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THEORETICAL PARACHUTE INVESTIGATIONS

Progress Report No 23

INTRODUCTION

1.0 T!ii 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 As in prvuvuulg 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.

A
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Project No 1

2.0 InvestiEation of Wake Effects on the Behavior of
Parachutes and Other Retardation Devices Behind
Large Bodies at Subsonic and Supersonic S eeds

2.1 Velocity Distribution In the Wake of Bodies of
Revolution in Turbulent Subsonic Flow

A preliminary technical report concerning this work
has been wit.ten and will be submitted for review shortly.

Further reports are under preparation.

2.2 Theoretical Analysis of Turbulent Wake in Superson1ic

Flow

No new work concerning this phase of the program

will be reported.

2
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4 Project No 4

3.0 Investigation of Basic Stability Parameters of'

Conventional Parachutes

This project will be reported as two separate investi-

gations. 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 system

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.

3.1.2 Present Work

During the present reporting period, test were con-

ducted on hemispherical, circular flat, and ribless guide

IA surface canopy models oscillating about an axis through the

center of gravity of the enclosed fluid mass.

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

symmetry of the canopy.
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3.1.2.1 Modifications and Improvements in Experimental

Procedure and Data Reduction

In considering the dynamic behavior of parachute

canopies, the mass of the canopy itself is often negligible

as compared to that of the enclosed air mass. It Is 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 fluid enclosed by the canopy. The reference
moment of inertia was obtained by multiplying the enclosed
fluid mass by the canopy surface area.

This hypothetical moment of Inertia is 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 apparent moment of
inertia coefficients reported in Progress Report No 22.

The use of the enclosed fluid mnss which is different

for each canopy tends to complicate the coi.parisons between
different canopy shapes from the viewpoint of apparent moment

of inertia. Furthermore, it cannot be applied to the limiting

case of thin flat discs. It is conventional, in the case of

discs, to use for reference the mass of a sphere of the same

radius as that of the disc, i.e., M - 4 r3. For the moment

of inertia, it would be logical to use for reference, the

moment of inertia of the above spherical mass, i.e.,

SIx= Mko- frs r9=A6,(.0

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

4



The same reference moment of inertia, based on the

canopy projected diameter has been adopted for the different

shapes tested, thereby providing a simple basis of comparison

between different parachutes of equal projected diameter.

3.1.2.2 Experimental Results

The model arrangement for the tests on the hemis-

pherical, the circular flat, and the ribless guide surface

canopies was similar to that illustrated 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 Ic', the reference moment of inertia I ,

and the non-dimensional apparent moment of inertia coefficient

Ay.., 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 inertia coefficients for the same

canopies when oscillating about 8:L axIs through the canopy

center of gravity reported in Progress Report No 22, but con-

verted to the new reference moment of inertia I have beenY
calculated and are also given in Tables 1-1 and 4-2. As

expected, the apparent moment of inertia of the hemispherical

canopy is 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 is 3/8 r as com-

pared to r/2 for the previous case.

The test data and calculated results indicate good
repeatability 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 repeatability and indicate an apparent moment of

inertia coefficient of the same order as that of the hemis-

pherical canopy.
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Table 4-4 presents the test data and calculated

results for the ribless guide surface canopy. The results

Indicate an apparent moment of inertia coefficient of the
same order as that of the circular flat and hemispherical
canopies.

Preliminary tests to determine the apparent moment
of inertia of circular flat canopies oscillating about an axis
throuegh the confluence point, perpendicular to the canopy

axis of symmetry, were ,onducted. Por 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 solid
spheres symmetrically mounted about the torsion rod. Th'ý

spheres were attached in such a way that the canopies 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 canopies obtained
by subtraction. This method reduces certain errors produced
by the canopy supporting arms since they are left on the
system when the canopies are removed.

The model tests with oscillation about 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 numsrical data is yet available

for analysis and reporting.

3.1-3 Proposed Work
Tests on the ribbon parachute canopy for oscillation

about an axis through the center of gravity of the enclosed
mass await completion of thee model.
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The expe:lnimental techniques for determining the

apparent moment of inertia for the circular flat, the ribbon,

and the ribless guide surface canopies when oscillating about

j an axis through the confluence point have been developed.

Work in this direction is 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 Turiiel and Theoretical Investigation of Dynamic

Stability of Conventional Parachutes with Store

3.2.1 Introduction

This study will 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 wfactor."

4) Development of an empirical equation.

3.2.2 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. Beerings are mounted into the potentiometer block

so 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 resistance

element of the potentiometer remains stationary on the

supporting rod while the center tap pick-off rotates with the



model. The resistance element is 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 sipial Is recorded on the Century model 408 oscil-
lograph so that the final result is a filmed 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 aircraft. 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 esta-

blished work.

A geodetic suspension system (Fig 4-5) is used so
that the ogive and parachute may be considered to constitute
a rigid system. Two lead weights are included inside the ogive
for balpncing 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
sliding 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 is mounted into the plastic

block. This contact is 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 porowities. The profile
dimensions and static stability characteristics can be found

in Ref 2.
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S3.2.3 Equation of Motion of a Parachute and Store System
In this investigation, the coordinates and free body

shown in Pig 4-6 are employed with assumptions anG symbols

Sdefined as follows.
I

3q.2.3.1 7hTe assumptions riade to derive the equation of motion

of the system are:

a) The motion is restricted to one plane (x-y plane)
Sb) The parachute and store combination constitutes

4
a rigid body where the axes of the parachute and

store always coincide
c) The apparent mass of the parachute acts at the

center of gravity (c.g.) of the canopy

j d) The apparent mass of the store is neglected.

S 3.2.3.2 List of Symbols

S •= angle of attack of the parachute

= unit vector in z direction

ms = mass of the store

mi = mass of air enclosed in the canopy

m = apparent mass of the parachute

mc = mass of the canopy

m = mi + Mc = 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-axis

I* = total moment of inertia of the store rotating

about an axis through the center of gravity and

parallel to the z-axis

V = wind tunnel velocity

p - air density
2q = .pV = dynamic pressure

= area of parachute canopy upon which all coefficients

are based
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CJZ - angular velocity of the system about the z-axis

o - origin of x-y-z coordinate system at the point of

suspension of the system

5 w distance between center of mass of canopy and base

of the store

1 - distance between center of 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 a distance from base to center of gravity of store

14 - distance between center of gravity of store and

center of gravity of the system

CN w normal force coefficient of the parachute

C No - normal force coefficient of the store

3 Derivation of Equation of Notion

According to Newton's law of motion, the summation

of all moments of external forces must equal the time rate

of ohang of moment of momentum. Applying this to the moment

of momentum, we have

H IM (4.1)

whore H Is the angular moment, N 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,

H I 5 ' K (4.2),

where the superscript * refers to the moment of inertia,

Sas being about an axis through the center of gravity.
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Combining Eqns (4.1) and (4.2), we have

SThe s tandard definition of a positive aerodynam ic
moment in parachute technology is that it is a resto:,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:

m (�41r)= +• t,-It (4.6)

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

I" : Mv = o5
or

rn fl3 s,'). + +

+ N V '06 s o, ,)+ Ns (11-4 ) 0 . (4'

We will now introduce the relations:

N = CN q .5 and N = C,4, q. -
When the normal force Coefficient of a rlbless guide surface

parachute Is found through static wind tunnel tests the C N 19

very nearly proportional to angle of attack. It is therefore
sufficient to use CN A-• X When the cnp sudronN au

a1



a dynamio oscillation there will be a lateal movement perpendi-

cular to the main flow resulting in an additional component of

normal force.
We may think of this In another respect. It we

suppose that the main (axial) flow is zero and that somehow

the canopy Is rigid there will be a nozmal 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 + 13 - 14)&. In

order that the equations remain linear we assume:

C 4M f 0, &) .dM at + &. &L . (4.8)

We may now write Eqn (4.7) as:

+ ~ -S(,1,• c'*,~ + +e.•)-
X ) (4.9)

+ 9 SI..4* c Io C~ MC0C +

"Assuing 6C;" ea<i, have:

Equation ((4.9a) has the form*4-4 d ccJ + • c .(.o

flJS? =Q (4.10)

This is the general equation of motion of a free damped

vibration. The solution of this ec'uation must be a function

12



which has the property that repeated dilfferentiatior 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 may be written as:

Otm C, emit+ caevt

where

in- -n4in -wn.t

The physical significance of this solution depends on the
relative magnitudes of n 2 and)n 2 , which determine whether

the exppnents are real or complex. For the exponent to be

real,

n2 > 2J

Physically this means a relatively large damping since n is

a measure of damping in the system.

Then the solution is:

o=c, e° -• tt c r e"• (4 a.l)

wherel?1 and 1 2 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 static equilibrium position. Suzh a system
is said to be "overdamped."

On the other hand, if the damping is small such that

n 2  A), then we can write:

e 1 ce e t CP cYeZ -7 t

13
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Using the relationship

eta M COS e 51., 4/e

the displacement may be represented as:

Since the constants c, and c 2 are arbitrary and are to be

determined by the initial conditions, we may simplify the
expression by introducing the constant c1 ' - i(c1 - c 2 ) and

o4 = c1 + 02 dropping the primes and substituting into the

previous equation, we have

- C, SIN, VCslo-t * CaCOS IZZt- ] (4.12)

Comparing the two solutions [ Eqns (4.11) and (4.12)].
we see that the effect of the damping in 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
S= ent

Me amount of damping is often specified by giving the

logalithmic damping decrement 6 where

A 1 Lore A a n (4.13)l6- f --T -

14



For systems having small damping, a simple way of

determining the logarithmic damping decrement from the free

vibration curve is to use the relationship,

For small value of the higher order terms may be neglected,

yielding:

Thus the logarithmic damping decrement is approximately equal

to the fractional decrease in amplitude during one cycle of

the vibration for small amounts of damping. If the fraction

of critical damping is small and oC and •-a are nearly equal,

it would be more accurate to measure the second ordinate o4 n

after n cycles. Under such circumstances,

__I_'ý c- (4.1~4,

The logarithmic decrement can be obtained 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 calibrated 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 in the

38 x 54 inch test section of the subsonic horizontal return

wind tunnel of the Aeronautics and Engineering Mechanics

Department at the University of Minnesota. The oscillation-

time historiek were recorded for several runs at each velocity

15



for the three different parachutes. Since there was some

variations in the traces obtained the amplitudes and periods

were measured and tabulated. Average values were then found

for the magnitudes and periods. Two of the runs for each

dynamic pressure closest 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 th3 next chapter.

When the average magnitudes were found they were

used to compute the experimental damping factor. This was

found in the following way;

Since 0 fYn
Orl a-- e o4 f- nA

air @ n L ne 0" 1 (4.13)
Y;T n__ eC

or n -YJ-n• L re d"
or 2l freCi

and:T- = where T is the period,

so:

n - _(4.15)T e T

For each velocity and each parachute we have found
an average value for T and c;- so that from this we can

Ct

determine the damping factor n. A graph of damping factor

versus dynamic pressure is shown in Fig 4-24. This data is

also tabulated in Table 4-5.

It can be seen from this figure 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 velocity. The equations of the

straight lines in the figure are:

16



I) For the 30 ft 3 /ft 2 -min nominal porosity chute.

2n = 1.4 + O. 4 72q (4.16)

2) For the 60-90 ft3/ft2 -m in nominal porosity chute.

2n - 1.4 + 0.562q (4.17)

3) For the 120 ft 3 /ft 2 -min nominal porosity chute.

2n = 1.4 + o. 8 4 3q (4.18)

It is seen that these equations are of the form 2n = A + Bq where

the constant A is attributed to damping in the mounting system.

3.2.5 An Empirical Equation

If we compare equations,

and

-L +1"P_ n .-; - .2 C 0 , (4 .10 )

we see that:
-n - c L dCv

so that:

_C__ 2flhI (4.19)

If we drop the constant A In Eqns (4.16), (4.17), and (4.18),

we see that

___ _ I - (4.20)

17



for the system, where B is the slope of the appropriate curve

in Fig 4-24.

To confirm the above relation it was decided to run

the same system with only the moment of inertia of the ogive

changed. Figure 4-25 shows a 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 aCPby use of Eqn (4.20). We

see that within the range of experimental error - constant.

For:

is* - 0.01278 alug-ft

m. - 0.1583 slug
Tz* - 0.0203 slug-ft 2

30 ft 3/ft 2 -min nominal porosity ribless guido
surface parachute

B - 0.472 ft-se'./slug

-N 0.0052 sec.

For:

I * - 0.004548 slug4ft 2

ms = 0.0708 slug

1z* W o.01498 slug-ft 2

30 ft 3 /ft 2 -min nominal porosity ribless guide

surface parachute

B - 0.343 ft-sec/slug

-O, =0.00538 sec.

'Me data for the store and parachutes was the

following:

18



1 - 0.19 ft 11 M -0.18 ft 12 - 0.63 ft

l4 -0.45 ft S - 1.73 ft
1 - 0.0000335 slug-ft 2  mt = 0.00185 slug
L = 1 + S + 13- 14 - 2.343 ft
S - 0.786 ft

jCNC - 0.092 (Based on S - 0.786 ft 2 )

S* an d m . w ere variab le .

Substituting these numbers into Eqn (4.9a) we get:
for IV* - 0.01278 slug-ft 2, m. - 0.1583 slug

+t÷ an c. +[79.8 0C ,0 0. 6 39] of -C_ . (4.21)

This is the general differential equatlon 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,
it was noted that jC for oN & 0 is somewhat higher than for

in the general range of + 15. Since was assumed to
be linear in the theory we would imagtne that as the oscil-
lations grow smaller -•Iis higher, thereby increasing the
angular frequency. Thus the decrease in period can be attri-
buted to non-linearity of the normal force curve near od = 0.

19



3.2.5.1 Comparison of Theory and Experiment

We have seen in Pigs 4-7 through 4-23 that the

eperimental traces are very closely approximated by the

theoretical traces. Since the period T, can be found both

theoretically and experimentally it in desirable to make a

graphic comparison. Since the theoretical relationship says

that the matural period is inversely proportional to the

velocity, the periods were plotted versus the free stream

velocity in Pigs 4-26 through 4-28.

3• Conclusions and Results

Using Eqns (4.20) and Fig 4-24, we have determined
the parameter

1) PFo the 30 ft 3 /ft 2-min nomainal porosity

ribless guide surface parachute:
a C= 0.0052 (4.22)

2) For the 60-90 ft 3 /ft 2 -min nominal porosity

ribless guide surface parachute:
0) 0.0062 (4.23)

3) For the 120 ft 3 /ft 2 -min nominal porosity
ribless guide surface parachute:

S- .0093 (4.24)

3.2.6 Proposed Work

3.2.6.1 Progress Report No 18 included a strictly analytical
method of describing the dynamic stability of a parachute
store system. The amplitude-time and frequency velocity

relationships of the analytical method and the empirical

method presented In this report should be compared.

20



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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30 ftftt-min nominal porosity
ii-q n 'j TT=2

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 0.z277 O.270

60-90 ft 3/t't 2 -min nominal porosity

___n2 n U_ T 2 /w T

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 f3/ft2 -min nominal _orost _2 2 Tn 27q Wn nJ TU/ Texp

1/2 132 1.89 128.4 0.554 0.607

1 263 2.75 255.4 0.393 o.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 0.235 0.234

* "TABLE 4-5. PERIOD, DAMPING FACTOR, AND ANGULAR FRE-
"" QUENCY AS A FUNCTION OF DYNAMIC PRESSURE



TABLE 4-6. DIFFERENTIAL EQUATIONS AND SOLUTIONS

30 ft 3/ft 2 -min nominal gorosity

q - 1/2" H2 0

t + 2.52 0  + 89.2 0-o

4- e"1"2 6 t (a& cos 9.35t + 0.135 osan 9.35t)

q - 1" H2 0

.+ 3.740 + 1790 - 0

L = e"187t ( ,cos 13.3t + 0.147 0 tsin 13.3t)

q- 1-/2" H29

1 + 5 .1 2 & + 268 =0 o

oL= e"2"56t ( oOs 16.2t + 0.158 0ýsirn 16.2t)

q= 2" H2 0

.+ 6.48d-+ 358K = 0

oL= e-3"24t (oAcos 18.6t + 0.174o'-. sin i8.6t)

q - 2-1/2" H120

S+ 7..26 a + 446.( = 0

oa = e"3" 6 3t ( .Acos 20.8t + 0,175cA*sin 20.8t)

q = 3" H2 0

a + 1&664-+ 535=C o0

oe = e-4"38t (o4,cos 22.7t + 0.193oasin 22.7t)



TAwIB 4-6 CONT.

60-22 tt 3/ft 2 -min nominal porosity

q - 1/2" H20

•. + 2.90AL + lol1.4. - 0

CA w 1."a5t (aeooa 9.96t + 0.146 oLsin 9.96t)

q - 1" H20

&L + 4.22il. + 202.8o L - 0
- .w"2.11t (0*cos 14.1t + 0.15 oiesin 14.1t)

q - 1-1/2" H20

4L.+ 5.98' + 304.2 o'- 0

S= e "2 "99t ( co: cos 17 .2t + 0 .174i oL sin 17 .2t )

q - 2" H2 0

au-+ 7.24 c'+ 405.6 a. . 0

OL . * -3.62t ( .'cos 19.8t + O. 183 a in 19.8t)

q - 2-1/2" H20

a + 84 2&-+ 507. a 0

at.- e-4.21t (e. cos 22.5t + 0.187 • sin 22.5t)

__|



TABLE 4-6 coNT

120 ft 3 /ft 2 -min nominal porosity

q - .H"2" H20

:L + 3.78 4 + 132d. - 0

04- e-1.89t (o0 coop IJ .3t + 0.1 67 i sin 1P.3t)

q - 1" H2 0

a + 5.5 a + 263o(, 0

oL - e-2"75 t (o, cos 16.Ot + 0.172p a sin 16.ot)

q - 1-1/2" H20

S+ 7 .62 & + 395c = 0
c - e-3"81t (o*Lcos 19.5t + 0.195o'* sin 19.5t)

q = 2" H20

4f + 10.16 + 528 o( - 0

eL= e-5"08t (cocos 22.4t + 0.227a'sin 22.4t)

q - 2-1/2" H20

Zk + 11.84 t + 658OL - 0

ok = e" 5 "9 2t ( otocos 25.Ot + 0.237oaisn 25.0t)

q - 3" H20

& + 15.14 + 788 oL- 0

-•= e-7"5 7 t (Q cos 27.Ot + 0.2 8 O0(,sin 27.0t)



FIG

Cr- LOCATON AT 50 */a OF LENGrH

FIG 4-1. DIpvENSCN OF OGIVE CY1JNDER MODEL

BRASS INSERT 1RAWBASISR
r-A /'5-40 fl4RflW SHAFT

~~LALLE HEADNG

60-32 NC

FIG 4-2. CI'6TRALLEN HEADSO ~v CLNE OE



itdw

FI OV

FIG 4-3. OGIVE CYLINDER MODEL



w
(D
z

Lii

zi
z

z



CON~NECT TO
FAONT FONTS

S7z3

ttit 2 8,4

3 1,5

4 2,6

5 3.7

6 4,8

7 51

8 6,2
ON ON

SKIRT BOTTOM

FIG 4-5. GEODETIC SUSPENSION SYSTEM

FIG 4-6. FREE BOCY DI•-_..AM OF" PARACHUTE AND STORE

I'1 L - ....._ -. _ I .... .



i

0 1 .2 .3 A 5 -6 7 .8 9 1.0 11 1.2 1.3 IA
TIME; (SEC.)
FIG 4-7. OSCILLATION HISTORY' OF OGVE CYLINDER

qu Vl2 IK H20 NOIM. POWl 30 Fýý3F •MIN

S.-

J 2 .3 4 .5 • .• 90 .1 .2 -3 A 5 16 7 .. l 10 11 1.2. 13 1A
TI " A cr.) TIM E ((EC )FIG 4-FIG49 OSCILLATION HISTORY OF-OIVE CYLINV LR

FIG4-8 OCL ATON ISORYOFO~fE YL1DE a-:'V 44 HQl NOM KW X•FT3/FTiW-MfNQ -I N V NO M Nt 310 FT3/F3T20 4"



IN.

0 2 . 3 , 5 . 1 .97 1.0 ti1. !2 t3 14
"M Mlc-)

FIG44O.OSCILLATION HISTORY OF OQIVE CYUNDER
€e20 NMO NOMPOR 30FT3FT -Mf

W 4I~~F I I I ~ ---

0 1 A 3 4 5 & .7 . ti tl U W 0 .2 3 A 506 .7 .6 1 tO 1"Tbe Inc) TomE (11c)
FIOG 441.OSCILLATION HISTORY OF W1YE CYLINDER FIG442DSCILLAT1ON HISTORY OF OGIVE CYLINDER

q. 2Va lN.MOO m m POm 30)IQPFT -m1N. 4-31MHf M O301rT'FT2
-MPN



I<

0 C 3 4 5 .4l U7. 0t . t2 t3 toll
TWM (SEC.)

FIG4-13.0SCILLATION HISTORY OF OGIVE CYLINDER
q.U2 1N. M20 K GO-R. 900 FFT q F.MI.

0 3 4 .5 6 7 to 1 1213 WA 0 .2 3 .4 9 7 .6 to tl 121 13 %4
OTIMIl mIc!) TIME IWO

". FIG ,H4"0SCILLATICIN HISTORY OF (::GIVE CYLINDER FIG 4"-MOSCILLATION HISTORY OF OGIVEf CYLINDER
;i a.t IN H20 NOMMP(•60-90 FTAFTZ-MIN q ,1 V2 IN H20 NOM POR 60-90 FT31FTZ-I

I



N-41

.2 3 . . . .4 10 1 1. 134 5W 6 .0 1 2 *.3 1a b -4 7 A 9 t j 1. j 14 1
FIG4TZOCILLTIO HSTRY F OIV CLNDR 4GOSCILLATION HISTORY OF OGIVE CYLINDER

a ~ ~ ~ ~ ~ ~ ~ q2N 260~ M N.H0-9O F10F3TZlf *121tHP MW4 ". 20riNT2j



L

dl

,I

2 3 4 5 6 7 4 9 1.0 1,1 12 tl 11A
TIME (IEC)
FIG4-4QOSCILLATION HISTORY OF OGIVE CYLINDER

Q.1 IN H20 NOM1 Km 120 FTdFTZMIN

I

I

I4

rl F

ol 1 16 .3 Is? a 13 2 .01 2 34 6 7 9 10 11 12 13 14 TIME(S4. .TIME ( FIG4,-21.OSCILLATION HISTORY OF OG!VE CYLINDER
FIG 4-20. OSCILLATION HISTORY OF OGIVE CYLINDER FIG 4

Q,112 IN 142 0 NOM POR120 FT
3

1FT
2
,MIN Q-21N H20 NOM IOFT3FAMIN

;V



0 3 .2 .3 4 .5 .6 .7 .8 2 10 11 1.2 1.3 1A

TIME (SECC)

FIG492OSCILLATION HISTORY OF OGIVE CYLINDER
Q12V22N NOM FOR12OFT3/FT2 -.MIl

0 1 .2 .3 A .5 .6 .7 .8 .9 10 1 12 13 14
TIME (SEC.)
FIG4QaOSCILLATION HISTORY OF OGIVE CYLINDER

q-3IN H2 0 NtMPOR120 FT3IFrT-MlI.



/Y 8
C5 CM

_ _ _ _ OD 0 0

LL
S!,

0'

z 8L14 C"&W



0

700

0 0

035) OO3d

pl,/ IQ_



Froject No 7

4.0 Theoretical Study of Supersonic Parachute rhenomena

4.1 Introduction
This study has been centered around further develop-

ment of the "spiked" supersonic aerodynamic decelerator con-

ceived and developed through succeeding experimentation and

analysis. Work donp during 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 fruitful. With the addition of a moving water tow facility

a variety of flow field studies 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 .2, 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 supersonic parachute.

Since velocity is a vector quantity, ,ne needs to

know its magnitude as well as its direction at all points in

the flow field. A theoretical analysis of velocity as a

function of position for supersonic flow in complex flow fields

can only be performed by the method of characteristics, which
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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 velocity flow field by means

of water analogy is quite simple and such results could prove

to be a valuable tool in mass flow evaluatlunt., design phenomena,

and in predicting stability changes at varying Mach numbers.

Preliminary studies of several flow visualization

methods in the flow field of a supersonic parachute are being

made to determine their practicality, in predicting stability

changes at varying Mach numbers. In one method, thin streams

of another fluid, such as ink, are injected into the water and

their paths observed. If motion pictures are taken, these

paths can easily be determined and studied. If "particles" of

ink are injected and a reference is 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 in

the flow field. Figure 7-1 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 confetti particles suspended on the surface of the

water in the flow field of the supersonic parachute configura-

tion. As seen from Fig 7-2, these pri'Uclc- appear as thick

lines whose lengths are proportional to their velocities.

4.2.3 Proposed Work
Streamlines will be determined experimentally by the

above methods and illustrated in graphical form.

Since in reality, certain turbulence and mass

exchange between vertical fluid layers exists, the velocity

distribution cannot be expected to remain constant for each

fluid layer. Therefore, investigations will be made at various

44
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depths to determine the change in the velocity field and the

errors it may introduce. Several methods will be applied, such

as use of tufts, or streamers, ejection of air bubbles, or

suspension of particles within the fluid, tc fulfill the above

objectives.

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.

SSupersonic 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 Fig 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

solid 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 test

section 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 test section. Figure 7-3 is a photograph of

the test section and the drag recording equipment. The test

setup otherwise is similar to that illustrated in Fig 7-6, of

Progress Report No 18.

The transonic tests were conducted at the PluiDyne

Engineering Corporation's 22 x 22 inch transonic facility. This

is a continuous flow wind tunnel with a heated atmospheric

intake and a stean 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 is pulled upstream 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 stability, each model was placed

into one of three groups by visual inspection of the high speed

Schlieren movies. The groups were classified stable, semi-

stable, and unstable. Models in the semi-stable group are so

defined because they deflate and reinflate by themselves during

the run, thus tbeing "table 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/Di) 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/D1 - 0.72

are shown in Fig 7-5. A 35 mn flash photo of the same con-
figuration is shown in Fig 7-6 and a shadowgraph photo In
Fig 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 wi~hout forebody.

Tests next were conducted at Mach 2.0. From 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 configuration, thus
placing the model in the second test rhombus (see Fig 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 renainder of this report.

Models with the same range of Do/*i 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 Pig 7-8). Pigure 7-9 is a print of a portion of a
Schlieren movie taken of a stable model with Do/b1 - 0.72.
Figure 7-10 showz 'w-,,: zwme modal photogra;hed 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 model possesses
excellent Inflation and a small degree of oscillation.

Transonic tests were conducted with models whose
DoA:L 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 transonic Mach number range.
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All 6 Inch models in the -ange 0.69 D Do/Di < 0.72 were found

to be stable (see Fig 7-8). Figure 7-12 is a shadowgraph of

a model with Do /D = 0.72 at Mach 1)0.

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 coefficients based on the projected area

are presented in Fig 7-13.
It can be seen f~rom the figure that the drag coeffi-

cients exhibit a characteristic dependence on the Mach number;

that is, 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.

Jt can -!so bc seen `'7m Fig 7-13 that the presence

of the forebody has a decreasing effect on the magnitude of

the drag cGefficient. For lower Mach numbers, however, the
effect of the forebody seems to be less pronounced.

4.__4 Proposed Work

As previously mentioned, 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 is under way to determine the exact Mach number
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in this 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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PIG 7-1. ILLUSTRATION OF FLOW VISUALIZATION IN THE
WATER PLOW CHANNEL BY INJECTION OF INK
INTO THE PLOW FIELD OP A SUPERSONIC
PARACHUTE

FIG 7-2. TIME EXPOSURE PHOTOGRAPH OF CON1FETTI PARTICLES
SUSPEN•DED 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 CONCAVE MIRRORL .
AIR SOURCE Xfuld FOCAL LENGT

I

DRAG BAPLALE ••-/I
"MIRROR -- .o• =0=4LEVERLI~C

MIRROR~

FIG 7-4. SCHEMATIC DRAWNG OF FLLCYYNE 23'X23Y TRANSONIC
TEST IFCILITY
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FIG 7-5. SCHLIMM1 PHOTOGRAPH SEQUENCE SHOWING STABB sumER-
SONIC PARACHOT CONFIGURATION IN WAKK OF 0GIV FOp -
BWDY (L4/b . 8) AT MACH 3.0 (2000 FRAMES PlR SEC)
(Di 3.57"s HA)±j -. 6 1 DQA) - 0.72,

3= - 0.

34 a•A 03



FIG 7-6. FLASH PHOTOGRAPH OF A STABLE SUPERSONIC PARACHUTE
CONFIGURATION BEHIND OGMV FOREBODY AT MACH 3.0
(D) - 3.56, H/b . 0.60., Do/D 1  0.72.,

- 340, 1/0,j' 0.35).

FIG 7-7. 831DRMAM fO'pP II or fU umwcPJ~fl1 0Poa¶z a
aerv ~ 8) r ~ 3.0 (Di -3.56". RMib1 - 0.60,or 0.7. eA F~m - ukol P0.3fmcw~~mz I



MACH 3.0 Do/Di STABLE SEMI-STABLE UNSTABLE

0.68 ()()

0.71 (2)

0.72 (7)

0.73 (2)

0.77 (2)

7MACH 20 Do/Di STABLE SEMI-STABLE UNSTABLE

0.67 (2)

0.69 (1)

0.71 (3)

0.72 (6) (1)

0.73 (I)

0.74 (1)

0.77 (1)

MACH 1.10 Do/Di STABLE SEMI-STABLE UNSTABLE

0.685 (2)

0.70 (2)

0.72 (1) (1)

*Numbers in parenthesis signify the number
of tests.

FIG 7-8. DEGREE OF STABILITY OF MODELS
TESTED AT VARIOUS MACH NUMBERS



FIG 7 -9. SCHEXN PHOTOGRAPH SEUENCE OF STABIB SUPER -
SONIC PARACHTJT CONFIGURATION IN PRERSTREMJ AT
MACH 20. (2000 FRAM PER SIC). (D a 3-57"s
HAIL ! .060,p Do/b 1 = 0.72, Ow 54%1&, 4 - 0.35),
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FIG 7-10. FLASH PHOTOGRAPH OF A STABKE SUPERSONIC PARACHUTE
CONFIGURATION IN FREE STREAM AT MACH 2.0

(D - 3.57", H/D1 = 0.60, Do/*D = 0.72,i- 34' 1/DI = 0.35).

0- 314, I/Di - 0.35).

I
I
I

Ii

•!PIO 7-11. SXADOWORAPN P1OTOGPApp np R'ABLE SUIPKPS'flIC rAHA(".'"'E C0•FI01rRATION IN

P•RU STREAM AT MAC}H 2.O. (P - 3.57", H/) 1  0 .60. Do/D. - 0.7?,
O" 3'°, '.2b1 - 0.35).
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Project No 8

5.0 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 flow 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 dirmeter solid flat parachute.

The opening force and projected area as functions of time were
determined with a canopy loading, W/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.

5.1.2 Continuation
Figure 8-1 shows the force-time history for a typical

experimental test. From this particular data it can be seen

that the maximum force occurs at a time of 0.74 tf, where t f
is the filling time of the canopy. The magnitude of this

force is on the order of 35 lbs. A summry of experimental

results, including filling time, opening shock force, and

maximum projected area appear in Table 8-1.
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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:

V -VoV = (8.

This relationship is shown as a function of time in Fig 8-2.

P'rom the dynamic equations of the parachute system, we know

the opening shock can be found from:

FmaK = -,Omax me P (8.2)

where &max is the acceleration at the point of maximum force

and is obtained from the slope of the velocity curve and ms

is 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,

to/tf - 0.74. By using the slope at this point we find the
2aa- - 577.2 ft/sec . 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.
Figure 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 is an initial projected area, Si, the

equation of the parabola is given by:

S = (AN4' S t a"+ si

tf
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or

From this figure it Is apparent that the parabola follows the
experimental curve fairly close, up until the time of the
opening shock, where tne greatest 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 Justified. This is in reference to Progress Report
No 16, paragraph 6.2.3.3., where It was assumed that

S = ,T (8.4)

where S Is the projected area of the canopy during inflation,
Do Is the nominal diameter of the canopy, and T Is the ratio
of instantaneous time to filling time.

1 Proposed Work

In the future, It is planned to repeat these test

series for various values of canopy loading, W/(CDSo), and
observe the effect on opening time and opening force.

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 Pilling time

and opening shock of reefed parachute canopies. Therefore,

test& 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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SProgress Report No 22 presented in detail the experimental pro-

gram being conducted. During this reporting period, it was

found necessary to make certain modifications in the models and

Instrumentation.

5.1.2 Continuation
The solid flat parachute models representing various

stages of canopy inflation have been constructed as described

in Progress Report No 22. These models have been modified

slightly 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 since each model

is suspended in the wind tunnel by the four equally spaced
wires at the canopy mouth and vent hole.

The experimental set-up is described in detail In

Progress Report No 22. Some modifications in this it-up hive

been made. In particular, three new pressure survey rakes

varying in size so as to fit the different models are now bting

constructed. These rakes will be used to determine the pressure

distribution and corresponding velocity 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 pitot 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 pressures can be measured

in the plane of the 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 is hoped that these 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/CbS:--.323 psf

RUN TMF CF OCIPEN OPENNG FLUNG MAXMU
NO. SHOCK (to) SHOCK (F)I TFwaE ( WW

1 0.195 37.05 0.265 3.87 0.736

2 O.O3 33.79 0.267 3.78 0.760

3 0.186 34.58 0.255 3.41 0.729

4 0.201 35.07 0.276 3.68 0.7•6

5 0.181 34.58 0.245 3.40 0.739

6 0.160 35.41 0.231 3.45 0.693

o.eo .2 o.3-o 0. o.'3so
a 0.160 38.73 0.2•5 3.43 0.711

9 0.160 38.93 0.232 3.65 0.690

TABLE 8-1. EXPERMENTAi RESULTS FOR 3.0 FT.
NOMNAL DIAMETER SOLID FLAT
PARACHUTE UNDER FNTE MASS CON-
SIDERATIONS W/(CoS%) a QW psi
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Project No 9

6.0 Statistical Analysis or Extraction Timea Deployment
TimeL Opening Time, and Drag Coefficient for Aerial

Deliver1 y Parachutes and Systems

j The final draft of the technical report for this pro-

ject has been approved by the Procuring Agency and has been

assigned the following technical report number and title:

ASD Technical Documentary Report 62-638, "Analysis of Parachute

Deployment of Heavy Cargo," by Helmut 0. 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 Aeroynamic Decelerator

7.1 Introduction
The objective of this study Is to develop a self-

inflating aerodynamic decelerator with a lift to drag ratio

L/D of two. With such a lift to drag ratio, a parachute would

glide at an angle of 26.5* with the horizon corresponding to

an angle of attack of 63.50. The forces and coordinates

associated with a gliding parachute are shown in Fig 12-1

while the stability notation adopted is shown In Fig 12-2.

SL.2 Continuation
During the present reporting period, further experi-

wants 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 480 corresponding to an
L/b of 1.10. Its longitudinal stability (pitch) was + 5* and

Its later-.1 stability (roll) was + 100. Several models of this

design have been constructed and all exhibited similar

charaoterlstics.
To confirm wind tunnel studies of the 24" nominal

diameter models 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 ft 3 /ft 2 -min. It

Is shown in Fig 12-4.
Drop tests were conducted to determine the apprcci-

mate angle of attack and the stability of this larger model.

The drop tests were conducted at a descent rate of approximately

10 ft/seo. The parachute assumed a very stable gliding atti-

twae in a relatively short time and achieved a maximum stable

age 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 + 100.

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 These tests was designed with the

suspension lines extending over the canopy. This method of

attaching the suspension lines distributes the stress more

evenly over the canopy. Figure 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 Discussion

During this reporting period efforts were directed

toward obtaining further data on various models based on the

conceived decelerator described in Progress Report No 22.

Initial experiments with the 10 foot diameter prototype have

yielded promising results. The results from these tests have

confirmed the results of open test section wind tunnel experi-

ments with the smaller models. That is, 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/b ratio will be investigated.
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Pro~ect No 13

8.0 Effective Porosity Studies j

8.1 Parachute Cloths
Progress Report No 20, Section 9.1, piusented test

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 a as a parameter. The pressure ratio range

covered in that ao'ries of testa was 0.04 •<&p/AP cr 1.0 for

a - 1.0 and 0.4 ý<pAP/ecr<2.5 for a - 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

Eeters, capable of accurately gaging flow rates as low as

0.07 ft3/min. With this new equipment, it will be possible

to extend our pressure ratio range to include 0.00137,
A&P/&Pcr( 0.03 for a - 1.0 and 0.0137 <p/APc,, 0.3 for a

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 Ribbon Grid Configurations

Progress Reports Nos 20, 21, and 22 presented results

from tests on various ribbon grid configurations. No new

results are available for the current reportin4g period.
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Project No 14

9.0 Study of Flow Patterns of AerodynamLc Decelerators

by Means of the Surface Wave Analogy
I

Tntroduction

Progress Report No 22 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 dimension, such as length or

diameterof 5 to 10 inches in order that the flow image could

be accommodated by the field of view of the shadowgraph aýnd

Schlieren systems described in Progress Report No 20. The

size of the field of view is itself dictated by the 14 inch

diameter Fresnel lenses used.

In order to enable the visualization of larger fields,

tests were conducted with the shadowgraph by removing the

Fresnel 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. Figure 14-1 is a 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 field.
A total pressure probe to be used for measuring

water flow-velocities was designed and constructed. Its main
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dimensions are given in Fig 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 velocity

determination and channel calibration.

9.1 Proposed Work
A technical repurt on the moving water facility, its

instrpmentation and the techniques developed and applied to

aerodynamic decelerator problems is 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.

a
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Project No 16

9.4.0 Stress Analysis of the T-1O 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
"Stabilized A-21 Cargo Container

11.1 Introduction

The main objective of this project is 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 61-326 (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 l1 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 model

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 illustrated in
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Figure 17-2 of the last report.

The experimental results, however, showed certain

inconsistancies attributed to the mechanical balance,

particular1y the .tment- amasurements, and were deemed unreliable

for reporting. in aduiition, the mounting arrangement made it

impracti: •-, to cover th-_" fill range of angles of attack of 0 to

+ 90 degrees. Therefore a straLa gage balance for measuring the

aerodynamic moments ove.. the full angular range was designed for

mounting and ogeition in either the closed or open test sections

of the wiud tunnel.

S1.2 Present 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

arrangement and main details of mounting are illustrated in

figures 7-1 and 7-2.

The lower portion of the 3/8 inch diameter rod forming

the vertical pivotal shaft is 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 450 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

torque applied to the pivot shaft. The 4 gages are wired as

a 4-ars bridge electrically connected to one channel of the
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Century amplifying and recording system.

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

is 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-ar. bridge circuit. The upper and 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 potentiometer 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 connecLed 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 deflection6 due to lift 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 A4 is made 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-ý 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 %xes,

are orthogonal to the longitudinal axis. One may consider an

infinite number of such orthogonal lateral axes but, on the

basis of 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 axisperpendicular to the 4 inch

by 15 inch face of the model container (orientation A). Moment

recordings were taken in the angular range 00 to 200 at 20

intervals and 200 to 900 with 50 intervals and were repeated

for the negative angular range 00 to -900 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 oc. The moment coefficient is

based on the area of the base of the container, A, the length

of the diagonal of that tase, d, and the tynamic pressure of

the flow, q' v 2 , and is determined by

m q S d (1)

Figure 7-5 presents the average moment coefficient

versus angle of attack for the A-21 container model in



orientation A at an airspeed of 47.7 ft/sec, or a Reynolds

So of 0.445 x 106. It shows a positive moment coefficient

over the full angular range and a large stable derivative

( .JC)at the neutral point of stability k o . 0). Since

the moment curve C. versus okis expected to be oubstantially

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 coefficient curve for this

configuration at air speeds of 47.7 ft/sec and 116.8 ft/sec

66
with corresponding Reynolds Nuebers of 0.445 x 106 and

1.089 x 106. 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 00 and + 900. There is also an unstable derivative at + 650.

The A-21 container is 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 stabilization 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 refe.-a-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 means for varying the load shape, size,

and orientation of its pivotal axis.

Preliminary tests with free pivotal axis and models

of the ribless guide surface and ribbon parachute models with

risers representing 10 and 20 feet full scale suggest that

the two point suspension arrangement may not be very efficient

for the A-21 container and other suspension arrangements mEy

prove more desirable.

11.4 Proposed Work

Using the redesigned model, tests will be conducted

uo 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 coefficienta over the full angular range

00 to + 900 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 aoove will be conducted at the

two specified airspeed ranges of 2L-4%, fL/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, aa .nvlesLigacion

of large reefed canopies having the same drag area (when

reefed) as the values obtained from the previous tests will

be carried out.

REFERENCES

I. Heinrich, Helmut G. and Ibrahim, Shukry K.:

Determination of the Miniwum Sized Parachute

Required for Stabilization of the A-22 Cargo

Container, ASD TR 61-326, November 1961.
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Project No 18
12.0 Aerodynamic Characteristics of the 'Cross' and

Wagon Wheel' MT e Pa,-chutes.

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

Parachute Confi~ucations in Free Stream

12.1.1 Introduction

The purpose of this investigation is to establish the

aerodynamic and opening characteristics of the cr:oss type and

%aSon wheel parachutes. Tests to determine such characteristics

will be conducted in the wake of a primary body configuration,

as well as in free stream with no forebody. The overall

investigation involves three principal phas2s. The fi-st of

these, initiatea in Lhe previous i'eporting period, has been

carried into the ;resenL ceiOitin, pe•-iou anQ is iesi-nated,

"Evaluation of 'CLoss' and 'Wagon Wheel' Type Parachute Config~u-

rations in Fvee Sti-eam."

12.1.2 Previoub Work

Work prcior to the present reportin6 period, as

presented in Progress Report No 22, consisted of determining

the aerodynamic characteristics in free stream of one model

(textile) of the wagon 'wheel parachute confi 6 uration, and two

models of the cvoss parachute configuration, one of these

being fabricated from a non-porous material. The aerodynamic

88



I

characteristics investigated were: the normal force

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

aerodynamic moment coeffcient, Cm. The results of theseI
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

I equal to the suspension line length.

Since the last reporting period, it has been decided

that so facilitate comparison of like canopies, (such as the

wagon wheel and ribbon parachutes), a standard must be

established for determining area and moment arm 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

4 1Wheel 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 wittLs 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." tw of the new Cross

parachute configurations, and two models, each of a

different cloth type, will be constructed for the third

Cross configuration, making a total of eight Cross parachute

models being constructed. Figures L8-1 and 18-2 show

sketches of each of the new parachute configurations. It may

be noted that in the new Wagon Wheel Configurations, the gores

linking the outer ends of the spokes of the first Wagon Whieel

model have been replaced by a single band of cloth encompassing

the spokes of the parachute. Also, the new configurations of

the Wkaon Wheel models will not 'have r, heam-spherical shape as

the first model, but instead, will retain ai more flat infla,,.

shape.

& Proposed Work

The aerodynamic characteristics of the models

constructed from the new design configurations will be

investigated in free stream, anid when the most favorable

configuration of each parachute has been determined, these

configurations will be combined with an A-21 or A-22 Container

and further investigation will be carried out to establish the

aerodynamic 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 f1i4ht 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 opening time,

I 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

1J.0 Determination of Mass Flow Through Par- c.t.d.-'

With Inherent Geometric 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-

gation is, in part, to determine experimentally the mass flow

ratios through the canopies of fully inflated ribbon parachute

. )delq at subsonic, transonic, and supersonic speeds. Wile the

total effort calls for use of models both with and without

forebodies, the present test program calls for free stream

tests on models 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

subjected and the geometric porosity and shape of the openings

in tha chute, it appears, as noted in the contract, that the

initial step is to determine the pressure distributions on the

conopies by muans cf internal and external pressure: 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 solid 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 internal pressure previously measured

under the same free stream condition. The mass flow through

this system is then measured. When steady-state conditions

are reached, the in-flowing air mass must be epproximately the

same as the flow through the porous canopy 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 models

for each porosity value; one with pressure taps on the intcrnal

surface and one with pressure taps on the outer surface

(see Fig 19-1). A typical model mounted in the wind tunnel test

section is shown in Fig 19-2.

The subsonic pressure uistributions 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 teass flow measurements for subsonic Mach numbers
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will alko 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 outlined 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

proposed, that the canopy models be mounted in the flow

measuring facility originally used to measure the effective

porosity of ribbon grids.

The supersonic Mach number 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 supersonic wind tunnel. In this manner all

mass crossing the boundary of the enclosed model must pass

through the model itself and the mass flow can thus be

measured.

. Proposed Work

It is anticipated that tests on the four models of the

circular 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 all data

reduction completed shortly. A subsequent technical report

wIil.1 be written concerning this phase of the program by the

end of this contract period.

*1t
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FIG 19-1. RIGID PRESSURE TAP MODJW USED IN MASS FLOW
STUDIES OF' CIRCULAR FLAT RIMBN PARACHUTES.

MI 19-2. RIGID PAM&CHUT MODEL MOUNTIED IN SUMO1IIC
YARIANZ WrIY WIND TUNN~EL.
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