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In the paper, the optimization of annular plates subject to circularly
symmetric distribution of thermal loading with respect to vibration fre-
quency is considered. What is searched for is such a distribution of plate
thickness of a constant volume which maximizes its lowest vibration fre-
quency. The studies are confined to a plate clamped at the inner and
outer edges and to one type of non-homogeneous temperature distribu-
tion. The inequality constraints on the minimal and maximal values of
the plate thickness are taken into account. The applied method of so-
lution is the Pontryagin maximum principle combined with sensitivity
analysis and a gradient procedure.
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1. Introduction

The optimization of circular and annular plates compressed by uniformly
distributed conservative loadings with respect to stability were considered
in several papers, e.g. by Frauenthal (1972), Grinev and Filippov (1977),
Rzegocinska-Pelech and Waszczyszyn (1984), Mermertas and Belek (1990),
Wréblewski (1992). Some non-conservative problems of the optimization of
circular plates were presented by Gajewski and Cupial (1992) and Gajewski
(2002a,b).

Recently, a formulation of the optimization problem of annular plates under
thermal loadings with respect to buckling was presented by Gajewski (2001)
who considered a non-uniform elastic annular plate subject to a non-uniformly
distributed temperature field. Similar problems were analysed by Kruzelecki
and Smas (2006) who obtained optimal solutions for different modes of sup-
ports and different ratios of inner and outer radii. The methods of moving
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asymptotes and simulated annealing were used. A more general problem of an
annular plate optimization was formulated by Gajewski (2002b) who optimi-
zed the radially distributed thickness of a plate h(x) with respect to vibration
under a constant volume condition and constant temperature loading. To this
end, the Pontryagin maximum principle with sensitivity analysis and an ite-
rative procedure were used.

The principal aim of this paper is a broader presentation of some new
results of numerical calculations obtained for a similar problem.

2. Formulation of the optimization problem

The principal aim of the present paper is to optimize the radially distributed
thickness h(F) of a thin annular plate with respect to vibration (or buckling)
under a constant volume condition. The plate supported in different ways is
subject to thermal loading by an increment of temperature, which can be ra-
dially distributed in a specific way T(7) (Fig. 1). We look for such a thickness
distribution so as to maximize the lowest frequency of vibration under a given
constant thermal loading and a given volume of the plate. In particular, if the
first frequency of vibration is equal to zero we can maximize the first critical
thermal loading. Generally, the equations of the precritical and vibration sta-
tes should be analysed. The constant volume condition will be written in a
dimensionless form

zh(z) de =1 (2.1)
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where the dimensionless functions and parameters are defined by (4.3) and
(4.5).
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Fig. 1. An annular plate under thermal loading
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3. The optimization methods

3.1. Pontryagin maximum principle

To solve the presented optimization problem, we use the Pontryagin ma-
ximum principle in its classical form, combined with a sensitivity analysis
formulation. To this end, the membrane and vibration state equations with
boundary conditions will be written in the forms (cf. Gajewski and Zyczkow-
ski, 1988):

Y! = Gi(z,Yi, h, P) i=1,2 )
fiyY5(8) =0 oy Y5 (1) = 0 v=12
Z! = Ajo(z,h, P,w)Z, i=1,....,4 azl,...,4(3‘2)
tjaZa(B) =0 VjaZa(l) =0 Jj=12

where Y;(x) and Z;(x) denote membrane and vibration state variables, re-
spectively, A;; is a matrix dependent on the loading parameter and frequency
of vibration, G; are certain functions (in our case, the generally nonlinear
functions G; are linear with respect to Y;) and i1, Yoy, flja, Vjo are given
matrices of constant parameters. In the paper, the summation convention is
used. Therefore, the Hamiltonian and appropriate adjoint equations connected
with the state equations and constant volume condition (2.1) are as follows

H = x.,Go + ¢5Aﬁ727 + Axh (3.3)
OH OH
Xa = _3—Ya g = _8—Zﬁ (3.4)

and a=1,2,6=1,....,4,v=1,...,4.
The optimal control function h(z) should be determined from the supre-
mum condition of the Hamiltonian

M(x,%,Y,Z) = sup H(h, x,%,Y, Z) (3.5)
heh

3.2. Sensitivity analysis

Calculating variations of (3.1) and (3.2), multiplying them by x and %,
respectively, and integrating, we may eliminate 0Y and 0Z, and derive the
following equation for sensitivity operators (in matrix notation)
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1 1
oG <O e IA
T T T T_
B/x T )5hdm+5P/x A ) de +

(3.6)

Z(wTaA =0

For example, in a particular case of a prescribed frequency of vibration,
we obtain
1

P = /g(x)éh dx (3.7)
B

where

XT%% +¢T8AZ

(X755 + 47 982) do

g9(x) = — (3.8)

D= =

If the volume of the plate is constant and the plate thickness is normalized
according to formula (2.1), the Pontryagin maximum principle is equivalent
to the sensitivity analysis method.

In order to determine the optimal plate thickness distribution, the Pontry-
agin maximum principle and an iterative procedure have been used. Starting
from a uniform plate, the improved shapes have been calculated from the
formula (cf. Biess et al., 1980)

H
hpy1 = hy + ea—

(3.9)

where H is Hamiltonian (3.3) connected with state (3.1), (3.2) and appropriate
adjoint equations (3.4), € is a small parameter, n — iteration number. It is seen
that

OH

— =yg(z) + Ax 3.10

= gl) (3.10)
where A is a constant to be determined by constant volume condition (2.1),
and that the same formula may be used for optimization under either constant
loading or constant frequency constraints.
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4. Equations of state

4.1. Equations of the membrane state

The basic equations of the membrane and vibration states of thin annu-
lar plates can be evaluated on the basis of the monograph by Ogibalov and
Gribanov (1968).

In a basic pre-critical state, it evokes in-plane radially distributed internal
compressive forces and displacements. They are determined by the following
boundary value problem written in a dimensionless form

2

, v 1—-v n

U =——u+ n—(14+wv)t Ny = —
x ehx x (4.1)

, eh v p

n = —u-+ —n+ eht ng=mn

x x
and

aqu(B) +agn(B) =0 asu(l) + agn(l) =0 (4.2)

We confine our consideration to plates rigidly clamped at the inner and
outer edges, i.e. we assume: oo = ay = 0.

The following dimensionless variables, parameters and functions have been
introduced:
— independent space variable and internal-to-external radii ratio

7 b
== == 4.3
v == p== (4.3)
— temperature distribution
T(x)
t(x) = = (4.4)
Ty

where, in fact, the dimensional value T(x) denotes the increment of tempera-
ture distribution over its value in the stressless state, T denotes the reference
increment of temperature,

— variable thickness and Young’s modulus distributions

_ Elz, T
ele, T(x)] = M (4.5)
Eq
where some possible dependences of the Young modulus on the independent
variable z and temperature T have been assumed,
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— temperature loading parameter, reference plate rigidity and slenderness
parameter

~ - 73
_ — Eoh
P ="2T, Do = ——210
a 12(1 - 1?) o)
=gz = = ()
~ Eohpa? 121 —vH)\a

where v, &, Eq, hg, Ty denote Poisson’s coefficient, coefficient of thermal
expansion, reference Young’s modulus, reference plate thickness and increment
of temperature, respectively,
— displacement and compressive force

Dy

u = —Poau(z) N = —PTn( x) (4.7)

The coefficients aq,...,ay are certain constants.

4.2. Equations of the vibration state

It can be assumed that as a result of vibration (or buckling), the stress
and strain components of the basic membrane state are subject to small va-
riations. In contradistinction to the membrane state, the deflection and all
internal forces in the vibration state are not circulary symmetric. In general
they depend on the radial and angular independent variables. The well-known
equation of small deflection superimposed on the membrane state of the plate
may be written in the form

82(7M7«) n 282(7Mr9) n 182M9 B aﬁg = 0*w
72 7 OF0f 7 002 or

10w ow —_0*w
902 + 8_) prh—s- o7 =0

where w = w(T, 0, t) is the deflection of the plate. The increments of internal
forces (superposed on zero initial values) are expressed as follows

+N9(

M, = ~Dock[ 55 + (352 + 257
1y = ~Doet [0 + (L0 L O] (19)
H,«g = —D0€h3(1 — I/)aar (71*88_1;))
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Now, we introduce new dimensionless variables and parameters:
— independent time variable ¢ = t/ty, where the dimensional constant para-
meter £y may be treated as a unit of time

—] ——
Y L L e (4.10)
DO OéEo

— frequency of vibration: w = wty,
— plate deflection and internal forces

aM ;
M= for j=r0,10 (4.11)
Dy

w =

ol g

— mass density distribution: p(x) = p/py.
Next, we separate the functions of independent variables and we use the
substitutions suggested by Grinev and Filippov (1977)

w(z,0,t) = w(Aai)ei“’t F:os(m@) M, (x,0,t) = ]\A{,;(:E)ei“’t. cos(mb)
My (z,0,t) = Mp(x)e! cos(mh) M,g(xz,0,t) = M,g(x)e™" sin(mh)
M, (2) = M, (@) + %Nr(iﬂ)w(x) My(x) = My(x) + %No(:ﬂ)w(x)
Myg(z) = Myp(2) o= Z—w — (4.12)
M =M, Q=M +2mM,g— M,

N =zN, = —Pn(x)

Therefore, equation (4.8) can be transformed into a set of four ordinary
differential equations in a non-dimensional form

/ o = (1/7712 Pn )w v 1

_ L N P Y
vy z?2 22D 2 D
2
; m*D 1 U
M =[(1-v)3+v) > —§PS(;+t)]w+
D
—(1—V)(1—|—V—|—2m2);<,0—|—gM—|—Q (4.13)
2 2,2
; 9 N 9S ru Pn 9
Q—[(l—y)(Q—l—ym +m*) 3 — Pm ;(5+t)—4$D—wp:Eh}w+
m?D 1 U vm?  Pn
~la-v)E+) = —§P5(;+t)]cp+(7—ﬁ)M

where: D = eh3, S = eh.
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To equations (4.13) appropriate boundary conditions should be added. In
this paper, we assume that the plate is rigidly clamped at the inner and outer
edges

w(B) =0 ¢(8) =0
w(l) =0 e(l)=0

Of course, a variety of boundary conditions might be considered, as in the

paper by Kruzelecki and Smas (2006).

Boundary value problems (4.1), (4.2) and (4.13), (4.14) consist of the so-
called state equations.

(4.14)

4.3. Adjoint equations of the vibration state

Since the type of loading by thermal stress is conservative, the adjoint
boundary value problem of the vibration state is strictly the same as state bo-
undary value problem (4.13), (4.14). It can be shown by means of the following
substitutions to Eqgs (3.4)

1 = kQ Wy = —kM

(4.15)
Y3 =k Yy = —kw

where k is an arbitrary constant. Therefore, the state variables (w, @, M , @)
can be identified with the adjoint state variables, and we can conclude that
boundary value problem (4.13), (4.14) is self-adjoint.

4.4. Adjoint equations of the membrane state

Substituting new adjoint membrane state variables
x1=kin x2 = —kiu (4.16)

the system of adjoint differential equations of the membrane state can be
written in the form

1—v? P
ﬂ':—zﬁ+ v n-+ (2Mw—|—in2)
x xeh 2zeh3 (4.17)
h 1 2
A =La + Yn + Peh(—wcp — m—2w2)
T T T T

Here, the appropriate adjoint boundary conditions are the same as for the

state functions
u(p) =0 u(l) =0 (4.18)



OPTIMIZATION OF ELASTIC ANNULAR PLATES... 821

5. Numerical calculations and results

5.1. Numerical calculations

Numerical calculations can be performed for some types of temperature
distributions, suggested by Ogibalov and Gribanov (1968), for example

2 _ B\n
W=1—g5 o to=1-(= g) (5.1)

However, we confined our calculations to the first formula and for boundary
conditions (4.2) and (4.14). In all calculations [ was set equal to 0.2 and
Poisson’s ratio v was assumed to be 0.25. The reference density was assumed to
be equal to the plate density and, as a result, p = 1. All differential equations
were solved by the Runge-Kutta-Gill integration method of the fourth order,
using the transfer matrix method (cf. Gajewski, 2002). The gradient function
was calculated from the formula

%—JZ = {Aw + prww? + e(% + t) (P%sz — Pwyp — ﬁ)} +

2
1
—h2{3(1 - V)e[(2 +vm? + mz)%w2 +(1+v+ 2m2);cp2 + (5.2)

m? 1r1—v?) 7 13 1 2
—2(3 + V)ngp” ~ 2 [Tnn] ~ i, (M + §in)
which can be used both under constant loading and constant frequency con-
straints.
Moreover, we have imposed additional geometrical constraints on the plate
thickness
h11 < h(ZE) < h22 (5.3)

where: hi11 = 0.5 and hyy = 3.0.

5.2. Results
5.2.1. A plate of constant thickness

At first, the dependence of the compressive force parameter (temperature)
on the frequency of vibration is presented in Fig. 2. In the picture, the first
and second vibration frequency for m = 0,...,4 in relation to thermal loading
are plotted.

From the first picture in Fig.2, one can conclude that for P < 200 the
starting point to the optimization procedure should be a plate of constant
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Fig. 2. Thermal loading versus: (a) the first frequency and (b) second frequency of
vibration

thickness with m = 0. However, for greater values of P we must start with
m = 1 or even m = 2. During the iteration process, values of circumferential
waves m can undergo changes.

5.2.2.  The optimization with respect to frequency of vibration under constant loading

As the first example of the optimization procedure, we present in Fig.3
plate shapes obtained in consecutive iterations for a very small value of tem-
perature loading. In fact, it is an optimization with respect to the vibration
frequency only. It is seen in the Fig.4 that the convergence of the iteration
process is regular and very quick. The frequency of vibration increases from
Wprism ~ 72 for the plate of constant thickness up to wgp: ~ 95 for the optimal
plate. The optimization has been performed for m = 0.

Fig. 3. Plate thickness in consecutive iterations (P =1, hy; = 0.5, hos = 3.0,
w — max, m = 0)
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Fig. 4. (a) Characteristic curves for the optimal plate (P =1, h1; = 0.5, hos = 3.0,
w — max) and (b) convergence of the optimization process (P =1, w — max)

5.2.3. The optimization with respect to thermal loading under constant frequency
constraint

As the second example, we present in Fig. 5 plate shapes obtained in con-
secutive iterations for a very small value of the vibration frequency. In fact,
it is an optimization with respect to thermal loading only (under stability
constraints).

Fig. 5. Plate thickness in consecutive iterations (P — max, P,y = 532, w = 10,
e = 0.05)

It is seen in Fig.6 that the convergence of the iteration process is not
so regular as in the previous example. The buckling thermal loading incre-
ases from Pp.sym ~ 326 for the plate of constant thickness to F,,; ~ 532
for the optimal plate. The optimization had to be performed for m = 2.
Moreover, the optimal shape is practically a three-modal solution, for which:
Popi(m = 0) = 532.5, Pope(m = 1) = 531.9, P,,(m = 2) =~ 534.0.
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Fig. 6. (a) Characteristic curves for the optimal plate (P, = 532, w = 10) and
(b) convergence of the optimization procedure (P — max, Py = 532, w = 10)

5.2.4.  Optimal plate shapes for various thermal loading levels

The calculations similar to those presented in the previous subsections
enable one to construct the final results. They are shown in Fig. 7, where the
optimal plate shapes obtained for various thermal loading levels are illustrated.
Of course, the optimal shape under the buckling constraint (for w = 0) is
quite different from that obtained under the vibration frequency constraint
(for P =0).

Fig. 7. Optimal plates for various thermal loading levels

5.2.5.  The influence of temperature on the Young modulus

In all results presented above, the Young modulus was treated as a certain
constant independent of temperature. However, it should be noted that the
increase of temperature (loading parameter P) causing buckling of the plate is
rather high. Therefore, the Young modulus changes its value according to the
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increase of temperature. This phenomenon can influence the optimal shapes
of the plate. To consider this, we have fitted the experimental data presented
in Fig. 8 (given by Odquist, 1966), with a polynomial of the third degree

E = Eoe(T) = Bo(1 —aTl + b —¢T") (5.4)
where

Ey = 197 MPa a=3.92-10"4]C]! 55)
_ 5.5
b=1.77-10"%FC]2 ¢=3.30-1077]°C]™3

= 210 Chromium steel (rolled)
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Fig. 8. Dependence of the Young modulus on teperature

As it is seen in Fig. 8., function (5.4) describes quite well the real dependen-
ce of the Young modulus on temperature. In numerical calculations, formula
(5.4) is written in the dimensionless form

e[T(z)] = 1 —al¢Pt(x)] + b[EP(x)]* — e[EPt(x)]? (5.6)

in which the dimensional parameter ¢ has been introduced

E== € =ra €~ (1+20)°C] (5.7)

To illustrate the influence of the relationship between the Young modulus
and temperature on the optimal plate shape, we performed calculations for
several values of the parameter ¢ for a constant thermal loading P = 300
and m = 1. Moreover, in this case, the membrane state without any stress is
assumed at the temperature 0°C.
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(b)

—— £=2.5°C, wyae=43
o0 £=2.3°C, Wpar=52
oo £=0°C, 59

1
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Fig. 9. (a) Optimal plate shapes and (b) convergence of the optimization procudure
for various values of the coefficient £ (P = 300, hi; = 0.5, hos = 3.0, w — max,
m=1)

6. Conclusions

In the paper, a significant difference between the optimal plate shapes obtained
under buckling or vibration constraints has been demonstrated. It should be
noted that for some cases of boundary conditions the optimization with respect
to the lowest frequency of vibration (or the lowest buckling thermal loading)
may result in the lowering of a higher-order eigenvalue below the first one. Then
the result of a unimodal optimal design (i.e. with respect to single eigenvalue)
is false, and a multimodal optimal design should be employed. Additionally,
it has been shown that the dependence of the Young modulus on temperature
can have great influence on the optimal shapes.
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Optymalizacja plyt pierScieniowych z uwagi na drgania przy obciazeniach

termicznych

Streszczenie

W pracy badano problemy optymalizacji ptyt pierscieniowych poddanych dziata-
niu réwnomiernie roztozonych obcigzen temperaturowych, z uwagi na czestosé¢ drgan.
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Poszukiwano takiego rozkladu grubosci plyty (kolowo symetrycznej) o stalej objeto-
Sci, ktory prowadzi do maksymalizacji jej czestosci drgan. Ograniczono sie do ptly-
ty utwierdzonej na brzegu zewnetrznym i brzegu wewnetrznym oraz do jednego ty-
pu niejednorodnosci rozktadu temperatury. Przyjeto réwniez nieréwnosciowe warunki
geometryczne natozone na minimalng i maksymalna grubosé ptyty. Jako metode roz-
wigzania zagadnienia przyjeto zasade maksimum Pontryagina polaczona z analiza
wrazliwosci i metoda gradientowa.
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