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FOREWORD

This report was prepared by Fiber Science, Inc. in accor-
dance with Contract DAAJ02-77-C-0016, issued by the Eustis
Directorate, U.S. Army Air Mobility Research and Develop-~

. C s DA (00D
ment Laboratory, Fort Eustis, Virginia*. Mr. Eddie—Dean
was the U.S. Army program technical monitor.

The activities reported herein cover the period from
January 1977 to November 1977. The Fiber Science project

el aam = e ——— a—

engineer was Mr. Sam Yao.

*Redesignated Applied Technology Laboratory, Research
and Development Laboratories (AVRADCOM), 1 September
1977.




gﬁ“muﬂ

L“ SUMMARY

Six configurations of Spacewind cylinders were designed

to a prescribed set of strength and stiffness criteria.
The variables werec two levels of fiber coverage and three
reinforcements; glass, Kevlar and graphite. e cylinder
of each design was fabricated at Fi..r Science and tested
for pallistic tolerance at Fort Eustis.

Four more cyl rders were fabricated for final testing.
The variable was two levels of fiber coverage. Kevlar
49 was the reinforcement for all four.
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INTRODUCTION

“"Spacewind" is a descriptive term applied to the filament
winding process used in this contract. Normal filament
winding procedures are very specific in requiring bands to
be exactly adjacent to each other. Spacewind nomencla-
ture for a structure with adjacent bands would be "1,.00
fiber coverage ratio." That is, the ratio of surface

arca covered by strands to the total surface areca is 1,00,

Spacewind deliberately requires spaces between roving

bands. The final structure, regardless of wall thickness,
looks like it is made of 0ld fashioned cane or wicker be-
cause there are holes geometrically arranged over the en-

tire surface,

A non-standard language has developed to explain the non-
standard filament winding process called Spacewind. The

following definitions will help in reading this report.

strand A general term indicating an essentially
continuous length of filamentury material,
whether large or small, twisted or un-

twisted.

Band_Width A single strand might be wound or several
strands might be gathered and wound at one
time. BRand width is the width of the total

number of strands wound at one tine.

winding Angle Strands are wound onto a votating mandrel
by traversing from end to end of the man-
drel.  The angle between a strand and the

[,
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mandrel axis is the winding angle., It is
both + and - with reference to cartesian
coordinates since the band direction

changes.

F.C.R. Fiber Coverage Ratio is the ratio of man-

drel surface areca covered with strands
going in one direction to the amount not
covered, as sketched below., F.C.R. is
used as an easily calculated expression

fer Spacewind.

i}
N o S,
AN \
RN \

F.A.C.R Fiber Area Coverage Ratio is the area

covered by fibevs divided by total surface




area, realizing that bands run both left
and right.

Fiber Volume A second ratio, unrelated to F.C.R., is

the ratio of fiber volume to the total
volume of fiber and resin.

A prior contract, DAAJ02-76-C-0040, administered by the
Applied Technology Laboratory, Research & Technology
Laboratories, Fort Eustis, Virginia, bhad demonstrated
it is possible to use analytical models in designing
Spacewind composites. This contract was intended to
evaluate the potential of Spacewind as a structure with
built-in pressure relief valves.

Explosive projectile fire directed ot modern Army air-
craft is often fatalL because the overpressure from the
blast requires the fuselage to become a pressure vessel.
Fuselages are not designed as pressure vessels because

of a very large associated weight penalty. The result

is structural failure from a blast which might be insig-
nificant in terms of damage from shrapnel. Spacewind

was considered a possible solution to overpressure from
explosive projectiles because it has multitudes of built-
in pressure relief vents.

Six cylinders 24 inches in diameter and 72 inches long
were specified as a vehicle for evaluating the ballistic
tolerance of Spacewind. Three reinforcements, S-2 glass,
Kevlar 49 and grephite were specified for evaluation.

All six cylinders were to be designed to the following

stiffness and strength requirements.
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Stiffness: EIy = 2.6 x 10° 1b-in“ (flexural stiffness

about 'y' axis)
BTz = 2.6 x 10 1b—in2 (flexural stiffness
about 'z' axis)

1.2 x 10 1b—in2 (shear stiffness)

(2]
=
H

Limit Load: Mx = 1.37 x 10S in-1lbs (bending moment
about 'x' axis)

Mz = 3.87 x 105 in-1lbs (bending moment
about 'z' axis)

e Sz =1.14 x 103 1bs (shear in the 'z’
T o Lo direction)
M‘N’T.r _—_

o
T ——
et TR e

NOTE: The 'x' axis is the longitudinal axis Uf-the cylin-

der . T "fh—..."_'_“

Following testing of these sections by the Army four

more cylinders 16 inches in diameter by 72 inches long
were designed using Kevlar 49 as the reinforcing fiber.
These specimens included four attachment fittings at each
end to facilitate structural testing. The design criteria
used for these four cylinders were:

Stiffness: EIy = 1.1 x 109 1b—in2
EIz = 1.1 x 10° 1b-in?
GK = 0.5 x 10° lb-in?

Limit Loads: Mx = 1.2 x 10S in-1b
Mz = 1.53 x 10° in-1b
Sz = 2.84 x 102 1b
Sy = 2.922 x 10° 1b

Following sections give design data and fabrication
techniques for these cylinders. All testcing was per-
formed by the Army Air Mobility Research and Development
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Laboratory, Fort Eustis, Virginia.
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DESIGN

Design equations are given in Appendix A and design cal-
culations based on these equations are given in Appendix
B.

One primary design consideration was whether to design
single wall or sandwich wall structures to meet the sta-
bility requirements. A foam core in a sandwich wall
would not be acceptable because it would block off all
the Spacewind holes which were being considered pressure
relief valves. Honeycomb could be used, though, because
of its constrction. Stability calculations showed that
only the fift -percent F.C.R. graphite specimen required
sandwich wall construction.,

The structural requirements given earlier apply to cylin-
ders supported at its ends with bending forces applied.
These requirements are best met by strands wound at a very
small angle to the cylinder axis. A hoop load was also
known to be a requirement to resist overpressure load-.
Its magnitude was unknocwn, so hoop strength could not be

designated.

Past design experience led to an empirical feeling that
twenty-percent of all strands should be hoop, or circum-
ferential, strands. These strands do not contribute
significantly to the strength and stiffness requirements,
but do contribute to ballistic tolerance. The balance of
strands were calculated to be + 24 degrees to the cylinder

axis.




The six cylinders were fabricated ot Fiber Scicence and

tested ab Fort Euastis, Reviar 49 was solvctoed as the

verntorcement tor the final demonstration cylinder:s,

Athe tinal demonstration units were made smalles in dia-

meler inoan ettort Lo increase the overpressure loads

atd to have a more severe tost.,  They also had to have
cid tittings so they could be loaded in bending at the

time of projectile testing,

Design caleulations for the tittings are in Appendix C.
The concept employved is one used previously at Piber
science and referred to as a broom. A broom fitting it

shown below.

.
":‘f:'l\" Y
3 '4\1

A, )

Glass rovings woere wound into o circular, unidivectional
package and then tranasferred to a mold.  The circular

rovings were deformed in the mold to make two tittings,

Best Available Copy

10
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end to end, as shown below.

A closure flange for the cylinder was designed to back
up the tittings and rovings were wound over it as shown
bolow,

11
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The attach fittings were then bonded inside the cylinder
at four places on each end. A force applied to one or
more fittings is transferred to the mounting ring and
thereby to the rovings as well as to the rovings by adhe-

sive bond shear.

These four cylinders were fabricated and delivered to
Fort Eustis for testing.

12




FABRICATION

Cylinders were wound on standard helical filament winding
machines. The machines were programmed to give the pattern
desired and that program was used for all three reinforce-
ments.

Tooling was composed of a steel shaft, steel collars, glaas
composite ends and an ABS sheet cylinder as sketched below.

.. ABS sheet

El shaft

N
*
1
i

/ \.. collar
end -/

Ends were bolted to the collars, which in turn were bolted to
the shaft. The ABS sheet was bonded to the ends and then
was pressurized at 1 PSI with air to stabilize it. The
outer surface was coated with mold release so it could be
removed after winding and curing the cylinders,

The last four demonstration cylinders had flanged end
plates built in. These plates were made from ten plies
of Style 1581 glass fabric impregnated with epoxy resin.
They fit over the fiberglass tooling ends and were wound

13
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over with rovings, which prevented the tooling from being

removed in one piece.

Glass composite tool ends for these cylinders were cut in
half and sealed together again before the ABS sheet was
bonded on. After the cylinder was cured, ends were un-
bolted from collars and pushed into the cylinder. They
then were removed in half pieces, ready to be used again.

Fittings were made from glass fibers and epoxy resin by
filament winding around two spools. The windings, before
being cured, were moved to a fiberglass mold and deformed
to the correct shape and then cured. The resulting struc-
ture was two fittings, formed end-to-end. It was cut in
the middle to yield two fittings.

Properly located holes were drilled in the wound and cured
cylinders. Fittings were mated to the holes on the inside

of the tank end adhesive bonded into place.

There were no fabrication problems in winding or assembly.

14
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TESTING

The first cylinders made were 24 inches in diameter and
92 inches long. These were cut in half {46 inches long)
at Fort Eustis and one-half had a single ply of 181
glass fabric laminated on to simulate the skin on an
aircraft. Twelve variations were tested as shown below,

Reinforcement FCR Skin

lass +25 & .50 with and without
Kevlar .25 & ,50 with and without
Graphite .25 & .50 with and without

Table 1. Ballistic Samples Tested

Samples were held in a fixture and fired upon. Results v
were evaluated by Fort Eustis personnel as follows.

Damage Assessment

1. To assess the relative damage to the specimens as
a result of the 23mm HEI-T ballistic impact tests,
an inspection of the specimens was conducted in
which the number of partially or fully severed fiber
bands was tabulated.

a. The number of severed fiber bands was counted
on the top, bottom, and exit side of the speci-
mens os shown in Figure 1. The damage on the

entrance side was not considercd for the follow-

ing reasons.

; (1) The damage is relatively small compared to
the top, bottom, and exit side damage.

15
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(2) The damage on the entrance side is a function
of whether the projectile passed through one
or more bands or through the function plate.

The number of hcop bands and + 24° bands was
counted separately.

The degree of damage (i.e., pcrceat of band sever-
ance) was estimated as being 25, 50, 75 or 100

percent.

The band damage data are shown in Figure 1. The
damage levels were then weighted to arrive at a
"Damage Coefficient". The weights are as follows:

Pevcent of Weighting
Band Severcd Factor
25 1
50 2
75 3
100 4

The weighted points were then summed for each
damage location and band direction. Then the
points were summed over all damage locations to
arrive at a damage coefficient for both the 24°

and hoop bands.

1t should be noted, however, that the loss of a given

band in the 25% PFCR specimens is more damaging than

the loss of a band in the 50% FCR specimens in that

the band thickness in the 25% FCR specimens is twice

that of the 50% IFCR specimens.

1o
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Samples were given the following code.

First Character

F = Fiberglass
K = Kevlar
G = Graphite

Second Character

il

25% FCR
50% FCR

N
i

Third Character

il

A
B

with #181 glass clothskin

no skin

4}

Test results are graphed in Figure 1.
The effect of a skin is very small and perhaps none at
all. Glass and Kevlar reinforced specimens tested quite

similarly, while graphite was a clear third choice.

Weights of the various samples are given in Table 2.

18

CTITOTY T 5




Spacewind Composite Structures

Weight Analysis

kit Yo

Material FCR Weight

Calculated Actual

No Skin No Skin | With Skin
S-Glass 25% 29.58 33 35.75
S-Glass 50% 29.04 32 35.5
Kevlar 25% 14.66 17.63 20.27
Kevlar 50% 14.63 15,38 18.25
Graphite 25% 9.4 11.75 15.5
Graphite 50% 10.93 12.63 15.25

Table 2 . Weight Analysis

Kevlar 49 samples are 40-50% lighter in weight than glass.

The final demonstration samples were made from Kevlar rein-

forcement because of weight,

19
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CONCLUSIONS

Test results indicate a single ply 181 glass covering
over Spacewind cylinders has little, if any, effect on
their ballistic resistance to 23mm HEI-T projectiles.
Graphite reinforced cylinders suffer more damage, and
perhaps less predictable damage, than glass or Kevlar
reinforced cylinders. Spacewind appears to offer a solu-
tion to ballistic projectile over-pressure damage to
aircraft fuselage structures.

20




APPENDIX A
SPACEWIND ANALYSIS EQUATIONS
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SPACEWIND ANALYSIS EQUATIONS

The equations used in the design of the specimens follows:

Relation Between Modulus & Shear Modulus

,‘T‘ K Nt A S5 T Jes oMo, 3 R = 8D o 47 o e G MU DA o SR AR AL S 6 €y n
o e s B T S R ST

¥

I = nﬁBt

K = 2nRt

E _ (EDK _ 2(EI)
3 G (KG)Y T KG

The above cquations were used to establish the helical
winding angle. This was accomplished by first assuming

¢ 20% of the winds would be in the hoop direction and 80%
would be in the helical direction. The properties of
spacewind composites were calculated using the computer

] with various helical winding angles and the helical angle

u{" which satisfied the above equation (g) sclected.

Do et HRA b

ipaee L S .-

Calculation of Qutside Shell Radius

’ pro= M0 (RE - Rg)
1/4
R = AEL, g
(o} K 1

Calculation of Maximum Bending & Shear Stresses

0 o= -—v-—-nz—-—--
; , max . RZ t
M S
T
fax 21 R t Rt
’
22
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Caloulation of Critical Axial (Bending) Buckling Stress

golid Wall Construction

Bt
o%or = e S
R

oL Nt M
:

C = 0.606 - .546 (1 - eM)

¢
N ’ R
n 16 t
2 K, R
‘:‘ = L i-.v.‘Y.
¢ h‘x lty

sandwich Wall Construction

Ge (tu + t}')

\\ . e — - . -
ol 2 tc tf

[ - GC‘ (i‘A(‘R)
Note: PFACR -~ Fiber Avea Coverage Ratio

Calculation of Critical bistance Between Crosa-ovey
Poincs

The critical length between ciosg-over points ot the heli-

cal windings is caloeulated by equat ing the buckling stress

{0 the compressive strength of the helical windings,

23
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Solid Wall Construction

cr

Ccr

cY

E

cu

1

S

2 E t2
e
)
2
12 LCr
2,.

Sandwich Wall Construction

cr

E
€

Fcu

i

n2 E 1
(3

2
Lor

(cc + 2

POvSS

8t

(pin erded column)

3
tf)‘

12

24
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. ) Pcr } " Ee (tc + t)
cr t 2
12 Lcr t
P E (b +t)°
L - e fo)
cr 12 F t
cu

When the core is weak in shear

LGy (bt )
¢ B T,

cr 2 tc £

Ge = Gc (FACR)

Note: FACR = Fiber Area Coverage Ratio

Fiber Coverage Analysis

Fiber Coverage Ratio "FCR"

25
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2
z.
e
o
i
i W_ (FCR)
b I - FCR
L
WS
sin 2 o = i
¢ WS = L 2 sin a cos «a
The open area between helical bands is
. (ws)2
Open area = Wgl = 5 &Tnw cosw
The total area including fiber coverage to mid point of
. helical bands is
(W + W )2
Total areca = w§~w~w9~~
$1ha Ccosu
’ The fibev area coverage ratio (FACR) is
ACR = Oven Areq initi
FACR = notal Area (by definition)
’ W)
FACR = 1 = —o-fomensy
(wS + wb)
WS (FCR)
» Note: W, = Y TUueRT
FACR = 2 FCR - (FCR)?'
L
]

26




FCR
&9 .250
.375
.500

i .625
AR .875

3
FACR =
Note:
L
(FALR)h
’ E“ (FACR)C

§ oA

F‘Wi\wm«n— e .
e R A
1

(FCR)huu»(FACR)hnun

FACR

4375
.6094
7500
. 8594
.9844

and helical windings is

The fiber area coverage ratio for both circimferential

(FACR), + [1 - (FACR)h] (FACR)

i

il

(FCR)c

YO

o Taac T1aae T hWTTTTTT “«;:I:f*'
P . 250 .4375 . 250 .250 .5781
. 375 .6094 .375 <375 . 7559 \
«500 . 7500 +500 .500 3750 \
.625 8594 .625 .625 9173 \
L .875 9844 .875 875 . 9981
W“m{\;¥\HMhM$m‘W‘\w“N§ﬁ&a(.M“\“ﬂk@MM\\.MJﬂ“QO“m
The fiber crosc-over area (FCOA) for helical windings ’KI;.
is
’ Wﬁ
FOOA = 7 \inicosn
Fo
]
% 2

2(FCR), - (FCR)ﬁ

. 21
_ (FCR), ~ (FACR), ~ (FACR)

3
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The fiber area (FA) is

'
FA = Total area - open area
2 2
FA = (g + W)™ = (W)
(] 2 sina Ccosa
The fiber cross-over coverage ratio is
2
' FCOA W) M
FA 2 2
(ws + wb) - (ws) W, + 2WS
"5
Noting FCR =
? wb + W
Wb (1 - FCR)
W =
s FCR
B
W
- b - 1
Fcoa = SW_ (1 = FCR) 2(1 < FCR)
FA W o+ b 1 + i
b FCR
’
FCR FCOA
—_ kA
.250 .1429
, .375 .2308
.500 .3333
.675 . 4545
.750 .6000
.875 .7778
’
Fiber Volume Ratio Analysis
R In order for the thickness of Spacewind helical windings

28
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to be the same at cross-over points and in bctween the
cross-over areas, tha fiber volume ratio "Vf (ratio of
fiber volume to total of fiber p.us resin volume) at the
cross-over points will differ from the fiber volume

ratio in between cross-over points.

The fiber volume ratio at and between cross-over points

is,
_ 2 , i
tao = Vo (two plies of windings)
1 C
+ =
theo Vfbco (one ply of windings)

Assuming there are no voids,

- fco
fheco 2

t = t and V

co bco
Ky
As an example, assume the fiber volume ratio at the cross-

over points V .65,

fco
ey
then between cross-over points the fiber volume ratio would

be,

The desired fiber volume ratio assuming no resin bleed

out for fiber coverage areas of 25 and 50% are,

FCR = .25

29
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FCOA
FA - .1429
Vf = .1429 x .65 + (1 - .1429)
FCR = .50
FCOA  _
Vf = ,3333 x .65 + (1 - .3333)

30
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.325 =

.325) = .4333

.3714

CEE AT e e TR R T T
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DESIGN CALCULATIONS




DESIGN CALCULATIONS

Units one through six

Design Criteria

ID
L

i}

24.0 in.
72.0 in.

Stiffness:

» EI, = 2.6 x 102 1b-in?
'Q ET, = 2.6 x 10° lb-in’
' GK = 1.2 x 10° lb-in?
Limit Loads:
E -’ 5 .

‘ Mx = 1,37 x 107 in-1b
M, = 3.87 x 10° in-1b

5 , s, = 1.14 x 10° 1b

Ultimate loads = 1.5 x limit loads

»
Construction -- 20% @ 90° (hoops) and 80% @ + 24°

. Fiber volume ratio = .50
Fiber coverage ratio (FCR) -- arbitrarily selected at
.25 and .50.

’
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Analysis

The material properties are based on computer analysis
inputting the fiber and resin properties, fiber volume
ratio, fiber orientation and fiber coverage ratio. Appen-
dix E shows the composite material properties for the
various materials. Note the helical winding angle was
arrived at by an iterative process where the relation
between the E and G of the composite satisfied the cri-
teria stiffness.

Table 3 summarizes the calculation for units one through

six. The equations used are shown in Appendix A and all
stresses are for ultimate loads.
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CALCULATIONS FOR SANDWICH WALL CONSTRUCTION

t, = .25 in.,
= E‘. = i
tf = 3 ,0527 1in.
Ge = .750 x 3000 = 2250 psi

_ 2250 (.25 + .0527) _
O%¢r =~ "2 % .25 x .0527 25,847 psi

35
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Units seven through ten

Design Criteria

D = 16,0 in.
L = 72.0 in.

Stiffness:

BT, = 1.1 x 10? 1b-in?
BI, = 1.1x 102 1b-in?
GK = 0.5 x 107 1b-in?

Limit Loads:

1.2 x 10° in-1b

M, =
M, = 1.53x 10° in-1b
s, = 2.922 x 103 1
s, = 2.84x 102 1b

Ultimate loads = 1.5 x limit loads
Construction -- 20% @ 90° (hcops) and 80% @ + 24°

Fiber Volume Ratio -~ ,65 at cross-over areas and .325
between cross~over areas.

Average “iber volume ratio for .2% and .50 FCR are .3714
and .4333 respectively.

Fiber coverage ratio -- ,2% and .50.

36
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Analysis

AR

The material properties are shown in Appendix F. Table

4

sumnarizes the calculations for units seven through

tan,

37
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Property Kevlar 49/Epoxy
Ver & 32.5 32.5
Eype 10° psi 6.492 6.492
F.C.R., % 25 50
FACR (hel. only), % 43.75 75.00
FACR, % 57.81 87.50
[ B, 106 psi 1.553 3.156
' ¢ 106 psi L5232 1.119
N 106 psi .7827 1.6522
R, in. 8.4081 8.2084
t, in. .4081 .2084
R, in. 8.2041 8.1042
“nax’ P81 2659 5337
 'nax! psi o 1459 2919
0pr P8I 18,399 18,259
Fcu, ps%_ 5558 11,241
| Faur ol L
Fou 11 ) . | 11,375 11,375
’ngcr. in, 6.2521 3.1?37
X in. 4.6462 [ 2.3726
Wy, in. 1.5487 2.3726
bgr 1B/in3 [ _.oua | o3l

Table 4.

Design Data, Units 7-10
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APPENDIX C
END FITTING ANALYSIS
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Frame

Internal member loads were solved by a computer program
with the following assumptions:

EI = Constant
vQ Mx

Loads reacted in a -1 O 33 distribution

Tha critical loads are summarized below.

B v P M
55¢ -20 1b -2281 1b  -1038 in-1lb
210° 26 1608 1137
225° -1265 -3319 740
315° -1265 -4094 739

Section properties of the frame (E-glass)

ol 200 ""—
2 I [
A y ny NS 1o Lo
[~ 1]
.16 .04  .0064 .0003 -- 3‘21 y J
.26 1,625  .4225 6866 .2289 - AN
Y 4289  .6869  .2289 ,,l,m og"
y = A8 = 10240
I = .2289 + .6869 - .42 (1.02)2 = .4788 in®

Maximum stresses are:

4094 739 x 2.23 _ N
o0 ¥ —."4—5'—' + m":‘a—."“s"é""‘ = 13,189 pPsil
3, 1265 -
‘max ~ 3 X i3 4,518 psi
40
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' End Frame Limit Loads:
» M, = 1.2 x 10° in-1b
; M = 1.53 x 10° in-1b
8 z
) S = 2922 1lbs
Y
Ultimate load = limit load x 1.5
Z
- 8 Bolt loads -- 4 bolts
_ 153,000 x 1.5 _
Py = 2 x 14 cos 45° 11,591 1b
. |
v = 2922 x 1.5 _ 1495 1p y
Y 4
_ 120,000 x 1.5 _
Vt = T x 7 6428 1b
i
Resolving Vy to the tangential and
radial force components
’ V, = 1095 cos 45° = 774 1b Veq
1
Vt = 1095 sin 45° = 774 1b '
) The combined tangential and
radial forces are
le = 6428 + 774 - 7202 1b
[ _ -
VTZ = 6428 - 774 = 5654 1b 'Vt2
¢
41
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Fitting

Use 1/2-20 UNF bolt
with 180,000 psi U.T.S.
socket head cap screw

.10"~//, 2"

11,591 1b

Fiber stress

1 ;
S rRERI T 28,977 psi

Bond stress of broom

Shear strength = 180,000 x .6 x = (.25)% = 21,205 1b

Bond stress of fitting end 2" x 2"

. o (7742 + 72073172
(2 x 2) - (v x 252

= 1905 psi

)

e « 06" alum 6061-T6
Bearing stress on metal insert ;

_ (7722 + 72073172
®br (-5) (.443%5)

.10" S-2 glass

= 16,343 psi .08" glass laminate

- .204" spacewinding

42 u'_._t_* .06" alum 6061-T6
] - .4435




APPENDIX D
MATERIAI PROPERTY COMPUTER PROGRAM
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AFT

AR
AX

AY

EF
EFT
ER
EX
EY
FCU
FTU
FXCU
FXTU
FXY
FYCU
FYTU
GF
GXY
RHO
TF
UF
UXY
U¥YX

MATERIAL PROPERTY COMPUTER OUTPUT
NOMENCLATURE

Fiber thermal expansion coefficient, in/in/F°

Fiber transverse tlermal expansion coefficient,
in/in/F°

Resin thermal expansion coefficient, in/in/F°

Composite thermal expansion coefficient in x-
direction, in/in/F°

Composite thermal expansion coefficient in y-
direction, in/in/F°

Fiber modulus, psi

Fiber transverse modulus, psi

Resin modulus, psi

Composite modulus in x-direction, psi

Composite modulus in y-direction, psi

Fiber compressive strength, psi

Fiber tensile strength, psi

Composite compressive strength in x-direction, psi
Composite tensile strength in x-direction, psi
Composite shear strength, psi

Composite compressive strength in y-direction, psi
Composite tensile strength in y-direction, psi
Fiber shear modulus, psi

Composite shear modulus, psi

Resin density, lb/in3

Fiber thickness, in

Fiber Poisson's ratio

Composite Poisson's ratio

Composite Poisson's ratio

44
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PROGRAM SWPRIR(INPUT yO0UTPUT, TAPES=INPUTTAPLE=0UTPUT)

® gocoes DIMENSION 521(1¢),822€100,833012),812(24),813(2)),823¢40),018L €202
19Q220€23) o QIIN(1I) »ULENIL0),Q22N(1G) 4 QOBNLLG)FTUCLG),FCULLTY,
cQ12L(1C09012H(13), TOLCY o EF (10D 4SFT (12D s GFC(LC) 4RHOF(L3) ,UF (106}
SIVF (LI yH AL LaB) yAL10)40215(20)4,Q225010)2,Q225(13),366S€10),
YAF (13D 9 AFT(1J) BT101G6)48T2(10),A1B(10)4A28(13),CK(1D)

GdL0u3 1 REAU(542) (HZAD(I) 9I=1,16)

305015 2 FORMAT (16A5)

300035 IF(cOF,5) 110 o4

duiaze 4 READ(5,5) RHORyUR 9ERy AR 4K

060336 S FORMAT(2FLGe%y2E10e39115)

060036 WRITE(6 47 )HLAD

SGulbb 7 FORMAT(1H1,16A5/7)

0064 S5R=ER/(24* (14+URD)

066350 WRITZE(649IRHORHURyERyGRHAR

3GL365 9 FORMAT(5X916HRESIN PROPCRTIES//ZEX g 4HRHOZFO o4 95X ¢ SHURZFHoley X g IHE RS
$223¢345Xg SHORZELG4395X93HARZELQ437/)

060065 WRITEU6413)

30C071 1. FORMAT(5X,16HFISZR PROPERTIES//5X,127HNO. ALPHA TF VF
. EF EFT GF AF AFT UF
2 RHOF FTU FCU CKZ)
20U7)

00C071 RA1L=4e

032072 RQA122C.

00,072 RQ22:223,

60,073 RAL6=]

00uC7% RS11=&.

000075 RS122% 4

000076 RS22=0.

060377 R566=J

0GC200 TT=J.

Jocce HO=3,

6uC153 00 23 I=1,K

00G1l4 READE59120ACI) o TUI) yRHOF CI) JUFIIDoVF L) JEF (I ,EF TCI)oGFCI) 4AFCI), 4
IFT(I)'FTU(I)’FCU(I)QCK(I,

300161 12 FORMAT(SFLC U/5E20e342F15¢6/1F1L¢ds)

GCo141 HRITZ(6014) IoAI) o TCI) oVF (ID9ZFUI)oSFTUi)oGF(I)4AFII)AFT(I)4UF (L)
LoRHOF L) oFTULI)FOULLD 4CK (I

orcact 16 FORMAT(I7 4Fb64292FBely512¢342F8.4y2F10e0y1F6ok)

(G.201 FTUCID=FTULI) *VF (1)

0002453 FCUCID)=FCULIN*VF ()

00205 TT=TT+T(I)

R TITLE4 T(I =T (I)*Ck(I)

06u211 A=A(TI)/57,23578

800213 51=SIN(A)

GEuais S2=514%2

(CL216 $32514S2 ‘

6oc220 Sy=z32%+2 .

. 00222 C1=CIS(a) ssﬂ“mgﬂmc"ﬂw’”

00224 C2=Lie? 158 e

90C225 C3=C1+C2 ““sggﬁrmnuﬂﬂangmm

0cs227 Cu=C2%+¢ yROU

60C231 S¢a=SIN(2.%A)

500235 CiA=30S(2.%A)

00C241 IF(1a=VF(I))18,418,15

0LC24LS 1o SUNTINUL

03l245 ULT=UF (1)*VF (1)¢UR¥(1,=VF{I))
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(IV*VFL I+ (L. ~VF(I))*ER
SFT(L)
((C*LCr (L o=t *cR) /(0P 2Rl e =2 ¥ URT*2)* (1, -0V ¥ (C*2CH (=00 "
1ZR) ) *CK (1)
UTL=JdT*eT/
Uz1.=-ULT*JTL
GLT=GSR*(GF(IN*C+6*(Le=CHV/({ia=CI*(GFIIV*C+OR* (L e=CII+GR*CI*CK(I)
20 T2 19
18 CONTIRNUC
eL=ZF (I
IT=F (D)
U=1.-UF(1)**2
SLT=GF ()
19 SL1(I)=1e /U (L Tl T SUE(E *ELPUTL YL 2U*GLT) *S2%C2)
SCCUIN=La/Ur(CT*CUeZL¥SU+ (2L UTLHL ,FUPGLTI*S2%32)
B33(I1=1 o/ U ( (L +LT =22 *UTLI*SZ*CI+ULGLT¥ (C2-52)%+2)
B1C(I)=1e /U ({2l 4Tl o *urGLTI*S2*C2+L*UTL*¥(CL+SH))
BLI(I)=le/U LT Lt UTL =2, 2 U*GLT)*S3+C1~(ZL-EL*UTL=2,#U*GLT)*S1L*C2
(o
B23 (I =L /Ut (T I L UTL=2*U*GLTI*SL* L3~ (L ~FL YT L =24 *UGLTI*S3*Ci
C)

SIRTAVFIII)
=iF

WLt IL*SH/ET# 254 (ZL/6LT=2.*ULT)I*352A%¥SCA)
L/1Seeo L*CU/Z7aT 4,25 L/6LT=24%ULTI*52A4%524)
i-/(1.*2.‘U;T+ELILT°(1.+2.‘ULT*EL/ET-iLIGLT)'CZA‘CZA)
7ol *(ULT=e23% (Lo +l e ULTHEL/cT=2/GLT) *52A%S2A)

'2"c/'1
S 2AF (2 UL T L/ ET = B EL/OLT =02  {La ¥ 2« *ULTHEL/ET=EL/GLT))
NP e P UL THIL /LT =5 /0L T2 (Lo *ULTHEL/ET=cL/GLT))
B-:L/(:L/sl-ol*ii Gi12/7zu)

E2e=lu/b/e2=-32%32+6G12/7<L)

uz 15~-25/;L‘(U£1’_L/'2* i4Bz*612/:01

Uie8=218/7 L ULLYEL/7EL+Ti¥BL*61E/Z0)
$125=clL*(1¢=U12%U21) /7 (S *{1.,=U12%U21)/GL2-B1*21/750*(B1+U21%82) =32+
a2/ L*(52+U12%8L))

AL= (A (Lo~ VFLINI*ER®AF(II*VFLII=EF (I )/EL
B=SWRTIVFUL)/35.241592¢8)
AOZAR*(Le=2e?BI+2%AFTIIN*R=UR*(AFT(1}~aAR)*(1:=2.*B)
-O"J‘cFT(LJ/(LFT(I)‘(i.‘2.‘5I+2.‘EQ‘B)
AT=(AS*LI*L+AR*R* (1 ,=3)) /ET

RE=AL*CL+aT*S2

A2z=uL#S52+al+(¢

Ale=2e¢*(AT=ui)*>1*C1L

BTLI(I) = lo* TN/ (Le=ULc¥U2L

dT2(IV=ncd*T(1)/7 (1e-UL2*Y21)

AlB(i)-Al-ALB’SL‘GlalzL

l HIRTI A2

U‘ll

oo
L7
f‘Jl’

oo cC oOr o
PNPPVO-‘ Lol RV 2o

LT (L)maud=Al+l2¥0id/LL
¢ STrinNoTH uALGULATIONS

LT=0

UeT=3d.

UtTL=3e

PSI=1.

ULzl e/ (oa* PSSl +THUTL Y LAULT*ET)

UeT1e/(2e PSTI*(PSI*GLT=o D (JTLYELHULT*CT))
Usz2ie/(2atPSI)* (LT

Un=ie/ (0o PSL) ¥ (L ¢ To(UTLY LtULT*ET) =4 *PSI*GLT)
WL1L (L) =8 2 UL+ I+UT+ UL

e (l)=UL=U2=U~
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e

061331 Q1eM(Id=ul-u2-Ub f

061333 Q221D =3, 4UL+U2+U3+U4
& 0601640 QLINCI)=344UL+U24U3*COS(2.*4)+Uu*00S(4e*A)
§01957 QL2N(I)=UL1-U2-Us*COS (4,*A)
w0170 Q22511 =3, 4ULeU2-U3*COS124*A J+UL*COS (4. *A) |
9c11C6 Q66N (L) =UL+U2=-UL*COS (4 *A)
061117 Az.735393-A
05112¢C Q115(I)1=3.2UL1+U24U3*COS(2.*¥A) +U*COS(4,%A)
& 001137 0i23(I)=UL-U2-Us*CO5 (4L, *A)
001150 Q225(10=3.%U1+Uc-U3*COS(2.*4A ) +U4+COS (4. *A)
001166 Q66SIIN=UL+U2=-Us*C0SL4.%A)
801177 2. CONTINUG
861201 RHO=HO/TT
361203 3311=3.
¢ 003203 3812=2.
0012G4 382220
0L1205 8333=4,
061206 SBAh1=3.
601207 SBA2=0.
6G121¢ S81=1,
061211 SB2=7.
001213 DO 33 I=1,K
661214 RHO= (VF (1) *RHOF (1) 4+ (14=VF{I})*RHOR) *T(I)/TT+RHO
601225 BB11=8811+811(I)*T (1)
001227 8812=3812+312(1)+T (1)
601232 8322=3322+822 (1)*T (1)
001235 8833283334333 (1)*T(I)
001240 RQ11=Q1IN(II*T(I)/TT#RQ1L1
001244 RQ12=QLN(ID*TIIN/TT+ROL2 :
001247 RQAZ2=Q22N(I)*T(I)/TT+RQZ2
001252 RQ66=Q6ENIII*T(I)/TT+RQ66
001255 RS11=L11S(IN*T(II/TT4+RS1L
001260 RS12=Q12S(I)*T(I)/TT+RS12
001263 RS22=022SUIV*T(IV/TT+FRS22
L1260 RSE6=266S(1V*T(I1)/TT+kS66
061271 SBA1=538A1+8TL1(I1)*%A15(I)
001274 S8A2=58az+BT2(1)*A25(I)
001277 $31=581+8Ti (1)
061301 $32:=5324372(1)
0613¢3 3¢ CONT(NUZ
001305 BX=3311-B8312%%2/3822
0u13.3 BY=8322-B841.%*%2/8B11
001314 UXY=8812/8822
001315 UYXx=3312/3811
0Li316 EX=EX/TT
00132% EY=LY/TT
061321 BXY=B8833
301323 GXY:3XY/TT
£o1324 AX =SuAl/S31
051326 AY =38A2/332
Lul1331 22 NR.IT:I(G,22!chUXY,EYsUYXoGXY.RHO,AX,AY
611355 2L FORMAT(//5X 42 . HCOMPOUSITe PROPERTICS//6X93HEXZELLe3 45X s 4HUXYZFEt/E
X3 IHEY =10 03 95Ky 4HUYXZFO 470X 4HEXY=ELC 395X s 4HRHOZF B/
1 EBX g IHAX=E1243/6X3HAYSELL 3/ 75Xy 5S4HND
3 3 FX1U FYTU FXCU FYCU FXY/)
001355 D0 4 I=1.X
051357 FXTUSFTULL)*(RC11#RG22-RU124R012)/ (QL1L (I *RQ22-Q12L (I *RA12)
] 00367 FYTUSFTUCI)* (RQ114RA22=-RO12*RAL12I/{Q2ZM(II*RA11-QicM(II*RAL2)
5
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FXCU=FCUCII*(RQALL*RC26~rQ12%RAL2V/7(013L (1D*RA22-Q12 (1) *KRu12)

FYCU=FCUCLII+(SUL1*RA2C~rQAL2*RAL 2}/ {U22M(II*RA121-Q12MII)*R112)
FSTU=FTULI?*(RS11#R322-x312*RS12)/7(ULLL{I)*FS22-Q12L(I)*RS1 )

FSCU=FCULI)*(RSL1*¥Kk52¢-RS12~R512)/(QL1L (IV¥*RS22-QadL(IDI*RS12) !

Fxy FSTU/ZCCL.+{FSTU/FSCUI **2+FSTU/FSCUN **,5) /2.
HRITZ(0920) IsFATU,FYTULFXCULFYCU,FXY
FORMAT (L7 43X95F1040)

CONT INUE

GU T0 1

STQ0°

END

THIS PAGE IS BEST QUALLTY PRACTICABLE
3&&“XE¥IUWE&E$TODQQ.__—/
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APPENDIX E
MATERIAL PROPERTIES, UNITS 1-6

TRy
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S=GLASS/ERPOXY

-~ RESIN PROPERTIES

RHO= 0612 UR= .3530 ER= L.70.E+(5 GR= 1.,7L1E+y5 AR= 4,0030E-Q

FIBER PROPERTIES

NO., ALPHA TF VF EF EFT GF AF
1 93.30 2030 « 5003 1.260E+57 1.265E+07 LoQJILES+LS 2.2GLE~CS ---2
2 24,00 <3000 « 5200 1.26CE+07 1.260€E407 LoCUTE+PS 2.23CE-(6 2

COMPNSITE PROFERTIES

—- EX= 8.536E+(5 UXy= 4794 : - o -
EY= 1,957E+0N5 UYx= ,2222

GXY= 1.961E+(CS RHO= 0164
AX= =3,826E=06 .
AY= 1,533E-0S

NO. FXTU FYTU FXCU FYCU FXY
1 20800 8382 13760 5545 3715
R - ... 20800 ~-- 8382  -.13760-- - - 5545 3735 ~
|
) ] _ |
' l
- !
#.252 7

THIS PAGE IS BREST QUALITY PRACTICABLE
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1.761E438" ; AR= 4, 020E-05

<

~%eQYLESLS ——24200E=06
4.030E+05 - 2.23CE~-06

i

2.203E=36
2-20.E-06

-42200
«22u0

« 6900
«£9700

W wea brebew wises w S ek am—— s

e N C e . o
% 6F AF AFT UF RHOF

Egrss

St W 0t e

3

ACK

325008

FCU cK
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NOMENCLATURE
69

Pt A e




S A S PN
A T b PSRN s -

1 NOMENCLATURE

. 2
Area, 1n

S ;)g,%’t»eﬁ?»{f.; YEo » ’4 et

Angle, deg.
Buckling coefficient

Modulus of elasticity, psi

m M O Wy
o 0

Allowable stress, psi

FA Fiber area per unit

FACR Fiber area coverage ratio
FCR Fiber coverage ratio

FCOA Fiber cross-over area ratio

G Shear modulus, psi

I Moment of intertia, in4

Io Moment of inte 1ia about netral axis, in4

Sk e, |,

I0 Inside diameter, in.

% K Torsional constant, in4
g Dimension, in.
g , M Moment, in-1b
%. . n Coefficient
%" P Load, 1lb
0 Moment area, in3
4 R Radius, in.
3 R Mid wall radius, in.
S Shear, 1lb
t Thickness, in.
\' Volume ratio
9 W Dimension, in.
? y Dimension, in.
f a Winding angle, deg.
A? 0 Density, lb/in3
§ o Unit stress, psi
: T Unit shear stress, psi
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bco

coO
cr

cu

fco
fbco

[

max

su

2
11

denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes
denotes

denotes

SUBSCRIPTS
band

between cross-overs
composite or corec
cross-over

critical

compression ultimate
equivalent

fiber

fiber cross-over

fiber between cross-overs
inside

maximum

outside

shear ultimate

"x" direction

y" direction

"2" direction

direction parallel to fibers
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