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ABSTRACT

This report presents the results of the third phase of a continuing study
of the Performance of Trailing Aerodynamic Decelerators at High Dynamic
Pressures and covers experiments performed in the Unitary Plan Wind Tun-
nel at the Langley Research Center, Virginia. The work was also a continua-
tion of the effort initiated under Contract No. AF 33(616)-3346. The major
results of the Phase III test program were as follows: (1) solid metal canopies
without suspension lines which were properly vented exhibited stable flow at
all times regardless of changes in porosity, Mach number, dynamic pressure,
and various other parameters; (2) the addition of suspension lines to the solid
canopies caused unstable flow to exist at all times; (3) reducing the number of
suspension lines or adding flow stabilizers did not improve flow patterns;
(4) fabric canopies behaved poorly in general and appeared to be somewhat
dependent upon the location of a conical interline shock wave; (5) a definite
improvement was noted when the number of gores was increased; (6) average
drag coefficient was a function of average inflated area ratio; and (7) shaped
gores improved behavior somewhat, the 450 conical ribbon giving the most
stable performance of all fabric configurations tested.

PUBLICATION REVIEW

This report has been reviewed and is approved.

For the Commander: () .
WARREN P. SHEPARDSON
Chief, Parachute Branch
Aeronautical Accessories Laboratory
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SECTION I

INTRODUC TION

A. General

This report represents Part III of a continuing study of the Performance
of Trailing Aerodynamic Decelerators at High Dynamic Pressures under Con-
tract No. AF 33(616)-5507. Parts I and II of this series reported on the prog-
ress made with the free-flight test vehicle, Cree, during Phases I and II of the
subject program. Concurrently with the free-flight testing of Phase II a wind-
tunnel study program, Phase Ill, was conducted. The results of Phase ITl are
discussed in this report.

B. Background

A study program of the nature and scope outlined in the subject contract
requires the expenditure of considerable effort both in time and equipment on
each free-flight test mission. Consequently, the items being tested should be
of such a design that a reasonable assurance exists that the item will function
in a satisfactory manner under a given set of test conditions. Investigations
into new designs of drag devices with free-flight vehicles such as the Cree
missile would be extremely costly because of the vast number of tests which
must be conducted in any such developmental program.

The use of wind tunnels for research work of this nature allows a high
rate of testing while at the same time permitting selection of a wide variety
of test conditions and test models. After a workable design has been devel-
oped in an initial wind-tunnel phase the drag device or parachute can be proof-
tested as a full-scale device under the actual test conditions desired by
utilizing free-Plight test vehicles. Thus, the use of wind tunnels for pre-
liminary testing results in a much more orderly approach to the development
of aerodynamic decelerators.

Such a basic wind-tunnel Investigation was initiated under Contract No.
AF 33(616)-3346, the results of which were reported in Reference 1, "Wind
Tunnel Investigation of Conventional Types of Parachute Canopies in Super-
sonic Flow". In this program, both fabric and solid metal canopies were
tested. The tests of fabric parachutes were conducted at the NASA Unitary
Plan Wind Tunnel at the Lewis Research Center, Cleveland, Ohio, while the
rigid models were tested at the Langley facilities of the NASA. Tests of
fabric parachutes in the Lewis phase indicated the following major results:
(1) violent canopy breathing or pulsing tendencies and associated reduced
inflation and drag characteristics; (2) shock pattern fluctuations which were

WADC TR 58-284
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complicated by interaction effects due to material flexibility; and (3) the
failure of ribbons due to violent oscillation of the ribbon fabric. In order
to establish the cause of pulsation as evidenced in the Lewis program, a
scaled rigid model was utilized in the Langley phase so as to eliminate the
interaction effects of flexibility. Although flexibility effects were eliminated
by the use of a rigid model, the fluctuations and discontinuities of the shock
patterns were still in evidence. This condition was attributed partly to
choking of the flow through the canopy and also the interaction of the shock
fronts due to choking and disturbances from the confluence point of the lines.

C. Scope

The results of the previous program (Reference 1) indicated the need
for much more development work. The occurrence of shock pattern dis-
continuities and unstable flow characteristics during the preceding program
indicated that utilization of higher porosity, vented canopies was a logical
approach for future test programs. Accordingly, rigid parachute models
incorporating these features and such others worthy of investigation were
fabricated and subjected to test. In addition, various small fabric parachute
models and a cluster of three ribbon parachutes were investigated. Tests
were conducted over a range of Mach numbers of from 1. 70 to 3.50. Dy-
namic pressures were varied between 100 and 540 psf. The test program
was accomplished in two phases, one involving solid metal canopies of
various porosities and both with and without suspension line, and the second
involving fabric parachutes of various configurations. The entire test program
is outlined in Table 1.

WADC TR 58-284
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TABLE 1

PHASE III TEST SCHEDULE

Phase Test Test Porosity Suspension Other Mach Dynamic

and Type Dates No. % Lines Details No. Pressure

I-a 28 April 1 45 Z4-ZD 2.30

Rigid to 2 45 Z4-2D 2.65 -

1 May 1958

I-b June 1958 1 45 None 3.50 150

Rigid 2 45 None 3. 00 250
3 45 None 2.30 190
4 45 Z4-iD 3.50 160
5 45 24-1D 3.00 250
6 45 24-1D 2. 30 190
7 45 12-ID 3.50 160

8 45 12-iD 3.00 250
9 45 1Z-ID 2.30 190

10 45 24-2D 3.5 160

11 45 24-ZD 3.0 -

12 36.5 None 1.70 540

13 36.5 None a = 50 1.70 540

14 35.0 None 1.70 300

15 35.0 None a = 50 1.70 300

I-c Sept. 1958 1 45.0 12-ID 1.77 290
Rigid 2 45.0 12-ID 2.17 Z40

3 45.0 12-ID 2.76 155

4 45.0 6-1D 1.77 290
5 45.0 6-ID 2.17 240
6 45.0 6-ID 2.76 155

7 45.0 6-1D = z°  2.76 155
8 45.0 6-iD Flow Stab. 2.76 155
9 45.0 6- ID Flow Stab. 2.76 100

10 28.0 None 1.77 290

11 28.0 None 2.17 240

12 28.0 None 2.76 155

II 7-9 Jan. 1 40.5 8-1D Large vent 1.9 162.3

Flexible 1959 2 33.8 8-1D Large vent 1.9 155.06
2a 33.8 8-1D Large vent Z.135 144.9
3 20.0 8-iD - 1.9 165.5

4 z0.0 8-1D Cluster 1.9 172.03

5 20.0 8-ID Pulled in vent 1.9 169.85
6 29.03 16-1D RHR = 1.50 1.9 165.96

7 24.96 16-1D REp = 0.586 1.9 163.36

8 28.5 16-ID RHR = 1.145 1.9 164.0
9 28.5 16-ID 450 conical 1,9 160,72

10 28.3 16-ID 300 conical 1.9 174.86
1Oa 28.3 16-1D 300 conical 2.0 162.8
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SECTION II

TEST METHODS AND EQUIPMENT

A. Test Facility

The test facility utilized for this program was the Unitary Plan Wind

Tunnel located at the Langley Research Center of the NASA. This wind tunnel
has two 4 ft x 4 ft -test sections, each approximately 7 feet long; and, depending
upon availability, both were used at various times during this program.

The low range test section (No. 1) has a design Mach number range of

from 1.5 to Z.9 and is capable of stagnation pressure variations up to a maxi-

mum of approximately 60 psia. The high range test section (No. 2) has a

design Mach number range from 2. 3 to 5.0. Its maximum stagnation pressure
is approximately 150 psia.

Each test section will permit variation of Mach number at any desired
increment throughout its range while the tunnel is operating. Both stagnation
pressure and stagnation temperature may be controlled independently if
desired.

Each Schlieren window has a field of view of 59 in. x 48 in. The window
is rectangular and made up of nine strips of optical plate glass, each 5-1/2
inches wide and separated from each other by 1-1/4 inches of supporting
structure. This arrangement permits the attainment of a large field of view

while retaining excellent optical qualities.

Only the low range (No. 1) test section was utilized for tests of the fabric
parachutes. All tests were conducted at a Mach number of 1.9. At this Mach
number, the parachute riser length was limited to 26 to 28 inches to prevent
interference with shock wave reflections from the tunnel walls.

B. Test Models and Equipment

1. General

Both rigid and fabric parachute test models were utilized
during the test program. Figure 1 shows two views of a typical
rigid canopy mounted in the tunnel ready for testing. Figure Z

shows the sting and support structures utilized in testing fabric
canopies. Tables 2 and 3 are summary tables which show physi-
cal characteristics, test conditions, and general observations
for all configurations of both rigid and fabric types. Variations
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(a) Looking Downstream

(b) Looking Upstream

Figure 1. Typical Views of Rigid Parachute Model

Mounted in Langley 4 x 4 Wind Tunnel
WADC TR 58-284
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(a) Looking Downstream

(b) Looking Upstream

Figure 2. Support System for Fabric Parachute Testing in the Langley 4 x 4 Tunnel
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FABRIC PARACHUTE MODELS
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in geometric porosity and size of vent were considered in addi-
tion to changes in length and number of suspension lines. The
pertinent characteristics and results of configurations tested
previously and reported on in Reference I are included in Table
2 for comparative purposes.

2. Rigid Parachute Models

Since the results of Reference 1 had indicated that models
with vents and increased porosity were desirable, the mounting
system was altered to permit a vent in the crown of the canopy.

Figure 3. Typical Rigid Parachute Model Assembled to Yoke

Type Sting

Figure 3 shows the yoke type mounting fixture which was devised
to allow the adaptation to the present tunnel sting and still permit

airflow through the crown of the canopy.

The stainless steel rigid models were constructed to the
same general specifications as the 20 percent porosity model
of Reference 1 but differed in the amount of porosity and in the
addition of the vents which were provided. Three large-vent

canopies of 28, 36. 5, and 45 percent porosity, respectively,
and a normal vent canopy of 35 percent porosity were fabrica-
ted for test purposes. Several of these canopies with various

WADC TR 58-284
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suspension line arrangements are shown in Figure 4. Also shown

are the flow stabilizer devices which were considered during the

program to determine their effects on flow characteristics.

Figure 4. Several Rigid Parachute Model Configurations

Pertinent information relative to the design and stress

analyses of the rigid models and the yoke type sting is presented

in Appendix I.

3. Fabric Parachute Models

The fabric parachutes utilized in this investigation were de-
signed so that effects of variations in porosity and in the ratio of

the space- between-horizontal- ribbons to the horizontal-- ribon-width
could be considered. These variations were considered in connec-
tion with conventional ribbon type parachutes. In addition, a

cluster of three conventional ribbon parachutes and two conical
ribbon parachutes were designed and constructed for test purposes.

The design details of all fabric parachutes are given in

Appendix II. Pertinent figures are also included that illustrate
these test configurations, and parachute details are tabulated.
The dimensional characteristics and conditions under which the

individual tests were conducted are given in Table 3. Drag co-
efficients obtained for these configurations are included in this

table.

WADC TR 58-284
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Consideration of the effects of porosity involved the use of

three test parachutes with porosities of 40.5, 33. 8, and 20.8 per-
cent (Configuration Nos. 1, 2, and 3 in Table 3). Configurations
6, 7, and 8 were utilized to study the effects of variation in space
ratio (b/BHR).

A test of one fabric model (Configuration No. 5 of Table 3)
involved a 20 percent porosity ribbon configuration with a pulled-
in vent. This configuration was obtained by extending a central
line from the midpoint or crossover point of the vent lines to the
confluence point and sewing so that the crown of the parachute
was pulled into the canopy to a point which was approximately 50
percent of the inflated depth.

Configuration 4 was a cluster of 3 ribbon parachutes. These
parachutes were of conventional ribbon design with porosities of
20 percent and normal 1 percent vents.

The other two configurations (9 and 10) tested during this
program were conical ribbon parachutes, i. e., the parachutes

were designed to have cone angles of 45 and 30 degrees, respec-
tively.

Mounting of the fabric parachute models in the low Mach
number range test section required the use of a special support
s-yst em which was designed and fabricated by these Laboratories.

The design was based on a method suggested by cognizant wind-
tunnel personnel of the Unitary Plan Wind Tunnel at the NASA
Langley Research Center. A pictorial representation of this
support system is presented in Figure 2. Details of the support
system design including the parachute deployment mechanism

are given in Appendix III.
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SECTION III

TEST RESULTS

A. General

In general, test results were obtained in the form of visual and
Schlieren film observations of the flow patterns about the models. For
the most part, no force measurements were made except in the tests in-
volving fabric parachutes. Consequently, the follo ing will deal largely
with a discussion of these observations as they pertain to specific con-
figurations. Greater emphasis will naturally be placed, however, on those
configurations which have shown favorable -flow characteristics and for
which some knowledge of drag forces has been obtained.

A tabulation of the various test configurations and their important
characteristics is given in Tables 2 and 3. These two tables contain per-
tinent information for the rigid and fabric models, respectively.

The various test configurations are discussed in the following sections
with regard to flow characteristics and, where measured, with respect to
their drag-producing capabilities.

B. Canopy Alone

Canopy configurations without suspension lines were tested to investi-
gate the flow characteristics of the canopies without the influence of suspen-
sion lines. Pi-evious tests of 20 percent and 24 percent porosity canopies
(Table 2) as reported in Reference 1 had indicated severe shock wave
fluctuation and flow discontinuities which could be attributed to choking dule
to insufficient porosity and the lack of vents in the canopies. Preliminary
efforts to improve flow characteristics were attempted during the program
of Reference I by increasing the porosity of the original 20 percent porosity
canopy to 24 percent. No significant improvement as a result of this small
increase in porosity was evident, however. Thus, it was indicated (Reference
1) that higher porosity canopies with vents should be investigated.

As a result of the above, large-vent canopies with porosities of 28,
36. 5 and 45 percent and a nornal-vent canopy of 35 percent porosity were
tested during this program. In general, the results of tests of the vented
higher porosity canopies without lines were favorable with relatively steady
shock patterns prevailing for all cases. Shock pattern photographs of these
Vonfigurations at various Mach numbers are shown in Figure 5. These photo-
graphs are typical frame enlargements from the Schlieren high speed movie
film.
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The 45 percent porosity canopy without suspension lines was tested at

Mach numbers of 2. 30, 3.00, and 3. 50. The 36. 5 percent: large-vent canopy

and the 35 percent normal-vent canopy were tested at a Mach number of 1.70.

There was little or no oscillation of the shock waves during tests of the 45
percent porosity canopy without suspension lines and no evidence of canopy

pulsing or breathing. A small angle of attack (5 degrees or less) at a test

Mach number of 1. 70 had little effect on the stable flow characteristics seen
for both the large vent, 36. 5 percent porosity canopy, and the normal vent,
35 percent porosity canopy.

The 28 percent canopy without suspension lines was tested at Mach
numbers of 1.77, 2. 17, and 2.76. In all cases, steady flow characteristics
were seen. There was little apparent change with Mach number.

The shock formations observed during these tests of canopy without
suspension lines are shown in Figure 5.

C. Canopy with Lines

The introduction of suspension lines to the metal canopies brought about
a complete change in the flow patterns around the parachute. In general, the
shock wave formations and the parachute behavior exhibited in these tests were
sim-ilar to the results of the previous solid canopy tests conducted at the NASA
Langley facility. Interaction between the shock front generated by the conflu-
ence point and the normal shock in front of the canopy caused violent changes
in flow patterns and would no doubt have resulted in severe breathing and
oscillation if flexibility had existed in the parachute configuration.

Figures 6 and 7 show both the results of this phase and those of Refer-
ence 1 for comparison. In both cases 24 suspension lines were used.

In an attempt to determine the extent of the effect of suspension lines,
a series of tests was conducted wherein the number of suspension lines was
reduced. Figure 8 shows a series of Schlieren fraine enlargements taken
during tests of a 45 percent canopy with 12 suspension lines over a range of
Mach numbers. Thc general flow pattern with 12 suspension lines was more
unstable than it was under the same conditions with 24 lines. There seemed
to be more secondary shocks generated from the lines themselves and more
movement in shock fronts than in the tests using 24 lines. As can be seen
from Figure 8, the fluctuations increased with increase in Mach number.

The investigation of the effect of suspension lines upon flow patterns
was carried one step further. The number of lines was reduced to six and
a 6eries of tests run. Here again the shock patterns and fluctuations demon-
strated no improvement over the cases where more suspension lines were
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100

(a) Mach No. 2 . 30 (b) Mach No. =3. 50
Dynamic Proess ure 190 P. S.F. Dynamic Pressure =160 P. S. F.

Film Speed 1440 F. P. S. Film Speed z2040 F. P. S.

Figure 6. Typical Behavior of A Rigid Canopy of 45%
Porosity and With 24 Suspension Lines
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employed. Figures 9 and 10 show enlargements from Schlieren film for a

number of test conditions. As the Mach number was increased the conditions

became worse.

Introducing a 2 degree angle of attack did not bring about any appreciable

change in the flow conditions (see Figure 10(b)). The addition of flow stabili-

zers on the suspension lines did introduce an additional shock front but had

little effect as far as changing the over-all flow characteristics. This test

is shown in Figure 10(c).

D. Fabric Canopies

1. Porosity Variation

The first group of fabric parachutes tested consisted of a

series of three canopies similar in construction but presenting a
variation in porosity. The porosities tested were 40. 5, 33. 8,
and 20 percent. These parachutes had only eight gores and were
assembled with suspension lines one diameter in length. The
test Mach number was 1. 9 in all cases, with one additional run
at Mach Z. 135 with the 33.8 percent porosity model. The 33. 8
and 40.5 percent porosity canopies had large vents of 15 and 24
percent, respectively. The 20 percent porosity canopy had a

normal 1 percent vent.

None of these parachutes performed satisfactorily. Drag
force was measured and the drag coefficients of the various
canopies calculated. In all three cases the drag coefficient,

CDo, was very low averaging about 0. 10. At the same time

the parachute canopies exhibited serious underinflation. The
area ratio, AR, for the 40.5 percent canopy averaged 0. 241

as compared with 0.44.5 for what is considered normal inflation.
This particular parachute was therefore about 54 percent fully
inflated. The other two tests of this series gave comparable
results. The 33. 8 percent canopy had an A R equal to 0. 204

and was therefore only 46 percent inflated. The Z0 percent
canopy had an AR of 0. 254 and was inflated 157 percent of
normal.

Calculations made with the assumption that C would
increase linearly with increase in area ratio proveJ'that even

when fully inflated the above parachutes would attain drag co-

efficients of only about.0. 20.
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2." Three Parachute Cluster

In an attempt to avoid the column of low energy air existing
in the wake behind the support body, a cluster of three parachutes
was tried. This seemed like a logical approach since in a para-
chute cluster the canopies generally stand clear of each other and
avoid the area directly behind the body. Therefore, three para-
chute canopies each having a nominal diameter of 6. 15 inches were
tried. These parachutes like the previous models also had eight
gores and one diameter suspension line.

The test results were very poor. The canopies were under-
inflated with an average area ratio of only 0. 172 or about 39 per-
cent normal inflation. No drag data were obtained and therefore
no drag coefficients could be calculated. Figure 11(a) shows a
series of enlargements from Schlieren film and illutitrates the
violent oscillations and underinflation of the cluster parachutes.

3. Test No. 5, FIST Ribbon with Pulled-in Crown

In this test a standard FIST ribbon parachute of ;!) percent
porosity was modified by including a central line from the vent to
the confluence point. This line was of a length such that when the
canopy was inflated the vent would be pulled in about 50 percent of
the inflated depth.

The Schlieren film data (see Figure 11(b)) indicated very
erratic operation of the canopy with continuous breathing noted.
Also, the parachute exhibited oscillating or coning motion through-
out the test. The average drag coefficient was better than for the
same parachute allowed to inflate normally being 0. 181 as com-
pared with 0. 105. Also, the average area ratio was 0. 291 while
the standard canopy exhibited only 0. 254. Thus, the parachute
with the pulled-in vent demonstrated a higher inflated area ratio
and a correspondingly higher drag coefficient.

However, the general behavior of the parachute was quite
poor. The restraining influence of the central line kept the roof
of the canopy relatively flat (see Figure 11(b) ). The canopy
oscillated considerably exhibiting very unstable characteristics.
The skirt ribbon was deeply scalloped showing a lack of tension
in the skirt region.
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(a) Por.)sity = 20'% (b) Porosity =20%

Cluster of 3, FIST Ribbon FIST Ribbon - Pulled in Vent
Filmi Speed 72270 F. P. S. Film Speed = 2240 F. P..
Dynamic Prcssiixe 172. 03 P. S. F. Dynamnic Press = 169. 85 P.S. Fr.

Figure 11. Typical Fabric Parachute
Behavior at Mach 1. 9
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4. Horizontal Ribbon Space Ratio Variation

There has been some evidence tending to indicate that one

of the critical parameters in parachute design was the ratio of

Lhe width of the space between the horizontal ribbons to the width

of the ribbon itself. A series of three tests was therefore

executed involving parachute canopies of as nearly as possible
the same size and porosity with horizontal ribbon ratios, RHR,

of 0.586, 1. 145 and 1.500. In this series of tests parachutes

having 16 gores were employed. Suspension line length was re-

tained at one diameter and the test Mach number was unchanged

at 1. 9. The canopy porosities were maintained between 25 and

29 percent.

The test results were somewhat confusing. It has been

expected that the highest value of REIR would give the best
results. In a sense this was true in that the average drag co-

efficient and area ratio for the three parachutes varied almost

directly with increase in RHR. For convenience these values
are presented below.

Horizontal Ribbon Ratio Drag Coefficient Area Ratio

RHR CDo AR

0.586 0. 216 0.241

1.145 0. 257 0.298
1.500 0.290 0.325

These values are also plotted in Figure 12. Note that the plots
of both CDo and AR increase almost linearly with increase in

RHR and that both curves have essentially the same slope.

Figure 13 shows a series of typical frame enlargements
of the two extremes tested. From a behavior standpoint the
canopy with the lowest ribbon ration, 0.586, performed the best.

The intermediate canopy was not quite as good and the highest
ribbon ratio canopy was the most unstable. From Figure 13(a)
it can be seen that this configuration (RH ; 1.5) oscillated

violently and did considerable breathing. In spite of this

instability, this parachute had the highest drag coefficient
and area ratio of the three that were tested (see Figure 1Z).
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0 1 Ribbon Ratio Variation Series

m 300 Conical

}450 Conical

Z. 0

1.5 DRAG COEFFICIENT

- 1.0

0.

0

0.5

0

0. 15 0.Z0 0. 30 0.40

Drag Coefficient, CDl____

Area Ratio, A R

Figure 12. Horizontal Ribbon Ratio vs. Drag Coefficient and Area

Ratio for 16 Gore Model Parachutes at Mach 1. 9
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(a) Porosity 29. 03% (b) Porosity 24. 961/
FIST Rib3bon - Space to FIST Ribbon - Space to

Ribbon Ratio = 1. 5 Ribbon Ratio =0. 586
Film Spced = Z295 F. P. S. Film Speed = 22 30 F. P.S.
Dynamic Pressure =165. 96 P.S. F. Dynamic Pressure =163. 36 P. S. F.

Figure 13. Typical Fabric Parachute Behavior at Mach 1. 9
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5. Conical Ribbon

Two conical ribbon parachutes were tested to determine
the effect of shaped gores and reduced fullness at the canopy
skirt. A 30 degree and a 45 degree cone angle were selected.
The horizontal ribbon ratio was kept as close to unity as possible
and the porosity was maintained in the same range as previous
models (Z8. 3 percent). Again the canopies had 16 gores and
one diameter suspension lines.

The performance of the conical parachutes was generally
better than the flat FIST ribbon type. The 30 degree type was
only slightly different than the comparable FIST type and ex-
hibited about the same degree of instability. By contrast the
45 degree canopy demonstrated a marked improvement over
the FIST type as far as stability was concerned. Figure 14(a)
shows the extreme steadiness of the 45 degree canopy as com-
pared with the 30 degree canopy, Figure 14(b). Note the cone-
shaped interline shock wave existing at all times in the case
of the 45 degree configuration while in the 30 degree model this
shock wave is occasionally swallowed by the parachute canopy.
Note that the disappearance of the interline or conical shock
wave is accompanied by a reduction in inflated area.

The 45 degree conical ribbon parachute had the highest
average inflated area ratio (0. 326) of all parachutes tested. It
also had the most stable canopy. For some reason, the drag
force measured on this test was very low and a value of drag
coefficient, 0. 224, resulted. The 30 degree conical had an
area ratio of only 0. 266 and yet attained a drag coefficient of
0. Z4Z. When the values of AR and CDo of the two conical para-
chutes are plotted in Figure 12 with the other 16 gore canopies,
the results are very interesting. The points for the 30 degree
conical fall almost perfectly in the pattern established by the
standard FIST ribbon parachutes. However, the 45 degree
conical shows a serious discrepancy. The area ratio point
fell to the right of the regular AR curve. However, the CDo
fell to the left of the CDo curve. This inconsistency, plus
the fact that the measured drag force was very low when
compared with other similar tests, leads to the conclusion
that unreliable force data was obtained on the test involving
the 45 degree conical ribbon parachute.
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E. Discussion of Results

The behavior of the fabric parachute canopies seems to be somewhat

dependent upon the location and action of the interline shock wave. Figure

15 shows a number of typical frame enlargements from the Schlieren film

of the test runs. In all cases presented there exists an interline conical

shock wave. This shock wave shows considerable variation in shape and
size between the various tests.

Figure 15(c) is the most typical of the group. Note that the normal

shock wave seems to extend across the mouth of the canopy with the inter-
line shock wave superimposed upon the normal shock and extending in front

of and out just beyond the canopy skirt.

Figure 15(e) shows two views of the test parachute with the horizontal
ribbon ratio of 1. 50. Note how the interline shock has moved along one of

the suspension lines during this sequence. Also, the apex of the cone of the
interline shock is not centered with reference to the canopy mouth. The

elapsed time between the two frames is less than 1 millisecond.

In all cases the canopy opens widest when the apex of the interline shock
cone is at the farthest forward position. There are some cases where the
interline shock is not in evidence, having been completely swallowed by the

canopy. Invariably this condition is accompanied by an almost completely
collapsed canopy (see Figure 14(b)). If the interline shock wave remains
steady then the canopy also becomes steady (see Figure 14(a)). It is possible
that the location and behavior of the interline shock is a function of the inflated

shape of the parachute canopy rather than vice versa. It is not possible at
this time to determine which is cause and which is effect.

However, it seems logical to assume that if the interline shock wave
could be controlled and stabilized the result would be a stable canopy. Con-
trol of the interline shock wave might be accomplished by a shock generator
located a short distance behind the confluence point midway between the sus-
pension lines. It might be possible to mount the shock generator on a central
line running from the confluence point to the canopy vent.
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SECTION IV

GENERAL CONCLUSIONS

The previous wind tunnel program, reported in Reference 1, led to a
number of conclusions which will be restated here for convenience.

(1) Fabric canopies did not fully inflate and gave a much-
reduced drag coefficient. Violent breathing existed at all
Mach numbers.

(2) Solid metal canopies exhibited unstable flow patterns
both with and without suspension lines. The flow patterns of
the canopies with lines were very similar to those observed
for flexible models. It can then be concluded that the unstable
flow was not necessarily caused by the canopy flexibility al-
though it might be a contributing factor.

(3) The causes of the unstable flow were either interaction
between shock fronts or choking of the flow through the canopy.

Attempts to relieve choking by providing the canopies with vents and by
increasing porosity in the present program gave the following results:

(1) Steady flc~w existed for all tests of canopies without sus-
pension lines. Porosities were varied between 28 and 45 per-
cent and Mach numbers between 1. 70 and 3.50.

(Z) Unsteady flow existed for all tests of solid canopies with
suspension lines. However, only the 45 percent canopy was tested.
The Mach number was varied between 1.70 and 3. 50. The num-
ber of suspension lines used were either 6, 12 or 24. No improve-
ment was noted with reduction in number of suspension lines.

The fabriu canopies tested in tle present program gave the following
results:

(1) The flow patterns were somewhat different than for the
solid canopies. Instability and canopy breathing was fairly
general. An increase in the porosity and the number of gores
gave a slightly improved performance. Drag coefficients were
low in all cases. The low values of CDowere partially the result
of underinflation.
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(2) The conical ribbon parachutes appeared to perform the
best with the 45 degree behaving better than the 30 degree.

(3) The action of the fabric parachutes was dependent upon
the position of the interline shock wave. This shock wave
generally took a position midway between the confluence point
and the parachute skirt. When flow was steady, the interline
shock was a cone (see Figure 14) which blended into the normal
shock off the canopy skirt. When unstable flow existed, this
shock seemed to propagate along one or more individual sus-
pension lines in the direction of the confluence point. The
canopy inflated area would invariably change with change in
interline shock wave position. It was not possible to tell
which was cause and which was effect.

WADC TR 58-284
PAR T I1 31



APPENDIX I

RIGID PARACHUTE MODEL DESIGN

A. General

The rigid model parachutes used in the tests discussed in this report
were similar in design to those used in the test program reported in Refer-
ence 1. One of the recommendations made in Reference 1 was to include
vents in all canopies. It was hoped that the inclusion of such vents would
prevent choking of the canopy which wouid very likely improve parachute
behavior.

Accordingly, a new series of solid canopies were designed and fabri-
cated using the shape specifications outlined in Reference 2. Since all of the
canopies were provided with vents at the apex of the canopy, the previous
sting support could not be used. Therefore, a modified sting which would
permit the use of an open vent was designed. This redesigned sting was a
yoke type which supported the canopy at four points located approximately
midway between the skirt and crown.

Figure 1 shows one of the solid canopies mounted on the special sting
support in the wind tunnel. Figure 3 is a close-up of the yoke type sting
assembled to a typical rigid canopy.

B. Stress Analy sis

This section covers the strength analysis of a rigid parachute model
under room temnperat tire conditions and assumes a dynamic pressure of
100 lbs/ft . While the entire structure of the model has been thoroughly
examineu, the following discussion covers only the most critical components.

It is believed that the methods used in this analysis are obvious with the
possible exception of the calculation of the discontinuity stresses in the canopy.
A complete discussion of the method used to calculate these stresses can be
found in Reference 3.

While this analysis was based on a dynamic pressure of 100 lbs/ft2 ,
the conservative techniques used in calculating both the stresses and the
aerodynamic loads make it possible to test up to a dynamic pressure of
200 lbs/ft2 and still maintain an adequate factor of safety.
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1. Yoke Support

YOKE CANOPY

LD I" x NO. 5 -44 SCREWS

It was found that the No. 5-44 screws at section A-A and

the weld at section B-B were the critical items of the yoke support.

a. Section A-A

At this section there existed a 188 inrlb moment which
the screws absorbed in shear. The magnitude of the shear
stress was found from the expression:

M
T -

4RA

Where:

T = shear stress
M = bending moment

R = cariopy radius
A = screw area
4 = nurnber of screws

CALCULATION:

r = 188 = 1641 lbs/in. 2

4(4) (0. 00716)

Safety Factor = Large
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b. Section B-B

WELD 1"X ms

H

M = 423 in. -lbs

H = 33 lbs
V = 22 lbs

The horizontal and vertical forces were ignored and

it was assumed that the moment M would be absorbed by the
vertical arms alone. The maximum fiber stress in the weld
was found to be 4785 lbs/in. 2. The weld metal had a mini-
num yield strength of 60, 000 lbs/in. 2 and the yield strength

of the parent metal was 52, 000 lbs/in. Z. This provided the
welds vith a safety factor of 10 or better.

2. Canopy

Of all the canopies considered for testing, the canopy with a
gore design as shown below was found to be the most critical from
a strength standpoint. This same configuration can be assumed for
all canopies if the effects of all horizontal ribbons except at the
skirt and the vent are neglected.

/ '

W : 0.273 in.

CRITICAL GORE CONFIGURATION
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This gore is formed from 24 radial ribbons with only one hori-
zontal ribbon located at the mouth or skirt of the canopy.

AH = 0. 41 lbs
t M O  = 4 . 6 in. -lbs/in.

I-- VO  = 0.67 lbs/in.
Mi~ = 10.4 inrIbs/in.

SV 1  = 4 lbs/in.
V0 p = 100 lbs/ft2

t = 0 . 0 93 in.

FREE BODY OF THE HORIZONTAL RIBBON

V2
H = 0.41 lbs
M 2 = 11 in. -lbs
V z = 4. 3 lbs
p = 100 lbs/ft 2  H
t = 0.093 in.
R = 4in.

FREE BODY OF THE RADIAL RIBBON

Canopy Material - 302 Stainless Steel
Yield Strength - 80,000 lbs/in. 2

The magnitude of the moments and forces shown above were
obtained from a consideration of the deflection and rotation of the
canopy ribbons and the 24 riser lines. To calculate these quantities
the horizontal ribbon was treated as a short cylinder and the radial
ribbons were considered as thin curved cantilever beams, The 24
suspension lines were assumed to be simply supported beams with
an edge moment at the canopy end of the lines. (See Section 3 be-
low).
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a. Radial Ribbons

The horizontal and vertical forces do not significantly
influence the stress in these ribbons and can be ignored.
The edge moment M developed a bending stress o-b as
follows:

M Z
o'b-

Where:

o"b = maximum fiber stress
M 2 = edge moments
Z = section modulus

CALCULATION:

Crb = 11 = 27,500 lbs/in.2
0.0004

Safety Factor = 80,000 = 2.9
27, 500

Ignoring the influence of the suspension lines and the
horizontal ribbon, the maximum fiber stress in the radials
due to the pressure p is given by:

a- =p R (I + 6 R)
t t

Where:

o= maximum normal stress
p = pressure
R = ribbon radius
t = material thickness

CALCULATION:

=0.694 ) [ 64]_ -7,570 lbs/in.2

Safety Factor -80,000 1 10.67,570
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b. Horizontal Ribbon

Assuming that the horizontal ribbon does not bend or

twist, and that each cross section of the ribbon rotates in

its own plane about its centroid, the maximum normal stress

can be found from the following expression:

Where:

0- = maximum normal stress
Z = section modulus

R = ribbon radius
V1 & V O = edge shear/length
M 1 & 40 = edge moment/length

p = air pressure
W = ribbon width
t = ribbon thickness

CALCULATION:

4 F(40.67) 0.Z73 + 10 4 4.6
0- 0.001164 L 1

= 4(4+ 0.67) + 0.694(4)
0. 273(0. 094) 0.094

o = 22, 200 lbs/in. Z

Safety Factor = 80, 000 3 6

22, 200

3. Suspension Lines
2 1 in.

DIA. = 0. 125 in.

Mc = 4.87 in. -lbs

W = 1. 53 ibs

CLEVIS DIA

SUSPENSION LINE

FREE BODY DIAGRAM OF THE SUSPENSION LINES
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Riser Line Material - 440-F Stainless Steel

Yield Strength - 100,000 lbs/in.2

The total load Wf was found by assuming that the pressure

distribution along the length of the line was uniform. The edge

moment M was obtained by using the technique described in sec-

tion 2. The maximum bending stress at any section can then be

found from the following equation:

1' [ W (X - M- ~c(- X )

Where:

a-b = maximum bending stress
Z = section modulus
W = total load

Mc = end moment from the canopy
= total line length

X = distance to any section

CALCULATION:

The maximum stress was found at X = 0.5.

Crb =ooi [1.53 (0.5 - O5) - 4.87 (1 )- )]b0.0001918 --1 - Y 21 -1

b = 2, 600 lbs/in.
2

Safety Factor = 100,000 = 4.621, 600
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APPENDIX II

FABRIC MODEL PARACHUTE DESIGN

A. Introduction

The fabric test model parachutes used on the program were designed on
the same basis as the solid canopies. The largest parachute which could be
tested in the Langley tunnel was one with an 8-inch inflated diameter. Accor-
dingly, a series of parachutes were designed and constructed to meet with the
above requirement.

In order to provide a suitable mount or sting for testing the fabric para-
chutes it became necessary to design and build a special mount assembly.
This mount (see Figure 2) was located upstream from the test section a suffi-
cient distance to permit adequate viewing of the test parachute through the test
section windows. Included in the special mount was a deployment mechanism
-with which it was possible to eject the parachute by remote control at any
desired time. Thus, the wind tunnel could be brought up to speed before de-
ploying the parachute.

B. Parachute Design

It is desirable in conducting a wind-tunnel test program to utilize test
models which are as close as possible in size to the actual unit. The 4x4 ft
Langley tunnel will permit testing of a model with a maximum diameter of
approximately 8 inches. Test model parachutes were therefore designed
which would, when fully inflated, not exceed such a size. Normally, a para-
chute will inflate to a diameter which is two-thirds of its constructed diameter.
Thus an 8-inch inflated diameter would be produced by a parachute that had a
12-inch constructed diameter.

All of the test parachutes designed for this series of tests were made 1Z
inches in diameter or as close to this dimension as possible while still satis-
fying all of the other design parameters involved. In the case of the three
parachute cluster, the total inflated area was made equal to the area of an 8-
inch diameter circle.

The first five tests were performed with parachutes having only 8 gores
while the remainder involved parachutes with 16 gores. The 16 gore arrange-
ment was preferred and parachutes with a smaller number of gores were used
only because it eased the fabrication problem. In all cases suspension lines
equal to one parachute diameter were used.
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The design of parachutes as small as 12 inches in diameter is somewhat
handicapped by the scarcity of suitable materials. The smallest ribbon mater-
ial which was on hand at the time of development of these test items was 3/8-
inch wide. Such a width ribbon would be comparable with a 3/4-inch wide ribbon
in a 2 foot diameter parachute and a 1-1/2-inch width in a 4 foot diameter para-
chute. These widths are reasonably compatible with what has actually been
used on full sized test parachutes during the free-flight phases of the study
program.

On the 8 gore models where vertical ribbons were used, it became
necessary to fold and stitch 3/8-inch wide ribbon to reduce it to 3/16-inch
width. A typical gore layout for an 8 gore parachute is shown in Figure 16.

The fabric test model used on Test No. 5 was identical to that used on
Test No. 3 with the exception that a single central suspension line was added.
This central line was of such a length that when the canopy was fully inflated
the crown was held in to about one-half the normal inflated depth. The resul-
ting inflated shape looked somewhat like one-half of a fat doughnut.

The models used on Test Nos. 6, 7, and 8 were standard FIST ribbon
types wherein the ratio of the space between horizontal ribbons to the width
of the ribbon was varied between 0.586 and 1.50. These parachutes all had
16 gores and a typical gore layout is presented in Figure 17. The last two
models were conical ribbon types, one having a cone angle of 300 and the
other 450.

Table 4 presents the physical details and dimensions of all of the test
model parachutes.
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HORIZONTAL RIBBONS

RADIAL RIBBONS

VERTICAL RIBBONS
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Figure 16. Typical Gore Layout for 8 Gore

FIST Ribbon Parachutes
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Figure 17, Typical Gore Layout for 16 Gore FIST
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APPENDIX III

STRESS ANALYSIS OF THE FABRIC PARACHUTE
MOUNTING AND DEPLOYMENT SYSTEM

A. General

This analysis covers the strength of a mounting and deployment system
for model fabric parachutes. This structure was examined under room ten-
perature conditions with a 200 pound load directed at an angle of 45 degrees
with respect to its lovigitudinal axis.

The basic design of the supporting struts was done by the NASA facility
at Langley Field, Virginia. The deployment system was designed by the Cook
Research Laboratories.

B. Deployment Mechanism

PARACHUTE RISER

ATTACHMENT LUG SQUIB HOLDER

~STOP PINS

STRUT
'CENTER BODY

COMBUSTION CHAMBER
PARACHUTE CHAMBER

DEPLOYMENT PISTON
(EXTENDED POSITION)

SCHEMATIC DIAGRAM OF THE DEPLOYMENT MECHANISM

The deployment mechanism consisted of a 2-inch diameter body mounted
in the center of the tunnel at the junction of the two support struts. The body
was essentially a cylinder with a piston actuated by a 1/2 grain squib. The
motion of the piston forced the parachute out of the end of the cylinder into the
airstream. A tension link was attached to the end of the piston for load
measuring purposes.
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1. Attachment Lug

e- - q do H = 140 lb
V = 140 lb
Dia = 0.435 in.
e = 0. Z5 in.

LUG - IP /A

PISTON

FREE BODY DIAGRAM OF THE ATTACHMENT LUG

Lug material - 302 stainless steel
Yield strength - 30,000 lb/in.2

The undercut section adjacent to the threads was found to be
the critical section of the lug. By ignoring the interaction of the
piston and lug, the stress developed can be found from the follow-
ing expression.

Crm = H + Ve

A Z

Where:

a-rn = maximum fiber stress
Ve = bending moment of the vertical load V

c = eccentricity of the load V with respect to the neck
of the lug

H = horizontal load
A = cross sectional area
Z = section modulus

CALCULATION:

0rm = 140 + 140 (0. Z5) = 5, 280 lb/in.2

0.149 0. 00806

The shear stress developed by the vertical load V is very
small and can be ignored. The r"f- ., 'f the lug is then
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Sniety Factor 30,000 5.6
5, 280

2. Deployment Piston PARACHUTE
CHAMBER

H = 140 lb
t V = 140 lb

d -M = 35 in. -lb

a =2. 125
d = 0.468
t = 0. 250

PISTON
STOP PINS

FREE BODY DIAGRAM OF THE DEPLOYMENT PISTON

Piston Material - Naval Brass
Yield Strength - 37,000 lb/in.2

The parachute load is transferred from the center of the
piston into the stop pins and then to the parachute chamber. The
resulting stress distribution is very complex and difficult lo
analyze. Therefore, the strength of the piston was checked
through actual tests. A first approximation of the required wall
thickness t was found by considering the piston as fixed at the
center with a concentrated load at an outer edge. By using case
63 on page 211 of Reference 4, an expression for t was found.

t =+

Whe re:

t = piston wall thickness
= coefficient which considers the geometry and elastic

properties of the material

H = horizontal load
M = bending mooment
a = plate diameter
a- = material yield strength
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CALCULATION:

" 8. 4 140 35
t =.2 0O.14 in.

3. Stop Pins PARACHUTE

Material - Steel Roll Pin

Double Shear Strength - 4, 400 lb

Stop pin loads become critical when a;rresting the piston

after it has been ejected fromn the combustion chamber. The
size of the pin was determined by actual tests

4. Combustion Chamber

DIA. =1. 40 in.

PARACHUTE 4-40 SCREW COMBUSTION CENTER BODY
CHAMBER (6 R EQO0) CHAMBER

FREE BODY DIAGRAM OF THE COMBUSTION CHAMBER
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Material - 320 Stainless Steel
Yield Strength - 30, 000 lb/in.Z

The undercut section adjacent to the thread- represented the

critical section of the combustion chamber. By ignoring the inter-

action between the center body and the combustion chambc- the

maximum fiber stress will be

H Vi
-- A +

Where:

crm = maximum fiber stress

H = horizontal load
V = vertical load
1 = moment arm of the vertical load

A = cross sectional area
Z = section modulus

CALCULATION:

140 140 (55 ) 5,440 lb/in. 2

1.0 + 0.1454

30,000 =
Safety Factor 5,440 -

5. Parachute Chamber

The maximum fiber stress is obtained from an analysis identi-

cal to that used for the combustion chamber. The loads remain the

same but the moment arm changes to 3. 1Z5 in. and the section modu-

lus becomes 0.0339 in. 3 . The resulting stress will be 13, 250 lb/in.2 .
Considering that this component is made from AISI 4130 steel with

a yield strength of 1Z0,000 lb/in.2 the safety factor will be large.
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