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Effect of Internal Pressure on an Infinite Cylindrical
Shell Subjected to Concentrated Radial Loads

Paurn SEmpe*
University of Southern California, Los Angeles, Calif.

The effect of internal hydrostatic or lateral pressure on the deformations of an infinitely
long, thin, cylindrical isotropic shell subjected to equal concentrated loads equally spaced
around a circular cross section is investigated. An exact solution of Fliigge’s equations for
buckling of eylindrical shells, considered herein as equations for small deformations super-
imposed on large deformations, is obtained. Calculations are shown primarily for the case
of two loads, for which the effect of internal pressure is found to be most pronounced.

Nomenclature

flexural stiffness of shell wall, Eh3/12(1 — »?)

Young’s modulus of shell material

shell wall thickness

extensional stiffness of shell wall, ER/(1 — »%)

T5(h/R)?

number of equal and equally spaced radial loads

integer

applied axial load, positive for tension

applied pressure, positive for internal pressure

magnitude of radial load, positive when inwardly
directed

internal pressure parameter, pR3/D

axial load parameter, PR/2xD

cylinder middle surface radius

additional axial, circumferential, and radial displace-
ments, respectively, of point in cylinder middle sur-
face, measured from stressed state

= axial distance from radial loads, measured from stressed

state

6 = angular circumferential measurement to point in
cylinder middle surface

Poisson’s ratio of shell material

z/R

displacement function
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Introduction

N a recent paper! the effects of radial bumper loads on an
internally pressurized circular cylindrical shell were ap-
proximated hy treating the bumper loads as discrete in the
circumferential direction but uniformly distributed along
generators. In the present paper, the localized nature of the
bumper loads in the axial direction as well as in the circum-
ferential direction is taken into account by considering them
to be concentrated loads applied to a long, thin, prestressed
cylindrical shell.

The equations used in the analysis are those derived by
Tligge? for buckling of cylindrical shells.. These alter-
natively can be considered to be equations for small de-
formations superimposed on large deformations. An exact
solution is readily obtained for the present problem with the
use of a displacement function. Calculations are carried out
primarily for the case of two diametrically opposed concen-
trated loads, for which the effect of internal pressure is found
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to be most pronounced. Results are given for internal lateral
pressure and for internal hydrostatic pressure.

Derivation

A. Differential Equations and Boundary Conditions

We consider an infinitely long, circular, cylindrical, iso-
tropic shell which has been subjected to a large, uniform in-
ternal pressure and axial tension and has expanded to a
larger circular eylindrical shape. Equal concentrated loads
Q equally spaced around a circular cross section are now
applied to the shell (see Fig. 1). We assume that the de-
formations due to the concentrated loads are small compared
to those caused by the previously applied internal pressure
and axial tension. The loads are assumed to be applied as
discontinuities of the transverse shear force. From sym-
metry of the loading it is apparent that we are concerned
with a semi-infinite, circular cylinder to which edge axial
forces and @ are applied at discrete points and which is sub-
jected to edge axial forces and bending moments resulting
vanishing edge axial displacement and edge rotation (Fig. 2).

Equations appropriate to the problem of small perturba-
tions superimposed upon large deformations of a long circular
cylinder are [see Ref. 2, p. 422, Eqs. (Ta—7c)]
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where u, v, and w are, respectively, the small additional —4a n
longitudinal, circumferential, and radial deformations of the Qe =
shell middle surface. Let us introduce a displacement func- 1—y 94y
tion ® such that k2 [3 2 —+ 5 o+ q -i- Q1(Q1 + 42):] (4d)
b?
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Then Eqs. (1a) and (1b) are identically satisfied. Substitu- - — ) — 2 <7
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The boundary conditions at £ = 0 for our problem are
[Ref. 2, p. 233, Eqgs. (32)]

% = Qw/0x = N.g — M.o/R =0 (5a)
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Fig.3 Concentrated transverse shear
loading as the limit of uniformly
R distributed forces.

transverse shear loads acting over a small portion of the cir-
cumference of the middle surface (Fig. 3). A Fourier series
expansion of the function is given by

(Z QQZ;;( + Z coan0> (6)

The third of Eqs. (5a) may be reduced considerably if we
note that it may be expressed as [Ref. 2, p. 214, Egs. (9)]

M 1—vK
(Nxo 4 >£=0 2 R

[(1+3k)bf a———3k%9]

=0 (7a)

But since u and 0w/df vanish at £ = 0, Eq. (7a) may be re-
placed by
(00/08)¢~0 =0 (7b)

At infinity, stresses and displacements due to the transverse
loads should vanish or be bounded.
With the use of Egs. (3), the edge conditions at £ =
given by Eqs. (6a) and (7b) may be written as
0%
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The solution of Eq. (4) which yields stresses and deforma-
tions which are periodic with period 2r/N around the cir-
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cumference can be expressed as

® = 9(0,8) + i Bua(£) cosNnb (92)
n=49
where
g = T 60 — k) + 8+ [2/0 — »)]elkDb

201 + kg {l + 12/ ~ »)Ykgi}
' 0% + Bot® (9b)

and a and By are arbitrary constants of integration. Then
Eqgs. (8) imply the following edge conditions:
APy, (0)  d*Px.(0)  dPn.(0)

= = g —0m=123..) (0w

2 d®(0)
1~qu>’“] &

d*%e(0)
ag

e k%)[l + <3 +

=0 (10b)

Equations (6¢) and (10), together with the relation [Ref. 2,
p. 209, Eq. (1e) and p. 214, Egs. (9a-9h)]

5 _ _ D I:b w o%w o | 1 — » 0%
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z

0_53+< )6_5602_553
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T2 DEOB] (1)

imply the remaining edge conditions

d'®y,(0)/dE = —6 (n = 1,23,...) (12a)
d'®y(0)/dE" = —30 (12b)

where
_ NQR? 1 (120)

T o2eD {1+ kB +2/(1 — »@lil — k(1 — ¢)]
B. Solution of the Differential Equation
Let us consider the solutions of Eq. (4) of the form
® = Mné cosNng (13a)
Then Ay, is determined by the equation
aidwa® + [B1 — aa(Nn)?]Awa® +
(71 — Bo(NVn)? + as(Nn)*]Ana.* —
(Nn)*[y2 — (Nn)*8s + (Nn)*oulhna® +
Nn)*[(Nn)? — 11{(Nn)?*as — vs] = 0 (13b)

For each value of n(n 5 0) there are eight roots of Eq. (13b).
For the case of internal pressure and axial temsion (¢ >
0, ¢ > 0), calculations indicate that the roots are of the
following forms.t

Case I (eight complex roots):

Avnr = EPya = igvm (r = 1,2,3,4) (14a)
ANnr = E£Pwna £ gxne (1 = 5,6,7,8) (14b)
Case II (two pair of equal real roots, four complex roots) :
Avnr = Epym (r = 1,2,3,4) (15a)
Avnr = EPxnz £ tgnne (r = 5,6,7,8) (15b)
Case I1I (two pair of unequal real roots, four complex roots):
Avnr = Epym r = 1,2) (16a)
Avwr = Fgyvm (r = 3,4) (16b)

t These forms were found to be necessary for the case g1 =
¢» = 0, contrary to the common supposition that all roots are
complex for the unpressurized cylinder.
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)\N,,, = :i’:pN,,2 -+ ’l:anQ (7’ = 5,6,7,8) (160)

For each case the function ®x,(£) has a different form. We
write these as

Case I:
2=

Dy, (§) =0 Z (A Nnj COSGnniE ~+ Bynj singunE)e “PY (17a)
i=1

Case 11:

Byn(§) = 8[(Axm + Bymbe Pt 4
(ANn2 COSQNME “+ Byna SiHQNnZE)empN"ZS] (17b)
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Case ITa (two pairs of equal real roots):

ANnr = £pg (r = 1,2) (22a)

Avar = £pg (r = 3,4) (22b)
Case I1Ia (two pairs of unequal real roots):

Avnr = £pu (r = 1,2) (23a)

Avwr = Hqu (r = 3,4) (23b)

The solutions may then be written for each case as
Case Ia:

q’o(f) = Be"p“g (Am COSqOIE + Bo]_ Sillqug) (24&)

Case III: )
it]
d’Nn(E) = 5[Aane—pNn1£ -+ Bane‘_QNnIE + w1
(A N2 COSqNn2E + Bana Singanaf)e ~ PV | (17¢) _ 5pa* — 10po%qu? + gt
Ay = = PR Rl (24h)
In each case the deformations and stresses decay exponentially Por{Po” 7 ot
with increasing longitudinal distance from the loads. 4 — 10p02002 + 500t
The coefficients Awni, Byni, Annz, Bya: may be determined By = 2 dn po; 51:1 _{;)5 = (24c)
through the use of Egs. (10a) and (12a). After some manipu- u{Por o
lation we can obtain the following. Case 11a:
Case I: ‘ ®y(§) = 8(An + Buk)e P (25a)
Aym = (1/ pan)A(pzvm,Qan,pan,Qan) (18a) with
= —5/4p017 25b
Buni = (1/quwm) A(Qxat, D31, @Nn2,Pivnz) (18b) Ao = =5/4pn (25b)
By = —1/4pn® 25
Anne = (1/Ppxn2) A (pn2,gng, Dan1,gvm) (18c) o /4pw (25¢)
Byny = (1/qnn2) A(qNn2,DNn2,qNn1,PNn1) (18d) Case Ila:
with By(£) = 8(Aqe P + Bye ) (26a)
5zt — 102,202 + 2ot — 2(3212 — 222) (T2 — 24%) + (25 + 242)?
Az, 2a,2324) = — 18
( 1,%2,23 4) 2(:012 & 122)[@12 — 2 — x4 + x42)2.+ 4(:v1x2 +x3x4)2] [(x12 — x? — x32—|—x42)2—l— 4(x1x2 — x3x4)2] ( e)
Case II: with
Axm = (1/pwnt) A Do, 0,03m0,q52) (19a) Ao = 1/2pn’(pn® = g0") (26b)
Byni = A(0,pxn1,95n2,DNn2) (19b) By = 1/2¢0*(q01* — pu®) (26¢)
Anns = (1/Pxu2) A(DNn2,qn2, D1, 0) (19¢) From Egs. (3, 9, and 17-26), we may find the displacements
of the shell middle surface. The radial deformation of the
Byuz = (1/qwn2) A (qxn2,PN02,0,pxn1) (19d) cylinder, for example, is given by
Case III: 9w Dw ®
Ay = gvm® — 2qxm (Prns® — qun?) + (Pras? + qusd)? NoR: = nz::o Yyn(§) cosNn o 27)

pan(pNn12 - anlz)ANn
(20a)
BN L= pan4 - 2pNn12(pNn22 - an22) + (pNn22 + an22)2

where Yy, (£) has the following forms for the various cases.
Case 1:

anl(QNn12 - pNn12)ANn 2
(20b) ¥nalf) = ,;1 Yrni(£) (28a)
Ay = — 5pwne! — 10pwna®gnns® + qvns® — (3DNn2? — qwne®) (Dvm® + qvm?®) + DNmi’Qum’ 00
2pNn2(pNn22 + an22)ANn
Ban — 511an4 -— 1()271\’7r2292\’nz2 + pNn24 — (I)an — 3an22)(pNn12 + QNn12)+pNn12QNn12 <2Od)

2an2(pNn22 + an22) ANn

Ann = [(pyn2® + qune®)? — (Pyne® — quned) X
(pan2 + an12) + pNn12anl2]2 +
AP N 2qun?(Pym? — qvm?)?  (20e)

When n is equal to zero, four of the roots of Eq. (13b)
vanish. The remaining roots belong to one of the following
cases:

Case Ia (4 complex roots):
)\Nm‘ = thol =+ ’5401 (T = 1,2,3,4) (21)

where
Ywni(E) = {[Kl(pNnj4 — Opwaiignai® + ginit) —
2(Nn)Ko(prni? — qnei®) + Ks(Nn)*Ixaa V() +
4pNanNnj [K1(Pan2 - (INm'2) - K?(N")z]Xan(”(f)} (28b)
XvniP(E) = (Awnj COSqNn; + Buwn; Singun;E)e ~P¥=E  (28¢)
XwvniD(E) = (Awnj Singnni§ — Buwnj COSqna;E)e ~PYit  (28d)
Ky = (1 + @k)/[1 — k(1 — g)] (28e)
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(¢ + 42)] +k2(3

ATAA JOURNAL

v 3 1 2
1 +§Q1+§Q2+1'—_VQ1Q2>

3 —v
R
. [ 50 = »)
(0t gk R+ 20— ) ,
Ks = 050 — I + k15 + 270 - nigh) =8
Case I1:

Ywa() = [Kipym* — 2(Nn)Koprm?® + ks(Nn)*1(Aym +
Byme= % — dpy, [Kipym® — Ko(Nn)?|Bynie ™ P¥ai€

Yrna(8)  (29)
Case 1II:

Yun(E) = [Kipym* — 2(Nn)2Kopan® + K3(Nn)?] X
Axme™ ™ & 4 [Kigym* — 2(Nn)2Ksgrym® + Ks(Wn)4] X
Byme™ ™ + Yyna(f)  (30)

Case la:

Yo(E) = Kil(pn* — 6pu’gn® + quixa® () -+
4porgo(Por? — g Dxa @ (€] (31)
Case Ila:

Yo(§) = Ki[pa*(Aa 4 Bub)e P — 4pg*Bue~P%]  (32)
Case IIla:

Yo(f) = Ki[pu*dne P + go*Byue ~%%] (33)

Stress resultants may be found by means of Egs. (9a-h) of
Ref. 2, p. 214.

The solution is very easily modified to include the case of
distributed radial ring loading with period 2x/N by replacing
§ in Eqgs. (17, 24a, and 25a) by the coefficient of cosn N8 in
the Fourier series for the distributed loading (see Ref. 3, for
example).

Results and Discussion

Calculations were carried out to determine the effect of
internal pressure on the radial displacements of a cylinder
subjected to diametrically opposed concentrated loads.
The values of the parameters used were

v =03, N =2 R/h= 10, 100, 1000

Both internal hydrostatic pressure (g2 = 4¢;) and internal
lateral pressure (¢ = 0) were considered. The procedure
used for a particular shell subjected to a partieular pressure
was to solve the characteristic equation (13b) for each value
of n considered. The roots were then substituted in Eqs.
(18, 19, or 20 and 24, 25, or 26) to determine the coeflicients
Ani, Aus, Buyy B, Ag, and By, Finally ¢¥wa(8) and $o(€)
were calculated from Eqs. (28, 29, or 30) and (31, 32, or 33)

' )
T T TrTTTt T Tt

wio0)
W,00,0)

s
T Tt T 77Ty

T T TR

Hydrostatic Pressure
- — —— Lateral Pressure 1000

|G Ly
| PR’ . e}

4D

Loy Lty Loy

=}

Fig. 4 Variation of radial deflection under load with
internal pressure (N = 2,» = 0.3).

2 (28f)
o -k - al[1+&(3+ 25 a) ]

for ¢ equal to 33(R/h)V2. The parameter 8 was varied by
steps of 0.01 from 0 to 0.1 and by steps of 0.1 from 0.1 to 1.
The number of terms used (the maximum value of n) was
generally 20 for R/h equal to 10 and 100, and 30 for R/h
equal to 1000.

Convergence of the infinite series for the radial displace-
ments becomes poorer as the internal pressure increases and
as the shell becomes thinner. In cases when convergence
was not achieved with 20 or 30 terms, the sum of the re-
maining terms was estimated by means of a geometric series
approximation since the ratio of the consecutive terms was
almost constant. The results are shown in Table 1.

For no internal pressure the analysis coincides with that of
Ref. 4, for example. The variation of the deflection param-
eter Dwy(0,0)/QR? is represented closely by the relationship

7 Dwe(0,0)/QR2 = 0.215(R/h) V2 (34a)
or by
Ehuwo(0,0)/Q = 0.746(R/h)** (34b)

The effect of internal pressure on the radial deflection under

Table 1 Variation of radial deflection under load with
internal pressure (N = 2, » = 0.3)

Internal hydrostatic Internal lateral
pressure pressure
pR? ~Dw(0,0) w(0,0) #Dw(0,0) w(0,0)
R/L 4D Or*  “w(00) T QR Tw(0,0)
0.0 0.06647 1.000 0.06648 1.000
0.025 0.06532 0.983 0.06535 0.983
.05 0.06420 0.966 0.06428 0.967
0.075 0.06316 0.950 0.06327 0.952
0.1 0.06216 0.935 0.06230 0.937
0.2 0.05857 0.881 0.05883 0.885
0.3 0.05558 0.836 0.05592 0.841
10 0.4 0.05300 0.797 0.05344 0.804
0.5 0.05076 0.764 0.05127 0.771
0.6 0.04880 0.734 0.04935 0.742
0.7 0.04706 0.708 0.04766 0.717
0.8 0.04547 0.684 0.04615 0.694
0.9 0.04406 0.663 0.04477 0.673
1.0 0.04277 0.643 0.04352 0.655
2.0 0.03416 0.514 0.03517 0.529
10.0 0.01712 0.258 0.01899 0.286
0. 0.02145 1.000 0.02145 1.000
1. 0.01386 0.646 0.01391 0.648
2.5 0.01031 0.480 0.01033 0.482
5. 0.00791 0.368 0.00792 0.369
7.5 0.00670 0.312 0.00675 0.315
10 0.00593 0.276 0.00599 0.279
20 0.00435 0.203 0.00444 0.207
30 0.00361 0.168 0.00372 0.173
100 40 0.00313 0.146 0.00324 0.151
50 0.00283 0.132 0.00294 0.137
60 0.00257 0.120 0.00271 0.126
70 0.00237 0.110 0.00251 0.117
80 0.00222 0.103 0.00235 0.110
90 0.00208 0.0970 0.00224 0.104
100 0.00197 0.0918 0.00214 0.100
200 0.00134 0.0625 0.00153 0.0714
1000 0.000479 0.0223 0.000736 0.0343
0 0.006785 1.000 0.006785 1.000
10 0.001880 0.277 0.001882 0.277
1000 50 0.000915 0.135 0.000918 0.135
100 0.000656 0.0964 0.000658 0.0965
1000 0.000213 0.0314 0.000229 0.0337
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T T T T

Lateral Pressure
08
W(0,0)
W,{0,0) =
06
00 0.2 0.4 06 08 10
pR?
4D

Fig. 5 Expanded scale for effect of internal pressure on
radial displacement under load (N = 2,» = 0.3).

the load is shown in Fig. 4. We find that the parameter
pR3/4D is a reasonably good correlation parameter for the
ratio of the deflection of the pressurized shell and of the un-
pressurized shell w(0,0)/wy(0,0) when the internal pressure
is less than that which causes yielding of the shell material
[pR3/4D S (R/10h)% or pR/Eh < 0.00366]. In this range
of pressure there is little difference between the effects of in-
ternal hydrostatic pressure or internal lateral pressure. The
variation of radial deflection in the pressure range 0 <pR?*/4D
< 1is shown in Fig. 5. The maximum reduction in the radial
deflection in this range is about 35%,.

The effect, of internal pressure on the longitudinal variation
of the radial deflection along the generator passing through a

1.0

—
3(R/h)

Fig. 6 Variation of radial deformation curves for loaded
generator with internal pressure (N = 2, » = 0.3, R/h =
100).

INTERNAL PRESSURE ON AN INFINITE CYLINDRICAL SHELL 1949

J
T T T T T T TTOUT
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02

1 Lol 11t
10% 10°

H lJ_[lIII!

00 11 [Illll!

! 10 oR®

4D

Fig. 7 Effect of internal pressure on radial deformation
midway between loads (N = 2,» = 0.3, R/h = 100).

load is shown in Fig. 6. The curves vary so rapidly in the
vieinity of the concentrated load that the horizontal tangent
under the load cannot be plotted for the chosen scale. We
see that increasing internal pressure causes the deformation
pattern to become more localized. Although the curves
shown are for B/h = 100, and for internal hydrostatic pres-
sure, curves for other values of B/h and for internal lateral
pressure are almost identical. The effect of internal pressure
is to cause the deformation pattern to become somewhat
more localized in the circumferential direction as well. This
effect is indicated by the plot of the ratio of the radial de-
formation at the point £ = 0, # = 7/2 and the radial deflec-
tion under the load shown in Fig. 7. We see that the radial
deflection midway between the loads decreases from s value
about 0.6 of the maximum deflection to a value about 0.1 as
the pressure parameter increases from 0 to 1000.
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