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Abstract—The field equations governing primary creep in spherical and incompressible cylindrical pressure
vessels subject to a non-decreasing internal pressure are reduced to a single equation in the effective stress.
The effects of elastic strains are included. Using this equation, bounds and monotonicity properties are
established for the effective stress at any point in the body at any time. It is also shown that these results
imply upper and lower bounds for the displacement. These bounds are stated explicitly for the displacement
of the outer surface of the vessel.

1. INTRODUCTION

This work, although self-contained, is intended as a sequel to {1]. That paper dealt with the
problem of quasistatic creep in spherical and cylindrical pressure vessels subject to a
nondecreasing internal pressure. Small total strains were assumed, and the effect of elastic strains
was included as in (2.1) below. A creep flow law was assumed of the form (2.3b) below with
m =0. This is a widely used three-dimensional generalization of the Norton power law. With
these assumptions, a set of inequalities was derived in Section 3 of [1] giving bounds and
monotonicity properties for various quantities of physical interest.

In the present paper, we consider precisely the same boundary value problems described
above but for the more general case m =0. When m >0, we have so-called primary or
strain-hardening creep as opposed to the case of secondary creep in which m = 0. Qur purpose
is to extend to the theory of primary creep the inequalities of Section 3 of [1].

In Section 2 below, the system of nonlinear field equations governing an infinite
incompressible hollow cylinder is reduced to a single nonlinear integral eqn (2.28) in the effective
stress ¢. This equation appears to be new. The analogous eqn (2.30) for the hollow sphere
problem is then stated without proof. Both (2.28) and (2.30) are then combined in a unified eqn
(2.34) on which further investigations are based. A unified displacement eqn (2.35) governing the
radial displacement of the outer surface of the body is also given.

In Section 3, we obtain our main results. These are the inequalities (3.10), which give upper
and lower bounds for the effective stress, (3.11) and (3.12), which furnish bounds for the
displacement history of the outer surface, and (3.13) in which a bound is given for the magnitude
of the gradient of the effective stress. It will also become apparent to the reader that the analysis
in this paper readily implies bounds for many other quantities of physical interest, e.g. the
displacement history of the inner surface of the vessel. Also the proof of the above results
involves the discovery of monotonicity results, (3.4) and (3.5), which are of interest in their own
right.

Our method of derivation is conceptually the same as that used in [1], in that it is also based on
the use of simple differential inequalities. However the proofs in the present paper are somewhat
more complicated than their counterparts in [1] due to the extra degree of nonlinearity introduced
by allowing m > 0.

Finally, we remark that for the special case in which the spherical or incompressible
cylindrical pressure vessel has been subject to an internal pressure which is constant in time,
Einarsson[2] states upper and lower bounds for a quantity y which imply bounds for the
displacements and stresses. However in the case m >0, no proof for these bounds is given. For
m =0, a proof is given in a subsequent paper[3].

In Section 4, upper and lower bounds for the displacement of the outer surface of a cylinder
are evaluated for different pressures and times in the case of 12% Cr steel at 850°F. Also various
technological and theoretical applications are suggested for the results of Section 3. This section
concludes with a new formal derivation of the well-known formula (4.4) for the limiting state
o(r, ) using the unified eqn {2.34) under the assumption that P(t) has a finite limit P(x),
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2. DERIVATION OF EQUATIONS
As in [1], we assume that the infinitesimal strains €; have the form

€ =€ +ei .1)
(e)

where €’ and €}’ denote, respectively, elastic strains and creep strains. These are related to the
stresses o; by the equationst

€ = 11+ )y — by, )

€ile-0= (2.3a)

dey’ 3Ko., '
=5 © Sijy >0, *
6t 2 [ee(c)]m sJ t 0 (2 3b)
Here, s; stands for the deviatoric components of the stress, o. is the effective stress and €. is
the effective creep strain. They are defined by the formulas

if

3

- ,i e ) _ E ©)_(c)
0= zsusm € = 3€ij €. (2.5)

Notice that (2.3) and (2.4) imply that the creep deformation is isochoric.
E and v are Young’s modulus and Poisson’s ratio respectively. They are assumed to satisfy
the inequalities

§i = 04 — 5 Ok, (24

E>0, -l<yp= %
The creep constants K, m, n appearing in (2.3) are subject to the restrictions$
K=z0, m=0, n=zm+1. (2.6)

The constitutive law defined by the above equations is widely used in creep theory and is given in
[4].

We shall now sketch the derivation of the equation which governs the effective stress in an
infinite hollow incompressible right circular cylinder of inner radius @ and outer radius b subject
to a nondecreasing internal pressure p(t)>0 with p(t)=0 and zero body force. It is assumed
that the response is cylindrically symmetric and in a state of plane strain. In cylindrical
coordinates r, 6, z where the z axis is taken to be the axis of the cylinder and the components of
the displacement vector are denoted u,, uo, U, these assumptions take the form

u- = u(rt), uo=u =90 2.7
It follows that
_du Y . -
€& = ary €g = ra €: = €9 = €; = €g2 ‘—0- (2.8)

The first two equations of (2.8) imply the compatibility equation

a
€ = ;[r&]. 2.9

tSubscripts have the range 1, 2, 3, 8, stands for Kronecker delta, and summation over repeated indices is implied. We shall
also use a superposed dot to denote differentiation with respect to time.
iThe restriction n = m +1 also appears in [2].
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Also, the assumption of incompressibility takes the form
€ +e =0 (2.10)
It follows from (2.9) and (2.10) that

e =—;£i- @.11)
r

for some function f(z).
Incompressibility also means that » = ;. This fact, together with (2.1), (2.2), (2.3) leads to the
strain-stress relations

-1
¢ = 21, s,,+3K [":c)]m s (t>0), @.12)
3
e.-,-|r=o=ﬁs.-,~|,=o. (2.13)

If it is assumed that the coefficient o.” '/[e.“’]™ in (2.12) is sufficiently well-behaved, then (2.8),
(2.12) and (2.13) imply that

$: =80 = Sz = S5 = 0- (2.14)
It then follows from (2.3) and (2.14) that
&=l =eP =€) =0. .15

Due to (2.15) and the fact that the creep deformation is isochoric, the effective creep strain
takes the form

2 2
€ ==l ==& ). 2.16
o=l 16
On physical grounds, we restrict ourselves to solutions of the boundary value problem for which
&7<0, &>0 (t>0). .17

Equation (2.16) then becomes

€= —%eﬁ’ - 72—569“). 2.18)

Let us now consider the strain-stress relation (2.3) for the case €.

integrate this initial value problem to get

Using (2.18), we may

——2_ (c)_[ I: - ]l/(m+l)
Vb V3(m + DK o dr , (2.19)

where the positive real root is understood. In order to see that the existence of such a root is
physically plausible, we notice that by (2.4) and (2.14),

280 =—28, =00 — O, (2.20)
and it is reasonable for this type of loading that

ge >0, o, <0 (t>0).
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In this case, (2.5), (2.14) and (2.20) imply that

g, = %(ao -0,)= -V3s, =0. 2.21)

Equations (2.21), (2.19), (2.11), (2.1) and (2.2) (with » =3) imply that the effective stress, now
denoted o, satisfies the equation

t t/i(m+1)
f_o, [(m +1)Kf o d»r] . (2.22)
r E 0

The function f(¢) can be eliminated by means of the equilibrium equation

30‘r 0’9
o LLigN p =0 (2.23)

and the boundary conditions
U'(aa t)'_‘—P(t), a'r(b, t)=0- (2.24)

In fact, from (2.21), (2.23) and (2.24) it follows that

2 d¢_
WL o6 =p0). 2.25)

Therefore, if we multiply (2.22) by r ' and integrate with respect to r from a to b, we obtain the
following representation for f in terms of o and p:

_B (V3 [T om D g ,
f(t) E ( ) +ﬂ/c J:; [J’o o (§’ T) d'T] 5) (2.26)
where

B '= ‘rif, e = E[(m + DKV, (.27

Plugging (2.26) into (2.22), we find the effective stress equation for the incompressible cylinder,
1/(m+1) t 1/(m+1)
o(r 1) = ‘”(’ (p_f U 0" (6 7)dr] 95—“ Un(r,T)dT:] )
0
(2.28)

Notice that in the case of secondary creep, i.e. m =0, (2.28) reduces to egqn (2.32) of [1].
Using (2.8), (2.10), (2.11) and (2.26) we obtain the following representation for u in terms of o:

u(r, t)= %%_il (@+ e f: [ L ot dT]mmm df) (2.29)

Let us now consider the case of a hollow sphere with inner radius a and outer radius b
subject to zero body force and a non-decreasing internal pressure p > 0. We again denote by o
and u the effective stress and radial displacement respectively. In this case, the equations
analogous to (2.28) and (2.29) are

o) =BED 4 (B [ b [] P d’T]U(MH) %14, o) dT]l/(MH)), 2.30)
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u(r, ) =~E’-[(1 — D)(r, )= (1= 20)p(t)+ 21 — 2) I "ot t)ﬁ]

£
r Vm+1) ' " Hmen
+1Km + 1) o fydf] : @.31)
where
b
Bt =[S =g K m + D, @3

Equations (2.30) and (2.31) correspond respectively to (2.28) and (2.29) of [1]. Notice that if (2.30)
is multiplied by r~* and integrated with respect to r from a to b we obtain the result that

’ d¢_p®)
[ oeng =22

This is the spherical analogue to eqn (2.25) above. Using it together with (2.30) we obtain the
following representation for the displacement history of the outer surface of the spherical shell:

ute =GB LD [ [Tongmyar] " ). @39

Consider the equations

otr=BED p(g— f ’ [ _L o) df]mmﬂ)%g - [ L "o (1) df]mmm), @.34)

fora<r=<b, t =0, and

=__'_(§__ b t n ]1I(m+l)d
utb, =3B (P +u [ [ [ o6 nar] " F). 2.35)
for t =0 where
]
_ d

B = f -gi (2.36)
If we take

Vi Vi

j=2, P=Tp, B = e, K=-2-E' 2.37)

then (2.34), (2.35) reduce to the cylinder eqns (2.28) and (2.29), the latter being evaluated at r = b.
For

- =1 = 1=
1 ’—39 P _zps #’ ""#-h K= E (2-38)

(2.34), (2.35) become the sphere eqns (2.30), (2.33). It is consistent with these two cases to assume
that for ¢t =0, P(t) is continuously differentiable and

P>0, P=0, u=0, x>0. 2.39)

3. BOUNDS AND MONOTONICITY PROPERTIES
We consider only solutions {r, t) of (2.34) which are strictly positive and twice continuously
differentiable on [g, b1 % [0, =). The assumption of strict positiveness is consistent with the
derivation of (2.34) and with the physics of the problem.

1ISS Vol. 12, No. 2~C
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Let
o, 1) = j o1y dr. 3.1)

With this notation, (2.34) and (2.35) become

ot =B u (B [ gm g %= 7)), 6
uh,0 =75 (Poy+u [ 676 %), 6.3

The main results of this paper are implied by the following inequalities:
990 (>0 (3.4)
ar )
and
@ Z(Fa)=0, (b) —(rg ™ ")<0 (1>0) (3.5)
ar ’ ar ‘ )

In order to see this, let us first suppose that (3.4) and (3.5) have already been established. Then
(3.5) (b) applied to (3.2) and (3.3) yields the inequalities

o(r, =B 1 Bt (g, 1) g, 1), 3.6
or, 1= BEL4 Ao, 1) - rig 0, 1), 6
u(h, )= 1P 1)+ a8 e, 1) (38
u(b, )= B P+ B b9 "™ (b, 1) (3.9)

Inequalities (3.4), (3.6) and (3.7) immediately yield the following bounds for the effective stress:

BP(t)< o, t)<BP( da=r=bt=0) (3.10)

These inequalities, together with (3.8) and (3.9) imply the displacement estimates

wib, =7 {P(t)+ u(ﬂ)("_m_mw”[ﬂ pn(T)dT]mm”}, 3.11)

u(b, =5, {P(z)w(f-)("_mmm“)[ L ‘ P"(T)d-r]mw}. 3.12)

Notice that these bounds converge to the exact solution as ¢ tends to zero. In the case of
secondary creep, i.e. m =0, they reduce to (3.9) and (3.10) of [1]. Finally, we remark that (3.4),
(3.5) (a) and (3.10) furnish the following bound for the gradient of the effective stress:

l——(r, t)lszj%P(t)(aSer, t >0). (3.13)
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The rest of this section is devoted to establishing (3.4) and (3.5). It turns out that both of these
results depend on the inequality

3
< 0 (t>0), (3.19

which will therefore be proved first. In this and subsequent analysis we shall repeatedly use the
elementary fact that if y(¢) satisfies the differential equation

y+Qy=F (t>0) (3.15)

where y(0+)=0 and F =0 on [0, ») (resp y(0+)=<0, F <0 on [0, «)) then y=0 on (0, =) (resp
y =0 on [0, »)). It is assumed here that all of the quantities involved are suitably smooth
functions of ¢. Q and F may also be allowed to have mild singularities at 0. Also, if y(0+) <0 and
F <0 for ¢t >0, it follows that y <0 for ¢ >0.

Let
o= PO+ | e npe-ogh (3.16)
Then
>0, d=0 (t>0), (3.17)
and (3.2) takes the form
o(r,0) =Ba(t) - o (1) (3.18)

If we now differentiate (3.18) with respect to r and multiply both sides of the resulting equation
by no" "', then, in view of the definition (3.1) for ¢, we obtain the following initial value problem
for d¢/ar:

R T Gy S V. NS SN
ar Tm+1” ¢ ar e 2, ar(r,O)—O. (3.19

In view of the remarks made concerning (3.15), inequality (3.14) now follows from (3.17) and
(3.19).

In order to apply this result to the proof of (3.4), we differentiate (3.18) with respect to r and ¢.
This yields the equation

_‘92-6. En —[m/(m+1)] n—lgg__ —jg ¥ + ”’mo-n é_@
atar * m+ 1¢ T e r"“d) (m +1)2¢@m*0m*D gy (£>0). (3.20)
If we adjoin the initial condition
do _—IBP(0)
ar(r’ 0+)= A (3.21)

then, by virtue of (3.17), (3.14) and (2.39), the initial value problem (3.20), (3.21) implies (3.4).
In order to establish (3.5), we first notice that, by (3.18),

:%[r’a'(r, 0] =-— p;ar-[r’cb om0y 4], (.22)

This equation shows that (3.5) (b) is inmediate, once we demonstrate (3.5) (a). To this end, we
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introduce the quantity

t 3 )
— n—1_Y i
¢ —L o ar(’ o)dr, (3.23)
and record the fact that
i@= — pipi-1
r ar ng —njr'—"¢.

Then one differentiation of (3.22) with respect to time and some rearrangement of terms in the
resulting equation yield the identity

9. B ptmiomemn n-1 0 gy
ar(r0)+m+l¢ 7o)

n—1

o mn_ m .., (n=1 gg'>]
(m+l)¢(2m+l)l(m+l) [m+l Ud' n¢<m+10]r + n rlar . (324)

By (3.24), (2.6) and (3.4),

9 i B omimeny nt O po"”! [ mn_ . nm 9 ]
"t m® w41 Y w1997
(3.25)
or, equivalently,
_a_ j 2 (mn +m+ 1) —mf(m+1) n—-l_a_ i H'mna'"‘/’
ar (r]a) + (m T 1)2 ‘L¢ g ar (r 0') = (m T 1)2¢(2m+1)/(m+1)' (326)
Since, by (3.22) and (3.1)
O -
—[Pa(r,0-01=0,
the proof of (3.5) (a) will be complete once we show that
y=0 (t=0). (327

In order to see this, we carry out the differentiation indicated on the right-hand side of (3.22) to
obtain

O i N —mimD [ i-1 r 3_4’]
5 (o) =—ué L (3.:28)
We then use the identity
iy =y T 98
e =Y =y
to put (3.28) in the form
_i i —mim+) . ~m/(m+1) ia_¢ (l_ 1 )
pri R ¥ =ud '\ ) (3.29)

If both sides of this equation are multiplied by o', we get

: - _ - 100 (1 1
+ mim+1) n—14 _ mfi(m+1) n—1,i2¥ (_____).
Y+ ud oY= 7 T \n Tm+1

This expression, together with (2.6), (3.14) and (3.23) implies (3.27).
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4. EXAMPLES AND APPLICATIONS

Using numbers furnished by Hult in [5], we can apply the displacement bounds (3.11), (3.12) to
the case of a hollow cylinder made out of 12% Cr steel at 850°F (454°C). With the units kg/mm?
and hr, Hult asserts that K =0-5x 107, n =7-5, m = 1-8, E = 16,200 kg/mm® and » = 0-3. For
definiteness, we have chosen g =100 mm, b =130 mm. The results are summarized in the
following two tables in which are evaluated the upper and lower bounds respectively on the
displacement u(b, t) of the outer surface of the cylinder for various times and constant pressure
histories.

Upper Bounds (mm)
100 hrs 200 hrs 500 hrs | 1000 hrs | 2000 hrs

p=5 kg/mm> .19 .22 .27 .32 .38
10 .82 1.00 1.31 1.63 2.04
15 2.16 2.69 3.64 4.58 5.80

Lower Bounds

100 hrs 200 hrs 500 hrs 1000 hrs 2000 hrs

p=5 kg/mm? .13 .14 .16 .18 .21
10 .44 .51 .65 .78 .95
15 1.05 1.27 1.66. 2.05 2.56

Let U(t), L(t) denote respectively the upper and lower bounds on (b, t). It is of interest to
note that with the above choice of parameters,

U@,
E".,EL(t) 2-41.

It is hoped that the bounds (3.10), (3.11), (3.12) will find direct industrial applications. For
instance, in preliminary design work on such things as pressure vessels precise answers are often
not required and simple bounds on the deformation are sufficient. Also situations arise in which
there are long “lead times” on the ordering of materials, and orders involving dimensions and
quantities have to be placed before a detailed numerical analysis of the structure can be
implemented. In this case bounds can be helpful.

On the theoretical side, they might be employed for such purposes as the derivation of more
refined bounds, the establishment of existence and uniqueness theorems, and the mathematical
analysis of the asymptotic behavior of solutions to problems involving primary creep.

As another application of the theory developed in Sections 2 and 3, we present a formal
derivation of the limiting stationary state o (r, ), which is assumed to exist given that P(¢) has a
finite limit P(x) as t—x. Let ¢, be such that

o(r,t)=o(r,©) (t=t,)
to as many significant figures as is desired. Then for ¢ > t,, (2.34) can be put in the form

ont) ___ BPW)

(t _ tl)l/(m+1) - ri(t - tl)l/(m+1)

" on(r1)d

1/(m+1)
1] o,n/(m+l)(r’ m)).

Due to (2.39) and the assumed existence of finite P(«), P is bounded. Also, the results of Section 3



116 WaRREN S. EDELSTEIN

imply o is bounded above and below for all time. Therefore, if we take the limit of (4.1) as t >,
we obtain

b
g,[ Un,(m+!)(£9 00)'(‘152 U"/(m+1)(r’ w)-
This shows that o(r, ») has the form
cr(r, oo) - Ar“[i(m+1)/nl' (42)

In order to evaluate A, we notice that (2.34) implies the identity (cf. (2.25))
b
[ otro¥=pe), “3)
Substitution of the expression (4.2) for o (r, ») into (4.3) gives the result

olr, m)zf(mn+ I)P(oo)[a‘”""*”’"’ — plim DIl D), 4.4)

Notice that for the spherical case, this agrees with Hult’s results (33) and (34) in [5], the latter
having been derived under the assumption of constant pressure and negligible elastic strains.
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