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INTRODUCTION

The effective use of composites for high pressure cylinders requires that
the thick-wall cylinder equations be rewritten to include cylindrically
orthotropic material properties. This process adds several complicating fac-
tors tc the analysis. First, is the addition of two more moduli of elasticity
and two more Poisson’'s ratios to the material properties. Second, is that axial
stress in the cylinder is no longer a constant in elastic analysis. In the new
case an axial force will produce a correction to all three principal stresses
which are a function of radius.

Several factors which simplify the analysis of cylinders are common to both
the isotropic and orthotropic analysis. The principal stress directions
correspond to the principal geometry directions of both the cylinder and the
applied pressures. This fact eliminates shear effects from the analysis. The
next simplification is that the geometry can be nondimensionalized by dividing
by the internal radius and it is specified by the wall ratio (W = b/a). The two
loads are internal and external pressure which are also nondimensional. In
fact, stress can be specified as a function of either applied pressure when the
ratio of internal to external pressure is a constant.

The form of the equations used was proposed by Voyiadjis, Kiousis, and
Hartley (ref 1) in a 1985 paper dealing with the residual stresses in metal
cylinders that have been subjected to large plastic deformation. However, it

has been necessary to go back to the original work of Lekhnitskii (ref 2) and

1. z. voyiadjis, P. D. Kiousis, and C. S. Hartley, "Analysis of Residual
Stresses in Cylindrically Anisotropic Materials," Experimental Mechanics, Vol.
25, No. 2, June 1985, pp. 145-147.

25. G. Lekhnitskii, Theory of Elasticity of an Anisotropic Elastic Body,

Holden-Day Inc., San Francisco, 1963.
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o develop the equations more fully. In the metallic problem the difference in the

N engineering properties is not very great and some simplifying assumptions are

A possible. In contrast, the composite materials show a very large difference in
§§ properties with direction and the full set of equations is necessary. The
:§§ assumptions that will be used in this report are that of a linear elastic
{q cylindrically orthotropic material,
s
Eﬁi GEOMETRY
) The problem is that of a long cylinder (Figure 1) with flat ends. The
-
?“ cylinder has a constant inner radius 'a' and outer radius 'b'. The ends are
3§ fully constrained in the axial direction or the classic plane-strain condition.
z. The material is assumed to be cylindrically orthotropic with its principal axes
Aﬁ% coincident with the cylinder. This assumption provides for constant engineering
éﬁ properties in each of the three coordinate directions: radial, circumferential,
." and axial. While this report will only use the internal pressure load, the
:: equations are written for constant pressure loads on either the internal or
 ? external surfaces. Also, this report will only use the plane-strain end con-
:; dition, but will quote the equations for axial loads necessary to calculate
:Ej other end load conditions.
'f‘j Thick-Wall Equations
- For this work, Hooke's Law is used in the following form:
ot
ey [e] = [A][o]
§£ This must be modified for use in the cylindrical problem and a new material
;:‘ compliance matrix is generated in using the transformation equation
- Ai3A3;
B Bij = Aij = ===
4 A33

. - - ~ R v - -
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In general, this new matrix must be transforiad to supply the proper values as
the function of the angular position in the cylinder. However, in the case of a
cylindrically orthotropic material, this matrix has constant values.

In order to solve thick-wall cylinder problems for a variety of end load
conditions, i.e., the generalized plane-strain, it is necessary to have two sets
of equations. The first set of four equations is the plane-strain solution for
a cylinder under a combination of internal and external pressure. The second
set is for the cylinder with an axial load applied. MWith these equations the
stresses can be calculated for any end load condition by superposition. Both
sets of equations contain a single equation for stress in the radial, tangen-
tial, and axial directions. However, each set contains a fourth equation. In
the pressure load set this equation calculates the total axial load generated by
the plane-strain condition. In contrast, in the axial load set the fourth
equation calculates a rather complicated constant used in the other three
equations. The eight equations were taken from Reference 2 and corrected for
several minor typographical errors, and all terms were eliminated which are zero
for orthotropic materials. The resulting equations are given below at the 'a’
equation in a pair (la, 2a,...8a). The 'b' equation is the same equation in the

form suggested by Reference 1. The conversion is done in two simple steps.

pk-1lpk+l pk-lpk+ipk-ipk+1

Next, make the following substitution:

c a
B -
° "o

1g. z. voyiadjis, P. D. Kiousi., and C. S. Hartley, "Analysis of Residual
Stresses in Cylindrically Anisotropic Materials,” Experimental Mechanics, Vol
25, No. 2, June 1985, pp. 145-147.

25. G. Lekhnitskii, Theory of Elasticity of an Anisotropic Elastic Body,

Holden-Day, Inc., San Francisco, 1963.




‘?? The equations for pressure load are:

aiet aktl = gpk+l k-1 - npk-1
o P ®T k-1, BT PR ak+lpkelp-k-1 (1a)
" b2K - a2k p2k - a2k ,
s
K pCok*1l - q k-1 qCk-1 - b k+l q
Rl L (=) # | mmmmmmoee- Cok*1(-) (16)
(1-Co2k) | b L (1-co2%) | r
K+l - qpk+1 k-1 - ppk-1
a b a b
09 = E----_--.q.---- krk'l - 8 ....... E---- kak+1bk+1r‘k‘1 (Za)
o k+1
b pCok*l - g 1 , k-1 qCk-1 - b k+1
R Og = | ===sm-aee- S I B KCoK*+1(-) (2b)
B (1-Co2K) b (1-Co2k) r
¥
sitd . 1 pak+l - gpk+l ( ) k-1
: R R e A13+kAaq)rk-
b A33 o2k - a2k 13+kAz3)
<
k) ’*
p qak-1 - ppk-1
+ cccecccmcaaaa ak+1pk+l () -kAsa ) rmK-1
o b2k . a2k 13-KAz3) (3a)
,-“. -1 (Pcok"'l'Q) K 1
75 Oz 3 === | ~==ce=--e- (A13+kA23) (-)%"1 +
B A3z | (1-c42K) b
)
l-;;l
LX)
X! aCok-1 - p b
f:l + { ‘;;"';;“ (A13'kA23)Cok+1(;)k*1 (3b)
e ™
2 + kA
‘c* PP & = ccmcccecaoa- { (qoK+1-pak+l) (pk+1l_gk+1) -13 ----- 23
::$ A33(b2k-32k) 1+ Kk
Pd
o
.’
: A13 - kA3
) + (qaK-1l.ppk-1)(pk=1.ak=1)azpz . --I---.';--- (4a)
%
' :.I
e
2
~
g
Ih 4
i.
5

W Ay

J
AR N

Topen o BR OO QU >, f e - T B O R o ‘ 1
Z' P ‘f‘»aﬁ.‘;*."-ﬁ' ’.‘Jn’ﬂhl‘ﬁ A‘IpAfb"a'.l (R A AN b b’o.‘ !’;‘f‘l-“h ¥, 'h"h’: . l;‘.,li ,Q...'. ) .,.. ,’4‘4’0.0‘.’2“‘,0 3.1'5‘& L0 .\“.

SIS,

Ot

!
h Y .




FRNgETHEERNTEUE O wWwY

2n A13 + kA
" PP = ——wcceccaa- bz(q-pcok+1)(1-cok+1) -}------gg
?ﬁ A33(1-C°2k) 1+ k
F A13 - kAz3
32 + a2(qCoK-1-P) (1-CoK-1) wocemeecc
3 1 -k
:
¥y The equations for axial load are:
Ph pk+1l . gk+1 pk-1 . ak-1
Op = oo (1 = Semmmomeee pk-1 - 2.l 271 ak+lpkelpk-1)
T bZk - az’( b2k - aZk
Ph (1-Cok*1l) [ k-1 (1-Cok-1)
Op = == | 1 = =mocooeen (5) - emteen e k*l(t-))k+1
T (1-c°2k) b (1- c°2k)
Ph pk+1l . ak+l pk-1 - ak-1
g = == (1 =~ ==-memeoaen krK=1 4 cacoaoo - kak+1lpk+1lp-k-1)
T b2k - aZk b2k - a
Ph (1-Cok*1) k=1 (1-Cok-1) b
9g = == (1 = ===-=-=m-- K(=) 4 ====m=mae Cok*1(-)k+1)
(1-Co2K) b (1-Co2K) r
P Ph | b+l - ak+1 -
Oy = = - ==== | A1z + Ag3 = ==—==meoeo- A13+kAz3)r
2% 17 fans l 13 * A3 T Tk (A13+kA23)
bk-1 - ak-1
- Semceme—cea- ak*lbk+1(A13-kA23)r -k-1
b2k - a2k
P Ph (1-Cok-1)
9z = 2 - 227- | A13 + Ag3 = -=-=-o-e- (Ar3+kAza) (- ke
T TA33 (1-¢ 2k) 1
(1-Cok-1)

1°c°

- e (A13- kAza)Cok*l( 2yt ]

{4b) j

(5a)

(5p)

(6a)

(6b)

(7a)
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T s n(b2-a2) - === | ==ce--- (A13+A23) - =====-==co-- ¢ mmemccaoa-

A33 2 b2k - a2k k +1

(bK-1.aK-1)232pz A3 - kAz3
D e T ¢ cmeccccea- (8a)
b2k - a2k K -1

2mh [ 02 - a2 b2 (1-Cok*1)2 (Ay3-kaz3)
T = n(b2-a2) - === | ===--== A13+A23) = ~=mememceecn ccceeceee-

A33 2 1 (1-Co2K) (k+1)

(8b)

The two common material parameters are:

/811 - A23 - A3
k = B22 B11 - B22

These equations have been implemented as four FORTRAN subprograms: a function to
set up the material constants and return simplified material parameter for
printout, a subroutine t2 calculate the plane-strain force, a subroutine to
return pressure stresses, and a subroutine to return stresses due to axial

loads (see Appendix A). These can be incorporated easily into any other stress

analysis program.

RESULTS

The new solution has been used to produce three plots. In each of these
plots a parameter is plotted versus a wall ratio range of 1.0 to 2.5 and is
calculated for the plane-strain end condition. The three parameters are solu-
tion error, growth potential, and failure pressure for failure in simple
tension. The hoop stress (circumferential) at the bore is used in all cases

because this is the critical stress in thick cylinders. Solution error is the
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percent error when compared with the standard strength of materiais solution for
thin cylinders. Growth potential is the percent reduction in hoop stress when
the wall is increased in thickness by one percent. The failure pressure assumes
that the tube will fail in hoop tension at a stress of 100,000 pressure units.
There are five curves on each plot for five values of the orthotropic material
parameter D. D is the ratio defined by dividing the engineering modulus in the
hoop direction by the modulus in the radial direction. For D equal to one, the

tube material is isotropic and for D equal to 128, the material is highly ortho-

tropic.

DISCUSSION

A1l three of these plots show the potential for serious problems with
thick-wall composite tubes. The problems result from the low radial stiffness
of the tubes relative to the higher hoop stiffness. It appears that the ratio
of hoop stiffness divided by radial stiffness (0 = Ey/E.) is an important design
parameter. As this ratio becomes larger, the tube has diminished ability to
transfer load in the radial direction to the outer fibers. Therefore, the outer

fibers may not have the ability to carry load as well as the material in the

same position in an isotropic material.

CONCLUSION

The behavior of an orthotropic high pressure cylinder may be very different
from that of an isotropic cylinder. Therefore, any composite design must

proceed with extreme care. However, these equations must first be verified

(Appendix B).
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Ty APPENDIX A
1:'. "
?',:, SOME RESULTS ON ORTHOTROPIC HIGH PRESSURE CYLINDERS
~f,g The following four subprograms calculate stresses in a cylindrically
SN
f‘.
:;\ orthotropic cylinder:
)
TN
" ORCYMA - is a function that sets up the material constants and returns a
4 . . . cgs . R .
: 5 single parameter for use in output identification. (This must be called with
",
k each change of material.)
:l'i'
' ORCYFQ - is a subroutine that calculates the axial force due to the plane-
AL strain end condition.
,,:

ORCYPR - is a subroutine that calculates stresses due to:

T

s

(a) internal pressure

")

(b) external pressure

S

AR A

(¢c) twisting about the axis

- = g
v
L

ORCYTE - is a subroutine that calculates stresses due to an axial force.
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aaQa

- ORCYMA -

INPUT
IMAT = POINTER TO THE CURRENT MATERIAL COMPLIANCE MATRIX
STRESS = PLANE STRESS ANALYSIS ? (LOGICAL)

IN THE /MATERL/ COMMON BLOCK
AA = A SET OF MATERIAL COMPLIANCE PROPERTIES

OUTPUT
ORCYMA = A SIMPLIFIED MATERIAL CONSTANT FOR PRINTER OUTPUT ONLY

IN THE /MATERL/ COMMON BLOCK
THE MATERIAL CONSTANTS
K - K2 - KP1 - KN1 - APKA - AMKA - A33 - Al3P23 - H

FUNCTION ORCYMA(IMAT,STRESS)

IMPLICIT REAL*8(A-H,K-2)

LOGICAL STRESS

COMMON /MATERL/K,K2,KP1,KM1,APKA,AMKA,A33,A13P23,H,AA(6,6,15)

SET UP THE MATERIAL CONSTANTS

All=AA(1,1, IMAT)
A22=AA(2,2, IMAT)
Al3=AA(1,3,IMAT)
A23=AA(2,3, IMAT)
A33=AA(3,3,IMAT)
IF(.NOT.STRESS)THEN
Bl11=A11-A13%A13/A33
B22=A22-A23%A23/A33
ELSE

Bll=All

B22=A22

ENDIF

D=B11/B22
K=DSQRT(D)
KM1=K-1.0 DO
KP1=K+1.0 DO
K2=K%2.0D0
APKA=A13+K%A23
AMKA=A13-K%A23
Al3P23=A13+A23
H=0.0 DO
IF(B11.NE.B22)H=(A23-A13)/(B11-B22)
ORCYMA=D

RETURN

END

14




- ORCYFO -

INPUT

A = INNER RADIUS

B = OUTER RADIUS

PIN = INNER PRESSURE
POUT = OUTER PRESSURE

OUTPUT
PP = PLANE STRAIN FORCE

aoaoaagaoaaooaaoaan

SUBROUTINE ORCYFO(A,B,PIN,POUT,PP)

IMPLICIT REAL*8(A-H,K-Z)

COMMON /MATERL/K,K2,KP1,KM1,APKA, AMKA,A33,A13P23,H
DATA PI/3.14159259 DO/

CALCULATE THE TOTAL AXIAL FORCE FOR PLANE STRAIN

aaa

CO0=A/B
PP=B*Bx(POUT-PIN*CO*xKP1)*(1.0D0-COx*KP1)*APKA/(1.0D0+K)
IF(K.NE.1.0D0) THEN
PP=PP+AXAX(POUT*CO%x*KM1-PIN)%(1.0D0-CO*%xKM1)*AMKA/(1.0D0-K)
ENDIF

PP=(2.0D0*PI/(A33%(1.0D0-COXx%xK2)))*PP

RETURN

END

i 15
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= ORCYPR -
INPUT
A = INNER RADIUS
B = OUTER RADIUS
R = LOCAL RADIUS

PIN = INNER PRESSURE
POUT = OUTER PRESSURE
M = TWISTING MOMENT

OUTPUT
SIG = PRINCIPAL STRESSES

aocoaooaoaogaoaoaoooaaaaa

SUBROUTINE ORCYPR(A,B,R,PIN,POUT,M,SIG)

IMPLICIT REAL*8(A-H,K-2Z)

COMMON /MATERL/K,K2,KPl,KM1,APKA,AMKA,A33,A13P23,H
DIMENSION SIG(4)

DATA PI/3.14159259 DO/

c
C CALCULATE THE STRESSES FROM INTERNAL PRESSURE, EXTERNAL PRESSURE
C AND TORSION ABOUT THE AXIS
c
CO0=A/B
C RADIAL STRESS
SIG(1) =((PIN*CO*xKP1-POUT)/(1.0D0-CO*xK2))x((R/B) *%*KM1)
A +( (POUT*CO**KM1-PIN)/(1.0D0~-COXx%*K2))*CO*xKP1*x(B/R)*x*KP]
C TANGENTIAL STRESS
SIG(2) =((PIN®COX%xKP1-POUT)/(1.0D0-CO%%K2))*xKx((R/B)**xKM1)
A -((POUT*CO**KM1-PIN)/(1.0D0-CO%*%K2))*xK*CO*xKP1x(B/R) *xKP1l

C AXIAL STRESS
SIG(3)=((PIN*CO**KP1-POUT)/(1.0D0-CO%*%xK2))*APKAX(R/B)*xKMl
SIG(3)=SIG(3)+((POUT*CO*xKM1-PIN)/(1.0D0-CO%*%K2) ) *xAMKA*CO*xKP1

A ¥(B/R)xxKPl
SIG(3)=-SIG(3)/A33

C SHEAR STRESS
SIG(4)=2.0D0O*M*R/(PI*Bxx4%(1.0D0-C0%x%x4))

RETURN
END

16
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: c - ORCYTE -
c

!E:

5 C  INPUT
o C A = INNER RADIUS
R C B = OUTER RADIUS
oY C R = LOCAL RADIUS

A C P = TOTAL APPLIED FORCE
B c
i C  OUTPUT

I C SIG = PRINCIPAL STRESSES

. c
5 SUBROUTINE ORCYTE(A,B,R,P,SIG)

IMPLICIT REAL*8(A-H,K-2)

v COMMON /MATERL/K,K2,KP1,KM1,APKA,AMKA,A33,A13P23,H

AN DIMENSION SIG(3)
ha% DATA PI/3.14159259 DO/

o DATA AOLD,BOLD,KOLD,A3LD/4%0.0D0/

, c

B C CALCULATE THE STRESSES FROM AXIAL TENSION

- C
2 IF(K.EQ.1.0D0) THEN

v SIG(1)=0.0DO

S SIG(2)=0.0D0

R SIG(3)=P%1.0D0/(PI*(BXB-A%A))

' GO TO 10

‘. ENDIF

£

$agb CO0= A/B

& ‘\

o IF(A.NE.AOLD.OR.B.NE.BOLD.OR.K.NE.KOLD.OR.A33.NE.A3LD) THEN
"\

e T=(B*B-A%A)*A13P23/2.0D0

g T=T-B*B%( ((1.0D0-CO%X*KP1)*%2/(1.0D0-CO*%K2))*(APKA/(K+1.0D0)))
\ T=T-A*A%(((1.0D0O-COX*KM1)*%2/(1.0D0-CO*%K2))*(AMKA/(K-1.0D0)))
o T=PI®(B*B-A%A)-(2.0DOXPIXH/A33)%T

B AOLD=A

Q% BOLD=B

n KOLD=K

¥

" A3LD=A33

' ENDIF

LRV c

R SIG(1)=1.0D0-((1.0DO-CO%*KP1)/(1.0D0~COX*K2))*(R/B)*¥KMl
e SIG(1)=SIG(1)~((1.0D0-CO*%KM1)/(1.0D0O-CO*XK2))*XCO**KP1*(B/R)**KP1
o SIG(1)=(H/T)*SIG(1)*P

l..' c

SIG(2)=1.0D0-((1.0DO-CO%*KP1)/(1.0D0~-COX%*K2))*K*(R/B)*¥KM1

o SIG(2)=SIG(2)+((1.0D0-CN*%xKM1)/(1.0D0-CO%XK2))*KXCO**xKP1x
R A (B/R) %%KP1
\ SIG(2)=(H/T)*SIG(2)*P
oo c
! SIG(3)=A13P23-((1.0D0-CO**KP1)/(1.0D0~-CO%%K2))*APKAX(R/B)**KM1

. SIG(3)=SIG(3)-((1.0D0-CO**KM1)/(1.0D0-CO*%K2))*AMKAXCOXXxKP1x
o A (B/R)*xKP1

“y SIG(3)=(1.0D0/T-(H/(T*A33))%SIG(3))*P

e 10 RETURN

o END

i "
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! APPENDIX B
. SOME RESULTS ON ORTHOTROPIC HIGH PRESSURE CYLINDERS
X SOLUTION VERIFICATION
This solution was verified by comparison with a ten-element finite element

solution using the ABAQUS (4.5-175) code. ABAQUS is a general nonlinear program

) supplied by:
X
; Hibbitt, Karlsson, and Sorensen, Inc.
3 101 Medway Street
K Providence, RI 02906
(401) 861-0820

'l
: For this problem only the linear portion of ABAQUS was used in combination with
g an eight node axisymmetric element (CAX8) and a linear elastic orthotropic
¢
; material definition. It was necessary to use only a single row of ten elements
E. for all solutions and the stresses were recovered at the nodal points. The H
I
e proper use of nodal point constraints and constraint equations insured that the
l
L)

radial faces of the model remained flat and parallel.
S The material properties were that of a graphite epoxy wrapped composite
- cylinder, The material was used in a major program at NASA (ref B-1). For con-
) venience, the theoretical analysis program was written to use the same material
k)
2 definition record as ABAQUS. This also insured that both programs used exactly
k. the same material information.

A total of 18 ABAQUS solutions were generated for a selection of three dif-

j ferent wall ratios, four different loading conditions and two fiber wrap angles
%,
: (material properties). Four solutions have been selected and the results are

shown in Tables B-1 through B-4. The four cases were selected for no particular
" reason except that each of the four loads is represented.
"l‘
" B=Tv, Verderaime, "Development of In Situ Stiffness Properties For Shuttle

Booster Filament Wound Case,"” NASA Technical Paper 2377, George C. Marshal)

& Space Flight Center, Huntsville, AL, August 1984.
K
I
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1§f TABLE -1
y:\:"
:; GRTHNTROP [C HIGH PRESSURE CYLINDER THEQRY
Al
- SCLUTION COMPARISON WITH ABAQUS USING 10 CAXE ELEMENTS
fﬁ FOR & GRAPHITE EPOXY OPEN END CYLINDER
o ’
- WALL RATIN = 1.50 -  wRAP ANGLE = 0.0 DEGREES
2N
APPLIED LOADS
wd INTERNAL PRESSURS = 1,0
o EXTERNAL PRESSURE = 0.9
Ny AVERAGE AXIAL STRESS = 0.0
-
~
F0>  MATERIAL STIFFNESS MATRIX
b XX 2 YY XZ XY vy
e XX 84299E49  3.586F49  3,TQLE+S =  0,J00E+)  0.009E+) D 000QE?
o Ll 3.536E+S  3,298549  3,791F+3 =  0.020E+D  0.000F¢0  0.000E+)
s YY 3.791E+9  3.791E+9  122.4E+9 = 0.0G0E+0 0.000E¢3  2.520E+Q
el O - - - - - - - - - - - - - - - - - - - - - -
?55- XZ C.000E+)  D.000E+U  0.000F+0 ==  2.550E+9  0.,3005+)  O0.JJ0F+)
' XY J.0J0E+0  0.000E+N  0,J00543 =  Q.000E+) 6,540E¢9  ),J3]JE+)
" IX 0.9005+40  0.0C0Z+0 0.0005¢0 =~  0.000E+0 U .IC0F+)  6£.54)E+C
N
1
)
- C4LCULATED STRESSES
o PADIAL STPESS HONP STRESS AKTAL STRESSH
5 &ADTUS THENRY ABAGHS THEQGRY ABAQUS THED2 Y A312U3
e 1.900 -1.009 -.954 44330 4.33 -.253 -o259
o 1.250 -.763 -. 762 3.474 3.48 -e174 -.le7
N 1.100 -.599 ~.586 2.833 2.83 -.106 -.104
o 1.150 -e452 - 449 2.367 2.35 -0255 -.055
L 1.279 - 344 -.342 1.978 1.938 AL -.3le
1.250 -.257 -.255 1.695 1. 70 2,015 JoUle
Sk 1030') -e136 -.135 Le678 l.43 J.041 OO\)"‘Z
VY 1.350 -.123 -.127 1.313 <21 7. 253 Jedud
,{ 10400 -.\)78 -0078 10183 l-l; \JOQGZ 30:‘22
:k, l.450 -.036 -. 036 1.094 1.09 00099 709+
N 1.500 0.000 0.000 1.026 1.93 2.112 9.112
oy
AL
e
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0
o
"
-
W
3
&
B
b TABLE 3-2
vy NRTHOTROPIC HIGH PRESSURE CYLIUNEP THEQRY
f’a
o SCLUTIIN COMPARISON WTTH ABACUS USING 10 CAX3 ELEMENTS
iy FUR A GRAPHITE EPOXY CYLINDER AITH END LOADS
-~ WALL 2ATIN = 1,75 - WRAP ANGLES = 20.2¢=20.0 NEGRESS
%,
N
APOLIFD LOADS
IMTERNAL PRESSURE = 0.0
b SXTERNAL PRESSURE = 0.0
i AVERAGE AXIAL STRESS = 1.0
Y
5 MATEQ [AL STIFFNESS MATRIX
y XX 27 A4 X2z XY 2Y
:' XX 3.2935¢3  3.6105+49  3,7675+7 =  0.,0M0E+)  0.000E¢d  2.937=+2
N IZ 3.610E+9  11.63E+9  13.312+9 =  0.000F+3  J.I)IE+D  S.OUJE+D
o YY 3.767E+9  13.3lE+9 99.,055+¢5 - 0, oooe+o UeQO00E+Y  2.I7)F+)
o XZ J.700E+0  0.000E+0  0.J0IE+) - 3, 017F+f J.CIVE+D  0.900C+7
‘ XY 0.300€40  0.000E+0 0202543 =  0.000E+0  6,372E+3  .))ICS+)
e 1Y 0.0C0E+0  0.000F+)  0.0005+) =  0.000E+3  0.000E+0  16.55E+5
l‘.
3
e CALCULATEZD STRESSES
n RADIAL STRESS HODP STRESS AXIAL ST2ESS
REDIYS THEQRY ABAQUS THEQRY ABAQUS THEFKY A3adus
“' 10030 0'000 90302 Oo 733 Oo 734 19;73 1-‘:9
4 1.075 0.0%3 Je 044 0.503 0.504 1.055 1.27
" 1.159 0.067 0.063 0,328 0,329 1.553 1005
.: 10 qu 0. 373 3. 079 00 137 0.18“ l-‘)"\) lo')"
” 1.390 0.031 0.082 0,067 N.36R 1.326 123
= 1.375 0.2377 J.078 - 049 0,042 1.0l1 1,01
> 1.450 2.067 2.069 -.140 0,149 Ge995 Jdew3€
N 1.525 J.056 0.056 -.236 0.236 2.673 G.C7Tr
':;- 1.£20 J. 040 0.Q40 -+ 332 0.332 Je S50 De&hT
. 1.675 Ne021 9.9221 -.428 0. %23 0. 941 Je54l
[, 1.750 0.030 0.0090 -.526 24526 0921 J.321
l. ‘
P
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s
..I‘
A TABLE B8-3
!ﬂ‘-h
$57  OKTHCTROPIC HIGH SRESSURE CYLINDEP THEQRY
M7
U
i SCLUTION COMPARISON WITH ABAQUS USING 10 CAX3 ELEMENTS
.-
h& FOR A GRAPHITE EPOXY PLANE STRAIN CYLINDER
"
K WALL RATIO = 2.09 - WRAP ANGLE = 0.0 DEGREES
K
B :roLIZD LOADS
. INTERNAL PRESSURE = 0.0
N EXTERNAL PRESSURE = 1.0
s AVFRAGE AXIAL STRESS = 0.0
W
ﬁ# MATERIAL STIFFNESS MATRIX
e XX 22 YY X2 LY zY
3:. XX 8.298E+49  3.586E+9  3.7913+9 = J,000E+0  0.I00E+Y 72,1235 +)
st L1 3.536E49  8.298E49  3.791E+9 -  0.000E+]  0.000E#)  U.UJJE+e
ﬁp YY 3.791E+9  3.7GLE+9  122.4E+9 =  0.000E+0  0.000S+0  N,I50S+0)
'l - - - - - - - - - - - - - - - - - - - - - - -
b XZ 0.000S+0  0.0005+0  0.0GOE+) =  2.550E49  U.030E+U  D0.00IE+)
s XY 0.000E+0 0.000€+0  0.0005+9 = 0.000E+3  A.540E6+3 I JJUUE+D
~x IX J.000£40  0.J00E+0  0.000E40 =~  0.000E+)  0.000E+)  $,5475+3
-
v CALCULATED STRESSES
< RADIAL STRESS HOOP STPESS AXTAL STRESS
) RANIUS THEORY ABAQUS THEQRY ABAJUS THECK Y A3A7NIS
E 1-003 OOOQO -0002 -10078 '1008 ‘0019 "ou?w
\.: lo 100 -0095 -0097 -1001‘6 -1005 e ?5; - AN |
; :) 1.200 X -0177 “e 178 -10 127 -1013 -eJSS -.096. }
‘-t 1.30) -.256 -.255 -1.287 -1.29 -.122 ~.132
08 1,400 -.337 ~.337 -1.507 -1.51 -.170 -.172
lo 500 -.42" -.“2‘0 -1.780 -lo 78 -0211 -0211
N 1.600 -.519 -.513 -2.133 -2.10 -e257 ~a257
e 1.700 -.623 -.622 -2.474 -2.47 -.208 -.308
-‘::~: 1.830 -eT37 “e 736 -20892 -2039 . -e 3646 -e3154
::.-._: 1.900 —~e862 -, 861 -3, 360 -3.36 -e%2¢& “e425
e 2.900 1.000 0.999 -3,878 -3.88 -.493 -.453
3%
o
R J'_.
W
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TABLE B-4
ORTHOTROPIC HIGH PRESSURE CYLINDEP THFORY
SCLUTION COMPARISCON WITH ABAQUS USING 10 CAXB ELEMENTS
FN2 A GRAPHITE EPQOXY PLANE STRAIN CYLINDER
WALL RATIC = 2,00 - AKAP ANGLE = 0,0 DEGRFES
A9DILIED LOADS
INTEPNAL PRESSURE .0

1
EXTERNAL PRESSURE l.0
AVERAGE AXIAL STRESS = 0.0

MATERIAL STIFFNESS MATRIX
XX 2z Yy X2 XY Y

XX 84.293F+9 3.536E+9 3.791E+9 =~ 0.000E+D 0.200E+9D Je 1IN+
ZZ 3.586E*9 8.2985*9 3.7915*9 - OQOOOE*O OeOOOE*J CQGJOE*J
YY 3.791E+9 3.791E+9S 122,4E+9 -~ 0.000E+) J.000E+) Qe V1513 4]
XZ 0.720E+0 0.000F+0 0.C0J0E+0 -~ 2e550E+9 C«200E+9 SERCISIUICE 30
XY U.0U0E+0Q 0.300E+D 0.000E+0 = 0.000€+9) 6.540F¢C JeULIE+)
IX N.000E+D 0.000E+0 0.000E+#3 - 0.300E+2 04000E+) €e5%)F e

CALCULATEN STRESSES

RADJIAL STRESS HOQP STPESS ACIAL ST=FESS
RADTUS THEQRY ABAQUS THECRY ABAQUS THENRY L5a%US
IOJUQ 1.000 -oqgl 2.801 2081 ~e374 ~e3nl
1.109 -.723 -« 109 l1.412 l.42 -e29] -e27%
1. 200 -+5195 -e577 0.501 0.505 ~e22% —el2F
1.320 - 528 ~«523 -e153 -«lol -.227 -e225
1.400 -.522 -.519 -+701 -e5699 ~el3% -«232
1.502 -¢ 550 -0548 -1.179 -1.18 ~e2%4 -.237
l. 500 -«603 ~e692 -1.635 -1.613 ~e235 —a?224
l. 700 -.678 -«676 -2.,093 =2.39 ~.325 ~e224
1.909 -. 769 -. 768 =2+563 =257 -e372 -e371
1.391 -« B?77 ~«876 -30071 =-3.07 -e427 25
2.000 10000 0.999 -3,.609 -3061 —e &R ~e&AN
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CHIEF, DEVELOPMENT ENGINEERING BRANCH
ATTN: SMCAR-CCB-D 1
-0A 1
-oc 1
-OM 1
-0P 1
-O0R 1
-DS (SYSTEMS) 1
CHIEF, ENGINEERING SUPPORT BRANCH
ATTN: SMCAR-CCB-$ 1
-SE . 1
CHIEF, RESEARCH BRANCH
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-RT 1
TECHNICAL LIBRARY 5
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ATTN: SMCWV-PP
DIRECTOR, PRODUCT ASSURANCE DIRECTORATE 1
ATTN: SMCWV-QA
o
\ 1]
54 NOTE: PLEASE NOTIFY DIRECTOR, BENET WEAPONS LABORATORY, ATTN: SMCAR-CCB-TL,
o OF ANY ADDRESS CHANGES.




TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST
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NO. OF NO. OF
COPIES COPIES
ASST SEC OF THE ARMY COMMANOER
RESEARCH AND DEVELOPMENT ROCK ISLAND ARSENAL
ATTN: DEPT FOR SCI AND TECH 1 ATTN: SMCRI-ENM
THE PENTAGON ROCK ISLAND, IL 61299-5000
WASHINGTON, D.C. 20310-0103
DIRECTOR
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US ARMY ARDEC WARREN, MI 48397-5000
ATTN: SMCAR-AEE 1
SMCAR-AES, BLDG. 321 1 COMMANDER
SMCAR~AET-0, BLDG. 351N 1 US MILITARY ACADEMY
SMCAR-CC 1 ATTN: DEPARTMENT OF MECHANICS
SMCAR-CCP-A 1 WEST POINT, NY 10996-1792
SMCAR-FSA 1
SMCAR-FSM-E 1 US ARMY MISSILE COMMAND
SMCAR-FSS-0, BLDG. 94 1 REDSTONE SCIENTIFIC INFO CTR
SMCAR-MSI (STINFO) 2 ATTN: DOCUMENTS SECT, BLDG. 4484

PICATINNY ARSENAL, NJ 07806-5000

DIRECTOR

US ARMY BALLISTIC RESEARCH LABORATORY

ATTN: SLCBR-DD-T, BLDG. 305

1

ABERDEEN PROVING GROUND, MD 21005-5066

OIRECTOR

US ARMY MATERIEL SYSTEMS ANALYSIS ACTV

ATTN: AMXSY-MP

1

ABERDEEN PROVING GROUND, MD 21005-5071

COMMANDER

HQ, AMCCOM

ATTN: AMSMC-IMP-L

ROCK ISLAND, IL 61299-6000

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING

CENTER, US ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCAR-CCB-TL,

REDSTONE ARSENAL, AL 35898-5241

COMMANDER

US ARMY FGN SCIENCE AND TECH CTR
ATTN: DRXST-SD

220 TTH STREET, N.E.
CHARLOTTESVILLE, VA 22901

COMMANDER

US ARMY LABCOM

MATERIALS TECHNOLOGY LAB
ATTN: SLCMT-IML (TECH LIB)
WATERTOWN, MA 02172-0001

WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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"W NO. OF NO. OF
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