syatem

adopted for this work, outlined some modifications of the test
apparatus and experimental procedure, and presented initial
test results for hollow hemispherical canopy models oscillating
about an axis through the canopy center of gravity. Non-
dimensional apparent moment of inertia coefficients based on
the enclosed fluid mass and the surface area of the canopy

were calculated and reported.

d1.2 Present Work

During the present reporting period, tests were con-
ducted on hemispherical, circular flat, and ribless guide
surface canopy models oscillating about an axis through the
center of gravity of the enclosed fluid mass.

In addition, preliminary tests were conducted on a
model canopy oscillating about an axis passing through the
confluence point and perpendicular to the longlitudinal axis of

symmetry of the canopy.



3.1.2.1 Modifications and Improvements in Experimental

Procedure and Data Reduction

In considering the dynamic behavior of parachute
canopiles, the mases of the canopy itself 1s often negligible
as compared to that of the enclosed ailr mass. It 1s there-
fore logical to refer the apparent mass and apparent moment
of inertia to some reference mass and moment of inertia dictated
by the canopy geometry and the fluid density.

In Progress Report No 22, the reference mass used
was that of the fluld enclosed by the canopy. The reference
moment of inertia was obtalned by multiplying the enclosed
fluid mass by the canopy surface area.

This hypothetical moment of inertla 1is very much
larger than the moment of inertia of the enclosed mass when
oscillating about an axis through its center of gravity since
the canopy surface area is much larger than the square of the
radius of gyration of the enclosed mass and this explains the
very small values of the non-dimensional aprarent moment of
inertia coefficients reported in Progress Report No 22.

The use of the enclosed fluid mass which 18 different
for each canopy tends to complicate the coi.parisons between
different canory shapes from the viewpoint of apparent moment
of inertla. Purthermore, it cannot be applled to the limiting
case of thin flat discs, It is conventional, in the case of
discs, to use for reference the mass of s sphere of the same
radius as that of the disc, 1i.e., M = 3gﬂr3. For the moment
of inertia, it would be logical to use for reference, the
moment of inertia of the above spherical mass, 1.e.,

I)'= Mkan-—glﬁfrrsx-ér;_—. _’%Pfrr6' (u.O)

where k is the radius of gyration of the spherical mass.

[T AP Y VT
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The same reference moment of inertia, based on the
canopy projected diameter has been adopted for the different
shapes tested, thereby providing & simple basis of comparison
between different parachutes of equal projected diqyeter.

3.1.2.2 Experimental Results

The model arrangement for the teasts on the hemis-
pherical, the circular flat, and the ribless guide surface
canoples was similar to that 1llustrated in Figs 4-3 and 4-4
of Progress Report No 22, but with the axis of oscillation
passing through the center of gravity of the enclosed mass.

The data and calculations of the canopy apparent
moment of inertia I ', the reference moment of inertia I ,
and the non-dimensional apparent moment of inertia coeff{cient
Ay,c' for the two hemispherical canopy models are given in
Tables 4-1 and 4-2, For purposes of comparison, the values
of the apparent moment of 1inertia coefficients for the same
canopies when oscillating about s:i ax!s through the canopy
center of gravity reported in Progress iteport No 22, but con-
verted to the new reference moment of inertia I_ have been
calculated and are also given irn Tables {.-1 and 4-2, As
expected, the apparent moment of inertia of the hemispherical
canopy 1s smaller when oscillating about an exis through the
center of gravity of the enclosed mass since the distance from
that axis to the center of the hemisphere 18 3/8 r as com-
pared to r/2 for the previous case,

The teat data and calculated results indicate gcod
repeatablility for tests with the same model and satisfactory
agreement between the tests on two models having the same
geometry but different sizes,.

Table 4-3 presents the test data and calculated
results for the circular flat canopy model. The results show
satisfactory repeatabllity and indicate an apparent moment of
inertia coefficient of the same order as that of the hemis-
pherical canopy.



Table 4-4 presents the test data and calculated
results for the ribless gulde surface canopy. The results
indicate an apparent moment of 1lnertia coefficient of the
same order as that of the circular flat and hemispherical
canorples.

Preliminary tests to determine the apparent moment
of inertia of clrcular flat canoples osclllating about an axis
through the confluence point, perpendicular to the canopy
axis of symmetry, were conducted. For these tests, two canopy
models were mounted symmetrically about the torsion rod in the
same manner as in the earlier tests on discs reported in
Progress Report No 21. To reduce excessive relative damping,
the inertia of the system was increaped by adding two soligd
spheres symmetrlically mounted about the torsion rod. Th>
spheres were attached in such a way that the canoplies could be
removed and attached without affecting the other parts of the
system,

The apparent moment of inertia of the system with
and without the canopy models was determined experimentally
and the apparent moment of inertia of the canoples obtalned
by subtraction. This method reduces certain errors produced
by the canopy supporting arms since they ave left on the
system when the canoples are removed.

The model teats with oscillation s2bout the confluence
point were of an exploratory nature to determine suitable exper-
mental parameters such as model size and to perfect the exper-
mental technique. Not enough numerical data is yet available
for analysis and reporting,

3.1, Proposed Work

Tests on the ribbon parachute canopy for oscillation
about an axis through the center of gravity of the enclosed
mass awalt completion of this model.
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The experimental techniques for determining the
apparent moment of inertia for the circular flat, the ribbdon,
and the ribleass guide surface canopies when oscillating about
an axis through the confluence point have been developed.

Work in this direction 1s the subject of specific
proposals for continued research in this area. Also contained
in these proposals are tests to determine the apparent moment
of inertia of cubes, ogives, cylinders, and skirted hemis-

pheres,
3.2 Wind Turnel and Theoretical Investigation of Dynamic
Stability of Conventional Parachutes with Store
2.1 Introduction

This study willl analyze the oscillitory behavior of
a parachute with store combination both theoretically and
experimentally.

The work done during this reporting period will be
reported in the following phases.

1) Design and fabrication of a store model.

2) Equation of motion of parachute and store system.

3) Development of a damping “factor.”

4) Development of an émpirical equation,

2.2 Design and Fabrication of a Store Model
An ogive cylinder (Fig 4-1) with the dimensions shown

in Fig 4-2 was constructed. A potentiometer was incorporated
into the body of the ogive as shown in the detail drawing of
Fig 4-2., Bezrings are mounted into the potentiometer block
80 that the system will be suspended at 50% chord of the
ogive which corresponds with the center of gravity of the
system. With an oscillation of the ogive, the reslstance
element of the potentiometer remains stationary on the
supporting rod while the center tap pick-off rotates with the



model. The resistance element i1s used as a shunt on one leg

of a Wheatstone bridge so that the resistance change is approxi-
mately that of a conventional strain gage, The output of the
Wheatstone bridge is then fed into an amplifier and the
amplified signal is recorded on the Century model 408 oscil-
lograph so that the final rosult is a Tfilmed recording of the
oscillations of the ogive. Work has been done by the U, S.
Naval Aircraft Torpedo Unit at Quonset Point, Rhode Island,

on drop tests from ajircraft. As a basis for work to be done
here the same diameter ratio of parachute to forebody was used,
The riser length was also scaled down accordingly. The purpose
of this was to enable a comparison of our results with estsa-
blished work,

A geodetic suspension system (Pig 4-5) 1s used so
that the ogive and parachute may be considered to constitute
a rigid system. Two lead weights are included inside the ogive
for balesncing the system and changing the moment of inertia,
one fore and one aft of the center of gravity. These weights
can be moved by turning threaded shafts with an Allen-head wrench
at the base of the ogive.

The supporting rod is 3/8 inch drill rod 34 inches
long. It is supported on two struts at midstream of the tun-
nel. This rod is used as one lead of the potentiometer. The
8liding contact consists of a ball bearing being pushed against
the resistance element by a small spring, which can be compressed
by a set screw set in a sleeve which 1s mounted into the plastic
block. This contact 1s brought to the side of the ogive by
a screw in the sleeve., This screw has a slider on the end
which contacts a copper ring insulated from the shaft. A wire
from the copper ring and a wire connected to the shaft itself
serve as the two leads of the potentiometer.

The parachutes used were eight-gore ribless guide
surface types of different nominal porosities, The profile
dimensions and static stabllity characteristics can be found
in Ref 2.
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Equation of Motion of a Parachute and Store System
In this investigation, the coordinates and free body
shown in Pig U-6 are employed with assumptions anc symbols

02.

defined as follows.
3.2.3.1 The sssumptions nade tc derive the equation of motion

of the aystem are:
a) The motion is restricted to one plane (x-y plane)

b) The parachute and store combination constitutes
a rigid body where the axes of the parachute and
store always colncide

c) The apparent mass of the parachute acts at the

center of gravity (c.g.) of the canopy
d) The apparent mass of the store 1is neglected.

.2.3.2 List of Symbols

oK = angle of attack of the parachute
Q = unit vector in z direction

my = mass of the store

my = mass of alr enclosed in the canopy

mapp = gpparent mass of the parachute

m, = mass of the canopy

my =my +m, = total mass of the parachute

I;z = total moment of inertia of the canopy rotating

about an axis through the center of mass and parallel
to the z-axlis
I; = total moment of inertia of the store rotating
about an axis through the center of gravity and
parallel to the z-axlis
= wind tunnel veloclty
= air density

vag = dynamic pressure
area of parachute canopy upon which all coefficients

R o oD <
]

are based




Wy = angular velocity of the system about the z-axis

0 = origin of x-y-z coordinate system at the point of
suspension of the system

s = distance between center of mass of canopy and base
of the store

1 = distance between center ¢f mass and center of pressure
of the canopy

11 = distance between center of gravity and center of
pressure of the store, negative for unstable store

12 - 13 + 11 = distance between origin and center of
pressure of store

13 = diatance from base to center of gravity of store

14 = distance between center of gravity of store and
center of gravity of the system

cN = normal force coefficient of the parachute

cNa = normal force coefficient of the store

2.3, Derivation of Equation of Motion
According to Newton's law of motion, the summation
of all moments of external forces must equal the time rate
of change of moment of momentum. Applying this to the moment
of momentum, we have

ﬁ=§:f\-/l' ' (4.1)

where H 18 the angular moment, M the applied moment, ( - )
denotes differentiation with respect to time, and the arrow
indicates a vector quantity. Since the principal axes of
rotation are in a single plane,

Ha-toak, (4.2)

where the superscript * refers to the moment of inertia,
I: as being about an axis through the center of gravity.

0



Combining Eqns (4.1) and (4.2), we have

[, =M, . (h.3)

The standard definition of a positive aerodynamic
moment in parachute technology 18 that it is a restor'ing moment
This moment is considered positive when for positive angle of
attack, it tends to rotate the canopy in the direction toward
zero angle of attack (Ref 2).

From Fig 4-6 we see that:

S it i s i S R

i [G= Ifu"k(l*s'! I.L) I *msl (4.4)
M= N(L+s+is-A)+ Ns (4~ 4,) (4.5)
mt([*'s*la'/»): ms s - (4.6)

Using Eqns (4.3), (4.4), and (4.5) we have:

I# . = C?

[ l;L! + fn‘,(¢ (17+ SHbfs ) ]’;] o +
+ N (XV* S fIG'Jﬁ;)*'PQS(Itffa ):= O

We will now introduce the relations:

hl“'(:ui}fg and qu C:N C}}; .

When the normal force coefficient of a ribless guide surface

parachute 1s found through static wind tunnel tests the CN is
very nearly proportional to angle of attack. It 1s therefore
sufficlent to use C '365- . When the canopy 18 undergoing

or

(4.7)

11



a dynamic oscillation tlere will be a lateral movement perpendi-

cular to the main flow resulting in an additional component of
normal force,

We may think of this in another respect. If we
suppose that the main (axial) flow 1s zero and that somehow
the canopy is rigid there will be a normal force or side drag
exerted on the canopy if it is rotated about some point on
the axis, in this case the suspension point of the ogive. The
lateral velocity in this case would be (S + 1, - 1,)&. In
order that the equations remain linear we assume:

Cu-f(d,a)-g-;cgﬂq*%%iék - (4.8)

We may now write Eqn (4.7) as:
[1:‘* me by (L+5+4s) + 1:] & +
Y YAV E SR TS (4.9)
+ 995 (/;‘/u)(—d-ﬁso: +2Su %)= O

Assuming ; éL.l!‘ have :

[I'+m,1,(l*5+[ )+I ]& +
[Uesps-2)352] g g5 +
[(£75 4;-£.) 252 + (£ -4y )2 C"]gsoc 0.

3.2.3.4 Solution of the Equation of Motion
Equation (4.5a) has the form

(%.9a)

&+ 2n& +f L =0, (4.10)

This is the general equation of motion of a free damped
vibretion. The solution of this ecuation must be a function

12




which has the property that repeated differentiatiors do not
change its form, since the function and its first and second
derivatives must be added together to give zero (Ref 1). The
general solution muy be written as:

® = C' em't + ca em:t .

m, = -n+4ng“wn
m,= -N-vYn*-cwi .

The physical signifiicance of this solution depends on the
relative magnitudes of n2 andaunz, which determine whether

the exponents are real or complex., For the exponent to be
real,

where

2 2
n > CL)" [
Physically this means a relatively large damping since n is

a measure of damping in the system.
Then the solution 1s:

= c,el? ., gt (4.11)
where’?l and 722 are real quantities, In this event the motion
is not oscillatory, but is an exponential subsidence. Because
of the relatively large damping, the mass released from rest
never passes the statlic equilibrium position. Such a system
is said to be "overdamped."

On the other hand, 1f the damping 1s small such that
n2¢ G.): , then we can write:

(nré vt c, e (-n-tyaF-nT )t
ol YK -n32 )t]

d -C' e
. - t

= Ce

13




Using the relationship

(e .
€ = CogO® + ¢ sme |

the displacement may be repreaented as:
ok = e.m'[(c,fc,)cos Yeof-n¥ t +((c,- CZ)S:NVGJ,,!— n’t:l‘

Since the constants cy and c, are arbitrary and are to be
determined by the initial conditions, we may simplify the
expression by introducing the constant cl' - 1(01 - c2) and
cé =0, + ¢y} dropping the primes and substituting into the
previous equation, we have

o= 6™ c, anyaEL + c.cosmt} (h.12)

Comparing the two solutions ['Eqns (4.11) and (u.12)],
we see that the effect of the damping is to increase the period
of the vibration and to decrease the magnitudes of successive
peaks of the vibration, since the amplitude of the vibration
decreases exponentially with time.

As a convenient measure of the damping we may compare
the ratio of the amplitudes of successive cycles of the
vibration such that

ol - Nt
ol g—n(t,*ﬂ"— ) =e %’-——7

The amount of damping is often specified by giving the
logarithmic damping decrement & , where

a2
&= [O? - lo?. % ! . (4.13)

n"n2

14




For systems having small damping, a simple way of
determining the logarithmic damping decrement from the free
vibration curve 18 to use the relationship,

6 = [o?z("“A“) =lo?(/+—g(&)

Ck i AR T I

Por small value of éfﬁ, the higher order terms may be neglected,

yielding:
5= 4

Thus the logarithmic damping decrement 1s approximately equal
to the fractional decrease 1in amplitude durilng one cycle of
the vidbration for small amounts of damping. If the fraction
of critical damping 1s small and of, and 0%, are nearly equal,
it would be more accurate to measgure the second ordinate o4,
after n cycles., Under such circumstances,

S | T8
6_;'_[03/ fLL;'_ (4.14)
The logarithmic decrement can be obtalned from a
relatively simple measurement, The absolute values of ordinate
and abscissae of the decay curve need not be known; therefore,
the measuring apparatus need not even be callbrated except for
determination of initial conditions.

3.2.4 Development of the Damping Factor
In order to determine the degree of validity of the
simplified mechanical model chosen, tests were performed at

various dynamic pressures. These tests were conducted 1in the
38 x 54 inch test section of “he subsonic horizontal return
wind tunnel of the Aeronautics and Engineering Mechanics
Department at the University of Minnesota. The osclllation-
time historler were recorded for several runs at each veloclty

15




for the three Jdifferent parachutes, Since there was some
variations In the traces obtainsd the amplitudes and periods
were measured and tabulated, Average values were then found
for the magnitudes and reriocds. Two of the runs for each
dynamic pressure clioseat to the average were then traced and
are shown in Figs (4-7) through (4-23) along with the theoret-
ical curve which will be aerived in the next chapter.

When the average magnitudes were found they were
used to compute the experimental damping factor. Thils was
found in the following way;

Since o 2N
=t = eTaf-nt
_ELT_D__—L (o) ()4'13)

ch,f- ® o N,
~ 1Tf-nt -
n=t ey

or
and: = 2N mere T 1s the period,
wh-nt
80:
| o, __ |
N=gln.5, =78 - (4.15)

For each veloclty and each parachute we have found
an average value for T and f§i¥ so that from this we can
determine the damping factor n. A graph of damping factor
versus dynamic pressure 18 shown in Fig 4-24, This data is
also tabulated in Table 4-5.

It can be seen from this filgure that n is not zero
when q = 0, This can best be expressed as viscous damping
inherent in the mounting system and potentiometer assumed to
be proportional to the angular veloclity. The equations of the

straight lines in the figure are:

16



1) For the 30 rt3/ft°-min nominal porosity chute.
2n = 1.4 + 0.472q (4,16)

2) For the 60-90 ftB/Tte—min nominal porosity chute.
on = 1.4 + 0.562q (4.17)

3) For the 120 ftB/th—min nominal porosity chute.
2n = 1.4 + 0,843q (4.18)

It 1s seen that these equations are of the form 2n = A + Bq where
the constant A 18 attributed to damping in the mounting system.

3.2.5 An Empirical Equation
If we compare equations,

a & dJ % i I gt
and
*® . 2
O~ + 2Nk + W,y &L = O ’ (4.10)
we see that:
2n = $IL cCu
I do
so that:
ICy _ 201 (4.19)
J & 95 L

If we drop the constant A in Eqns (4.16), (4.17), and (4.18),
we see that

J Cy I
== ——— ll.
) & SLB (8-20)

17



for the system, where B 18 the slope of the appropriate curve
in Pig 4-24,

To confirm the above relation it was decided to run
the same system with cnly the moment of inertia of the ogive
changed. Figure 4-25 shows & plot of 2n versus q for the two
moments of inertia. By measuring the slope of the curves we
find the factor B and calculate.%%%?by use of Eqn (4.20). Wwe
see that within the range of experimental error %ﬁ%z = constant.
For: )

I,* = 0.01278 slug-rt°
m, = 0,1583 slug ”

Iz* =« 0,0203 slug-ft
30 £t3/rtZ-min nominal porosity ribless guide
surface parachute

B = 0,472 ft-zer/slug

%%y‘- 0.0052 sec.

For:
I,* = 0.004548 slug./ft®
mg = 0.0708 slug
Iz' = 0,01448 slug-ft

30 ft3/Tt2-m1n nominal porosity ribless guilde
surface parachute

2

B = 0,343 ft-sec/slug

Cn .. 0.00538 sec.
The data for the store and parachutes was the
fellowing:

18



1 =0.19 ft 1, = -0.18 ft 1, = 0.63 ft
1, = 0.45 ft S = 1.73 ft
I_# = 0.0000335 slug-rt2 m, = 0.00185 slug

Lel+8S+1,=1, = 2.343 ft
23 4
S = 0.786 ft

OCy¢ = 0.092 (Based on S = 0,786 f£t°)
r-

IB* and Mg were variable.

Substituting these numbers into Eqn (4.9a) we get:
for I ,* = 0.01278 slug-ft°, m = 0.1583 slug

OCy
J K

o+ 2N ’[79.5 —0.639]<;oa.: O. (4.21)
This is the general differential equation for the assumed
mechanical system. We have now only to choose the parachute
and the dynamic pressure we desire and we will arrive at the
solution, using the relations developed in the preceding chap-
ter. Equations for the three parachutes used at several dynamic
pressures are tabulated in Table 4-6,

It is the equations tabulated in Table 4-6 that are
plotted in Figs 4-7 through 4-23 with two experimental traces
taken of the corresponding parachute and dynamic pressure,

It may be noted that the period of the experimental
trace decreases slightly after the initial deflection. After
examining the data for the static stability normal force curve,
1t was noted that JCN for & & O 18 somewhat higher than for

%éélin the genergf*fange of + 15°, Since %%%Lwas assumed to
be linear in the theory we would imagine that as the oscil-
lations grow smaller.%gélis higher, tnereby increasing the
angular frequency. Thus the decrease in perlod can be attri-
buted to non-linearity of the normal force curve near ok = 0,
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3.2.5.1 Comparison of Theory and Experiment

We have seen in Pigs 4-7 through 4-23 that the
sxperimental traces are very closely approximated by the
theoretical traces. Since the period T, can be found both
theoretically and experimentally it is desirable to make a
graphic comparison. Since the theoretical relaticnship says
that the mtural period is inversely proportional to the
velocity, the periods were plotted versus the free stream
velocity in Fige 4-26 through 4-28,

3.2.5.2 Conclusions and Results
Using Eqns (4.20) and Fig 4-24, we have determined

the parameter {%4;1 .
o~

1) Por the 30 £t3/ft2-min nomainal porosity
ribleas guide surface parachute:
JE‘ = 0,0052 (4.22)

2) Por the 60-90 ft3/Tt2-m1n nominal porosity
ribless guilde surface parachute:
OdCw
LN . 0,0062 (4.23)
J o
3) Por the 120 rt3/Tt2-min nominal porosity
ribless guide surface parachute:

3,_%4 = 0.0093 (4.24)
3.2,6 Proposed Work

3.2,6.1 Progress Report No 18 included a strictly analytical
method of descridbing the dynamic stability of a parachute
store systew, The amplitude-time and frequency velocity
relationshipa of the analytical method and the empirical
method presented in this report should be compared.

20
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3.2.6.2 If the previous method seems to be a practical
engineering approach, a characteristic "damping factor" related
to the ratio of load and parachute size, weight of the load,
and type of parachute will be established. This will enable
rapid and relatively simple calculation of the amplitude time

and frequency velocity relationships for a parachute and
store combination,
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Y

N

,.. P
30 rt3/rt°-min nominal porosity

g (..f,-? n W 2 T= 2W TP&E
1/2 89.2 1.26 87.6 0.672 0.688
1 179 1.87 175.5 0.474 0.494
1-1/2 | 268 2.56 261.5 0.388 0.397
2 358 3.24 347.5 0.336 0,340
2-1/2 | 446 3.63 432.8 0.300 0.307
3 535 4,38 | 515,8 1 0,277 0,270
60-90 £t3/ft%-min nominal porosity
q wé| n P [ T2 Teo
1/2 101.4 1.45 99.3 0.630 0.620
1 202.8 2.11 198.4 0.445 0.470
1-1/2 | 304.2 2.99 295.3 0.365 0.372
2 405.6 3.62 392.5 0.317 0.336
2-1/2 | 507.0 4,211 | 489.3 0.284 0.308
120 fts/fte-min nominal porosit
q w2 n W? | =200 Texp
1/2 132 1.89 128.4 0.554 0,607
1 263 2.75 255.4 0.393 0.456
1-1/2 | 395 3.81 380.5 0.322 0.364
2 528 5.08 502.2 0,280 0.299
2-1/2 | 658 5.92 622.9 0.252 0.278
3 788 7.57 730.7 c.235 | 0.234
TABLE 45, PERIOD, DAMPING FACTOR, AND ANGULAR FRE-

QUENCY AS A FUNCTION OF DYNAMIC PRESSURE

et st Al A ety < Vi SR \

M:Wwdnumum PR T AP



TABLE 4-6, DIFFERENTIAL EQUATIONS AND SOLUTIONS

30 rt3jrt2-m1n nominal porosity
q = 1/2" H,0

& + 2,520 + 89.2K =0
oL = 71428 (4 cos 9.35t + 0.13504 s1n

L
qQ=1 H20

X + 3.Th X + 179A = O
ok = e'1'87t ( HA,cos 13.3t + 0,147 %,81n

q = 1-1/2" HA0

& + 5,120 + 268K = 0

= e 256t (o1 cos 16.28 + 0.158 o sin

" .
q=2 H20

&+ 64800+ 358K =0
o= "33 (o cos 18.6t + 0.17h ek, 8in

q 3 2~1/2" H20

L + 7.26L + Wbl = O
oA = e'3‘63t ( ot,cos 20.8t + 0.175¢4 8in

"

&k + B P6X + 535 = O
ol = e'h'38t (o4 cos 22,7t + 0.19304% 81in

9.35t)

13.3t)

16.2t)

18,6t)

20.8t)

22.7¢t)



TABIE 4-6 CONT.

60-90 ££3/6t%.min nominal porosity

qQ = 1/2" H,0

ol » 6-1.1&51: (ot ,cos 9.96t + 0.146 o4 sin 9.96t)

n
q=1 nao

SL + 4.22 + 202.8 = 0

ol = e~2.11t (otecos 14,1t + 0.15 o 8in 14.1t)

qQ = 1-1/2" H;0

oL+ 5.,98¢ + 304,24 =0
ot = e 2% (ocos 17.2t + 0.1T8 A s1n 17.2t)

n
q=2 H20

o+ T.24 ok + 805,60t = O
ol= e"3’62t (otgcos 19.8t + 0.183 o1, nin 19.8t)

D + 84204+ 50Tk = O

ol cos 22,5t + 0.1874,81n 22.5t)




TABIE 4-6 CONT

120_rt3/rt%-min nominal porosity

Jm 1t
qQ=1/2" R0

ol + 3. 78k + 132k = 0
ot = 0189t (  os 11 .3t

"
q=1 H20

a. + 5.564 + 263&- 0
oL = e~2: 75t ( otycos 16,0t

qQ=1-1/2"H

o0

H+ T.62% + 3950k = O
o= =381t (4 on 19.5¢

qQ=2"H,0

2

ot + 10,16 & + 528 et = O
oL= e 208t 0 20,4t

q = 2-1/2" H,

o)

X+ 11.84 ol + 658 = O
A= e 92 (o cos 25,0t

"
qQ=3 H20

S + 15,14 % + 7880t = O

ol = e'7057t‘

(ot’ cos 27.0t

+ 0,167 ot, 81n

+ 0.172 &4 8in

+ 0.195¢4, 8in

+ 0.227 A 8in

+ 0.237 ek, 81n

+ 0.280 o4 8in

11,3t)

16.0t)

19.5t)

22.4¢t)

25,0t)

27.0t)
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FIG 4-3. OGIVE CYLINDER MODEL
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FIG 4-6. FREE BODY DIAGRAM OF PARACHUTE AND STORE
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Froject No 7

4,0 Theoretical Study »f Supersonic Parachute Thenomena

A.1 Introduction

This study has been centered around further develop-
ment of the "spiked" supersonic aerodynamic decelerator con-
celved and developed through succeeding experimentation and
analysis, Work done Aduring the present reporting period will
be considered in the following phases:

1) Water analogy studies

2) Supersonic wind tunnel studies of flexible

parachute models.

4,2 Water Analogy Studies
4.2,1 Introduction

The use of the water tow facility in making prelimi-
nary studies of the spiked parachute concept has proven to be
very fruiltful. With the addition of a moving water tow facllity
a variety of flow fleld studles can be made, Several of these
studies have already been performed, such as the depth field
survey and photographic field surveys, as noted in Progress
Report No 22, Section 4.2,

4.2,2 Continuation

During the present reporting period efforts have
been directed at the determination of the velocity distribution
in the flow field of a supersonlic parachute.

Since velocity 18 a vector quantity, cne needs to
know its magnitude as well as 1ts direction at all points in
the flow fileld, A theoretical analysis of velocity as a
function of position for supersonic flow in complex flow flelds
can only be performed by the method of characteristics, which

43



m» (R R

PR

¥l

is a very involved and tedious task, Furthermore, relatively

simple experimental methods for determining the velocity
distribution in three dimensional gas flows are non-existent.

However, to determine a veloclity flow fleld by means
of water analogy 18 quite simple and such results could prove
to be a valuable tool in mass flow evaluatlomn.., design phenomena,
and in predicting stabllity changes at varying Mach numbers.

Preliminary studles of several flow visualization
methods in the flow field of a superscnlc parachute are being
made to determine their practicality, in predicting stabillity
changes at varying Mach numbers, In onc method, thin streams
of another fluid, such as 1ink, are inJected into the water and
their paths observed. If motion pictures are taken, these
paths can easlly be determined and studied, If "particles" of
ink are injected and a reference 18 made to the time elapsed
for the particle to move an increment length, then the velo-
cities of these particles may be established at all points 1n
the flow fileld. Figure T7-1 is an enlargement of one frame of
16 mm movie film capturing the effect of ink injected into the
water,

In a second method, time exposure photographs are
taken of confettl particles suspended on the surface of the
water in the flow fleld of the supersonic parachute conflgura-
tion. As seen from Fig 7-2, these peziclcles 2ppear as thick
lines whose lengths are proportional to their velocities.

h,2,3 Proposed Work

Streamlines will be determined experimentally by the
above methods and 1llustrated in graphical form.

Since 1in reallty, certaln turbulence and mass
exchange between vertical fluild layers exists, the velocity
distribution cannot be expected to remaln constant for each
fluid layer. Therefore, investigations willl be made at various
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depths to determine the change in the velocity field and the
errors 1t may introduce, Several methods will be applled, such
as use of tufts, or streamers, ejection of air bubbles, or
suspension of particles within the fluid, tc fulfill the above
obJjectives,

To allow for better accuracy in all such tests, the
test model size will be increased from a canopy diameter of
8 inches to one of 16 inches.

4.3 Supersonic Wind Tunnel Studies of Flexible Parachute
Models
4.3.1 Past Work

During the previous reporting period a variety of
outlet shapes for the supersonic parachute were designed as
shown in PFig 7-9 of Progress Report No 22, and models with
such designs were tested. As seen from Fig 7-12 through 7-16
of the mentioned report, two of these models with perlon screen
outlets were quite stable. It was hoped, however, that a
80l11d cloth nozzle outlet design as shown in Fig 7-16 of
Progress Report No 22 would be superior to one of screen, in
that it would present less of an aerodynamic heating problem,

4,3.2 Continuation

During the present reporting period, wind tunnel
tests of flexible spiked supersonic parachutes using the cloth
nozzle outlet configuration were conducted at Mach numbers of
1.1, 2.0, and 3.0, The models tested with and without a fore-
body (Fig 7-4, Progress Report No 21) all had exits shaped
like subsonic nozzles as pictured in Fig 7-16 of Progress
Report No 22, High speed Schlieren movies, 35 mm flash photos,
and drag recordings were made during all wind tunnel tests.
In addition, several shadowgraph photographs were taken of
stable models at each Mach number,.
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4,3.3 Test Apparatus
Tests have been conducted in the 12 x 12 inch tesgt

gsection facility described in Progress Report No 22, Section
4,3.3. This particular wind tunnel is of the blowdown type
with a high pressure reservoir upstream and a vacuum tank
downstream of the tesat section., Figure 7-3 is a photograph of
the test section and the drag recording equipment. The test
setup otherwise 18 similar to that illustrated in Pig 7-6, of
Progress Report No 18,

The transonic tests were conducted at the FluiDyne
Engineering Corporation's 22 x 22 inch transonic facility. This
iz a continuous flow wind tunnel with a heated atmospheric
intake and a steaw ejector low pressure supply downstream of
the test section. The test setup which is pictured schematically
in Fig 7-4, differs from our conventional test setup in that
the model 18 pulled upatream to deployment, rather than by
moving the deployment basket downstream.,

4,3.4 Results

Results of the test fall logically under two main
headings; the first being ranges of stability, and the second
being drag calculations,

With regard to stabllity, each model was placed
into one of three groups by visual inspection of the high speed
Schlieren movies., The groups were clasgsified atable, semi-
stable, and unstable, Models 1n the semi-stable group are so
defined because they deflate and reinflate by themselves during
the run, thus telng ctable only part of the time.

4.3,4.1 Model Stability
Several models with nozzle exits were tested at

Mach 3.0, with and without forebodies, with outlet to inlet
diameter ratios (Do/bi) ranging from 0,67 to 0, 77. Stable
configurations were found for all models of that range.
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Prints made from Schlieren movies of a run with Do/bi = 0,72
are shown in Pig 7-5. & 35 mm flash photo of the sBame con-
figuration is shown in Fig 7-6 and a shadowgraph photo in

Pig 7-7. All models exhibited excellent inflation and a small
degree of oscillation, Figure 7-8 shows the stability of
various models classified according to their D /D1 values., No
distinction was made between tests with and wighout forebody.

Tests next were conducted at Mach 2,0, Prom Schlieren
photos, however, it was observed that the shock wave emanating
from the mounting strut upstream was being reflected from the
walls and crossed in front of the cone-cup configuratiocn, thus
placing the model in the second test rhombus (see Pig 7-9).
Preliminary calculations revealed that the effective Mach number
Just ahead of the canopy was on the order of 1.5 instead of
2.0. Additional studies are presently being conducted to deter-
mine the exact Mach number for these tests., For clarity
however, these tests will be referred to a Mach number of 2.0
in the iremalnder of this report.

Models with the same range of Do/b1 as found stable
at Mach 3.0 were tested at Mach 2.0, but only a portion of the
models in the range (0.71 to 0.73) was found to be stable
(see Fig 7-8). Figure 7-9 1s a print of a portion of a
Schlieren movie taken of a stable model with Do/!)1 = 0,72.
Figure 7-10 slicwc <hc 3ame model photograrhed with a 35 mm
camera and Fig 7-11 is a shadowgraph photo of the model. From
these figures it is again noted that the mocdel possesses
excellent inflation and a small degree of oscillation.

Transonic tests were conducted with models whose
Do/b1 ratio varied from 0.69 to 0.72, Since the test section
in the transonic wind tunnel measured 22" x 22", larger models
could be tested., To take advantage of the larger test
section, several 6 inch (maximum canopy diameter) models were
constructed and tested in the transonlic Mach number range.
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All 6 inch models in the ~ange 0,69 \<D°/D1( 0.72 were found
to be stable (see Fig 7-8), Pigure 7-12 1s a shadowgraph of
a model with Do/'Di = 0,72 at Mach 1 jo,

4,3,4,2 Conclusions

It can be concluded that the supersonic parachute
with an outlet to inlet diameter ratio on the order of 0.72
is stable in the Mach number range 1.1 to 3,0, and that the
presence of the forebody has no noticeable effect on the
stability of this parachute,

4.3.5 Model Drag Characteristics

Drag measurements were made on all models tested
during this reporting period. The drag force was detected with
the strain gage assembly shown in Fig 7-16 of Progress Report
No 22, and recorded by means of a Honeywell Visicorder (Model
501). Values of drag coefficlents based on the projected area
are presented in Flg T7-13,

It can be seen from the figure that the drag coeffl-
cients exhibit a characteristic dependence on the Mach number;
that 18, the drag coefficient is maximum in the region around
Mach 1.0, falls to a low at about Mach 1.5, and gradually rises
again with increasing Mach number.

Tt can _.ls0 bc seen t.rom Mig 7-13 that the presence
of the forebody has a decreasing effect on the magnitude of
the drag ccefficient, For lower Mach numbers, however, the
effect of the forebody seems to be less pronounced.

4.4 Proposed Work
As previously rentioned, during the Mach 2.0 tests
the reflected shock wave from the model mounting strut reduced
the Mach number in the test rhombus to about 1.5. Presently
an investigation 18 under way to determine the exact Mach number
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in th!s region and the results of this investigation will be
presented in the next reporting period.

A technical report describing the work conducted
thus far in the development of the spiked supersonic decelera-
tor will be prepared during the next reporting period.
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FIG 7-1. ILLUSTRATION OF FLOW VISUALIZATION IN THE
WATER FLOW CHANNEL BY INJECTION OF INK
INTO THE FLOW FIELD OF A SUPERSONIC
PARACHUTE

FIG 7-2. TIME EXPOSURE PHOTOGRAPH OF CONFETTI PARTICLES
SUSPENDED IN THE FLOW FIELD OF A SUPERSONIC PARA-
CHUTE CONFIGURATION AT SIMULATED MACH NUMBER 2.



FIG 7-3. PHOTOGRAPH OF TEST SECTION OF THE MACH 2.0
FACILITY AND DRAG SENSING AND RECORDING
EQUIPMENT

FLOW FROM PREHEATED
AIR SOURCE

SNGLE PLANE
MIRROR

SLVER SURRACE
E%6

FIG 7-4. SCHEMATIC DRAWNG OF FLUDYNE 23x23" TRANSONIC
TEST FACILITY
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PIG 7-5. SCHLIEREN PHOTOGRAPH SEQUENCE SHOWING STABIE SUPER-
SONIC PARACHUTE CONFIGURATION IN WAKE OF OGIVE FORE-
BODY (L/'D - 8) AT MACH 3 0 (2000 FRAMES PER SEC)

) " = 0.6, D /D, =0.72,
e Ll e M e
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PIG T7-6. FLASH PHOTOGRAPH OF A STABLE SUPERSONIC PARACHUTE
CONFIGURATION BEHIND OGIVE FOREBODY AT MACH 3.0
(Dé‘ = 3,56, H . - 0.60, D,/Dy = 0.72,

= 34°, 1 §T - 0.35).

PIO 7-T7. SRADOWGRAPYN PN OF A STARLE SUPERAONIC PARA CONFIQURATION IN VAKE
OF 00IVE POREDIDY « 8) AT ﬁ'fg 3.0 (Dt - 3.5", ll,/b1 - 0,60,
Po/Dy = 0.T2, €= wﬂ /b, = 0.35).
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MACH 20
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(2)

—u~

STABLE

I

——————

SEMI-STABLE

UNSTABLE
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(2)
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(1)
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(1)

UNSTABLE
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(2)
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(1)

(1)

*Numbers in parenthesis signify the number
of tests,

DEGREE OF STABILITY OF MODELS
TESTED AT VARIOUS MACH NUMBERS

FIG 7-8.




FIG 7-9. SCHLIEREN PHOTOGRAPH SEQUENCE OF STABLE SUPER-
SONIC PARACHUTE CONFIGURATION IN FREESTREAM AT
MACH 2.0. (2000 FRAMES PER SEC). (D, = 3.57",
Hmi = 0.60. Domi - 0072' .- 3“.’ 1 1 = 0.35).
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FIG 7-10. FLASH PHOTOGRAPH OF A STABLE SUPERSONIC PARACHUTE
(CON'FIGURA?:ION/%N FREEs(S)TREM}DAT MACH 2.0
D, = 3.57", H = 0,60, D = 0,72,
él = 34°, l/Di ; 0.35). "1
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PIQ 7-11. SHADOWGRAPH PHOTOGRAPH NF STASLE SUPERSONIC FARACHUTE CONFIGURATION IN
FREE STREAM AT MACH 2.0, (Dy = 3.57", H/Dy = 0.60, D /D, = 0.7,
®- 3", 1Dy = 0.35).
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Project No 8

N
o

Theoretical Analysis of the Dynamics of the
Opening Parachute

This project will be reported as the two supporting
investigations:
a) Experimental analysis of the dynamics of the
opening parachute.
b) Mass [low study of the opening parachute.

5.1 Experimental Analysis of the Dynamics of the
Opening Parachute

5.1.1 Introduction

Progress Report No 18 presented preliminary results
of the parachute opening force measurements from wind tunnel
tests using a three foot nominal dirmneter solid flat parachute.
The opening force and projected area as functions of time were
determined with a canopy loading, H/CDSO, of 0.323 psf and a
free stream dynamic pressure of one inch of water. During the
present reporting period these results were further analyzed
with the results of that analysis presented in the following
paragraphs .

1.2 Continuation

Figure B-1 shows the force-time history for a typical
experimental test.. From this particular data 1t can be seen
that the maximum force occurs at a time of O.74 tes where t
is the filling time of the canopy. The magnitude of this
force is on the order of 35 lbs. A summary of experimental
results, including filling time, opening shock force, and
maximum projected area appear in Table 8-1.

r
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In addition to projected area-time and force-time
histories, the distance of travel of parachute system (canopy
and suspended mass) was recorded as a function of time, Using
an instantaneous slope method, the absolute velocity of the
system, V, with respect to the wind tunnel was determined.
From this, the relative velocity VR of the parachute system
relative to ti.e free stream velocity, Vo, was found from the
relationship:

Va =‘V;"\/ ‘ (8.1)

This relationship is shown as a function of time in Fig 8-2,
Prom the dynamic equations of the parachute asystem, we know
the opening shock can be found from:

F (8.2)

max ’Qmax’ns ?

where & ax is the acceleraticen at the point of maximum force
and 1s obtained from the slope of the velocity curve and mg
i8 the suspended mass.

By comparing Figs 8-1 and 8-2, we see that the
maximum slope does occur at the point of opening shock; namely,
t,/ts = 0.7h. By using the slope at this point we find the
Bpax ™ 577.2 ft/becg. Substituting this into Eqn 8.2 we
obtain 30.7 lbs as an estimate of the opening shock. This
result compares within 11 percent of the actual recorded
value,

Pigure 8-3 shows the projected area as a function
of time for a typical case. The experimental curve and the
parabolic assumption are graphed together for comparison.
Since in reality there 1s an initial projected area, Si’ the
equation of the parabola is given by:

Seay — S
5=(;;—‘“;—£>'°'*& ,
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From this figure it is apparent that the parabola follows the
experimental curve falirly close, up until the time of the
opening shock, where tne greateat deviation occurs. Since,
physically, the slope of this curve at t/’tf = 1 must be zero,
such a deviation is to be expected. However, as a simplifi-
cation of the anlytical problem, the parabolic assumption
appears Jjustified. This 1s in reference to Progress Report
No 16, paragraph 6.2.3.3., where it was asaumed that

- Dot
s=-=T, (8.4)

where 8 18 the projected area of the canopy during inflation,
D° is the nominal diameter of the canopy, and T is the ratio
of instantaneous time to £1lling time.

1. Proposed Work
In the future, 1t 1s planned to repeat these test
series for various values of canopy loading, W/(CDSO), and
observe the effect on opening time and opening force.

5.2 Mass Flow Study of the Opening Parachute

5.2.1 Introduction

The mass flow characteristics are very important
in the derivation of a theory for predicting the filling time
and opening shock of reefed parachute canoples. Therefore,
tests are presently being conducted in the University of
Minnesota subsonic wind tunnel on the mass flow through the
canopy mouth and vent hole during various stages of inflation,
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Frogress Report No 22 presented in detall the experimental pro-~
gram being conducted. During this reporting period, it was
found neceasary to make certain modirfications in the models and
instrumentation,

1.2 Continuation

The s0lid flat parachute models representing various
stages of canopy inflation have been constructed as described
in Progress Report No 22. These models have been modified
s8lightly in that the brass mounting rings in the canopy mouth
and vent hole have been removed to prevent flow interference.
These rings are not necessary to this study aince each model
13 suspended in the wind tunnel by the four equally spaced
wires at the caropy mouth and vent hole.

The experimental set-up 18 described in detail 1n
Progress Report No 22. Some modifications in this set-up have
been made. In particular, three new pressure survey rakes
varying in size so as to fit the different models are now bc ing
constructed. These rakes will be used to determine the pressure
distribution and coriesponding veloclty distribution for the
canopy mouth for various stages of the inflation process. The
rakes will replace the pitot static tube and traversing
mechanism used previously, and which were found to be unsatis-
factory for accurate measurements. With the previous arrange-
ment, the static holes of the pltot static tube were in the
plane of the canopy mouth while the total pressure opening
was in front of the canopy mouth plane, thus giving non-uniform
results, The new rakes have alternating static and total
pressure probes so that both these preasures can be measured
in the plane of Lhe canopy mouth. The rake enters the canopy
through a small opening in the canopy side and is connected to
a multiple manometer for data recording.
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2. Proposed Work

The construction of the three pressure survey rakes
for the canopy mouth will be completed. It is anticipated that
tests will then proceed on the two sets of models with the
improved method of inflow velocity measurement for the canopy
mouth, It 1s hoped that theése mass flow teats will give a
clear relationship between the inflow velocity through the
canopy mouth and the velocity through the vent hole during
the parachute opening process. '
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FIG 8+1. FORCE VERSUS TIME RATIO
W/CpSe =0.323 psf

RUN [ TME OF OPENNG| OPENNG | FLLING | MAXMUM | ¢
NO. | SHOCK (t.) SHOCK (F,) | TIME (tp) , 4,
1 0.195 37.05 0.265 3.87 0.736
2 0.203 33.79 0.267 3.78 0.760
3 0,186 31,58 0.2%5 3. 0.729
4 0.201 35.07 0.276 3.68 0.728
ol 0.10 34,58 0.245 3.40 0.739
¢ 0.160 35.M 0.231 3.45 0.693
7 0.180 3548 | o0 | 3n 0.7%0
8 0.160 38.73 0.225 3.43 0.71
9 0.160 38.93 0.232 3.65 0.690

TABLE 8. EXPERMENTAL RESULTS FOR 30 FT
NOMNAL DIAMETER SOLD FLAT
PARACHUTE UNDER FINITE MASS CON-
SDERATIONS W/(CpS,) = Q323 psf
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Project No 9

%))
o

Statistical Analysis of Extraction Time, Deployment
Tire, Opening Time, and Drag Coefficlent for Aerial
Delivery Parachutes and Systems

The final draft of the technical report for this pro-
Ject has been approved by the Procuring Agency and has been
asaigned the following technical report number and title:
ASD Technical Documentary Report 62-638, "Analysis of Parachute
Deployment of Heavy Cargo," by Helmut G. Heinrich, Ivan R.
Russell, and Donald J. Eckstrom,

The photo-offset copy of this report has been sub-
mitted to the Procuring Agency for printing. This marks the
completion of efforts on this project.
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Project No 12

7.0 Gliding Aercdynamic Decelerator
7.1 Introduction

The obJjective of this study is to develop a self-
inflating aerodynamic decelerator with a 1ift to drag ratio
L/D of two. With such a 1ift to drag ratio, a parachute would
glide at an angle of 26.5° with the horizon corresponding to
an angle of attack of 63.5°. The forces and coordinates
assocliated with a gliding parachute are shown in Fig l12-1
while the atability notation adopted is shown in Fig l12-2,

1.2 Continuation

During the present reporting period, further experi-
ments were performed on the aerodynamic decelerator described
in Progress Report No 22 and shown in Fig 12-3. This configura-
tion displayed an angle of attack of 48° corresponding to an
L/D of 1,10, Its longitudinal stability (pitch) was + 5° and
its later.i stability (roll) was + 10°, Several models of this
design have been constructed and all exhibited similar
characteristics.

To confirmm wind tunnel studies of the 24" nominal
diameter model, a larger model suitable for drop testing was
constructed. This model was 10 feet in diameter and constructed
of nylon cloth with a nominal porosity of 10 £t3/ft°-min. It
is shown in Fig 12-4,

Drop tests were conducted to determine the approxi-
mate angle cof attack and the stability of this larger model.

The drop tests were conducted at a descent rate of approximately
10 rt/sec. The parachute assumed a very stable gliding atti-
tude in a relatively short time and achieved a maximum stable
angle of attack of approximately 50°, corresponding to an L/D
of 1.19. This model was observed to be quite stable with a
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longitudinal stability (pitch) of + 5° and a lateral stability
(roll) of + 10°.

To establish more accurately the stability of this
configuration, three component (normal, tangential, and moment
forces) studies were performed on a 16" diameter model in the
closed test section of the University of Minnesota subsonic
wind tunnel.

The model used in <hese tests was designed with the
suspension lines extending over the canopy. This method cf
attaching the suspension lines distributes the stress more
evenly over the canopy. Flgure 12-5 shows the inflated test
model. Testing of this model has been completed and the test
data presently being reduced will be available in the next
reporting period.

7.3 Discussion

During this reporting period efforts were directed
toward ottaining further data on various models based on the
concelved decelerator described 1n Progress Report No 22.
Initial experiments with the 10 foot diameter prototype have
ylelded promising results. The results from these teats have
confirmed the results of open test section wind tunnel experi-
ments with the smaller models. That 1s, this configuration
attains a stable angle of attack of approximately 50° corres-
ponding to an L/D of 1.19.

7.4 Proposed Work

During the next reporting period data obtained from
the three component measurements, the open test section wind
tunnel tests, and drop tests will be thoroughly analyzed. In
addition, new configurations for a gliding decelerator with a
higher L/D ratio will be investigated.
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PIQ 12-5.

16 INCH DIAMETER NODEL OF
THREE COMPONENT STUDIRS

THE FROPOSED GLIDING DECELERATOR DURING



CONFIGURATION OF GLIDING DECELERATOR WITH

31 SUSPENSION LINES

FIG 12-6,



Project No 13

.0 Effective Porosity Studies

@

8.1 Parachute Cloths

Progress Report No 20, Section 9.1, piuvsented tesat
data for the effective porosity, C, of four samples of para-
chute cloth as a function of the pressure ratio Ap/apcr with
the density ratio o as a parameter. The pressure ratio range
covered in that series of tesis was 0.04 <ap/ap,. 1.0 for
¢ = 1.0 and 0.4 < 4p/pP,. . 2.5 for 0 = 0.1.

In order that a much wider range of pressure ratios
could be used, new test apparatus has been installed. The
apparatus consists of three high accuracy, long scale flow
neters, capable of accurately gaging flow rates as low as
0.07 ft3/h1n. With this new equipment, it will be possible
to extend our pressure ratio range to include 0,00137<
Ap/mcr< 0.03 for ¢ = 1.0 and 0.0137 gap/Apcrg 0.3 for o =
0.1, Tests are presently being conducted on the four previously
tested cloth samples over the extended test range. The results
of these tests will be presented during the next reporting
period.

8.2 Ribton Grid Configurations

Progress Reports Nos 20, 21, and 22 presented results
from tests on various ribbon grid configurations. NoO new
results are available for the current reporting period.
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Project No 14

9.0 Study of Flow Patterns of Aerodynamic Decelerators
by Means of the Surface Wave Analogy

8.1 Introduciion

Frogress Report No 2z noted continued refinement
and development of the moving water flow channel including
a modified light source for the Schlieren system, improved
photographic techniques,and the construction of an observation
platform,

9.2 Present Work

Theoretical considerations of the hydraulic analogy
supported by water depth measurements on different scale models
of a 20 degree half angle wedge indicate the desirability of
using relatively larger models than those tested so far. These
were limited to a characteristic dimenslion, such as length or
diemeter,of 5 to 10 inches in order that the flow image could
be accommodated by the fleld of view of the shadowgrarh a~d
Schlieren systems described in Progress Report No 20, The
size of the field of view 18 itself dictated by the 14 inch
diameter Presnel lenses used,

In order to enable the visuallzation of larger fields,
tests were conducted with the shadowgraph by removing the
FPresnel lens and using the carbon arc lamp as a point light
source. In this way, an area 20 inches by 20 inches or larger
could be visualized. Pigure 14-1 18 & shadowgraph of the flow
field of a 20 degree half angle wedge, 10 inches long at simu-
lated Mach 2 flow. Because of the divergent light, the inten-
sity is not uniform as seen from the very bright area in the
center of the fleld,

A total pressure probe to be used for measuring
water flow. velocitles was designed and constructed. Its main
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dimensions are given in Pig 14-2 and initial tests to determine
the water velocity profile with depth have been conducted using
a simple inclined tube manometer. The total pressure probe
and sensitive inclined manometer will enable accurate veloclity
deternination and channel calibration.

9.3 Proposed Work

A technical report on the moving water facility, its
instrumentation and the techniques developed and applied to
aerodynamic decelerator problems 1s in preparation and will be
submitted for approval.

Further developments and improvements designed to
extend the effectiveness and applications of this facility
have been submitted in the new contract proposal.
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PIC 14-1. LARGE FIEID SHADOWGRAPH OF 20° HALF ANOLE WEDGE
10 INCHES LONG AT SIMULATED MACH 2

éT 4-48 THREAD - TO FIT AMES DIAL GAGE
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NOTE DRAMNG NOT TO SCALE

FIG 142. DESIGN DRAWNG OF WATER FLOW
PRESSURE PROBE




. Project No 16
. 9.4 g§tress Analysis of the T-10 Troop Parachute

A preliminary technical report concerning this

work has been written and will be submitted for review
shortly.
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Project No 17

11.0 Aerodynamic Characteristics of the Parachute
St351¥%zea A-71 Cargo Contalner

11.1 Introduction

The main objective of this project 1is to establish
the basic aerodynamic coefficients of an aerial delivery system
consisting of the A-21 cargo container and the most suitable
parachute configurations to stabilize it.

Whenever possible, the findings of the earlier study
on the A-22 cargo container reported in ASD TR 61-32¢ (Ref 1)
are to be applied to the present work but necessary wind tunnel
testing covering two airspeed ranges and an additional investi-
gation involving the use of larger but reefed canopies for
stabilization are specified.

11.2 Previous Work

A scaled down canvas and webbing sling assembly and
canvas cover representing the A-21 cargo container and a wooden
box 4 inches by 8 inches by 15 inches representing a typical
load were described in Progress Report No 22 and illustrated in
Figure 17-1 of that report. Preliminary tests on the wodel
container alone were conducted in the closed test section of the
University of Minnesota subsonic wind tunnel using a three-

component mechanical balance and mounting system fllustrated in
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Figure 17-2 of the last report.

The experimental results, however, showed certain
inconsistancies sttributed to the mechanical balance,
particularly ths sument measurements, and were deemed unreliable
for reporting. In aduition, the mounting arrangement made it
impracti ;. to cover the full range of angles of attack of 0 to
%+ 9C degrees. Therefore s straia gage balance for measuring the
aarodynamic moments ove. the full angular range was designed for
mounting and operdtion in either the closed or open test sections
of the wind tunnel.

11. Prassent Work

The strain gage moment balance was made during the early
part of the reporting period and was similar in design to a
moment balance used for the A-22 container project. Its general
arrangesent and main details of mounting are illustrated in
figures 7-1 and 7-2.

The lower portion of the 3/8 inch diameter rod forwming
the vertical pivotal shaft 1s hollowed out to form a torque
tube with a wall thickness of 0.030 inches. Two Baldwin SR4
type strain gages, oriented along each of two orthogonal
helical paths set at an angle of 45° to the shaft axis are
cemented to the torque tube surface and are therefore subject to
the diagonal tension and compression stresses resulting from the
torqus applied to the pivot shaft. The 4 gages are wired as
a 4-arm bridge electrically comnected to one channel of the

78




[N Y. M

il e an

Century amplifying and recording tystem.

The balance and container mounting were designed to
allow the recording of either the aerodynamic moment on the
pivotal shaft or the free attitude angle of the container with
respect to a fixed axis. To measure moment, the pivotal shaft
18 clamped at the lower end to a fitting attached to the
turntable which forms the floor of the test se~cion. The torque
applied by the aerodynamic forces on the container model is
sensed by the 4-arm bridge circuit. The upper end of the
pivotal shaft fits into a self-aligning bearing mounted in the
ceiling of the test section. The container angle of attack
can be set by rotating the whole turntable.

The free attitude angle of the container is sensed by
means of a high resolution, wire-wound circula.: potentiometer
mounted inside a fitting at the base of the pivotal shaft; the
wiper of this potentiometer is attached to the pivotal shaft
and the shaft itself is allowed to rotate freely by releasing
the clamp used for moment measurement. The potantiometer has
1020 turns over an arc of 340 degrees, i.e. it has an angular
resolution of 1,3 of 1 degree and it is connected in a two-
arm bridge circuit.

Initial runs at the high speed range (about 100 ft/sec)
indicated rather large deflection of the 3/8 inch diameter rod
forming the pivotal shaft and this tended to affect the moment
readings. Therefore a system of guy wires and bearings was

incorporated to reduce shaft deflections due to 1lift and drag
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forces on the container and this eliminated this potential
source of error. There is, however, some difficulty in obtai-
ning perfect alignment between the clamp, the two guy wire
bearings, and the ceiling bearing. Great care is exercised
to effect the best possible alignment over the full angular
range and in addition, a plot of initial deflection versus
angle « is wmade and a correction applied to the data for each
angle.

Calibration of the moment gage was made by fixing a
moment arm to the container model and applying static moments
using known weights attached to the moment arm and recording the
corresponding galvonometer deflections for a specified gain
setting of the amplifier. Figure 7-3 gives the calibration
curve obtained with a gain setting of 1 (maximum) and used for
the tests reported for q=% inch of water. It shows satisfactory
linearity and sensitivity.

It is convenient to specify a system of three orthogo-
nal axes with the origin at the center of gravity position of the
container. The first axis, the longitudinal axis, may be
defined as the axis through the center of gravity perpendicular
to the base of the container, i.e. in the height direction. The
other two axes through the center of gravity, the lateral axes,
are orthogonal to the longitudinal axis. One may consider an
infinite number of such orthogonal lateral axes but, on the

basis cf the container geometry and method of attachment of the
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risers and parachute, it is natural to consider a system of two
lateral axes that are perpendicular to the side faces of the
container. Figure 7-4 illustrates the reference system used
and the sign convention for the angle of attack and moment
coefficient. Two different orientations of the container

model denoted by orientations A and B were tested to determine
the more critical one from the stabilization viewpoint.

Wind tunnel tests were first carried out at an airspeed
of 47.7 ft/sec with the pivotal axis perpendicular to the 4 inch
by 15 inch face of the model container (orientation A). Moment
recordings were taken in the angular range 0° to 20° at 2°
intervals and 20° ro 90° with 5° intervals and were repeated
for the negative angular range 0° to -90° with the same
intervals. The experimental data was consistent and repeatable.
The corresponding values in the positive and negative angular
ranges were averaged, corrected for slight unsymmetry of the
flow and plotted as C, versus X . The moment coefficient is
based on the area of the base of the container, A, the length
of the diagonal of that vase, d, and the uynamic pressure of

the flow, q-kf'vz, and is determined by
m- q 5 d (1)

Figure 7-5 presents the average moment coefficient

versus angle of attack for the A-21 container wodel in
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orientatior A at an airspeed of 47.7 ft/sec, or a Reynolds
No of 0.445 x 106. It shows a positive mowment coefficient
over the full angular range and a large stable derivative
(Jcm)at the neutral point of stability (ol =~ 0). Since
rry
the mowent curve C, versus ok is expected to be substantially
similar for the same configuration at high speeds, the same
model was next tested in the other orientation,B. Figure
7-6 presents the average moment coefficilent curve for this
configuration at air speeds of 47.7 tt/sec and 116.8 ft/sec
with corresponding Reynolds Numbers of 0.445 x 106 and
1.089 x 10°. There are some slight differences at the two
airspeeds but the general characteristics of the moment curves
are similar. They show relatively smaller but stable derivatives
at 0° and + 90°. There is also an unstable derivative at + 65°.
The A-21 container 1is designed to accomodate a wide
range of shapes and sizes varying in length from 30 to 60 inches,
in width from 20 to 40 inches, and in height from 10 to 30 inches.
From the stabllization standpoint, the determination of the most
critical configuration involves considerations of shape,
orientation, and size.
For a given container, the moment coefficient will
depend on the shape, orientation, and angle of attack. As in
the earlier study (Ref 1), the moment coefficients are referr.d

to the container base area and a characteristic length equal to
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the diagonal of the rectangular base. Thus, the size of the
container is an important factor and it is necessary to
determine the critical combination of shape, orientation, and
size requiring the largest stabilizing effect from the
parachute. Experimentally, this entails testing a large
number of configurations and a practical compromise has to
be chosen. For this purpose, the container load has been
redesigned to provide wmeans for varying the load shape, size,
and orientation of its pivotal axis.

Preliminary tests with free pivotal axis and wmodels
of the ribless guide surface and ribbon parachute models with
risers representing 10 and 20 feet full scale suggesc that
the two point suspension arrangement may mot be very efficient
for the A-21 container and other suspension arrangements wey
prove more desirable.

11.4 Proposed Work

Using the redesigned model, tests will be conducted
to determine the critical combination of shape, orientation,
and size of load-container combination without stabilization.

Tests will then be conducted on this critical con-
figuration using model parachutes of the ribbon and ribless
guide surface with risers representing full lengths of 10 and
20 feet and the moment coefficients over the full angular range
0° to + 90° will be calculated.

The free attitude angles and overall characteristics
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of the system of container, risers and parachute will then
be determined.

The tests indicated avove will be conducted at thae
two specified airspeed ranges of 2u-4. ft/sec and 100-200
ft/sec in the closed test section and at the lower speed
range in the open test section. The latter tests will
indicate the effects of the tunnel wall constraint and
enable testing with the longer risers.

After completion of the above tests, an investigation
of large reefed canopies having the same drag area (when

reefed) as the values obtained from the previous tests will

be carried out.
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Project No 18

12.0 Aerodvnamic Chacacteristics of the 'Cross' and

——— -

Wayon Wheel' Type Parachutes.

12.1 Evaluaticn of 'Cross' and 'Wagon Wheel' Type

Parachute Configucations in Free Stream

12.1.1 Introduction

The purpose of this investigation is to establish the
aerodynamic and opening characteristics of the cross type and
wagon wheel parachutes. Tests to determine such characteristics
will be conducted in the wake of a primary body configurction,
as well as in free stream with no forebody. The overall
investigation involves three principal phas2s. The fiist of
these, initiated in the previous ieporting period, has been
carried into the [ reseniL sépoitin, periou anc is designated,
“"Bvaluation of 'Cross' and 'Wagon Wheel' Type Parachute Configu-
rations in F.ee Sticam."

12.1.2 Pcevious Work

Work prior to the present reporting period, as
presented in Progcress Report No 22, consisted of determining
the aerodynamic characteristics in free stream of one model
(textile) of the wagon wheel parachute configuration, and two
models of the ciross parachute configuration, one of these

being fabricated from a non-porous material. The aerodynamic
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characteristics investigated were: the normal force

coefficient, C ; the tangent force coefficient, Cops and the

aerodynamic moient coeffcient, CH‘ The results of these
investigations were presented in Progress Report No 22,
Figs 18-10 through 18-17. The normal , tangent, and moment
coefficients are based on total cloth area and a moment arm
equal to the suspension line length.

Since the last reporting period, it has been decided
that .o facilitate comparison of like canopies, (such as the
wagon wheel and ribbon parachutes), a standard must be
established for determining area and moment arwm length.

A description of the reasoning employed in arriving
at this standard together with revised test results will be
presented in the next progress report.

12.1.3 Continuation

Drawings of three new configurations for the Wagon
Wheel type parachute, and three new configurations for the Cross
type parachute have been provided by the Procuring Agency.
For the Wagon Wheel parachute configurations, the number of
spokes is varied, while for the Cross parachute, the ratio
between the wiucas and lengths of the arms, W/L, is varied.
Three models, each of a different cloth type (varying nominal
porosity) are being constructed for each of the three new
Wagon Wheel configurations, making a total of nine Wagon Wheel

models. In addition, three models, each of a different cloth
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type, are being constructed fo. two of the new Cross

parachute configurations, and two models, each of a

different cloth type, will be comstructed for the third

a
"~

Cross configuration, making a total of eight Cross parachute
models being constructed. Figures 18-1 and 18-2 show
sketches of each of the new parachute configurations. It way
be noted that in the new Wagon Wheel Configurations, the gores
linking the outer ends of the spokes of the first Wagon Wheel
wodel have been replaced by a single band of cloth encompassing
the spokes of the parachute. Also, the new configurations of
the Wagon Wheel models will not have & hemi-spherical shape as
the first model, but instead, will retain a more flat infla.«-
shape.
12,4 Proposed Work

The aerodynamic characteristics of the models
constructed from the new design configurations will be
investigated in free stresam, and when the most favorable
configuration of each parachute has been determined, these
configurations will be cowmbined with an A-21 or A-22 Container
and further investigation will be carried out to establish the
asrodynamic characteristics of the parachute in the wake of
the container forebody. Having completed these studies, an
investigation will be carried out to determine the inflation
characteristics of the most promising parachute configurations

in free fli_ht as well as in the wake of a cargo container in
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the infinite mass case. These investigations will be
conducted employing high speed films to measure cpaning tiwe,
and a strain gage bridge and electronic recording device to
measure opening force.

This work, however, may have to be postponed in
view of the necessity to write technical reports about other

aspects of the entire research effort.
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Project No 19

13.0 Determination of Mass Flow Through Parachutes

With Inherent Geowetric Porosity

13.1 Introduction

The present reporting period marks the initiation
of the test program of Project Number 19, 'Determination of
Mass Flow Through Parachutes With Inherent Geometric Porosity.'
As noted in detail in Aeronautical Systems Division Contract
No. AF 33(616)-8310, Project 19, the purpose of this investi-
gaticn ig, in part, to determine experimentally the mass flow
ratios through the canopies of fully inflated ribbon parachute
. 'dels at subsonic, transonic, and supersonic speeds. While the
total effort calls for use of models both with and without
forebodies, the present test program calls for free stream
teats on wodels having geometric porosities of 15 to 30 per-
cent.

Since the mass flow of air through the canopy is
solely a function of the pressures to which the parachute is
subjectad and the geometric porosity and shape of the openings
in the chute, it appears, as noted in the contract, that the
initial step is to Jdetermine the pressure distributions on the

cencpies by m-ans cf internal and external pressurc taps. Then
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rigid ribbon model would be fitted with a rear hollow support
sting and the skirt of the canopy covered with a sclid plate
and the model mounted in the wind tunnel.

After the flow is established around the configuration,
an airflow is introduced through the support sting and adjusted
to a pressure equal to the internmal pressure previously measured
under the same free stream conditicn. The mass flow through
this system is then measured. When steady-state conditions
are reached, the in-flowing air mass must be spproximately the
same as the flow through the porous cancpy under normal
conditions.

12.2 Subsonic Model Tests

Rigid models of the circular flat ribbon parachute with
geometric porosities of 15, 20, 25, and 30 per cent are
currently being tested at subsonic Mach numbers in the variable
density wind tunnel at the University of Minnesota. (Fig 19-1
shows a typical model configuration). There are two mudels
for each porosity value; one with pressure taps on the intermal
surface and one with pressure taps on the outer surface
(see Fig 15-1). A typical model mounted in the wind tunnel test
section is shown in Fig 19-2.

The subsonic pressure uistiributions obtained from
these tests will be used to obtain mass flow measurements by
the means originally proposed in the contract and as noted

above. These mass flow measurements for subsonic Mach numbers
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will al:zo be conducted in the subsonic variable density
wind tunnel at the University of Minnesota.
13.3 Supersonic Model Tests

With the Supersonic test program, it has been
necessary to al .er the mass flow determination methods from
the method originally outiined in the contract. Preliminary
calculation of the mass flow through a hollow sting showed that
unreasonably large pressures and sting sizes would be necessary
to accommodate the necessary mass flow. Therefore while the
procedure for obtaining pressure distributions on the surface
of the model will be the same, it will be necessary to change
the method for determining the mass flow. It has thus been
propcsed, that the canopy models be mounted in the flow
measuring facility originally used to measure the effective
porosity of ribbon grids.

The supersonic Mach mumber effects will be simulated
by producing the same pressure distribution and pressure
ratio across the model as was present in the pressure distribu-
tion studies in the supergonic wind tunnel. In this wanner all
mass crossing the boundary of the enclosed model must pass
through the model itself and the mass flow can thus be
measured.

13.4 Propogsed Work
It is anticipated that tests on the four models of the

circuler flat ribbon parachutes with geometric porosities of
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15, 20, 25, and 30 per cent at one subsonic and one
supersonic Mach number will be finished and ail data
A subsequent technical report

will be written concerning this phase of the program by the

i reduction completed shortly.
: end of this contract period.
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FIG 19-1, RIGID PRESSURE TAP MODELS USED IN MASS FLOW
STUDIES OF CIRCULAR FLAT RIBBON PARACHUTES.

Y10 19-2. RIGID PARACHUTE MODEL MOUNTED IN SUBSONIC
VARIABLE DENSITY WIND TUNNEL.
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