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1. Introduction

HE analysis of stresses in anisotropic nonhomogeneous

hollow cylinders is, nowadays, a subject of increasing concern
for the design and analysis of solid propellant motors with
arbitrary circumferential reinforcement and distribution along
the radius. Bieniek et al.! evaluated the stresses and deformations
in a thick-walled orthotropic cylinder with all material constants
proportional to ¥ only. In this Note, a general method is
developed to find out the stresses and displacement components
in an orthotropic nonhomogeneous elastic cylinder with different
types of nonhomogeneities introduced in the material constants
following the analysis of Wescott.?

2. Formulation of the Problem

The equations of equilibrium and compatibility for a circular

cylinder in two-dimensional problems are, respectively,
do,jdr+(0,—0,)/r =0 (1)

and

g,—(rdeg/dry—e, =0, ¢, =du/dr, & =ufr 2)
where o,, g, are the radial and circumferential stresses, re-
spectively, and u is the only nonvanishing radial displacement
component. In the case of plain strain, the preceding equations
for the orthotropic nonhomogeneous cylinder with material

constants as functions of » only reduce to the following single
equation [cf. Bieniek et al.']:

a 1d 1\ d?
~f3+<— O‘“+—>—f2+<— g
dr Oy, dr 1) dr rio,, Ty, dr

where

Ld“”) (E =0 (3)

dr

o, = (/nN[df(r)/dr], o, =df(r)/dr® } )

dufdr = o 0,4+ 0,,0,, Ufr=0,,0,+4,,0,

and o, o, o,, being the material constants. Hence, the

Received November 27, 1972; revision received March 26, 1973.
The author wishes to thank C. L. Amba-Rao, Head, Structural
Engincering Division and Applied Mathematics Division, VSSC, for
his valuable guidance in preparation of this Note.

Index categories: Launch Vehicle and Missile Structural Design
(Including Loads); Fuel and Propellant Storage, Transfer, and Control
Systems.

* Numerical Analyst, Structural Engineering Division.

VOL. 11, NO. 9

= —~~=HOMOGENEOUS
NON HOMOGENEOUS

Fig. 1 Radial stresses for cases a and b.

central problem now is to find the stress function f(r) satisfying
Eq. (3).

3. Solution
Let
oy, =08, 1(r), oy, =a,mry and oy, =% ,n(r) 5)
where &,,, &,,, &,, are constants. Putting these expressions for
44, 0,3, %, and changing the variables as
{rm(n} 12 df dr = y(r) -
in Eq. (3), we have
d’y/dr* +1(r)=0 (7)
where
l o dn(r) 1dM(r) 1
r*m(r) rm(r) dr 2 dr 4

with
1 d 1
_L dm()

B=d,/th,; a=&5,/%,, and M(r)= mr) dr ;
Now, let us consider the standard transcendental differential
equations of the type
d? d

PR T+ gEw =0 ©)
This becomes a) hypergeometric equation for p==z"'c—
Al—2)"Y, g= —abz *(1—-2)"! with A=a+b—c+1 and
w=,Fab,c;z) or z'",F(l+a—c 1+b—c,2—c;z), b)
Whittaker’s equation for p=0, g = —y%/4+syz” '+ (E—12)z72
with w= W, (+yz), c) Bessel's equation for p=2z71, g=
+72—v?z~ 2 with w = C,(yz), d) Helmholt’s equation for p =0,
g= —v* with w = exp (+yz) where ,F,, W, ., and C, represent
the transcendental hypergeometric, Whittaker and Bessel
functions, respectively. Applying the transformation

y = wiz){dz/dr)” Y% exp {3p(2){(dz/dr) dr} (10)
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to Eq. (9), we get

d?y dz dz\*( 1, 1dp(2) _
4~d7+[s<5)+<dr){ -5 +q(z)ﬂy—o (11

where

S(dz/dr) = Hd>z/dr®) dr/dz— 2(d%z/dr¥)X(dr/dz)? (12)
Now, by the replacement of
—3*(2)—3dp(2)/dz+q(z) by L,f(z)+L,g(z)+ L;h(2)
in Eq. (11), it becomes
2 2
LA [S(Z—f) + (%f) {L1f<z)+L2g<z)+L3h<z)}}y =0 (13
The values of Ly, L,, Ls, f(2), g(2), and h(z) are for
a) hypergeometric equation
f@=z"% g(@=(1-272% h@x)=z"'1-27"
L, =(c¢/2)—(c*/4), L,=(A4/2)—(4%4), L,=1cA—ab
b) Whittaker’s equation
f@=1 g2)=z"2% hz)=z"% L,=—y*4
Ly=sy, Ly=31-¢
¢) Bessel’s equation
f@=1 g=0, hizy=z72
L,=0, L,=1-y?
d) Helmholtz’s equation
f@O=1 g@)=h()=0, L=~y L,=L;=0
Following Eq. (12), we write Eq. (8) as
Bl o dn(r) 1dM(@(r) 1

0= =" ey dr "3 ar d

_B B o« dn(r) dz
T {1 * m(r)} r? + rm(r) dr + S<dr> +
dz ZS 1 dr
(@) (e
. dw(z() _ [dz dz\? [dW
[by chain rule, S{ o } = S<E) + <E;> s<g>:|

Putting this value of I(r) in Eq. (7) and then comparing Egs. (7)
and (13), we get

B B a dn(r)]/dr\? 1 dr\
[72 {1 * m(r)} z rm(r) 7](5) +S(rm(r) d_z> -
L, f(@)+ Lyg(z)+ L3h(2)

In order to have the undetermined function f(r) and the expres-
sions for I(r), m(r) and n(r), let us assume

(1/r*)(dr/dz)* = P, f(z)+ P,g(z)+ P;h(2) (14)
1 dr
S(rm(r) E) = 0./ ()+ Q2900+ Q3h(2) (1)
dr\*> 1 dn(r)
(E) i = RSO+ R +R G (16)
Then, substituting Eqs. (14-16) in Eq. (13) we have
AR PR | G K,ph(z) (17
dz) 72{ +m—(;)}— BS )+ K, fg(z)+ Kphz)  (17)
with
BK,=pP,+Q,+aR,—L, i=123 (18)
where P;, Q;, R;, K;, i=1,2,3 are all arbitrary multipliers

independent of z so that at least one of P,, P,, P, is nonzero.
Giving the different arbitrary values to these multipliers, we get
the expressions for z(r) from Eq. (14), m(r) from Eq. (15), n(r) from
Eq. (16) and I(r) from Eq. (17). The undetermined arguments
and orders of corresponding transcendental function are
obtained from Eq. (18). Although the second-order differential
equation (15) gives m(r) in terms of two independent functions,
we retain only one of them for simplicity.
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Hence, knowing the values of all transcendental parameters
in terms of the given values P, Q,, R;, K;, i = 1,2,3 we derive
the expressions for the material constants a;,, &, ,, o,, and the
corresponding solutions of Eq. (3} in terms of hypergeometric,
Whittaker, Bessel or exponential functions by the help of Egs. (6)
and (10) as

d dz\" 1/2 d
%a {rm(r)}~ 1/2<E> exp {%f p(z) d—f dr} w(z) (19)

Having df (r)/dr from Eq. (19), the expressions for the stresses
and deformations are obtained by the expressions of Eq. (4). As
Eq. (3) is a second-order differential equation in df (r)/dr, its
solution will have two unknown constants which are evaluated
by the boundary conditions of the problem.

4, Evaluation of Stresses

As an example, we consider an anisotropic thick cylinder with
some particular types of nonhomogeneities. Let the non-
homogeneous cylinder with outer surface reinforced by a thin
elastic casing with inner and outer radii as ¢ and d, respectively,
be subjected to internal pressure, P. Then, we get

g,=—P on r=c¢ (20)
and '
o, = —[Et/(1—v*)d]e, on r=d @1
E, v, t are, respectively, elastic modulus, Poisson’s ratio and
thickness of the elastic casing.

a) Nonhomogeneities based on Bessel’s equation:
Let

P,=P,=0,Py=a? Q,=0,=00,=A(1-4);
R, =b R,=R;=0; K,=n* K,=K;=0
So, we have from Eq. (14)
(1/r?)(dr/dz)* = (1/a})z"% ie, z= A"
from Eq. (15)

1 dr A(1—A4) . —1)a
S(w—r) a:) =AM e, iy = My

from Eq. (16)

ar\? 1 dn(r) b2aM (A2
- — bZ i ., =C 171 (24+1)a
<d:> rm(r) dr e, n(r) + 24+1 r

—-=~-HOMOGENEQUS
—— NONHOMOGENEOUS

Fig. 2 Tangential stresses for cases a and b.
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and from Eq. (17)
2 !
<d_r> 1_{1 + _(’2} — n2 i.e., l(r) - n2M1A12a2r(2A+l)n_

dz) r? m(r)
(24— 1)
M,r e

where 4,, M,, C, a, b, n are all arbitrary constants. Then
the solution of Eq. (3) is

df(r)/dr = r~@PCA"VEK (yA,;r)+ F(yA; ] (22)
where E and F are unknown constants, K, and I, are the
modified Bessel Functions and v and 7 are obtained from Eq. (18)
asy? = n2p2—ab?, v? = L1— A(1— A)— B/a®. Now, evaluating the
constants by the boundary conditions (20) and (21), the expres-
sions of the stresses are easily obtained from Eq. (4). Taking
the arbitrary constantsas A, = LM, = 1,C=0,n=1,b*>= 1,
a=1 A=0.35566835 and using the values of the material
constants for Boron Epoxy, ie., E,=E,=3.6x10° Ib/in.%
E, =308 x 10° Ib/in.%, v,, = vy, = 0.0421, v, = 0.3, and t/d = 5,
E/(1—v})E_ = 50 for the elastic casing, we have, for 7= r/d,
¢=c/d.
0, = — (P& /AP ) { By, [ 1, (DK o)+ K () o) +

[B(&;2— x8y,)+ 1] [Ko(PH o(7)— Ko(1)1o(4P)]}

and
ap = (PT*" /AP ) {[Byfipy I, (y)+ {B(E, ; — x8,,)+ 1} o(y)] %
[YPK 1 (yF)— xK o(y7)] — [ By&,. K 1 (y)— {B(@,2—x83,)+ 1} X
KoWIDFL (6P~ x1,(R]}

A = Byd,,{Ko(yO) () + IO(VE)K1(V)} +

{B(&, ,~ x%5,)+ 1} {Ko(yO)oy)— Io(VaKo(V)}
where B=125 y=0558171, &,,=E,a,,=091, &, =
E o, =011511, &,=E o;,= —0.1684, f=0.1265 o=
—0.185055. x = 0.355668. In Figs. 1 and 2, the results of the
analysis are presented.
b) Nonhomogeneities based on Helmholtz’s equation

Let
P,=ad P,=Py=0; Q,=-¢*0Q,=0,=0;
R,=h . R,=R;=0; K,=n%K,=K,;=0
As before, we obtain from Egs. (14-17)
() =log (A7), oy, = &,,M r*%

aZbZM N
oz = 5‘12[C + 2—ag_1 "zag:l' ayy = dy,[(n*a® — )M ;r?*]

23)
and the solution of Eq. (3) is
df/dr =r “Q[Era(lfﬂz +g2—ab2— fa-2)1/2 + Fr—a(/;nz +g2— b2 -1;472)1/2]

where C, A, M|, g, a, b, and n are all arbitrary constants.
Evaluating the expressions of the stresses as before and taking
the arbitrary constants as g=b>=M,=a=1,n*=2,C=0,
the results are presented in Figs. 1 and 2 for the material
constants considered in (a):

Special case Putting2g=m,a=1,b*=mn*=2, M, =1,
C=0 in Eq (23), we have a,, =da,,r", a;, =4a,,/" and
&, = &, ™ which is the case of Bieniek et al." Then the solution
of Eq. (3) is given by

df(r)/dr — r—m/z [Erl/Z :m2+4(/.i—xm)} 1/2 + Fr— 1;Z:m2+4(ﬂ —1m)} 1/2]

which is exactly the same as that of Bieniek et al' [cf.
Eq. (25)]

S. Conclusions

The preceding analysis can be considered for the solid rocket
motor system as a first approximation. Actually, solid rocket
motor consists of solid propellant grains surrounded by a thin
rubberlike insulator with outer surface reinforced by an elastic
cylindrical shell and is subjected to internal pressure. Therefore,
for the short-time pressurization, it can be taken as a thick
anisotropic elastic cylinder of a material of properties varying
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along the radius as a first approximation with the boundary
conditions considered in the analysis. Moreover, thermal stresses
are excluded for the present analysis, as they are of secondary
importance for the solid rocket motor which has a very short
burning period. However, the author wishes to consider this effect
in another Note.
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Quasi-Steady Gas-Phase Flame Theory
in Unsteady Burning of a Homogeneous
Solid Propellant
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Nomenclature

B = pre-exponential constant in Arrhenius rate expression

specific heat at constant pressure

diffusion coefficient

activation energy for gas-phase reaction

nondimensional activation energy, Ec,/RQ

sum of heat of gasification and heat conducted into interior of
solid, both per unit mass of solid gasified

nondimensional heat flux into solid, L/Q

mass flux

reaction order

pressure

heat released by the gas-phase reaction per unit mass of reactant
consumed

niversal gas constant
emperature
e

oo
([ A

byt

(I

u

t

flame temperature

temperature of the solid surface

distance normal to propellant surface

distance between solid surface and gas-phase reaction zone, i.e.
“flame thickness”

reactant mass fraction

stretched nondimensional temperature, 8(6,— 0)

diffusivity

nondimensional activation energy, EQ/Rc, sz

burning-rate eigenvalue, Eq. (18)

thermal conductivity

nondimensional temperature, ¢, T/Q

density of the gas

LI T T

T D >HR T
I T | T 1

Introduction

N theoretical analyses of solid-propellant combustion in-
stability, models are needed that describe the gas-phase flame
with simplicity sufficient for inclusion in rather complex time-
dependent calculations. To date, all such models that have been

Received December 27, 1972; revision received April 4, 1973.

Index categories: Combustion Stability, Ignition and Detonation;
Solid and Hybrid Rocket Engines; Combustion in Heterogeneous
Media.

* Professor of Aerospace Engineering, Department of Applied
Mechanics and Engineering Sciences.



	2: 


