ANALYTICAL SOLUTIONS



1 Analytical solutions

In the following sections we present various problems, which have an analytical solution.
The equations are presented and the solution is given without extensive derivations. Many
problems involve the calculation of integration constants from boundary conditions. For such
problems these integration constants can be found in appendix [Bl Examples with numerical
values for parameters, are presented. More examples can be found in the above-mentioned
appendix.

1.1 Cartesian, planar

For planar problems in a Cartesian coordinate system, two partial differential equations for
the displacement components u, and u,, the so-called Navier equations, have to be solved,
using specific boundary conditions. Only for very simply cases, this can be done analytically.
For practical problems, approximate solutions have to be determined with numerical solution
procedures. The Navier equations have been derived in section ?? and are repeated below for
the static case, where no material acceleration is considered. The material parameters A,,
B,, @, and K have to be specified for plane stress or plane strain and for the material model
concerned (see section ?? and appendix ?77.

Aptig zx + Kg yy + (Qp + K)uy,yz + pgz =0

Kuy 2o + Bpuy gy + (Qp + K)tg oy + pgy =0

1.1.1 Tensile test

When a square plate (length a) of homogeneous material is loaded uniaxially by a uniform
tensile edge load p, this load constitutes an equilibrium system, i.e. the stresses satisfy the
equilibrium equations : o, = p and 0y = 04y = 0., = 0. The deformation can be calculated
directly from Hooke’s law.
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1.1.2 Orthotropic plate

A square plate is loaded in its plane so that a plane stress state can be assumed with o,, =
0z, = 0y, = 0. The plate material is a "matrix” in which long fibers are embedded, which have
all the same orientation along the direction indicated as 1 in the "material” 1, 2-coordinate
system. Both matrix and fibers are linearly elastic. The volume fraction of the fibers is V.
The angle between the 1-direction and the z-axis is a. In the 1,2-coordinate system the
material behavior for plane stress is given by the orthotropic material law, which is found in

appendix ?77.
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Fig. 1.2 : Orthotropic plate
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In appendix 7?7 the transformation of matrix components due to a rotation of the coordinate
axes is described for the three-dimensional case. For planar deformation, the anticlockwise
rotation is only about the global z-axis. For stress and strain components, stored in columns
o and ¢, respectively, the transformation is described by transformation matrices T, for stress
and T_ for strain. The components of these matrices are cosine (¢) and sine (s) functions of
the rotation angle «, which is positive for an anti-clockwise rotation about the z-axis.

The properties in the material coordinate system are known. The stress-strain relations
in the global coordinate system can than be calculated.
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Example : stiffness of an orthotropic plate

The material parameters in the material 1, 2-coordinate system are known from exper-
iments :

E1; =100 N/mm? ; Es =20 N/mm? ; Gio =50 N/mm? ; v = 0.4

Due to symmety of the stiffness matrix (and of course the compliance matrix), the
second Poisson ratio can be calculated :

E
V12E2 = 1/21E1 — Vo1 = 12 E—2 = (04) * (20/100) =0.08
1

The stiffness matrix in the material coordinate system can than be calculated. When
the material coordinate system is rotated over a = 20° anti-clockwise w.r.t. the global
x-axis, the transformation matrices can be generated and used to calculate the stiffness
matrix w.r.t. the global axes.

103.3058  8.2645 0 93.0711 9.8316 —31.8180
cr = 8.2645  20.6612 0 ;o C= | 19.4992 20.0940  31.8180
0 0 50.0000 29.9029 —3.3414  39.0683

We can also concentrate on components of C and investigate how they changes, when
the rotation angle a varies within a certain range. The next plot shows C,, Cy, and
Cyy as a function of .
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1.2 Axi-symmetric, planar, u; =0

The differential equation for the radial displacement u, is derived in chapter 77 by substi-
tution of the stress-strain relation (material law) and the strain-displacement relation in the
equilibrium equation w.r.t. the radial direction. It is repeated here for orthotropic mate-
rial behavior with isotropic thermal expansion. Material parameters A, and @, have to be
specified for plane stress and plane strain and can be found in appendix ?77.
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A general solution for the differential equation can be determined as the addition of the
homogeneous solution 4, and the particulate solution %, which depends on the specific loading
f(r). From the general solution the radial and tangential strains can be calculated according
to their definitions.
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For the isotropic case, this can be done also as follows, where the result includes an expression
for the part .
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Orthotropic material

The general solution for radial displacement, strains and stresses is presented here.

general solution  u, = ¢17% 4 cor¢ + @,

Err = 0167&71 - CQCTicil + Uy
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U

Ot = (QpC + Bp)clrc_1 - (QpC - Bp)CQT_C_l + Qp'ar,r + Bp? - (@p2)aAT

For isotropic material the relations can be simplified, as in that case we have A, = B, and
thus ¢ = 1. When there is no right-hand loading term f(r) in the differential equation, the
particulate part @, will be zero. Then, for isotropic material, the radial and tangential strains
are uniform, i.e. no function of the radius r. For a state of plane stress, the axial strain is
calculated as a weighted summation of the in-plane strains, so also €., will be uniform (see
section 77). The thicknesss of the axi-symmetric object will remain uniform. For non-isotropic
material behavior this is not the case, however.
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When there is no right-hand loading term f(r) in the differential equation, the particulate part
U, will be zero. Then, for isotropic material, the radial and tangential strains are uniform,
i.e. no function of the radius r. For a state of plane stress, the axial strain is calculated as
a weighted summation of the in-plane strains, so also ¢,, will be uniform (see section ?7).
The thicknesss of the axi-symmetric object will remain uniform. For non-isotropic material
behavior this is not the case, however.

Loading and boundary conditions

In the following subsections, different geometries and loading conditions will be considered.
The external load determines the right-hand side f(r) of the differential equation and as a
consequence the particulate part @, of the general solution. Boundary conditions must be
used subsequently to determine the integration constants c¢; and cy. Finally the parameters
Ap, B, and @, must be chosen in accordance with the material behavior and specified for
plane stress or plane strain (see appendix 77).

The algebra, which is involved with these calculations, is not very difficult, but rather
cumbersome. In appendix [Bl a number of examples is presented. When numerical values are
provided, displacements, strains and stresses can be calculated and plotted with a Matlab
program, which is available on the website of this course. Based on the input, it selects the
proper formulas for the calculation. Instructions for its use can be found in the program
source file. The figures in the next subsections are made with this program.

1.2.1 Prescribed edge displacement

The outer edge of a disc with a central hole is given a prescribed displacement u(r = b) = uy,.
The inner edge is stress-free. With these boundary conditions, the integration constants in
the general solution can be determined. They can be found in appendix

For the parameter values listed below, the radial displacement u, and the stresses are
calculated and plotted as a function of the radius r.
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Fig. 1.3 : Edge displacement of circular disc
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Fig. 1.4 : Displacement and stresses for plane stress (., =0)

1.2.2 Edge load

A cylinder has inner radius r = a and outer radius r = b. It is loaded with an internal (p;)
and/or an external (p.) pressure.

The general solution to the equilibrium equation has two integration constants, which
have to be determined from boundary conditions. In appendix [Bl they are determined for the
case that an open cylinder is subjected to an internal pressure p; and an external pressure pe.
For plane stress (0., = 0) the cylinder is free to deform in axial direction. The solution was
first derived by Lamé in 1833 and therefore this solution is referred to as Lamé’s equations.
When these integration constants for isotropic material are substituted in the stress solution,



it appears that the stresses are independent of the material parameters. This implies that
radial and tangential stresses are the same for plane stress and plane strain. For the plane
strain case, the axial stress o,, can be calculated directly from the radial and tangential
stresses.

The Tresca and Von Mises limit criteria for a pressurized cylinder can be calculated
according to their definitions (see chapter 77)
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Fig. 1.5 : Cross-section of a thick-walled circular cylinder
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An open cylinder is analyzed with the parameters from the table below. Stresses are plotted
as a function of the radius.
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Fig. 1.6 :

Stresses in a thick-walled pressurized cylinder for plane stress (0,, =0)



That the inner material is under much higher tangential stress than the outer material, can
be derived by reasoning, when we only consider an internal pressure. This pressure will result
in enlargement of the diameter for each value of r, but it will also compress the material and
result in reduction of the wall thickness. The inner diameter will thus increase more than the
outer diameter — which is also calculated and plotted in the figure below — and the tangential
stress will be much higher at the inner edge.
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Fig. 1.7 :  Radial displacement in a thick-walled pressurized cylinder for plane stress (pss)
and plane strain (psn)

Closed cylinder

A closed cylinder is loaded in axial direction by the internal and the external pressure. This
load leads to an axial stress o,, which is uniform over the wall thickness. It can be determined
from axial equilibrium and can be considered as an The radial and tangential stress are not
influenced by this axial load.

The resulting radial displacement due to the contraction caused by the axial load, tq,
can be calculated from Hooke’s law.

_ piCLQ _peb2 v

axial equilibrium o,, = 2 — Upg = Eal = —— OxT

1.2.3 Shrink-fit compound pressurized cylinder

A compound cylinder is assembled of two individual cylinders. Before assembling the outer
radius of the inner cylinder b; is larger than the inner radius of the outer cylinder a,. The
difference between the two radii is the shrinking allowance b; — a,. By applying a pressure
at the outer surface of the inner cylinder and at the inner surface of the outer cylinder, a
clearance between the two cylinders is created and the cylinders can be assembled. After



assembly the pressure is released, the clearance is eliminated and the two cylinders are fitted
together.

The cylinders can also be assembled by heating up the outer cylinder to AT, due to
which it will expand. The radial displacement of the inner radius has to be larger than the
shrinking allowance. With a being the coefficient of thermal expansion, this means :

Ettag (T = Qo) = Uy, (T = ap) /0o = @AT — up, (r = a,) = Ao AT > b; — a,

After assembly the outer cylinder is cooled down again and the two cylinders are fitted
together. Residual stresses will remain in both cylinders. At the interface between the two
cylinders the radial stress is the contact pressure, indicated as p.. The stresses in both
cylinders, loaded with this contact pressure, can be calculated with the Lame’s equations.

Fig. 1.8 : Shrink-fit assemblage of circular cylinders
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The radial displacement can also be calculated for both cylinders. For plane stress, these
relations are shown below. They can be derived with subsequential reference to the pages
and ??7. The inner and outer radius of the compound cylinder is then known. The radial
interference § is the difference the displacemnts at the interface, which is located at radius r.

The location of the contact interface is indicated as r.. The contact pressure p. can be
solved from the relation for r..
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ao(b7 — a){ (b5 + a3) + v(b3 — a)} + bs(b3 — ad){ (b7 + af) — v(b7 — af)}

Dec =

For the parameter values listed below, the radial and tangential stresses are calculated and
plotted as a function of the radius r.
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Fig. 1.9 : Residual stresses in shrink-fit assemblage of two cylinders

Shrink-fit and service state

After assembly, the compound cylinder is loaded with an internal pressure p;. The residual
stresses from the shrink-fit stage and the stresses due to the internal pressure can be added,
based on the superposition principle. The resulting stresses are lower than the stresses due
to internal pressure. Compound cylinders can carry large pressures more efficiently.

1.2.4 Circular hole in infinite medium

When a circular hole is located in an infinite medium, we can derive the stresses from Lame’s
equations by taking b — oo. For the general case this leads to limit values of the integration
constants ¢; and co. These can then be substituted in the general solutions for displacement
and stresses.



Pressurized hole in infinite medium

For a pressurized hole in an infinite medium the external pressure p. is zero. In that case the
absolute values of radial and tangential stresses are equal. The radial displacement can also
be calculated.

For a plane stress state and with parameter values listed below, the radial displacement

and the stresses are calculated and plotted as a function of the radius. Note that we take a
large but finite value of for b.
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Fig. 1.10 : Displacement and stresses in a pressurized circular hole in an infinite medium

Stress-free hole in bi-axially loaded infinite medium

We consider the case of a stress-free hole of radius a in an infinite medium, which is bi-axially
loaded at infinity by a uniform load T, equal in z- and y-direction. Because the load is
applied at boundaries which are at infinite distance from the hole center, the bi-axial load is
equivalent to an externally applied radial edge load p. = —T.

Radial and tangential stresses are different in this case. The tangential stress is maximum
for r = a and equals 2T

For a plane stress state and with parameter values listed below, the radial displacement
and the stresses are calculated and plotted as a function of the radius.
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Fig. 1.11 : Displacement and stresses in a pressurized circular hole in an infinite medium

1.2.5 Rotating disc

A circular disc, made of isotropic material, rotates with angular velocity w [rad/s|. The outer
radius of the disc is taken to be b. The disc may have a central circular hole with radius a.
When a = 0 there is no hole and the disc is called ”solid”. Boundary conditions for a disc
with a central hole are rather different than those for a ”solid” disc, which results in different
solutions for radial displacement and stresses. The external load f(r) is the result of the
radial acceleration of the material (see appendix ?7).

P P 2

.92 _ P P
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The particulate solution u, can be calculated to be

For orthotropic and isotropic material, the general solution for the radial displacement and
the radial and tangential stresses can be calculated.



Solid disc

In a disc without a central hole (solid disc) there are material points at radius » = 0. To
prevent infinite displacements for »—0 the second integration constant co must be zero. At
the outer edge the radial stress o, must be zero, because this edge is unloaded. With these
boundary conditions the integration constants in the general solution can be calculated (see
appendix [B).

For a plane stress state and with the listed parameter values, the stresses are calculated
and plotted as a function of the radius.
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Fig. 1.12 : A rotating solid disc
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Fig. 1.13 : Stresses in a rotating solid disc in plane stress

In a rotating solid disc the radial and tangential stresses are equal in the center of the disc.
They both decrease with increasing radius, where of course the radial stress reduces to zero
at the outer radius. The equivalent Tresca and Von Mises stresses are not very different and
also decrease with increasing radius. In the example the disc is assumed to be in a state of



plane stress.

When the same disc is fixed between two rigid plates, a plane strain state must be
modelled. In that case the axial stress is not zero. As can be seen in the plots below, the
axial stress influences the Tresca and Von Mises equivalent stresses.
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Fig. 1.14 : Stresses in a rotating solid disc in plane strain

Disc with central hole

When the disc has a central circular hole, the radial stress at the inner edge and at the outer
edge must both be zero, which provides two equations to solve the two integration constants.

For a plane stress state and with parameter values listed below, the radial displacement
and the stresses are calculated and plotted as a function of the radius.
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Fig. 1.15 : A rotating disc with central hole
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Fig. 1.16 : Displacement and stresses in a rotating disc with a central hole

Disc fixed on rigid axis

When the disc is fixed on an axis and the axis is assumed to be rigid, the displacement of the
inner edge is suppressed. The radial stress at the outer edge is obviously zero.

For a plane stress state and with parameter values listed below the stresses and tha
radial displacement is calculated and plotted.
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Fig. 1.17 : Disc fized on rigid axis
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| E =200 GPa|v =0.3 |
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Fig. 1.19 : Displacement in a rotating disc

1.2.6 Rotating disc with variable thickness

For a rotating disc with variable thickness ¢(r) the equation of motion in radial direction can
be derived. For a disc with inner and outer radius a and b, respectively, and a thickness
distribution t(r) = %‘ =, a general solution for the stresses can be derived. The integration
constants can be determined from the boundary conditions, e.g. o, (r = a) = o (r = b) = 0.

o(t t
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boundary conditions om(r=a)=o,(r=0b=0 —
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A disc with a central hole and a variable thickness rotates with an angular velocity of 6 cycles
per second. The stresses are plotted as a function of the radius.
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Fig. 1.20 : Stresses in a rotating disc with variable thickness

1.2.7 Thermal load

For a disc loaded with a distributed temperature AT(r) the external load f(r) is due to ther-
mal expansion. The coefficient of thermal expansion is « and the general material parameters
for planar deformation are A, and Q.

The part @, has to be determined for a specific radial temperature loading. It is assumed
here that the temperature is a third order function of the radius r.
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Solid disc, free outer edge

As is always the case for a solid disc, the constant ¢ has to be zero to prevent the displacement
to become infinitely large for » = 0. The constant ¢; must be calculated from the other
boundary condition. It can be found in appendix [Bl

An isotropic solid disc is subjected to the radial temperature profile, shown in the figure
below. The temperature gradient is zero at the center and at the outer edge. For a plane
stress state and with parameter values listed below the stresses are calculated and plotted as
a function of the radius.

,
up(r =10) # o0
b o (r=>0)=0
z ! c1,co @ App.
Fig. 1.21 : Solid disc with a radial temperature gradient
|la? =[1002000]|a=0m|b=0.5m|E =200 GPa|v=0.3]|a=10"61/°C|
100 ‘ ‘ ‘ ‘ X 10°
90t i
4 o
8ot | _ o,
70t ] 2r
g oo
'_
50+
40t
30
2% 0.1 02 03 0.4 05

r(m] T orm



Fig. 1.22 : Radial temperature profile and stresses in a solid disc in plane stress

When the temperature field is uniform, AT(r) = ag, we have u, = 0, and for the solid disc
¢ = 0 to assure u,(r = 0) # oco. From the general solution for the stresses — see page
— it follows that both the radial and the tangential stresses are uniform. Because the outer
edge is stress-free, they have to be zero. The integration constant ¢; can be determined to be
c1 = aag, which gives for the radial displacement :

Uy = Qagr

When the outer edge is clamped, the condition w,(r = b) = 0 leads to ¢; = 0, so the radial
displacement is uniformly zero. Radial and tangential stresses are uniform and equal :

Opp = Ot = _Q(Ap + Qp)ao

Different results for plane stress and plane strain emerge after substitution of the appropriate
values for A, and @, see section 7?7 and appendix ??. For plane stress, the thickness strain
can be calculated (see section ?7?) :

€z, = Tro11 + S€20 + AT

For plane strain, the axial stress can be calculated :
r S o

O = ——0pp — — 0y — — AT
C C C

Disc on a rigid axis

When the disc is mounted on a rigid axis, the radial displacement at the inner radius of the
central hole is zero. The radial stress at the outer edge is again zero.

ur(r=a)=0
or(r=5)=0
c1,c2 ¢ App. [0

Fig. 1.23 : Disc on a rigid axis

|isotropic | plane stress | a? = [100 20 0 0]
la=02m|[b=05m |E=200GPa |v=03]a=10"%1/°C|
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Fig. 1.24 : Radial temperature profile and stresses in a disc which is fixed on a rigid axis

1.2.8 Large thin plate with central hole

A large rectangular plate is loaded with a uniform stress o,, = ¢. In the center of the plate
is a hole with radius a, much smaller than the dimensions of the plate.

The stresses around the hole can be determined, using an Airy stress function approach.
The relevant stresses are expressed as components in a cylindrical coordinate system, with
coordinates r, measured from the center of the hole, and 6 in the circumferential direction.

Y

ﬂ

o a® at a®
o =5 [<1 - r_> + (1 +3T—4 _4r_2> COS(29):|
o a’ at
~ 21+ ) - (1+3% P
o1 = 3 [( +7°2> < +3T4>cos( 9)]
o at a?] .
O-Tt:_§|:1_3'r_4+27’_2:| Sll’l(29)



At the inner edge of the hole, the tangential stress reaches a maximum value of 3o for
0 = 90°. For 8 = (0° a compressive tangential stress occurs. The stress concentration factor
K; is independent of material parameters and the hole diameter.

At a large distance from the hole, so for r > a, the stress components are a function of
the angle 6 only.

stress concentrations

o(r=a,0=5)=30 ; ou(r=a60=0)=—0c
o
stress concentration factor K; = et =3
o

stress at larger r
g 2
Orr = 5 [1 4 cos(20)] = o cos*(0)
on = % [1 —cos(20)] = o [1 — cos®(0)] = osin®(0)

Opt = — % sin(20) = —o sin(#) cos()

For parameters values listed below stress components are calculated and plotted for 6 = 0

and for 0 = g as a function of the radial distance 7.
|a =0.05m|o =1000 Pa|FE =250 GPa|v = 0.3|
1000 , : : : 3000——
o, i —
___gQ | [}
o 2500 i ooty
- - 18 ! --C
500+ H ! 22|
2000 \
= & '
Qo 0 B et = S S 2, 1500+ Yo
o ! o N
: 1000} B
-500(
! 500t
71000 o1 0.2 03 0.4 05 % 0.1 0.2 03 0.4 0.5
r [m] r[m]

Fig. 1.26 : Stresses in plate for 6 =0 and 60 = 5



1.2.9 Optimized thickness distribution

An optimized shape can be found for the requirement o,, = oy = 0. The equilibrium equation
results in a differential equation for the thickness and can be solved.

w2
—+—tr=0 — t(r):toe_p2_0r2 with  to =t(r =)
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A Radial temperature field

An axi-symmetric material body may be subjected to a radial temperature field, resulting in
non-homogeneous strains and stresses. The considered temperature is a cubic function of the
radial coordinate. Its constants are a related to the temperatures and temperature gradients
at the inner and the outer edges of the body.

Cubic temperature function

The radial temperature field is a third-order function of the radius.

T(r) = ag + a1 + agr’® + agr®
dT

— = a1 + 2a97r + 3a37“2
dr

Boundary values

The coefficients in the temperature function are expressed in the boundary values of temper-

ature 1" and its derivative Csz = T,. The boundaries are the inner and outer edge of the disc,

with radius 1 and ro, respectively.

T(r=r1)=fi=ap+ar: + agrf + agr%

T(r=1r3) = fo = ag+ aira + asrs + asrj
T,(r=m)=f3=a1+ 2a2r + 3a3r%
T,(r=1mr2) = fa=a1+ 2asrs + 3a37"§

in matrix notation

fi 1 r r% 7“‘(15 agp

fol |1 r 7“% 7“5’ al _
G710 1 2 32 | |a| T LT
fa 0 1 2ry 37“% as



al

Coefficients

The coefficients can be expressed in the boundary values of temperature and temperature
derivative. This can be done numerically by inversion of f = M a. Here, also the analytical
expressions are presented.

Fy X9 — F3X9

az =
X13X99 — Xo3 X712
a F3 X3 a
9= — 5 — a3
X2 X
3.3
fo—fi Ty —T
a; = — (ro +m1)ag — 22—
To —T1 ro — 1T

2 3
ag = f1 —riay —riag —rjas

Fy = f3(ra—mr1) -
Fy = fa(ra—m1) —
Xip =12 — 7’1 - 27“1(7“2 7“1)
X3 =13 — 7’1 3ri(rg — 1)
Xop =12 — 7"1 —2ry(rg — 1)
Xoz =18 — 13 — 3r3(ry — 1)

Temperature fields

As an example, some temperature fields are plotted. The radius ranges between 0.2 and 0.5
m. The title of the plots gives the values of T'(r1), T'(r2), T (r1) and T',(r2), respectively.

0 0 100 50 100 0 0 0
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_ 60f
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B Examples

In this appendix a number of examples is shown. The general relations for the analytical
solutions can be found in chapter [l and are specified here. The integration constants are
calculated for the specific boundary conditions and loading, and are given here.



Governing equations and general solution

. A, +Q A,—B,1
and  f(r) = Aip (it — qr) + prp a(AT), + prpF QAT
orthotropic material :
general solution  u, = 1S + cor ™S + @y
_ e _ _ i U
Err = (S — e : S e

Ory = (Ap( + Qp)clrc_1 - (Ap< - Qp)cﬂ_c_l + Aptirr + QP% o (Ap + Qp)aAT
Ot = (QpC + Bp)CIT<71 - (QpC - Bp)cﬂniCil + Qp'ar,r + Bp% - (Bp + Qp)aAT

isotropic material :

. Cc2 _

general solution Ur = 1T + — + Uy

r _
_ -2 | = . -2, Ur

Epp =C1L — CoT ~ + Upy ) € =c1+cor ©+ 7
C2 _ U

orr = (Ap + Qp)er — (4p — Qp)ﬁ + Aptiry + Qp 7? — (Ap + Qp)aAT
C _ U

ou = (Qp+ Aper = (Qp = Ap) 5 + Qplir + Ap ~= — (A + Qp)aAT

For plane strain and plane stress the material parameters can be found in appendix ?7.

a4



B.2 Disc, edge displacement

ad

f(r)y=0 — @ =0
ur(r=">0) =w

opr(r =a) =0;

FEdge displacement of circular disc

orthotropic material :

general solution Up = 017“C + 627“74

—1 —¢—1
Err = CICTC — co(r ¢ ;

Opp = (ApC + Qp)cer—l - (Apc - Qp)CQT_C_l
o = (Qp¢ + Bp)clrc_1 —(Qp¢ — Bp)CzT_C_l

(Apg - Qp)bc Up .
(ApC + Qp)a2< + (Ap¢ — Qp)b2C ’

Ccl =

isotropic material :

C2

general solution Up = C1T + —
,

_9 .
Err = C1 — C2T )

Oppr = (AP + Qp)cl - (Ap - Qp);_é
o = (Qp + Ap)er — (Qp — AP)T%

(-
(Ap + Qp)a® + (A — Qp)b? b

Ccl = Cy =

St = Cl’I“C_1 + CQ?"_C

-1

(ApC + Qp)bca2C up
(ApC + Qp)a2< + (ApC - Qp)b2<

Cy =

-2
€ = C1 + CoT

(4p + Qp)ba?

(A, + Qp)a? + (A, — Q% "



B.3 Disc/cylinder, edge load

Cross-section of a thick-walled circular cylinder

orthotropic material :

general solution Uy = clrc + CQT_C

1 ¢—1

—1 —¢— —¢—1
Err = e1(re Tt —ea(r ¢ ; e = car® e

Ory = (APC + Qp)Cﬂ"Cil — (APC — Qp)CQT‘icil
ot = (QpC + Bp)errs ™ — (Qp¢ — Bp)ear 7!

. 1 aC+1pi _ b(+1pe e 1 a<+1b2<pi _ bC+1a2(pe
YTAC+Q, 6K —aX T AC-Q, b2 — ¢
isotropic material :
. C2
general solution U, = 17 + —
r
Epp = C] — 027“*2 ; g = C1 + 027“72
C2
orr = (Ap + Qp)er — (4p — Qp)_z
2
Ot = (Qp + Ap)cl - (Qp - Ap)ﬁ
1 1 1 a’b?

2 2
= ia” — peb ; = i — DPe
C1 Ap+Qpr_a2(pa b ) C2 Ap—Qpb2—a2(p p)



B.4 Rotating solid disc

_ 4,
b up(r =0) # oo
z orr(r="5) =
1 2
BTl (=
A rotating solid disc
orthotropic material :
Uy = c17° + cor ¢ — iﬁr?’ with (= 1 pw?
A, 9—-¢
_ o1 3A,+
Opp = (ApC + Qp)cer L (ApC — Qp)CZT 1 pTQp 57”2
P
- _c—1 3@+ B
o = (QpC + BP)CITC 't (QpC — Bp)cor 1 7QPA P 32
P
34, +0Q, . _
co=0 ; g = —L %P gp=CH3
i {T A A+ Q)
isotropic material :
cg 1 p 53 g 1 3 . 1,
= _—— = — = _— = — h - =
Uy 017“+r 8prr 017“+T Apﬁ?“ with g o
c 34,4+ Q
orr = (Ap + Qp)er — (Ap — Qp)r_g - (])14712) Br?
P
c A, +3Q
o = (Ap + Qp)er + (A — Qp)_g - (;)Aip) Br?
r P
A
c2=0 ; 01:7(3 p+ Q) Ab?

AP(AP + Qp)

a7



B.5 Rotating disc with central hole

- 4,
b - orr(r=a)=0
QT { 2 omr(r=50)=0
1
— :ﬁpuﬂ ;o (=

A rotating disc with central hole

orthotropic material :

1 1
- ¢ e S - : _ 2
Uy = C17° + Cor Apﬁr with 0 9_¢ R pw
Orr = (ApC + Qp)err® ™ — (Ap¢ — Qp)ear ¢ — 731412: @ Br?
p
3 B
ou = (Qp¢ + Bp)errt ™ — (Qp¢ — Bp)ear <7 — 7QPA+ L Br?
D

3A, +Q, pet3 _ ¢+3
Cl1 =
' A (A + Qp) b2 — a2
20—2p¢+1 _ ,CH1p2¢—2
oy — 3A, + Qp a=*—4b asTh (a26)3
Ap(A, ¢ — Qp) b2¢ — g€

isotropic material :

_ ©_1p o3 _ 2 _1 53 _1
Ur—017’+r Sprr —clr—|—r pﬁr with = — pw
c 34,4+ Q
orr = (Ap + @Qp)cr — (4p Qp)rg_( pA p)ﬁQ
P
A,+3
att:(Ap—i—Qp)cl—i-(Ap—Qp)Cg —( pA @) Br?
p
(B4 +Qp) , o | 12 (BAp+@p) | 20
cCl = ———(a +b ﬁ 3 Cy = ab ﬁ
LA, T e T, g

a8



B.6 Rotating disc fixed on rigid axis

b -
a Ap
o up(r =a) =
o (r=10) =
1 2
BTl (=
Disc fized on rigid axis
orthotropic material :
1 1
up = 17 + cor¢ — A—pﬁr?’ with =g pu?
_ 1 3A,+
Orp = (APC + C)p)Cl’l"C T (ApC — Qp)CQT‘ -1 _ 7114 Qp ﬁ'rQ
p
_ 1 3Q,+ B
o1 = (Qp¢ + By)errs ™ — (Qp¢ — Bp)ear ¢ — 7”14 P 32
P

B
(ApC + Qp)bHla=cH + (A,¢ — Qp)b~cTHlacH!
3ApA+ Qp pra—CHl ot Ap( — Qp b—<+1a4}

Ccl =

P P

_ p
T (ApC + Qp)bsTa=¢F 4 (Ap¢ — Qp)b—HlasT!
ApC+ @y P+ 34, + @y b4a¢+1}

Ap p

isotropic material :

1 1 1
uT:clr—l—c—Q——£w2r3:clr+c—2——ﬁr3 with BzngQ

T 8Ap r Ap
c 34, +Q
Jrr:(AP+QP)CI_(AP_QP)T_§_(IZ47I))5T2
P
c A, +3
o = (dy + Qpler + (4, - @)% — ot 3D gy
P
ﬁ 3AP+QP 4 AP_QP 4
{ A b* + 1 a

Ccl =
(4p + Qp)b2 + (Ap — Qp)GQ P v
ﬁ {AP+QP a4b2— 3AP+QP a2b4
(4p + Qp)b2 + (Ap — Qp)GQ Ap Ap

Cy =

|

a9
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B.7 Thermal load

r
] A+ Q

b ) = 2 agam),
z r ur(r =10) # o0
o (r=0)=0

Solid disc with a radial thermal load

orthotropic material :

general solution Up = 17 + cor ¢ + Uy

U
err = 1Cr T — ol ; e = crt b eor ST 4 TT
_ o _ U
orr = (ApC + Qp)clrc I (Ap¢ — Qp)car 1y Aptiy, + ij—f — (Ap + Qp)aAT

Uy
Ottt = (QpC + Bp)clrc_1 - (QpC - Bp)CQT_C_l + Qp'ar,r + Bp? - (Bp + Qp)aAT

isotropic material :

. (6] _
general solution up = cr + — +
,rl —
—2 U -2 Uy
_ T

c Uy
Ore = (Ap + Qp)er — (Ap = Qp) 5 + Apliny + Qp = = (A + Qp)aAT
C Uy
o = (Qp+ Aper — (Qp = Ap) 5 + Qpltrs + Ap —~ — (4 + Qp)aAT
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B.8 Solid disc with radial temperature gradient

We only consider the isotropic case.

r

ur(r =0) # oo

b o (r=>0)=0

z r
Solid disc with a radial temperature gradient
A
AT(r) = ag + arr + agr? + agr®  —  f(r) = pz = a (a1 + 2azr + 3azr?)
P

2 Apy+Q
PPy (%a1r2 + %CLQ’I“?) + %a3r4)

2 2

c _

o = (Ap + Qp)er — (4 — Qp)r_g -« {(Ap + @Qp)ao + pA £ (%alr + %QQTQ + %a?’rg)}
P

2 2
— @ (s 3,..2 4,3
(a1 + Sagr® + 2asr?)

0w = (dy +Qp)er + (4~ Q)5 {(Ap + Qplao + = (3
P

A, —
co =0 ; =« {ao + M (%alb + iang + %agbg)}

Ap



al2

B.9 Disc on a rigid axis with radial temperature gradient

We only consider the isotropic case.

; up(r =a) =

al or(r=>0)=0

z
Disc on rigid azis subjected to a radial temperature gradient
A
AT(r) = ag + a7 + agr? + agr®  —  f(r) = pz = a (a1 + 2azr + 3azr?)
P
A
u(r) =cir + “ 4+ 2P + Gy @ (%alr2 + %(IQ’I“?) + %a3r4)
r Ap
o 2 _ 2
orr = (Ap+ Qp)c1 — (4 — Qp)ﬁ -« {(Ap + Qp)ao + % (%alr + %(ZQTQ + %agr?’)}
P
c > —Qp
ou = (Ap + Qp)er + (Ap — Qp)ﬁ —o {(Ap + Qp)ao + % (%alr + %a2r2 + %%Tg)}
P
ol a4+
(Ap + @Qp)b* + (4 — Qp)a?
A, — A, —
{7( pA Qp)a2 (%ala + %agaQ + éaga?’) — b%ap — 7( pA Qp)b2 (%alb + %QQbQ + %agbg)}
P P
—a(Ay + Qp)ah?

Cy =

(4p + Qp)b2 + (4p — Qp)a2

A A, —
{7( p;li_ @) (%ala + iagaz + %aga‘g’) +ag + Ay — &) pA @p) (%alb + %ang + %agb3)}
p p
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