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ABSTRACT

A theoretical investigation of the mechanical, thermal and thermal-
mechanical properties of two types of reinforced solid propellants is re-
ported, The two materials that are considered are wire screen and contin-
uous wire wound reinforced propellants. Predictions based upon the unit
cell concept are made for the properties of the reinforced propellants.
Computer programs are listed and described for the evaluation of the ex-
pressions given by the theoretical predictions. The accuracy of the pre-
dictions is discussed in relationship to other theoretical and to experi-

mental results.
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INTRODUCTION

The usage of solid propellants for military and space applications has
necessitated the consideration of their structural response characteristics.
For certain applications their structural capabilities have been found to
be inadequate; it has been suggested [1,6]* that the overall mechanical be-
havior of solid propellant could be substantially improved by reinforcing
it with wire. (The inapplicability of classical methods of analysis to such
reinforced solid propellant grains has been discussed by Freudenthal [7].)

In order that an adequate judgement may be made as to the effectiveness and
consequences of reinforcing propellants, procedures must be available for
evaluating the properties of the resulting composite materials. 1It, however,
has been found to be very difficult to experimentally determine the complete
array of mechanical properties of wire reinforced materials. An alternative
approach is to theoretically predict the composite properties from a know-
ledge of the properties of the individual constituent materials; the theo-
retical approach is utilized in this report. The composite properties of a
reinforced material are those properties associated with the phenomenological
response of the material. The phenomenological response is the behavior ob-
served when the material is viewed on a scale sufficiently large so that the
contributions of the individual constituents are not discernible (only the
average response is evident).

Even for those composites which are intended to be uniformly rein-
forced the actual composite properties will vary somewhat from point to point
due to inevitable incorrect positioning of the reinforcing elements. In the

following development it is assumed that the reinforcing elements have been

*Numbers in brackets refer to references listed on page 23 of report.



located with precision, thus, the predicted properties will at best only
represent averages of the actual properties. Throughout the remainder of
this report references to composite properties will refer to those proper-
ties that would exist in the ideally reinforced material. For an ideally
reinforced material the composite properties may be predicted by considering
the average behavior of a "unit cell" of the material; the unit cell may
be considered as the fundamental building block of the material.

There are two basic approaches to the prediction of composite properties.
One of the approaches [2] (herein referred to as the energy approach) con-
sists of utilizing the theorems of minimum potential energy and minimum
complementary energy to predict bounds on the values of the composite
properties. In the development of these predictions it is necessary to ob-
tain approximate solutions to certain boundary value problems. These
‘approximate solutions must in one instant satisfy the admissibiiity condi-
tions of the Theorem of Minimum Potential Energy and in the other instant
the conditions of the Theorem of Minimum Complementary Energy. In the other
approach [3] (herein referred to as the "direct approach") the composite
properties are directly computed from the solutions to a series of boundary
value problems. If the boundary value problems for both procedures are
solved exactly the bounds predicted by the energy procedure coincide and are
identical to the properties predicted by the direct approach. For complicated
reinforcement configurations, however, one may only be able to obtain
approximate solutions to the unit cell boundary value problems and hence only
find bounds from the energy procedure and approximate properties from the
direct approach.

In the authors' judgement the energy procedure has two serious short-

comings which are not present in the direct approach. The energy procedure



does not lead to a direct prediction of bounds for all those properties
which are needed for structural analysis purposes but rather it directly
yields bounds for certain algebraic combinations of the desired quantities.
Suitable algebraic manipulation of these expressions lead to bounds for
the desired quantities, unfortunately, the resulting bounds are often so
far apart (divergence is caused by the algebraic manipulation of the
inequalities) that the results are essentially meaningless. The other
undesirable feature of the energy approach is that the class of approximate
solutions that is admissible is rather restrictive, thus, making it dif-
ficult to obtain accurate approximations. [t should also be noted that

the bounds predicted by the energy procedure are for the ideal composite
properties which are in turn approximations to the actual properties,
hence, the predicted quantities do not necessarily bound the actual proper-
ties.

Because of the above mentioned difficulties with the energy approach
it is the authors' opinion that a greater degree of accuracy can be
achieved with the direct approach than with the energy approach. It is
also the authors' opinion that the desirability of accuracy overshadows
the disadvantage of, in general, not being able to say whether the magnitude
of the predicted properties are above or below the idealized properties.
The direct approach has been employed in the following investigation of

two reinforcing configurations.

UNIT CELL CONCEPT

If the reinforcing pattern is repeated a sufficiently large number

of times the material can be considered to be homogeneous at the phenomenoliogical

level (or as an inhomogeneous material in which the properties vary gradually



due to a gradual change in the reinforcing pattern). The consideration of
the reinforced material as homogeneous at the phenomenological level 1is
analogous to the consideration of a microscopically crystalliine material
as macroscopically homogeneous, etc. The reinf@rced material when viewed
at the composite level will, in general, exhibit anisotropic behavior.

For a material that has a regular reinforcing pattern one can, in
general, find a small unit of the material which when repeated 1n all
directions results in the actual material configuration; in this report
this fundamental building block is called the "unﬁt‘ceﬂi”g The average
response of the unit cell to a homogeneous phenomenciogical state of stress
or strain is the same as the composite response of the material. Hence,
the desired composite properties may be calculated from a consideration of

the behavior of the unit cell.

CONTINUQUS WIRE REINFORCED PROPELLANT

The composite material considered in this section is a propelliant re-
inforced by the winding of continuous wires into it. The reinforcing pattern
is idealized as successive layers of wire that are alternately inclined
from the Xo axis by plus and minus the wrap angle. Two such layers are
shown in Figure, 1. If the individual wire layers do not iie in planes
then the Xy s Xy and Xy axes are curvilinear (and the material will
exhibit curvilinear anisotropy). The composite material is idealized as
a succession of layers of the form shown in Figure 5; this idealization, of
course, introduces a slight approximﬁtion at the surfaces of the grain. If

the composite material is subjected to a homogeneous strain state the top,

bottom and middle surfaces of the layer shown in Figure 5 are planes of

deformation symmetry. Noting these planes of symmetry and the regularity of



the reinforcing pattern in the Xy and Xo directions it is seen that the
unit cell has the form shown in Figure 2. When the composite material is
subjected to a homogeneous stress or strain state those cells which are suf-
ficiently far removed from the surface of the material to avoid surface
effects must satisfy the following conditions, 1) all unit cells will exhibit
identical deformation and stress states, 2) the averages of the unit cell
stresses and strains are equal to the phenomenological stresses and strains
of the composite and 3) there must be continuity of the displacement and
traction vectors across all cell interfaces. Consideration of these conditions
Tead to the descriptions of the unit cell boundary value problems and to the
relating of the composite properties to their solutions.

The anisotropic phenomenological behavior of the composite material

(i.e., the ideally reinforced propellant) may be described by the following

equations:
Stress-Strain-Temperature Change Relationships:
o Al M2 A3 € ¥
95 A2 Rz Ay € 2
93 | _ M3 Az A3 &30 _ Y3l 4
912 Aag 12 0
93 Ass Y13 0
923 | Aes| |Y23] 0




Heat Conduction Equation:

Heat Flux Equation:

9N T
9, = - [k] k, k3] T., (3)
93] T3

The mechanical properties of the reinforced propellant will, of course,
be viscoelastic due to the time dependent nature of the propellant properties.
One possible way of considering the viscoelastic nature of the composite,
for analysis purposes, is to use the correspondence principle to replace
the viscoelasticity problem with a corresponding elasticity problem. In
the corresponding elasticity problem the transforms of the viscoelastic prop-
erties appear as pseudoelastic properties (Aij would then be interpreted
as the transforms of the relaxation functions). To obtain the corresponding
elastic properties, from the analysis described herein, use wouid be made
of the transformed propellant shear and bulk relaxation moduli. The trans-
forms of the composite properties are used in the solution of the corres-
ponding elasticity problem; the viscoelasticity solution is found by employing
one of the several available approximate inversion techniques. The Aij

quantities can also be interpreted as the integral operators which enter

into the integral representation of the composite anisotropic viscoelastic



stress-strain law; the integral representation is utilized in the step-by-
step solution of viscoelasticity problems.

The composite properties (Aij s ¥y s etc.) may be theoretically pre-
dicted by considering the average response of the unit cell to various
homogeneous composite strain states (the strain in the unit cell, of course,
will not be homogeneous). The determination of the average behavior of
the unit cell requires the solution of a series of complicated three-dimen-
sional boundary value problems. The most accurate means for obtaining
solutions to these boundary value problems is the finite element method [4];
the use of the finite element procedure for this analysis, however, was
not practical because of the excessive amount of computer time required.

The alternative that was employed was to develop some rather simple approxi-
mate solutions to the boundary value problems. The error introduced from
these approximate solutions is felt to be of the same order as that intro-
ducedvby the several approximations that have been made to this point in

the analysis. In the development of the approximate solutions to the unit
cell boundary value problems the following conditions were noted: 1) The
percentage of reinforcement is small (of the order of 15% by volume). 2)
The shear stiffness of the propellant is much less than that of the wire.

3) The shear stiffness of the propellant is much less than its bulk stiff-
ness. The composite properties were predicted by successively considering

a number of simple composite strain and temperature states and approximately
calculating the average response of the unit cell (the descriptions of the
unit cell boundary value problems may be developed in a manner similar to
that employed in [3]). A detailed description of the first of these con-
siderations is given below; the solutions for all the unit cell boundary

value problems are tabulated in Appendix A and computer programs written



for their evaluation are given in Appendix B.

Consider the following composite strain state:

€ 5B s By T E3 Ty T vy tovpy t LT =0 (4)
Equation (1) yields
91
g = & (5)
)
. 2
A22 T € (6)
a
. 3 :
Ars = 3 (7)

The composite stress o is equal to the average of the unit cell normal
stress (TWY) acting on the unit cell face perpendicular to the Xy axis

| 1 53 %2 | :
{(i.e., 0, = g T T4q dX, dx,) , etc. Within the unit cell
1 5352 0 0 11 2 73

(Figure 2) the stress and strain states must satisfy a) the equilibrium

equations, b) the strain displacement relationships and ¢ the constitu-
tive equations for the constituent materials. The boundary conditions

for this particular unit cell boundary value problem {(i.e., the boundary
value problem corresponding to the composite strain state given above) are

(i =1,2,3 ; Ty o U and Eij represent the local stress, displacement

and strain components within the unit cell):



ui(xl,o,x3) = ui(x1,52,x3) - 5%2652

Ju. (S

27U (57 = %350,5

ui(x],O,XB) = (1 - 28 3" x3)

f53 &
U (xy,0,x,) dxy, dx, = 0
0 jO i 3 1773
o1 (X7505%3) = 154 (x75555%3)
TZi(X],O,X3) = (1 - 2621)T21(S1 - xT,D,S3 - x3)
53 151
j f TZi(XT’O’X3) dxw dx3 = 621025153
ui(O,xz,x3) = ui(Sl’XZ’XB)
ui(O,xz,x3) = -(1 - 2675 )uy
S S
3 (%2 - 1
113 (05%55%3) = 145(S15%5,%3)
TYi(O’XZ’X3) = (1 - 251§)T1€(0,52 - x2,83 = %3]
S3 ()
j JO T1i(0,X2,X3) dx2 dx3 = 61i013253

ug = T3 = Tp3 = 0 for Xg = G,Sg

AT = 0 throughout the cell

(9)

(10)

(15)

(16)

(17)



10

The stress-strain law for the matrix (propellant) is written in the

m 2 ol $ s g, @
form {Tﬂj denotes stress in the matrix, etc.):

mo_ 3K - 2y .m , m e
where
m_.m _ m . m m
O S T A e s (23)

If the matrix is elastic K and uw respectively denote the bulk and
shear moduli of the matrix, if it is viscoelastic their definitions de-
pend upon the manner in which the time dependence of the analysis is
being treated (for example if the correspondence principle is being
employed they will represent the transforms of the viscoelastic bulk
and shear properties). The stress-strain law for the wires is written

in the form:

{(1 + V)T?j - VTKkaﬁj} + aWATéﬁj (24)

[y}
it
FTij ot

The symbols E and v denote the elastic properties of the wire, see
Appendix A,
The approximate solution to this unit cell boundary value problem
is developed in the following steps:
1) Initially consider the following assumptions for the strain
state within the matrix:
m* V m* m*

=0, =0, €?§ =0 iFj (25)

i
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m?\‘ m* m*
2) The normal stress components T41 5 Tpp » Tgy are calculated
from Equation (22).
3) The companion assumptions for the wire are {the s and n direc-

tions are shown in Figure 2):

wk 2 w¥ m* w¥* m* w*

Egg = € COS @5 T33 = T335 Tyy = Tpp s Tpo = 0,
w* W .
Tn3 0, Te3 (26)

4) From Equation (24) the following quantities are computed:

W* W* w"ét’

Tss » €33 ° &pp
Assumptions 1) and 3) result in an approximate solution which does
not maintain volume consistency between the composite strain state

and the approximate unit cell strain state; the amount of the inconsis-

tency is given by the expression

. * * (27
§ = ¢V - Gme - SWVW )
where

*ooowk oWk | w¥

By = €33 * Egg * £y

The symbols V , ¥ and VW denote the total volume of the unit cell,

m
the portion of the unit cell volume occupied by propellant, etc. This
discrepancy could be ignored by assuming that the matrix and/or the

wire experiences an additional volume change of such a magnitude as to



eliminate the inconsistency, however, this volume change would be
accompanied by rather large stresses as both the matrix and the wire
are very resistant to dilatation; the resulting stresses would not
be negligible. To avoid this difficulty the final stress and strain
states are obtained by adding to the first approximate solution a
second such that the volume inconsistency is eliminated. The develop-
ment of the second approximation has as its basis the condition that
the shear stiffness of the matrix is much Tess than its bulk stiff-
ness. The resulting total solution does not satisfy all the displace-
ment boundary and interface conditions, however, they could be satis-
fied by adding a third solution which consists of rearranging the
matrix by a distortional strain state; as the propellant is relatively
soft in shear it is assumed that the resulting distortional stress
field is negligible.

5) Within the matrix the following additional stresses are

assumed:

m** m** m** ik *

Ty TR T TR Ty BTy 20 TR

et sk % )
6) The additional normal strains 2?1 , 5?2 s €§3 are calcu-

lated from Equation {22). Note:

7) The following additional assumptions are made for the wire:

W*‘* W‘** w‘*‘?‘% 'w*'k w**

fss 0, T33 ~ BT > Top T BT *The ~ T3g T T3p 7 0

12



8) The following quantities are calculated from Equations (24).

TW** gw** ew**
ss * "33 * "nn

9) The quanity B is calculated such that the volume inconsis-

tency vanishes, i.e., from the equation:

10) The final approximate solution is obtained by adding the above

two solutions, i.e.,

Tzz = "c22 + 722 etc
S, ¢S
1 J 2 j 1 m
and O, = & Taq dx, dx etc,
3 5152 0 o 33 M 2

The final results of this solution are given in Appendix A.
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SCREEN REINFORCED PROPELLANT

The composite material considered in this section consists of a
solid propellant reinforced by wire screen. In the analysis it is
assumed that one set of the screen wires are straight and that the other
set are warped, Fiqgure 3. The ideally reinforced material is defined
such that if a section is passed through the material perpendicular
to the straight screen wires and containing the centerline of one of
the warped wires the configuration shown in Figure 6 would be revealed.
The unit cell for the ideally reinforced material is shown in Figure 4.

When viewed at the composite level the screen reinforced material
is governed by Equations (1,2,3). The composite properties are pre-
dicted by considering the average response of the unit cell to various
homogeneous composite strain states (see the previous section). Be-
cause of the complexity of the unit cell it was necessary to be content
with approximate solutions to the unit cell boundary value problems.

In the development of these approximate solutions it was assumed 1)
that the volume percentage of reinforcement is smail (5 15%), 2) that
the shear stiffness of the propellant is much smaller than its bulk
stiffness and much smaller than the shear stiffness of the wire, 3)
that the value of Rj is smaller than R2 and 4) that the unit cell
centerline Tength "2 " of the small wire could be approximated by

s
the following expression:

5.2 2 .q 2Ry + RY)
23 = 2 (’*72‘-) - (RT + RQ) + (Rni + RZ) 51n """"""gTw (28)

The approximate soiutions to the unit cell boundary value problems were



|
1
}

derived in much the same manner as was the solution considered in the
previous section; the solutions and accompanying computer program are

given in Appendices A and B.

15
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EXAMPLES AND COMPARISONS

The following example is presented as an illustration of the
character of the results obtained from the analysis. The composite
properties were predicted for a typical propellant which was in the
first case reinforced with wire screen and in the second with continuous
wires; each of the two hypothetical composite materials had 10% rein-
forcement by volume, the wrap angle for the second material was 20°.

For the sake of brevity the screen reinforced propellant is referred
to as the "S" material and the continuous wire reinforced propellant
as the "CW" material. The following typical properties for propellant

and wire were utilized in the analysis:

MATRIX-
BULK MODULUS=450000.
SHEAR MODULUS=200.
THERMAL CONDUCTIVITY=5.00
THERMAL COEFFICIENT OF EXPANSION=0.0000500
DENSITY=0.0634
SPECIFIC HEAT=0.281

WIRE-
YOUNG MODULUS=10300000.
POISSON RATIO=0.330
THERMAL CONDUCTIVITY=810,
THERMAL COEFFICIENT OF EXPANSION=0.0000130
DENSITY=0.0950
SPECIFIC HEAT=0.210



For the S material the following additional quantities were utilized:

CELL DIMENSIONS
S1=OQO185
52=000379

53=090120

WIRE RADII
R1=090013

=0.0025

Ry

For the CW material the following properties were utilized:

CELL DIMENSIONS
S]=0.0348

52=Oa0957

S3=000060

WIRE RADIUS=0.0025

WRAP ANGLE=20.0°

The predicted properties (the nomenclature is explained in Appendix B)
are listed in Figure 7. The stress-strain law may be inverted to yield

the strain-stress law in the form:

i

(el = [Cllo] + [a][AT]

[(A]"! etc.

it

where [c]

17



The inverse properties for this example are listed in Figure 8.

From a consideration of the results of this example several in-
teresting observations may be made. The S material has higher
moduli (E2 and Ej) in both the major and minor reinforcing direc-
tions than the CW material; this observation is explained by the
fact that when the CW material is subjected to a uniaxial stress
in either the Xo Or the X directions it can deform relatively
easily by developing a distortional strain state in the propellant
which permits the wires to rotate instead of elongating. The wire
rotation (in the CW material) produced by a positive strain in the
Xo direction results in a large negative strain in the X4 direction
(in fact -€y > & ) and, hence, a value of Poisson's ratio (v12)

much greater than one; in order that the overall volume change of

18

the propellant will be small the material must experience an accompaning

positive strain in the X4 direction and as a result a negative
Poisson's ratio (v32) (the same effect is present to a lesser degree
in Vo3 and v]3)a The rotation of the wires can, for certain con-

figurations, result in negative coefficients of thermal expansion for

the X5 and X3 directions. A relatively large value for the modulus

(E3) in the direction perpendicular to the layers of reinforcement is
predicted for both materials. This prediction may be explained by the
fact that when the composite is subjected to a stress in the X3 di -
rection in order for elongation to take place the propellant needs to
either decrease its Xy and Xo dimensions (Poisson's effect) or it
must experience a large dilatation. A decrease of the X and Xo
dimensions, of course, also requires the shortening of the reinforcing
wires. Both shortening of the wires and propellant dilatation are

strongly resisted, hence, a high modulus results.
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The second example that is considered is the filament-resin system
analyzed in reference [3]. Essentially exact solutions were obtained
for the unit cell boundary value problems in reference [3], hence, the
predicted properties are "exact" (i.e., they are the properties of the
ideally reinforced material). The composite material configuration
(square packed parailel fibers) considered in [3] is somewhat simpler
than the configurations considered herein, thus, permitting "exact"
solution of the unit cell boundary value problems. The screen rein-
forced propellant configuration becomes identical to that considered in
[3] when Ry = 0 and S, = S; » hence, the equations developed herein
may be used to approximately predict the filament-resin properties given
in [3]. It should be noted that the system considered in [3] does not
satisfy some of the conditions upon which the approximate solutions
derived herein are based, hence, the prediction of the properties of [3]
represents a very severe test of the accuracy of this analysis. The
conditions which are not satisfied by the filament-resin system are
a) that the percentage of reinforcement be small and b) that the ratio
of the shear stiffness of the matrix to that of the filaments should be
extremely small. A comparison of the predicted properties to those

given in [3] is presented in Figure 9. (uw = wire shear modulus,

_ T+ v
by = %y T 2v)°

The third example consists of a consideration of some of the ex-

The agreement is quite satisfactory.

perimental results given in reference [5]. In reference [5] an account
is given of an experiment developed to evaluate some of the orthotropic
properties of reinforced propellants. The test consisted of the simul-
taneous inflation and elongation of a thin-walled cylinder of continuous
wire wrapped reinforced propellant. Measurements were made of the cir-

cumferential and axial growth, internal pressure and total axial load.
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From the measured results the values of four of the orthotropic
properties were calculated. The results, as the authors noted,
were not entirely consistent as they did not satisfy the symmetry
requirement of the stress-strain law. Because of this inconsis-
tency it is not possible to have complete agreement between the
predicted properties (which, of course, satisy the reciprocity
requirement) and the experimental results. The experimental re-
sults reported in [5] are given in Figure 10; the values in
parentheses were measured for a compressive stress field, the
other values were measured for a tensile stress field. The sym-

metry requirement

Yoz 26
- 2L =Cc = ACH
EZ 6z z9 Ee
yields
- -5 , -5
C._=-1.08x107° # -3.62 x 107 = ¢

0z z9

The predicted properties vary somewhat depending upon the values
selected for the layer thickness 83 (Figure 2) and for the bulk
modulus of the propellant. No substantial effort was made to select
these parameters so as to exactly duplicate any of the experimental
results, however, several different combinations of values of the prop-
erties were considered; the results that gave the best overall agree-

ment are presented in Figure 10. The properties that were used for
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the predictions are listed below:

CELL DIMENSIONS

S?ﬁ090630

52§0g0880

S3ﬁ090055

WIRE RADIUS=0.0025

WRAP ANGLE=35.3°

MATRIX-
BULK MODULUS=700000.
SHEAR MODULUS=1170.
DENSITY=0.062

WIRE-

YOUNG MODULUS=10500000.
POISSON RATIO=0.330
DENSITY=0.0980

The agreement between the moduli is quite good. The agreement between

the values of the Poisson's Ratios, although showing the same trends

leave something to be desired; the lack of agreement, of course, can

not be avoided because of the fact that the experimental results do not

satisfy the reciprocity requirement. It is interesting to note that

the average of the terms Cze and Cez as determined by the experiment
5 5

is -2.35 x 107° which is rather close to the value of -2.41 x 10~

predicted by the analysis.



Conclusions

Procedures and accompanying computer programs were developed for
the prediction of the composite properties of two types of reinforced
solid propellant. An example was given to illustrate the character-
istics of reinforced propellant properties. From the results of
this example it was observed that the screen reinforcement is more
effective in the major and minor reinforcement directions than is the
continuous wire wrapped reinforcement. It was also observed that a
very considerable degree of reinforcing is achieved in the direction
normal to the reinforcement layer. Comparisons were made of the
predicted properties to thedretical and experimental results; the com-
parisons indicate that the procedure presented herein gives reliable
estimates of the composite properties, however, before complete reli-
ability may be established a considerable number of additional compar-

isons will need to be made,

22
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APPENDIX A

EQUATIONS FOR PREDICTION OF COMPOSITE PROPERTIES

1. Notation:

o Wrap angle

o Wire thermal coefficient of linear expansion

O Matrix thermal coefficient of linear expansion

c Wire specific heat

c Matrix specific heat

E Young's modulus of the wire

Yy Percent reinforcement by volume

K : Bulk modulus. of matrix

k Wire thermal conductivity

k Matrix thermal conductivity

u Matrix shear modulus (for viscoelastic materials, special
consideration must be given to this value; see the main
body of the report)

v Poisson's ratio of the wire

p Density of the wire

o Density of the propeliant

31,52,53 Cell dimensions (see main body of the report)

vV = S-I S2 53
Vp = (1 -v,) Vv
Vv = Y., V

v
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Wire Reinforced Solid Propeliant:

AW = TR*
R = MWire radius
d = f/’f—w

An = =25 EMMV{ LKA ) +(3} Sinc

(K =5A) 1 (A-1)

Awr = 5:4\/5\/5 ECoso(“f‘ZV{ [K+/M(3 — ces® J‘I‘/g:} Cos X

+= (K + M) +fi (A—2)

where Y
_ VG=3K) = (1-2D) Y [ O 2 (S - o™ )J (A-3)
ﬁ' Mo 7-Vwcl+i7)(:~2x>> ,

K E

The value for A” is obtained from Equation (A-1) when
S, is replaced by S,, a by {%-a) and S, by S;.

A1‘3 = 5‘151{<K"‘ %//{)[5132 - —C-—?-;( < 25, — -.%)C_l?:_p(>J

J .
+d (5 S0 (e =l - )+ Tl +-‘%/A>J

1AW
_)_ C3 Sinet C@SO(

(53 -d)(K-F4) + (K + i//\)J} (A-4)
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Azz = Ais (A-5)
_ KA3m d.,2d (2 43,0 d |
Az = 5152 S5 T = (251 St +cq50x Cz(sz“swx) T3 sk (A—-@)
where
— (K+ )P aa))
Cae™ 53 +'7[' 3(1-—\7)E 1
_ (K EmQa)(1-al) ]
C3”53+°1[ () E !
Qd
Au = [Aw E cosx Sinot +M —5—3——_@_;:—) +3(s5—d) (A-7)
S Sind
Ass = ML 4-2)

d d ds 2(5 - S
2 =y
A= A s oo ) + 43 2o

d
Sita X A-2
e + [ 2ACLED) ;;”-;Ja} a2
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b, = L2 (oot —pa2) + Eotu] et +300, o 7
%:5'(0‘”\ “[31 (A-12)
where
222700 - ou)
ﬁz___ Vin 4 2V () G-2P) A—\3)
K E
— d \ = Se—-d)d S,E L( Aw Din _
L\’q-“(l‘“s_j)kaf—(stsa S+ 25 G + 5= K (A-14)
d N\, -4)d Sk k Aw CosX e
k== )k + 555 Sk+iE(f0 T '“'Z%E‘;’k (A-15)
_ k 2AwSs C oo _ 2dss 24
k3 B S [53__“_‘_%;_) C\J sin20t =2 Cos X Sin 2.4
2 A
+ 4'53( i?o( — ;nzq (A-!lé)
25 -(1-%)d
C*e PV tcp A-v1)
F W + wa
% _ WP tWP A-\8)
F y
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Screen Reinforced Solid Propellant:

R, and R, denote the radii of the screen wires (see Fig. 4)

A, =TR* (A-12)
A= TTRe (n-20)
Vo = ASe ‘ <A'Z\\)
Vi=V-V,- Vi (n-22)

% is defined by equation ( 28 )
. " R(‘i‘Rz
s = s (57 )

b = [1_. _%_@_'.il).] (A-23)

E

Are= 2L (K (ai= + R0+ + () |)p3J

KMt s (A-2%)
o= 9= $ 0 G- )y v

+ KM ‘i‘%‘ﬁf—) (s (A-25)
A31 = K —-%—/U + /33 (A *26)

where

By = BT, B(V=Vo) E - z<a+9)(l~zP>{(3'<+/“)Vn +[3K‘2/A+z“‘Zin]Vz} 2
3 2 ” <A 7)
3E Vi +( |+9)(|-LP)[(4,K-/A) V, + (6K +%)V2}

-1/ GR2
o= gt smfp - 2R 1)) e



A:’: Vot V2 {(K‘ /*)[(S'_m)53+ T—C‘E"‘—

A .’_Lﬁ 22 1+5i“—‘(%— (k+ 30 (- 55)
1- CI53 ’[—‘—::_(?._—SB-? 3 553
A ES) cesf -3
r 5{ S5 ()
A y — (A2
A; = 5.153{(K“%‘/‘*) (S5 ~[A) 51 + ‘fﬁ_a,@.D J
23
(__?_V_)(K+——/A)(“”‘c‘._7fv._“>}
5
where
B uw)c\-x&)cvﬁ-‘-‘—ﬁ)J
C, = 2[!’ E -V 3
A=+ (4n + A )

e S F4en (55 o
M:V’f‘?ﬁ‘[i“ﬁﬂw I- %)xz]
A55-=M_\\_;;n—

Y _wss R1+$3[ s (3R _]I_J
¢ Vin +Va t ']-1——(——56;5 ‘

(53—/?1)]

253

‘I‘TPT)‘ (K+ M)(“Aﬁ")}
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(A-30)

(A-31)

(4-52)

(A ~33)

(A-34)

(A-35)
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A K(=24) +MA(14)) .
Y = ﬁ‘;a{[ =5k -:,t\wr J@r(%de)(!-lV) *dwE} TIK L (A36)

%=g%%wM@%vﬁa“M”ﬁ“”%%“%%+%m Sl (A3

3K + M 3KTM

Ya= 30k K —[34 (A-38)
where [ ]

_ 20KR+M) (3o KG+)G~20) = oWE V] (Vi + W) .
& 35%*“+”“*”U”“WW+@W@@%] (A-29)
: 7. Sui(_k (A
=k (- %) + (kK + B sl A=40)

T Sek k

L(z‘—‘k(l ss;)'*ﬁs;(k k)+5 53( [ZJ(R-PO‘*’S&L(] (A"“)

' % k *(53-2R~4R) k

+¢[m3&kJ+¢ [A_Ss k_k
S A, (k-k)+ sk S| A& (k-0 + s,k

=1 (1-F - F-40) v dx | rhenkl

(A-42)

The properties c¢* and p* may be calculated from equations
(A-17) and (A-18).
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USER'S MANUALS FOR COMPOSITE PROPERTY PROGRAM
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USER'S MAMNUAL FOR WIRE REINFORCED PROPELLANT PROPERTY PROGRAM (WRG)

The program {FORTRAN IV) described herein is an evaluation of the equations

that have been developed for the prediction of the composite properties of
wire reinforced solid propellants. The development of the equations is dis-
cussed in the main body of this report. The predictions are based upon the
unit cell concept. The unit cell is the smallest fundamental building block
of the reinforced material. A two-dimensional view of a layer of the rein-
forced propellant is shown in Figure 1; the unit cell is indicated by heavy
Tines. A sketch of the three-dimensional geometry of the unit cell is shown
in Figure 2; the dimensions of the unit cell are denoted by S] R S2 R 53 .
The governing equations for the phenomenological behavior of the composite

material are expressed in the form:

Stress-Strain Law

r 7 If (v 1
o {An Az A3 €1 ¥
Ty Ao Ryp Ayg € Yo
05 M3 Pog Agg €3 Y3
. - AT
19 Aya Yo {0
913 Ags Yi3] |0
o3 | Aee| V23] 10
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Heat Conduction Equation

prer T = ky Toyy + ky Togy *+ k3 Tugg

Heat Flux Equation

q] Ts"

a,| = - [k1 k, k;‘] T.,
T,

93] | *3]

The composite quantities, i.e., stress, strain, temperature, density, specific
heat and heat flux are denoted respectively by o, € and vy, ¥, T, p*, c¥*,
and q .

For structural analysis purposes it is usually sufficient to have a know-
ledge of the stress-strain law (i.e., [o] = [A][e] - [¥] T), however, the
strain-stress law is often of more value as an aid to the understanding of the
composite behavior of the material; the strain-stress law may be written in

the following form:
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e i G2 Gy3 o1 ay
€5 Ci2 G2z Cp3 0y ap
€3 C13 G253 O3 o3 ag
- + AT
Y12 Cag 9 0
Y13 Css 93 0
Y C o 0
Y23 | ] 66| |23 ] 0 |

The [C] matrix may be determined by inverting the [A] matrix.

The composite properties depend upon the geometric arrangement of the rein-
forcing wires, and upon the properties of the wire and of the propellant. In
this analysis the reinforcement is considered to be in the form of layers of
wires alternately making angles of plus and minus o with respect to the Xy
axis, see Figure 1. The wire spacing is specified by the cell dimensions S],
Figure 2. The properties of the wire and of the propellant which

S, and S

2 3
enter into the various composite property predictions are listed in the de-
scription of the program input which is given below.

The following cards are needed as input to the program:

1. Title Card (12A6) - Columns 1 to 72

2. Geometry Data Card (5F10.0)
10 S, (in.)
1n-20 s, (in.) Cell Dimensions
21 - 30 53 (in.)

31 - 40 R (in.), Wire Radius

Columns 1

41 - 50 o (Degrees), Wrap Angle



35

3. Propellant Data Card (6F10.0)

Columns 1 - 10 Bulk Modulus (psi)

11 - 20 Shear Modulus (psi), see comments below

21 - 30 Thermal Conductivity (Btu-in/hracft2=°F)

31 - 40 Thermal Coefficient of Linear Expansion (in/in-C°F)
41 - 50 Density (1b/in°)
51 - 60 Specific Heat (Btu/1b-C°F)

4, Wire Data Card (6F10.0)

Columns 1 - 10 Young's Modulus (psi)
11 - 20 Poisson's Ratio
21 - 30 Thermal Conductivity (Btu-in/hra-ftz—oF)
31 - 40 Thermal Coefficient of Linear Expansion (in/in-oF)
41 - 50 Density (1b/in°)
51 - 60 Specific Heat (Btu/1b-°F)

The mechanical properties of the reinforced propellant will, of course, be
viscoelastic due to the time dependent nature of the propellant properties. One
possible way of considering the viscoelastic nature of the composite, for anal-
ysis purposes, is to use the correspondence principle to replace the viscoelas-
ticity problem with a corresponding elasticity problem. In the corresponding
elasticity problem the transforms of the viscoelastic properties appear as
pseudo-elastic properties. These corresponding elastic properties, for the
composite material, can be obtained from the program described herein by uti-
lizing as input the appropriate values of the transformed propellant shear and
bulk relaxation moduli (these values are called "shear" and "bulk" moduli in
the program). The resulting composite properties are then used in the solution
of the corresponding elasticity problem; the viscoelasticity solution is found

by employing one of the several available approximate inversion techniques.



36

The program can also be used to predict numerical values of the kernels which
enter into the integral representation of the composite anisotropic viscoelastic
stress-strain law; the integral representation is utilized in the step-by-step
solution of viscoelasticity problems.

The output of the program consists of the composite properties Aij , k1° s
Yy s p*, C*, ay and cij (note: C44 is the reciprocal of A44 etc.).
Lastly the values of a number of functions of the Aij matrix are printed.

These functions, in addition to the diagonal terms of the Ai matrix, must

J
be positive in order that the resulting stress-strain. law should be derivable
from a positive definite strain energy function.

The listing for the program is given below:



- ¢S#1S = ZSXIS
¥YDS=YYBS = Yv
¥r6EGHZLL®T = VDS
| (//%°94%¢
=1V3H JIJID3dSHYT*XTT/% 93 =ALISNIAHB*XTT/8°0T4*=NOISNVIX3 40 IN3IZ
OT44300 TVWYIHAHEE*XT1/2°84*=ALIATLIONONDD TVWYIHIHIZ*XT1/€°64°=0111
V¥ NOSSIOdH#T4XT1/0°0T4*=SNINCOW ONNOAHYT*XTT//-IYIMHS*OHT) LvwW¥Dd OH1
WD FYOHY ‘YVHATY *¥IL *UNN “¥3 (0YT*9) 3I1IyM
. (4°94%=1VE
JH D14103dSHYTAXTT/% 94 =ALISNIOHE *XTT/8°0T4*=NOISNVdX3 40 IN3IDIZ
44300 IWAYIHLIHEE* XT1/2°83*=ALIATLONANDD TVWYIHIHIZ*XT11/0°64*=SNINAT
OW ¥VIHSHYTAXTT/0°0T44=SNINA0OW XINGHET*XTT//-XIY1VWHL *OHT) LvW¥0d4 O€1
WO *WOHY *WVHATV ‘WOL ‘WNW ‘WX (0€T*9) ILIuM
((S33¥930) HOT*Z°94 z
t=3TONV  dVYMHZTSOHT/%*9d*=SN10VY JYIMHZT*OHT/%*94*=gSHE*XTT 1
/994 =ZSHEXTT/%* 94 =TSHE*XTT//SNOISNSWIO T13JHST *XT) Lvywyod 021
VHAIV ¥ ‘€S *ZS *1S (021'9) 31IdM
(0°0149/0°0149/0°0146) Lvad0d4 011

37

YD *YOHY “YVHCTIV *UDL “¥nN “y3 4
€ *ON (¥vyd viva
CWD *WOHY *WVYHATV *WIL *WNW “WMN T

¢°ON QYVv3 viva
*VHATIV *¥ *€S *ZS ‘1S (0T11%s) Qv3yd
T°ON Q¥Vv) viva
(//79VZT1¢X8*THT) 1vwWidDd4 108
3T7LTL (T08°%9) 3J11YM
(9vZT1) 1VWY0d4 008
37111 (008*G) AQv3iy 001
EX 4T CTIM YWY 4UNN fWNA TV3IY
(21137111 NOISN3NWIQ

EERERFARFARRERRERR R R BIR BRI R IR AR RS RA R RRR R RRRR

L SINVIT3d0¥d G32¥04NI3Y 3¥IM 40 =
*  S§311Y¥3d0¥d 3LISOdWOD 3HL ONILINIWDD ¥0d WVAO0Yd =

223 22 X222 RS AR 2222222 2R E RN RRRE FEEEEEREEEFIOTIEN

LULY
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STL=YVDS#6°0 * €S = 29

C°T - v1/¥3/€1#91 = G611
(N

8S + 91#81 + €SXZS/%TL*VNIS*¥Y = 11V

(8S + (VINIS=WNW — L1)*81)%unNN«"2 + VINIS#*¥3 = 414

Nﬂh\ﬂwa\ﬁqwzwm*ZDZIhhw*mk*ak*am+dmzwmV*N»*mqo>lv = @S
(g}

VS + 91#Bl + €SXTIS/€T11*VSDD*yy = 22V

VS + GIl#81 + €SX2S/€TL#VUNISH*YY = 2TV

(VS + (VZSOD*WNW = L1)#8L1)*UNN#°2 % vZSOJ#*¥3 = €1l

NaW\aamm\~<mmoumxnxlhhv*wh*ﬂ»*.w+<NmDuvtmhvmgo>lv = yS
: (v}

YI/UTOA*€L»°2 + WH/WIOA = 211

dIL/WIL-*T = 114

HVHITv2y¥3 = Q11

WYHdIVeWN=C = 61

WI0A/T0A = 81

WOW*EEECEEEEE 0 # WX = L)

WOW*EECEEECEE"T + WX = 9}

WNW%*19999999°0 -~ WX = 61

YON=-*T = &1

¢l=#11 = €}

YNN=*Z2-°T = 2}

YAN+*T = 11

YI10A-T0A = WI0A

VS03/¢S#dv = YI0A

ES*ZSXIS = T0A

VNIS/Y¥VvdS = €23S

vSOJ2/¥vDS = ¢1bs

VSO0J=vS0d = vesnd
VNIS#YNIS = V2ZNIS
(Qvy)SOD vS0d
(OQVYINIS VNIS

1}

¥

SO6LLS6CLS/VHAIY = vy
€5%2S = £SXZS
€S*1S = ESXIS

J

3

J
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TOA/TIDA0HY = DHY
YI0A=Y0HY + WIOA®WOHY = TOADOHY

(M)
CSXTS/L{6TL ~ €S%°2)/(€2DS - ZS)#€IBS*€Se"y + EZhS#e10S + 1
ETOS*ZS#°2 - ZSXTIS * (611 - €S)/€S*€ZDS*€IDS)#WIL = e
dvdS+T1IL = 614
(r)
ESXTS/¥IL*VSDD=YY + (VNIS/TTL»¥%°Z - 2S) 1
/ESXTS/WIL#ZS# (VDS ~ TS)=YVDS + (E€S/UVDS~-"T)xWIL = 2
(1)
ESXCS/YIL=UNIS#YY + (VSOD/TTix¥%x°Z - TS} 1
/ESXZS/ADL=TS#(UVDS = ZS)#uVOS + (€S/¥VDS ~"T)#WDl = 1§
(H)
9S - 61 = €1Sd
98 - 61 + €SXI1S/8T1*vS0D = ZISd
I8 - 61 + €SXZS/B8T1#VYNIS = 11Sd
(0TL + (9S - 6L)*YNN=#°Z)1#*yv = 811
CTL/YT0A#(UVHAIV -~ ¥3/Z1»61)#Tlx*Z = 9§
(9}
CSXTIS/(UILTL + €S)/€2DS + (LTL#S°0C + €S)/(€2DS ~2S)%°2) 1
*eTOS#€S + (€20S - ZS*°Z)=2€10S - ZSXIS)=WNW = 99y
(0°T = Y3I/TL=WNW*°Z2)=YVDS = 211
(3}
81#WNA = GGV
(3)
ESXTIS/(((YVDS - €S)#T1S + 1
(gcds - wa\m<amtmmxawvazbz + VINIS»VSOO=Y3#YV) = 4hy
(a)
£E1v = ¢¢v
2SX1S/ 4
(E2/(H1/9LauNN#YYDS + (YVOS-ES)=GL)*EZDS*CIDS + ¢/ ({H1/91 1
dNN=YV0S + (YVDS - €S%°Z)=#GL)*(€2DS - 2S))#€IDS + 911xGl) = elv
CSXIS/((ED/€ZDS + ZI/(€ZDS ~ 2S1%°Z)»€1DS*ES + 9TL)#9) = cev

(€2DS =~ ZS=°Z)=€1IDS - 2ZSXIS = 911
£ES-0°2#22=¢D
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%403 *¥0°® 0°0°11°eed0D

0°0° L Hvy

.mD.

(0se¢9)

“d0® 0°0°171°22400 *¥0® 0°0
JLTEM (0°0°L71°99y *¥U* 0°0°11°6GV

CLITT1T400) 0 41

40°
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cT400=¢T40D-T1400%¢€402=994090
¢1400#21400-1T1400%22402=55400
(ed0d%c2d400-22400%¢¢€402=%%409

€ed#€1Sd + €20221Sd + €10=11Sd = €VHdIV
¢ed#¢ISd + 220%21Sd + 210%11Sd = ZVHd1V
Ted=eISd + 120#21Sd + T12#1ISd = TVHd4IV
vi20/¢¢d400 = €¢2

v1i34/2¢€400 = Z2¢€D

vi3a/1¢€300 = 1¢D

v1340/¢€2400 = €22

v1i304/22403 = 2¢0

v1i34/12403 = 1290
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EEV*TIV - ¢cvslev = 124092
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CCV=IEV — €ev=ZZV = 114092

ecy=2¢ev

clv=Teyv

Z1v=1¢v

TOAOHY/ (YI0A#H0HY=YD + WIOA=*WOHY=WD) =29
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USER'S MANUAL FOR SCREEN REINFORCED PROPELLANT PROPERTY PROGRAM (PROP)

The program (FORTRAN IV) described herein is an evaluation of the equations
that have been developed for the prediction of the composite properties of
screen reinforced solid propellants. The development of the equations is
discussed in the main body of the report. The predictions are based upon the
unit cell concept. The unit cell is the smallest fundamental building block
of the reinforced material. A view of a layer of the reinforced propellant
is shown in Figure 3. A sketch of the three-dimensional geometry of the unit
cell is shown in Figure 4; the dimensions of the unit cell are denoted by

S S S

1272273 "
the composite material are expressed in the form:

The governing equations for the phenomenological behavior of

Stress-Strain Law

9 My A Ay 11e ¥
Ty Ay Aop Aog €s Y5
03 Ay Aoz Agg €3 ¥y

= - AT
912 Ay Y12 0
913 Ags Y13 0
%3] | Aes|(Yos)  |° |
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Heat Conduction Equation

pr e T = ky Togy * kg Tagp + k3 Tagg

Heat Flux Equation

Q] Ts'l
a | = ‘[k1 ko ksl Tsp
93 T93

The composite quantities, i.e., stress, strain, temperature, density, specific
heat and heat flux are denoted respectively by o , e and vy , ¥, T, o*,
¢c*, and q .

For structural analysis purposes it is usually sufficient to have a
knowledge of the stress-strain law (i.e., [oc] = [A][e] - [¥]aT), however, the
strain-stress law is often of more value as an aid to thé understanding of
the composite behavior of the material; the strain-stress law may be written

in the following form:
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€1 €11 G2 O3 o oy
€ C12 Co2 Co3 9y oy
€3 C13 Co3 C33 o3 aj
. + AT
Y12 Cag 9y 0
Y13 Css 013 0
Y23 C6 9p3 0
Lo L b I L

The [C] matrix may be determined by inverting the [A] matrix.

The composite properties depend upon the geometric arrangement of the rein-
forcement, and upon the properties of the wire and of the propellant. In this
analysis the reinforcement is considered to be in the form of layers of wire
screen. It is assumed that the screen consists of straight wires parallel to
the Xy axis and warped wires in the Xy direction, Figure 1. Additionally
it is assumed that the wires in the X direction makes up a relatively small
percentage of the total volume of reinforcement. The wire spacing is specified
by the cell dimensions S1 s 82 and S3 , Figure 4. The properties of the
wire and of the propellant which enter into the various composite property
predictions are listed in the description of the program input which is given
below.

The following cards are needed as input to the program:

1. Title Card (12A6) - Columns 1 to 72

2. Geometry Data Card (5F10.0)

Columns 1 - 10 S] (in.)
11 - 20 52 (in.) Cell Dimensions

21 - 30 S3 (in.)



31
41

3. Propeliant

- 40
- 50

Data
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R1 (in.), Radius of warped wires
R2 (in.), Radius of straight wires

Card (6F10.0)

Columns 1
1
21
31
41
51

- 10
- 20
- 30
- 40
- 50
- 60

Columns 1

11

21

31

41

51

The mechanical

be viscoelastic due

One possible way of

10
- 20
- 30
- 40
- 50
- 60

Bulk Modulus (psi)

Shear Modulus (psi), see comments below

Thermal Conductivity (Btu—in/hws—ftz-@F)

Thermal Coefficient of Linear Expansion (in/in-°F)
Density (1b/in’)

Specific Heat (Btu/1b-°F)

4. MWire Data Card (6F10.0)

Young's Modulus (psi)

Poisson's Ratio

Thermal Conductivity (Btu-in/hrq-ftZ-DF)

Thermal Coefficient of Linear Expansion (in/in-°F)
Density (Tb/in3)

Specific Heat (Btu/1b-°F)

properties of the reinforced propeilant will, of course,

to the time dependent nature of the propellant properties.

considering the viscoelastic nature of the composite, for

viscoelasticity problem with a corresponding elasticity problem.

appear as pseudo-elastic properties.

analysis purposes, is to use the correspondence principle to replace the

In the cor-

responding elasticity probiem the transforms of the viscoelastic properties

These corresponding elastic properties,

for the composite material, can be obtained from the program described herein

by utilizing as input the appropriate values of the transformed propeilant

shear and bulk relaxation moduli (these values are called "shear" and "bulk"

moduli in the program).

The resulting composite properties are then used in
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the solution of the corresponding elasticity problem; the viscoelasticity solu-
tion is found by employing one of the several available approximate inversion
techniques. The program can also be used to predict numerical values of the
kernels which enter into the integral representation of the composite anisotropic
viscoelastic stress-strain law; the integral representation is utilized in the
step-by-step solution of viscoelasticity problems.

> Kios

The output of the program consists of the composite properties A 5

iJ
Wi s P*¥ 5, C* o and Cij (note: C44 is the reciprocal of A44 etc. ).
Lastly the values of a number of functions of the Aij matrix are printed.
These functions, in addition to the diagonal terms of the Aij matrix, must
be positive in order that the resulting stress-strain law should be derviable
from a positive definite strain energy function.

The program listing is given below:
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USER'S MANUAL FOR WIRE BUCKLING ANALYSIS PROGRAM (BUCK)

The program (FORTRAN IV) described herein is an evaluation of the equation
for the prediction of the buckling load of a wire embedded in a matrix; the
prediction is based upon the analysis described in the report "Behavior of
Compressively Loaded Reinforcing Wires." In the analysis it is assumed that
che ratio of the wire's length to its diameter is large, i.e., the wire is
considered as being infinite in Tength. It is also assumed that the separation
between adjacent wires is sufficient so that there is no interaction between
their responses; additionally it is assumed that the wire is located suffi-
ciently far from the boundaries of the matrix so that in calculating the
supporting action of the matrix upon the wire the matrix may be considered as
being infinite in extent. This program employs the foundation model which is
referred to as "exact" in the above mentioned report. The effect of trans-
verse wire shear deformation is included in the evaluation (this effect may be
neglected by entering a value of zero for the shear deformation coefficient).

An iterative solution procedure is employed, hence, it is necessary to
specify the degree of accuracy desired in the solution. The Authors have
found that for a typical problem it requires about thirty iterations in order
to T1imit the error in the value of the predicted buckling load to less than
0.1%.

The following cards are needed as input to the program:

1. Title Card (12A6) - Coltumns 1 to 72

2. First Data Card (I10, 3F10.0)

Columns 1 10 Maximum number of iterations

11 - 20 Shear modulus of the matrix
21 - 30 Bulk modulus of the matrix

31 - 40 Young's modulus of the wire



3. Second Data Card

1-10

11 - 20
21 - 30
31 - 40

(4F10.0)

Poisson’s ration of the wire
Radius of the wire

Allowable error in the solution

Shear deformation coefficient for the wire

54

For a wire with a circular cross-section the value of the shear deformation

. . . 7 + 6v
coefficient is {CECRY

; Poisson's ratic of the wire is denoted as v .

If the matrix is viscoelastic the equilibrium values of the bulk and shear

moduli should be used.

For each step in the iterative solution the following two quantities are

printed, 1) the buckling load divided by the product of the wire's Young's

modulus and cross-sectional moment of inertia and 2) the factor 8 (B

2 is the wave length of the buckled wire).

The program listing is given below:

= 21 .
Q,,



55

T + ¥311 = ¥3l1l
dv138/€681€82°9 = X
0 = ¥3l1l

0€+30°1 = 4070

Ovi13a = vii3a

0dvli3g = dvi3g

(Cx2dad3)/NW=°9T = T4

(NW + U= €} /(NH=E"Z = M€} *G°0 = WNN

: 0°01=0Vv1130

0°1=0dv138g
(/13/dHy*XST VLIBHY *XST dILSHY *XOT*OHT

1

0l

121

/1300W NOILVANNOS 1IOVX3HZZ*X0T) 1lviWdDd 621

(621%9) 311uM
(//7%°14*=IN31D144300 NOILVWY043Q YVIHSHOE*XT
/79°8d4%=40443 QI LdIDIVHGT*XT
/6°L4%=34IM 30 SNIAVYHGTISXI
/€°64%=34IM 40 OIivY NOSSIOdHZZ*XI
/0°0T44=34IM 40 SNINAOW INNDAHZZSXT
/0°0T44=SNINAOW XINE XIYIVWHOZ*XI
/€°0T4*=SNTNA0KW YVY3IHS XIYLIVWHIZ®XT
/ST4=SNOTLVY3LIT 40 YIGWNN WNWIXVWHO6ZSOHI) 1VWYOd
SYHJTIV *3 Y *3INN *343 X *NW *XVYWLI (STTI*9) J1IYM
(0°*0T4%/0°0T4€°0T1) LVWYOd
SVYHAIV *3 *Y 4NN *43 *M *NW *XVYWLII (0T11¢S) Qv3y
(//9VZT*THT) 1VWH0d
3ILIL (108%9) 311YM
(9V2T) 1lvywWi0od
37411 (008*G) OV3y
SH 42X STIX fOM *WNN 4NN X *nNw 1v3y
(ZT) 37111 NOISN3WIG

BEEARBREESRBAE R AR AL ER AL R RSB RN SRR B AR B2 ERREERN

* XTd1VW JLINIJINI NV NI Q30038W3 3YIM V 30 =

el O OO WY O

#  HION3Y1S ONIHING JHL 3NIWY3L13Q 01 WVHI0Ud =

HREABERERGREERFRAERAETERAFRLEFARARA I BLRRBERRERERS

ST1
011
108

008

001

WWOUW




56

XVWLII (062°9) 311uM

00T DL 09

(7/9°213dT1%= 13/d WNAWINIWHHT*XQT*0OHT) 1VWYOS
d (0€2°9) 3J1IYM

0el D01 09

Vi130#%5°0 = V1130

0e+30°1 = 4070

0dvi38 = dvi38 (0°0 *371°dvidglddl

vii3Qx*¢ - dvl3g = dvi3dg
0el 01 D9

vi130 + dvi3g = dvidg

d = 44070

612 01 09 (4070 *19° d)dl
022 01 09 (3 °L1°(d/d00~-°"11S8V}Id]
{(9°2TI4T*X9*9°2T34T*X2T*CI*X0T* HT) LVYWHOd
d fvidg Y311 {(0T1Z2*9) 3J1luyM
4/X = yl139
XZE{T0a"Z = X2g2X)nged = YedeIMaZD)}/({TH=X
+ A= (WAN%"Z="%) ) xy2ZD ¢+ X2ZXNe1D + YIHD)}=#Tlsd + Zxn(Y/X) = 4

AU/ X2 THRG OReI-oHaY%ZD + TAU#TI2G Q) #(JINN+°T)=2SVHAIV=X2X%G"0 = YIHD

~WON3Q/(TZv=18 - Tlvx28) = €3
0°1 = 22
WON3Q/ (Z2Tv#29 - 2Zv=18) = 10

- 12v=ZIV — Z2vsTI1V = WON3I3J
(X#SH="Z)2Z% - TieX = 249
. { (X#X
e dNNESH®G 0 + X/(WNN=2"8="0T) ) 223 + (X#X#sdNN#G 0+ T)#TN)#d== 19

/(1Y = d/ZHeX)aX = 22V

/7 {XeSHieg*0-"2)=IH = 12V

Y/ LIX2aSHRGZ°0="T)aX=aTHedNN + (X&X=dNN2G°0-"T)=a2W)eX = 21V
THeXaXedNN=SHEGZ 0 + ZH=°*Z = T1V

33/X/(3NN+°T )} 2NW=SVYHdTV#"8 = SH
ON + X/IA=°Z = M

(IX®X) TXSS38 1IVI

(0%*X) 0OXSS38 1V

042 01 09 (XVWLI®19°¥3LI)dl

1

0%¢

0ce
0¢e

sle

01¢




57

X/Z000000(989%0000°0)#XX

20%0TT00°0) XX + Z0%6T6T0°0)=XX + L689GT18T°0) %XX
6LSBLZLI°0)aXX = HHTEHHSTI*0) XX + 0°T1) + (X#5°01901v=11

_ X#X2GZ2°0Q =

CCOOOC(TTIYZE000°0) =1L + 2€GT0E00°0)*11 + €€286920°0) %11
Y€6%80ST°0) =1l + 69886%T1G°0) =1l + $6G506828°0) %1l + S°0}sX
i=}

sloe/X

"

i

"

i

001 01 09 (0°2°19°X)d1
TI ¢T3 v3y
(TX4X) TXSS38 3INILNOYENS

an3
Ndni3dy o002
(X )dXI=(X)LEDSI /U (((802ES000°Q)=XX - 2
0%516200°0) #XX - ZLBL8G00°0)#XX ~ 94%29010°0}eXX - I
B9S68TZ20°0) XX = B8GETEBLO°0)=XX - %I¥IE€EGZ°*T) = O
X/0°2 = XX 001
002 01 09
(CCE0(0%200000°0) #XX + 0SL0T000°0) #XX + 2
86929200°0)=XX + 06S88%E0°0)#XX + 9GL690€2°0) XX + 1
02%8L22H°0) #XX + 99GT2LLG6°0 - (X%G°Q)90IV*0I- = 1) ]
_ XaX%#G2°0 = XX
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USER'S MANUAL FOR BEAM COLUMN ANALYSIS PROGRAM (CHI)

The program (FORTRAN IV) described herein is an evaluation of the equations
for the prediction of the beam-column behavior of a wire embedded in a matrix;
the prediction is based upon the analysis described in the report "Behavior of
Compressively Loaded Reinforcing Wires." For the medium deflection portion of
the analysis the deviations of the initial and deformed wire configurations,
from straight lines, are considered to be relatively large. It is assumed that
the wire's centerline initially lies in the x-y plane and that its equation

is given by the expression:

Yo(x) = % Cos Bx (A)

The equation of the centerline of the deformed wire is expressed in the form:

Y(x) = (x + xo) Cos Bx (B)

Hence the deformation is characterized by the parameter y . The beam-column
equation is evaluated in an inverse fashion, i.e., the parameter y is
specified and the column force F0 necessary to produce this deformation is
calculated.

In the analysis it is assumed that the ratio of the wire's length to its
diameter is large, i.e., the wire is considered as being infinite in length.
It is also assumed that the separation between adjacent wires is sufficient
so that there is no interaction between their responses; additionally it is
assumed that the wire is located sufficiently far from the boundaries of the

matrix so that in calculating the supporting action of the matrix
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it may be considered as being infinite in extent. This program employs the
vounidation model which is referred to as "exact" in the above mentioned report.
The effect of transverse wire shear deformation is not included in the evalu-
ation.

The following cards are needed as input to the program:

1. Title Card (12A6) - Columns 1 to 72

2. Data Card (7F10.0)

Columns 1 - 10 g (B = g%—, % is the wave length of the wire's
centerline, Equation A)
11 - 20 Shear modulus of the matrix

21 - 30 Bulk modulus of the matrix
31 - 40 Young's modulus of the wire
41 - 50 Radius of the wire
51 - 60 Poisson's ratio of the wire
61 - 70 Xo (Equation A)
3. A Card (F10.0) for each value of x (Equation B) to be considered
Columns 1 - 10 x (Equation B)
4. A blank card
If the matrix is viscoelastic the values of the bulk and shear moduli will, of
course, depend upon loading rate.
For each value of x the following information is printed; a) the value
of x (denoted as CHI), b) the value of the axial load (Fo) carried by the
wire, c¢) the x component of strain (e) of the composite material (the x

axis coincides with the average position of the wire's centerline), d) the

F
effective stiffness ratio of the wire, i.e., K%f' (A and E are the cross-

sectional area and the Young's modulus of the wire). The above quantities are

predicted first from the medium deflection equations and secondly from the



small deflection equations.

The listing of the program is given below:
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Figure 1 -- Two-Dimensional View of a Layer
of Wire Reinforced Propellant
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Figure 2 -- Unit Cell




Figure 3 -- Layer of Screen Reinforced Propellant
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Figure 4 -- Unit Cell
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T~ Material u .
Prop. \\\\\\\\ S Material CW Material
Ay 5.80 x 10° 5.14 x 10°
Ay 4.78 x 10° 5.93 x 10°
Ays 4.79 x 10° 4.88 x 10°
Ay 1.38 x 10° 1.32 x 10°
Ay 4.84 x 10° 4.85 x 10°
| 5 5
Aag 5.16 x 10 5.30 x 10
2 , 5
Aug 2.26 x 1n 1.07 x 10
Ass 2.22 x 102 2.22 x 10
2 2
A66 2.30 x 10 2.38 x 10
¥ 68.8 71.0
by 77.4 84.8
Vs 67.6 68.9
Ky 13.2 14.9
K, 76.3 76.7
ks 5.92 5.93
o 0.271 0.271
o* 0.0666 0.0666
Figure 7. Predicted Properties for the Typical

Reinforced Propellants
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;;;;j\ﬂﬁﬁfiiii S Material CW Material
A 5.89 x 10° 5.14 x 10°
Aty 4.78 x 10° 5.93 x 10°
Ars 4.79 x 10° 4.88 x 10°
- 1.38 x 10° 1.32 x 10°
Ay 4.84 x 10° 4.85 x 10°
Ass 5.16 x 10° 5.30 x 10°
Aug 2,26 x 10 1.07 x 10°
Ae 2.22 x 10° 2.22 x 10%
Ae 2.30 x 10° 2.38 x 102
0 68.8 71.0
v, 77.4 84.8
v 67.6 68.9
K, 13.2 14.9
K, 76.3 76.7
ks 5.92 5.93
c* 0.271 0.271
o* 0.0666 0.0666

Figqure 7. Predicted Properties for the Typical

Reinforced Propellants
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Prop. Material S Material CW Material
E, = 1/Cy 1.43 x 10° 4.11 x 10°
v, = - f12/e,, 0.20 2.22
v, = - C13/c33 0.74 1.09
vy = - Cl2/cy, 0.03 0.17
E, = 1/Cy 9.17 x 10° 5.48 x 10°
Vyy = - (23/Co 0.10 -0.12
vay = - 13/, 0.90 0.77
vy, = - C23/C,, 0.75 21.12
E, = 1/Cq 1.17 x 10° 5.81 x 10°

o 3.91 x 107° 9.83 x 107°
o 1.40 x 107° 8.83 x 107°
o 8.17 x 107° 3.19 x 107°

Figure 8. Inverse Properties for the Typical

Reinforced Propellants
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Properties From
Reference [3]

Predicted Properties

A.”/ZuW 0.43 .44
A]z/ZuW 0.16 .16
Ays/2u,, 0.15 .16
AZZ/ZUW 0.91 91
Ayz/2u, 0.16 .16
Asg/2u, 0.43 .44
A44/2uw 0.095 .088
ASS/ZuW 0.065 .063
A66/2uw 0.095 .088
b /20, 1.4 3
Vol 2u 0, 1.3 2
Yol 2u b, 1.4 .3
k1/k 0.85 .85
ko/k 0.87 .87
k3/k 0.85 .85
Figure 9. Comparison of predicted properties to the

results given in reference [3]
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Experimental Results, [5]

Predicted Properties

7 26,200 (18,500) 23,000

0z .283  (.212) .556

Vg 2.17 1.51
60,000 62,500

Figure 10. Comparison of predicted properties to the

experimental results given in reference [5].
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